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Abstract 16 

In the alpine watersheds of Sierra Nevada National Park (Southern Spain), water 17 

resources from rivers and streams are used as a supply of drinking water for human 18 

settlements, for irrigation in agriculture, and for the maintenance of dependent 19 

ecosystems. The hydrologic functioning of many of these rivers and streams has been 20 

artificially modified, at least since the Middle Ages, by means of a dense network of dug 21 

canals (locally known as acequias de careo) employed to recharge water from snowmelt 22 
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in the uplands. Recharged water from the channel system emerges downstream, in springs 23 

and along the riverbed in the lower catchment area, but delayed in time. This ancient 24 

practice guarantees the water needs for dispersed mountain settlements and for irrigation 25 

of their croplands during the dry season. In this paper, an initial evaluation of the recharge 26 

rate in the studied aquifer accounts for 15-20% of the mean annual precipitation, while 27 

69-97% of the total discharge in the Bérchules River watershed (BRW) is groundwater 28 

contribution to surface runoff, which is linked to the effectiveness of the ancient managed 29 

aquifer recharge technique. The altitude difference between the natural and artificial 30 

recharge system areas and the discharge zones is the main factor responsible for the 31 

observed changes in the isotopic composition of groundwater. Moreover, the mechanisms 32 

for mineralization of groundwater are based on geochemical processes such as evapo-33 

concentration in the soil layer and silicate mineral weathering due to dissolved CO2 from 34 

the soil and the atmosphere. The marked NO3
- enrichment of groundwater throughout the 35 

BRW and around urban settlements reflects the influence of agriculture and wastewaters 36 

on its chemical status. Our study considers the benefits of the ancient acequias de careo 37 

water management system as a tool to extend the availability of water resources during 38 

the dry season. This is of interest in similar mountainous settings, particularly to mitigate 39 

the possible negative impact of climate change on the population and livelihoods in 40 

downstream areas. 41 
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1. Introduction  47 

Water from high mountains, known as "water towers", generates 30% of the global 48 

discharge (Meybeck et al., 2001). This role is even more important in semiarid and arid 49 

zones, where its contribution varies between 50% and 90% (Messerli et al., 2004; Viviroli 50 

et al., 2007). Meltwater from “water towers” is essential not only for human sustenance, 51 

but also to maintain associated downstream ecosystems and enhance their ecological 52 

diversity (Beniston et al., 1997). Yet these hydrological systems are vulnerable to the 53 

impact of climate change (Immerzeel et al., 2010). The early effect of an ongoing global 54 

climate change has been observed in terms of glacial recession in the world’s highest 55 

mountain systems, including the Andes (Fraser, 2012), the Himalayas (Scherler, 2011), 56 

the Rocky Mountains (Moore et al., 2009) or the Alps (D’Agata et al., 2014), among 57 

others. From the perspective of high mountain hydrological basin behavior, the increasing 58 

temperatures that are currently observed may well lead to earlier runoff in spring or 59 

winter, and to reduced discharge in summer or autumn (Barnett et al., 2005, and 60 

references therein). Nevertheless, assessment of the most likely impact of climate change 61 

on such high mountain hydrological basins calls for historical characterization. This is no 62 

easy task given the difficulty of access, the adverse working conditions and the type of 63 

instruments required for measuring hydrological variables in high mountain zones (Clow 64 

et al., 2003; Langston et al., 2013; Molina et al., 2014; Hood and Hayashi, 2015). 65 

A great effort therefore goes into characterizing high mountain hydrological systems, and 66 

especially the aquifers located in these physiographic settings. The water they store can 67 

be used to alleviate the potentially adverse effects of climate change (Viviroli et al., 2011; 68 

Taylor et al., 2012). The study of such hydrological systems typically involves a 69 

multidisciplinary approach that combines data from different information sources: 70 

geophysical (McClymont et al., 2010, 2012), hydrological (Kahn et al., 2008; Liu et al., 71 
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2008; Roy and Hayashi, 2009; Lauber et al., 2014; Chen at al., 2017), and geochemical 72 

and environmental isotopes (Lauber and Goldscheider, 2014; Lambán et al., 2015; 73 

Herrera et al., 2016; Jódar et al., 2016). Processes such as snow accumulation and melting, 74 

as well as groundwater discharge, would play a major role in the dynamics of such alpine 75 

hydrological systems. A number of authors report high groundwater discharge with 76 

respect to the total alpine basin runoff (Clow et al., 2003; Huth et al., 2004; Liu et al., 77 

2004; Hood et al., 2006; Cras et al., 2007; Jódar et al., 2017) in high slope areas with 78 

presumably low-permeability hard rock substrates. This fact highlights the importance of 79 

groundwater contribution in the behavior of high mountain rivers, which is even more 80 

relevant when they are located in semi-arid environments, given that groundwater 81 

provides a critical resource downstream by sustaining river base flow during long-lasting 82 

dry periods. 83 

This paper explores the functioning of the Bérchules River Watershed (BRW), an alpine 84 

hydrologic system where the groundwater component feeding the total basin discharge is 85 

anomalously high (Jódar et al., 2017, 2018). The study area is located along the southern 86 

edge of Sierra Nevada (S Spain), which is the highest mountain range of the Iberian 87 

Peninsula. Despite its altitude, the mountainous system is fully de-glaciated since the 88 

middle of the past century (Gómez-Ortiz et al., 2012, 2015), a process most likely 89 

accelerated by the semi-arid climate conditions prevailing in the region (Gómez-Zotano 90 

et al., 2015). The southern edge of Sierra Nevada has been colonized for many centuries 91 

(Martín-Civantos, 2007). In this area, an ancestral water management system, operative 92 

to date, was designed to supply water to the local population for domestic use, crop 93 

irrigation and cattle. The artificial water management system is known in Spanish as 94 

“acequias de careo”, and constitutes a means of artificially recharging the aquifer with 95 

snowmelt by means of long channels excavated in the terrain (Pulido-Bosch and Sbih, 96 
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1995; Martos-Rosillo et al., 2017). The recharge system is so efficient and resilient that 97 

it has been maintained, with very few modifications, at least since the Middle Ages 98 

(Delaigue, 1995). 99 

The main objective of this work is to investigate the role played by this ancestral water 100 

management system in the hydrologic behavior of the BRW. A multidisciplinary 101 

approach is adopted by integrating basin hydrodynamic data with groundwater 102 

geochemistry and its isotopic composition. From data integration, a conceptual model of 103 

the hydrological basin is established and, furthermore, recharge to the underlying aquifer 104 

has been estimated. 105 

 106 

2. General setting 107 

BRW is located at the southern edge of the Sierra Nevada mountain range (Granada 108 

province, S Spain; Fig. 1); it is approximately 30 km away from the Mediterranean coast, 109 

where it outflows, changing its name to the Guadalfeo River. The study area covers a 110 

rugged land surface of 68 km2, with conspicuously asymmetric V-shape valleys dug by 111 

the river network. The average slope is 37%. The average altitude is 2070 m a.s.l. (above 112 

sea level), topping at ~2900 m a.s.l. at the north of the watershed, while the lower altitude 113 

zones (<1000 m a.s.l.) coincide with the southern border of the BRW, where the gauging 114 

station of the Bérchules River is located (Narila station; S8 in Fig. 1B). The soil cover is 115 

mainly represented by sparse scrub crops, conifers and grassland adapted to low 116 

temperatures and low humidity, as well as by fruit trees and irrigated horticulture crops, 117 

particularly in the lowlands —but also in a reduced area in the uplands— amounting to 118 

about 260 hectares (4% of the total catchment surface area).  119 
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 120 

Figure 1: Location map, altitude, and spatial distribution of soil sampling points and 121 

springs (A) with geological map (B) of the Bérchules River Watershed (BRW). The labels 122 

of the water sampling points correspond to those in Table 1. 123 

 124 
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The climate of the study area is continental. At the Bérchules meteorological station (Fig. 125 

1), the average values of precipitation (P), temperature (T) and potential 126 

evapotranspiration (ETP) calculated with the Hargreaves (1994) formula are 828 mm/yr, 127 

12.9 °C and 1033 mm/yr, respectively. These three variables show a seasonal variation 128 

(Fig. 2) and elevation dependence (Jódar et al., 2017). The vertical gradients of 129 

precipitation (∇𝑧P), temperature (∇𝑧𝑇𝑎𝑡𝑚) and potential evapotranspiration (∇𝑧ETP) are 130 

22.2 mm/yr/100 m, −0.62 °C/100 m and −24.9 mm/yr/100 m, respectively. The snow cap 131 

is almost permanent in the upper zones of the basin, meaning that precipitation is partly 132 

produced as snow. This is reflected in the Bérchules River hydrograph, which shows a 133 

discharge peak during the spring season (Fig. 2) corresponding to snowmelt runoff (Jódar 134 

et al., 2017). 135 

 136 

Figure 2: Seasonal variation of precipitation, potential evapotranspiration, Bérchules 137 

River runoff (measured at the Narila gauging station; Fig. 1) and temperature. 138 

Studied site is located in the Nevado-Filábride Complex, which in turn belongs to the 139 

Internal Zone of the Betic Range (e.g. Aldaya et al., 1979, 1983). The rocks are Palaeozoic 140 

in age and were subjected to subduction and exhumation during the Miocene, recording 141 

ductile deformation and metamorphism. The BRW is mostly floored by graphite schists 142 
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with feldspar, garnet and chloritoid minerals, interbedded quartzites, and local marble and 143 

amphibolite lenses that contain albite, glaucophane, chlorite, actinolite, and tremolite, 144 

among other minerals. 145 

The main ductile fabric is a penetrative foliation in the schists mostly containing 146 

muscovite, chloritoid minerals and quartz, which in the BRW generally dips to the N-NE. 147 

The main foliation is locally deformed and converted into late open joints that are 148 

frequently filled by iron oxides. In some specific sectors, the uppermost 30-50 m of the 149 

graphite schists show intense alteration. Two different alteration zones can be 150 

differentiated: an upper highly weathered schist zone and a lower fractured/fissured schist 151 

zone (Martos-Rosillo et al., 2017). Quaternary deposits of diverse origin (glacial, alluvial, 152 

soil sliding, periglacial debris and alluvial fan sediments) overlie the metamorphic rocks, 153 

mainly in the uplands, where the topography is smoothed.  154 

The Bérchules River and its tributary branches (Chico and Grande rivers) are the main 155 

hydrologic features in the study area (Fig. 1). The river has a pluvio-nival hydrologic 156 

behavior, with maximum discharge in January-May and minimum flow during July-157 

September (Fig. 2). The mean annual runoff is estimated to be 13.1 hm3/year for the 158 

period 1970-2013, groundwater contribution representing more than 90% of the total 159 

basin runoff (Jódar et al., 2017). 160 

The study area features the ancient but sophisticated hand-made hydraulic facility of 161 

canals, including the recharge ones or acequias de careo mentioned in the introduction, 162 

comprising a dense and complex open dug channel network. This network is used for two 163 

purposes: (1) to recharge the snowmelt runoff generated in river basin uplands into the 164 

subsurface; and (2) to convey river surface water to the lowlands, for crop irrigation 165 

during the growing season. The recharge canals allow the infiltration of the basin 166 
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headwaters into the subsurface during the snowmelting-season (April to June) (Pulido 167 

Bosch and Sbih, 1995; Martos-Rosillo et al., 2015a). In the BRW, the channel network 168 

for water management comprises 19 canals, with a total length of 57.5 km. They are active 169 

from November-December to September-October (Fig. 3). 170 

In previous research conducted in the BRW during the hydrologic year 2014-2015 171 

(Martos-Rosillo et al., 2017), a total discharge of 5.3 hm3 was measured in the Bérchules 172 

River at the Narila gauging station (S8 in Fig. 1). Between January and May 2015, flow 173 

rate measurements were taken in the “El Espino”, a 7.5 km-long main recharge canal. 174 

The total water infiltration along this canal was 2 hm3, 1.65 hm3 corresponding to leakage 175 

along the channel and 0.35 hm3 to concentrated water infiltration at the end of the canal 176 

through a sink called “Sima de Bérchules” (Fig. 1). This feature is a small fractured 177 

outcrop marking a high vertical permeability zone. The larger the runoff infiltration, the 178 

longer the duration of spring discharge. Once snow melting vanishes, the use of the 179 

recharge canals stops and the river runoff water is derived towards the irrigation canals. 180 

These irrigation canals run almost parallel to the Bérchules River at a lower altitude than 181 

the recharge channels. The irrigation canals operate from April-June to September-182 

October, coinciding with the growing season in the croplands (Fig. 3).  183 

From a hydrogeologic point of view, the metamorphic weathered zone along with the 184 

cover of Quaternary formations would constitute a mixed granular-hard rock aquifer 185 

having a total permeable surface area of 59.2 km2 which practically accommodates that 186 

of the watershed, and a variable thickness of 30-50 m (Martos-Rosillo et al., 2015a; b). 187 

Once rainfall runoff and snowmelt infiltrate, the water flows as subsurface runoff towards 188 

the underlying water table. The subsurface runoff may flow sub-horizontally and be 189 

discharged as overland flow through the 609 springs inventoried, about 9 springs/km2. 190 

These springs generally yield ≤ 0.2 L/s and have an intermittent discharge regime. They 191 
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are mostly located in the higher parts of the watershed (Fig 1). The springs are associated 192 

with (1) abrupt changes in the land slope, (2) reduced thickness of the weathered zone, 193 

and (3) water leakage from the canal network (González-Ramón et al., 2015). Thus, the 194 

spatial distribution of the springs accommodates the natural slopes of the massif before 195 

discharging into the Bérchules River and its tributaries. In addition, deep regional 196 

groundwater discharge linked to the main fracture system of the deep unaltered 197 

metamorphic basement is observed in some iron-rich springs that discharge ≤ 0.2 L/s. 198 

 199 

Figure 3: Simplified scheme of the seasonal functioning of the man-made channel 200 

network (acequias de careo and irrigation canals) in the BRW. Canals in black do not 201 

work in the indicated season and do work when in color. In blue, the natural river channel 202 

network. 203 
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There are only 20 pumping wells in the basin, with pumping rates between 0.5 and 1 L/s. 204 

These wells are located in the lower part of the basin and are used to supply farming and 205 

irrigation needs in private lands. Agriculture in the BRW may play a significant role from 206 

the standpoint of groundwater quality, as is shown later. 207 

 208 

3. Materials and methods  209 

Two field campaigns were performed in January-February (rainy/snowy season) and 210 

May-June (snow-melting season) of 2015 for physical-chemical data acquisition through 211 

water sample collection at selected monitoring points (Fig. 1). The selection was based 212 

on permanent springs, private wells and strategic points of the hydrologic network. 213 

Discrete field measurements of electrical conductivity (EC), water temperature and pH 214 

were performed in spring waters and groundwater from pumping wells, as well as in 215 

surface water from the Bérchules River and the tributary streams. A portable electrical 216 

conductivity (EC) and temperature probe (WTW® 340i) and pH-meter (WTW® 315i) 217 

were used for measurements of field parameters. The accuracy was ±0.5% for EC and 218 

±0.03 units for pH. Borosilicate dark glass bottles with screw caps (125 ml) containing 219 

few ml of 10% nitric acid solution (to reach pH < 2) were carefully filled with water 220 

aliquots avoiding air bubbles trapping and, therefore, sample degassing. A specific survey 221 

was conducted at the beginning of April 2015 for snow sampling in the upper part of the 222 

BRW, between 2450 and 2830 m a.s.l. Snow samples were gathered drilling through the 223 

whole snow package (Lambán et al., 2015) at different locations (Fig.1). The resulting 224 

snow samples were stored in sealed plastic bags and finally melted to obtain a 225 

representative aliquot. The analytical procedure was the same as for the rest of water 226 

samples. EC values of the melted snow water samples were computed using 227 
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PHREEQC™ software (Parkhurst and Appelo, 1999), assuming a water temperature of 228 

4.3 ºC and a pH of 6.5, to make up for the lack of field measurements. 229 

Analytic determinations of the water samples were conducted by the laboratory of the 230 

Center of Hydrogeology at the University of Málaga within 48 hours after sampling. 231 

Major chemical elements (Na+, K+, Ca+2, Mg+2, Cl-, NO3
- and SO4

-2) were measured by 232 

high pressure ionic chromatography (HPIC; METROHM® Compact 881 IC Pro), with an 233 

accuracy of ± 2%. Alkalinity (HCO3
- as dissolved inorganic carbon, DIC) and TOC (total 234 

organic carbon) were determined using a carbon analyzer (SHIMADZU® VTOC), after 235 

treatment with HCl and combustion of the sample. The δ18O, δ2H and δ13CTDIC (total 236 

dissolved inorganic carbon) in water were measured using two cavity ring-down laser 237 

spectrometers: PICARRO™ CRDS L2120‐i for O and H isotopes and PICARRO™ CRDS 238 

G2201‐i coupled to an AURORA™ OI 1030W TOC analyzer for C isotopes. The isotope 239 

data for δ18O and δ2H were presented in reference to the Vienna-Standard Mean Ocean 240 

Water (VSMOW) and the δ13CTDIC in relation to the Vienna-Pee Dee Belemnite (VPDB) 241 

standards. The accuracy of isotope measurements was ± 0.1‰ for δ18O and ± 1‰ for 242 

both δ2H and δ13CTDIC. 243 

The chemical composition of soil was determined by Locutura et al. (2012) from 87 soil 244 

and river bed sediment samples of different basin locations (Fig. 1). Analytical 245 

measurements were conducted in the Laboratories Actlabs of Ontario (Canada). A large 246 

number of chemical components including S, P, Ca, Mg, Na, K, Fe, Mn and Al were 247 

measured by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 248 

techniques, which provide reliable quantitative multi-element analyses at trace levels with 249 

accuracies of ± 0.01 ppm. 250 

 251 
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4. Results 252 

4.1 Soil chemical data 253 

The soils in the study area contain mostly silicate minerals such as albite, anorthite, 254 

epidote, actinolite and tremolite, but quartzite, calcite and dolomite horizons are also 255 

found. The chemical composition of the analyzed soil samples is consistent with the 256 

described mineralogical composition (Fig. 4A). The soil samples are of a kaolinite-clay 257 

dominated nature, with Ca and Mg as the main soluble elements contained in them (Fig 258 

4B). 259 

 260 

 261 

Figure 4: Major elements in soil chemical composition. Concentrations are in parts per 262 

thousand (g/kg) (A) and equivalent/kg (B). 263 

 264 

4.2 Hydrogeochemical data 265 

The snow samples collected in the uplands of the BRW have the weakest water 266 

mineralization (EC ≤ 36 µS/cm) (Table 1). Surface water EC values range between 15 267 

µS/cm (S1) and 114 µS/cm (S8). The mean water temperature is 7.6 ± 3.3 ºC (5.3 ± 1.1 268 
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ºC and 10.6 ± 2.8 ºC, respectively, for the January-February and the May-June sampling 269 

campaigns). The EC in groundwater ranges between 19 and 1188 µS/cm (Table 1), with 270 

average and standard deviation values of 111 and 206 µS/cm, respectively. Such 271 

variability is spatially conditioned, given that no substantial differences in EC are 272 

observed in the monitored springs and wells between the two sampling campaigns. The 273 

average groundwater temperature and pH are respectively 12.8 ± 2.3 ºC and 7.0 ± 0.5. 274 

Groundwater sampled in spring G was found to be the most mineralized, acidic and 275 

warmest of all the sampled spring waters (Table 1 and Fig. 1).  276 

The groundwater samples are of the calcium-bicarbonate or calcium-magnesium-277 

bicarbonate type, although in some particular springs and wells two different 278 

hydrogeochemical facies are seen: calcium–magnesium–bicarbonate–sulphate 279 

composition and sodium–calcium–bicarbonate composition. The higher groundwater 280 

mineralization corresponds to groundwater samples taken from either deep pumping 281 

wells (e.g. P1; Table 1 and Figs. 1 and 5) or springs discharging regional groundwater 282 

flow lines (e.g. Spring G). While snow samples have a calcium bicarbonate-sulphate 283 

hydrochemical facies, the majority of surface waters and groundwater are of the calcium-284 

magnesium bicarbonate-sulphate type (Fig. 5). Organic-derived chemical compounds as 285 

TOC and NO3
- were detected generally in low concentrations, with maximum values of 286 

11.8 mg/L (M15) and 14.5 mg/L (M19), respectively (Table 1 and Fig. 1). The average 287 

TOC and NO3
- contents are similar in snow and surface waters, but much higher in 288 

groundwater (both springs and wells and the two sampling campaigns), along the order 289 

of 2-3 times for TOC and 5 times for NO3
-. 290 

 291 
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 292 

Figure 5: Compositional (Piper) diagram showing the hydrochemical facies of the waters 293 

sampled in the BRW. Numbers in brackets refer to January-February [1] and May-June 294 

[2] field surveys. 295 

Table 1. Chemical and isotopic data of snow, spring water, surface water and 296 

groundwater well samples collected in BRW during January-February (J-F) and May-297 

June (M-J) field surveys in 2015 (snow samples were collected in April 2015). Analytical 298 

determinations: electrical conductivity data of snow water computed using PHREEQC™ 299 

(Parkhurst and Appelo, 1999); alkalinity (*) expressed as HCO3
-; bdl: below detection 300 

limit; (-) not determined. Values are in mg/L if not otherwise indicated. 301 

  302 
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Water mineralization apparently increases as altitude decreases (Fig. 6A), in both surface 305 

water and groundwater. Between 2250 and 1250 m a.s.l. the ∇𝑧EC is -10 µS/cm/100 m. 306 

This occurs for the whole set of water samples, except for the most chemically evolved 307 

groundwater (wells P1 and P3 and springs M18, M19, M25, M26 and G), which outflows 308 

at a relatively similar elevation (1200-1300 m a.s.l. and 1700-1800 m a.s.l., for wells and 309 

springs respectively) yet shows EC values ranging up to one order of magnitude (Table 1 310 

and Figure 6A). No substantial differences in the degree of mineralization are observed 311 

between the two sampling campaigns for most water types, except for wells P1 and P3. 312 

 313 

 314 

Figure 6: Altitudinal variation of electrical conductivity (A) and water temperature (B) 315 

of surface waters and groundwater collected in the BRW. Numbers in brackets refer to 316 

the field surveys of January-February [1] (open symbols) and May-June [2] (solid 317 

symbols). 318 

 319 

In the BRW, the atmospheric mean temperature vertical gradient (∇𝑧𝑇𝑎𝑡𝑚) is -0.62 ºC/100 320 

m (Fig. 6B). According to temperature data in surface waters, the computed temperature 321 
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vertical gradient (∇𝑧𝑇𝑠𝑤) was -0.27 ºC/100 m for the first field survey (January-February 322 

2015) and -0.53 ºC/100 m for the second one (May-June 2015). As seen, ∇𝑧𝑇𝑠𝑤 is closer 323 

to ∇𝑧𝑇𝑎𝑡𝑚 in the later field campaign. In the case of groundwater, ∇𝑧𝑇𝑔𝑤 is similar to 324 

∇𝑧𝑇𝑎𝑡𝑚 regardless of the sampling season (Fig. 6B). 325 

4.3 H, O and C stable isotopes  326 

Snow samples display the widest range of variation for stable water isotopes, ranging 327 

from -52‰ to -104‰ for δ2H, and from -7.9‰ to -14.5‰ for δ18O (Table 1 and Fig. 7A). 328 

Surface water and groundwater samples have, overall, similar signatures and cluster in a 329 

reduced isotopic interval: -60‰ to -75‰ for δ2H, and -9‰ to -12‰ for δ18O.  330 

In Figure 7 the data set is plotted jointly with the Global Meteoric Water Line (GMWL, 331 

Craig, 1961) of slope 8 and deuterium excess d = 10‰. For comparison, the parallel lines 332 

of d = 13‰ and d = 14‰ are also included, the latter representing the western 333 

Mediterranean average line. 334 

The April snow water samples adapt well to d = 13‰ irrespective of the altitude, and 335 

cover a wide range of values representing precipitation. Surface water has a lower and 336 

isotopically lighter range and winter waters tend to be different from springtime waters, 337 

with some overlapping. While May-June samples adapt to the April snow line, yet with a 338 

smaller range, January-February samples are the lightest and tend to have higher to much 339 

higher deuterium excess, up to 20‰. The highest values could be suspected of analytical 340 

error; but they are probably not, as other samples likewise show a trend to high deuterium 341 

excess. This cannot be explained without a time series of precipitation isotopic data. It 342 

may, however, be the result of condensed atmospheric water vapor enriched by 343 

continental water evaporation along the wind path from the Atlantic Ocean, and produced 344 

in a relatively dry atmosphere.  345 
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Spring and well water samples plot around the LMWL (d = 13‰; Figure 7) with some 346 

deviations that clearly do not depend on the sampling campaign: a) the lightest ones tend 347 

to shift to higher d (WMWL) as winter surface waters; b) the isotopically heaviest waters 348 

tend to move to lower d (GMWL) that may be caused by a slight evaporation effect during 349 

recharge. The latter isotopic signature can be expected since they correspond to the lowest 350 

altitudes. In fact, some May-June surface water samples also show a possible slight 351 

evaporation effect, pointing to water seasonality and the need for repeated sampling to 352 

better understand the hydrological processes. 353 

Two clusters of spring and well waters can be distinguished (Fig. 7): 1) an isotopically 354 

lighter group from the upland catchment and a heavier group located in the vicinity of the 355 

acequias de careo and irrigation canals but that also includes groundwater samples from 356 

springs and wells that are not influenced by the acequias de careo recharge; and 2) spring 357 

G, which discharges iron-rich groundwater.  358 

 359 
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Figure 7: δ2H vs δ18O plot for all water samples (A) and for surface waters and 360 

groundwater (B) from the BRW. In the legend, [1] (open symbols) and [2] (solid symbols) 361 

refer to the winter (January-February) and spring (May-June) sampling campaigns. 362 

GMWL (d = 10‰), LMWL (d = 13‰) and WMMWL (d = 14‰) stand for Global, Local 363 

and Western Mediterranean Meteoric Water Line, respectively. 364 

Waters from the BRW show variable δ13CTDIC (1.4 ‰ to -18.3 ‰) and low alkalinity 365 

values, mostly below 90 mg/L (Table 1). In fact, 38% of the analyzed water samples had 366 

insufficient concentrations of dissolved inorganic carbon (DIC) to ensure reliable 367 

δ13CTDIC determinations. Figure 8A is a plot of δ13CTDIC versus HCO3. It is considered 368 

that current atmospheric CO2 has δ13CTDIC ~ -7‰ and biogenic soil CO2 is about -23 to -369 

25‰ δ13C. Incorporation of CO2 into water is assumed to mostly takes place in an open 370 

system at a pH (Fig. 8B) in which HCO3 dominates, so at the ambient temperatures there 371 

is an isotopic fractionation of ~ -8‰. It is also assumed that there are no carbonates in the 372 

soil. Surface water is isotopically heavy, reflecting the dominance of atmospheric CO2 in 373 

the winter samples (the heaviest) and a mixture of soil and atmospheric CO2 in spring or 374 

atmospheric CO2 dissolution under acidic pH (not so heavy). Spring waters cluster in two 375 

non-overlapping groups, the heaviest for winter samples, around -5‰, and the lightest for 376 

springtime samples, around -14‰. The latter value corresponds to biogenic soil CO2 and 377 

the former one to a mixed situation. In any case there is a no great increase of HCO3 (with 378 

one exception), meaning that rock weathering is undergone at the earlier stages. The only 379 

well water with δ13C determination shows no seasonal difference and the possible effect 380 

of biogenic soil CO2 under a lower in situ pH.  381 

 382 
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 383 

Figure 8: (A) Relationship between δ13CTDIC and alkalinity (as HCO3
-). Note that not all 384 

water samples are represented due to the generally low concentration of dissolved 385 

inorganic carbon. DIC from soil assumes isotopic equilibrium in an open to CO2 system; 386 

(B) Relationship between pH and alkalinity. In the legend, [1] (open symbols) and [2] 387 

(solid symbols) refer to the winter (January-February) and spring (May-June) sampling 388 

campaigns. 389 

 390 

5. Data interpretation and discussion 391 

5.1 Preliminary evaluation of aquifer recharge using the chloride mass balance method 392 

(CMB) 393 

Environmental tracers are a well-known tool for estimating long-term average rainfall 394 

diffuse recharge to aquifers (Eriksson, 1960; Eriksson and Khunakasen, 1969; Custodio 395 

and Llamas, 1976/1983; Wood and Sanford, 1995; Wood, 1999; Alcalá and Custodio 396 

2014; 2015; Custodio and Jódar, 2016; Custodio et al., 2018; among others). The 397 

atmospheric CMB method (Claasen et al., 1986; Dettinger, 1989; Sami and Hughes, 398 

1996; Scanlon et al., 2006; Custodio, 2010; Alcalá and Custodio, 2014; and references 399 
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therein) takes advantage of the almost conservative behavior of the chloride ion (Cl-). 400 

Rainwater incorporates atmospheric chloride bulk deposition in the hydrological system. 401 

One part flows dissolved with surface runoff and other part percolates through the vadose 402 

zone. As a result of the evapotranspiration process in the soil root zone, dissolved chloride 403 

concentrates and, therefore, the solute concentration of recharge rises with respect to that 404 

in rainwater, as can be seen in Figure 9.  405 

 406 

Figure 9: (A) Altitudinal variation of chloride content in snow (circles), surface water 407 

(triangles) and groundwater (squares) collected in the BRW. Numbers in brackets indicate 408 

field surveys of January-February [1] and May-June [2]. Black symbols indicate the 409 

average value and the error bars show the corresponding standard deviation. 410 

 411 

Given a long enough period in a natural gradient hydrological system in which the long-412 

term storage variations of chloride in both soil and vadose zones can be assumed to be 413 

negligible, the steady state chloride mass balance equation can be described by  414 
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𝐶𝑇𝑞𝑇 = 𝐶𝑔𝑤𝑞𝑔𝑤 + 𝐶𝑠𝑤𝑞𝑠𝑤  (1) 

where 𝑞 [LT-1] and C [ML-3] are water runoff and chloride concentration, respectively, 415 

and the subscripts “T”, “groundwater” and “sw” stand for the total basin discharge, 416 

groundwater discharge and surface runoff, respectively. The values of 𝑞𝑇 (195 mm/year, 417 

Jódar et al., 2017) and 𝐶𝑇 (3.2 mg/L) are obtained from averaging the measured basin 418 

discharge and the chloride concentration (S8, Table 1), respectively, at the Narila gauging 419 

station (S8, Fig. 1). The value of 𝐶𝑔𝑤 (2.7 mg/L) can be approximated by the average 420 

chloride content measured in groundwater samples (i.e. springs and wells, Table 1). The 421 

variables 𝑞𝑔𝑤, 𝑞𝑠𝑤 and 𝐶𝑠𝑤 are unknown. Nevertheless, the last term of Equation 1 can 422 

be expressed as  423 

𝐴𝐸 = 𝐶𝑠𝑤𝑞𝑠𝑤 (2) 

where 𝐴𝐸  [ML-2T-1] is direct surface runoff chloride mass flux. Alcalá and Custodio 424 

(2014) provide mean annual values of this variable (𝐴𝐸
̅̅̅̅ ) for the whole continental Spain. 425 

Including 𝐴𝐸  into Equation 1 allows estimating groundwater discharge as  426 

𝑞𝑔𝑤 =
𝐶𝑇𝑞𝑇 − 𝐴𝐸

𝐶𝑔𝑤
 (3) 

In the case of the BRW, 𝐴𝐸
̅̅̅̅  varies between 0.1 and 0.25 g/m2/year (Fig. 10A, Table 2), 427 

whereas 𝑞𝑔𝑤 ranges between 190 and 135 mm/year, respectively corresponding to 97% 428 

and 69% of the total basin discharge. These high values are consistent with those obtained 429 

by Al-Awani (1997) and Jódar et al. (2017, 2018). Taking into account that the BRW 430 

presents areas of high slope with presumably low-permeability hard rock substrate, the 431 

obtained high groundwater contribution to the total basin discharge underlines the role 432 
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played by the recharge canals in the hydrological response of the basin. Moreover, the 433 

fast transition from the altered rock zone to the fresh metamorphic bedrock zone makes 434 

regional deep flows play a minor role from a discharge perspective. Along this line and 435 

from a steady state hydrological point of view, aquifer recharge may be approximated 436 

to 𝑞𝑔𝑤. Therefore, taking into account the obtained groundwater discharge variation 437 

interval, recharge can be assumed to represent 16% to 22% of the mean annual 438 

precipitation in the BRW, which is 828 mm/year. 439 

 440 

Figure 10: Mean annual chloride mass flux by direct surface runoff 𝐴𝐸
̅̅̅̅  (A) and for 441 

atmospheric bulk deposition 𝐴𝑃
̅̅̅̅  (B), in continental Spain (modified from Alcalá and 442 

Custodio, 2014). 443 

 444 

5.2 Mechanisms for mineralization of groundwater 445 

In all the sampled points, except spring G, groundwater presents a low mineralization that 446 

can be explained by evaporitic concentration of dissolved salts in precipitation. This is 447 

reflected by Cl and also SO4 concentrations. The other ions —except HCO3, which partly 448 

depends on equilibrium with air CO2— show higher concentrations, pointing to other 449 
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mineralization processes in the soil, namely the weathering of rock and soil minerals. 450 

These processes affect the groundwater hydrochemical composition in two different ways 451 

(Fig. 6A). On the one hand, most groundwater is quickly drained through springs (and 452 

likely intercepted by pumping wells) in the uplands and intermediate altitude catchment, 453 

with EC values ranging from 20 to ~150 µS/cm. On the other hand, several groundwater 454 

samples from springs and wells in the lowlands that show higher water mineralization are 455 

associated with local drainage of groundwater polluted by urban wastewaters and with 456 

springs draining major deep fractures (i.e. site G). The preferential quick flows through 457 

weakly soluble silicate rocks forming the shallower layer of the crystalline aquifer (i.e. 458 

weathered zone) result in low solute content spring waters. Groundwater discharge from 459 

some low yield springs located downflow from the urbanized area in Alcútar, a small 460 

village just 1 km northwest of the Narila gauging station, is highly mineralized, indicating 461 

wastewater influence. 462 

The temperature of surface waters in the BRW fits to some extent the estimated altitudinal 463 

gradient of the mean air temperature (-0.62 ºC/100 m; Fig. 6B). The vertical thermal 464 

gradient obtained from measurements in surface waters (∇𝑧𝑇𝑠𝑤) reflects a thermal 465 

disequilibrium in this water along the river course. In May-June, the variation along 466 

elevation of ∇𝑧𝑇𝑠𝑤 is due to snow melt in the river stretch through the snow and ice caps. 467 

The air-water thermal equilibrium is also perceptible in most groundwater samples, since 468 

the main flow routes promoting fast flows are found in shallow subsurface (through the 469 

weathered zone of the metamorphic bedrock, no deeper than 50-60 m below land surface), 470 

very often following pathways parallel to the uneven land surface.  471 

 472 

5.3. Estimation of recharge rate 473 
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Infiltrating water incorporates dissolved salts as solutes in groundwater. Soil-water 474 

evaporation and plant transpiration enhance the dissolved salts concentration in 475 

infiltrating water as a consequence of the water-mass reduction they produce. Assuming 476 

that chloride behaves as a conservative tracer, it is possible to estimate the mean chloride 477 

content in the evaporated precipitation 𝐶𝑅
̅̅ ̅ [ML-3] as (Alcalá and Custodio, 2014): 478 

𝐶𝑅
̅̅ ̅ =

1

𝑅̅
(𝐴𝑃
̅̅̅̅ − 𝐴𝐸

̅̅̅̅ ) (4) 

where 𝑅̅ [ML-3] is the mean annual recharge and 𝐴𝑃
̅̅̅̅  [ML-2T-1] is the atmospheric bulk 479 

deposition of chloride (Fig. 10B). Once 𝐶𝑅
̅̅ ̅ is obtained, the evaporation concentration 480 

factor  [-] can be obtained as  481 

𝜉 =
𝐶𝑅
̅̅ ̅

𝐶𝑃
̅̅ ̅

 (5) 

where 𝐶𝑃
̅̅ ̅ [ML-3] is the average chloride content in precipitation. This variable can be 482 

estimated in terms of the mean annual precipitation 𝑃̅ [LT-1] and 𝐴𝑃
̅̅̅̅ , provided that 483 

𝐴𝑃 ̅̅ ̅̅ = 𝐶𝑃
̅̅ ̅̅ · 𝑃̅ (Alcalá and Custodio, 2014). Table 2 gives the variation interval of 𝑅̅, 𝐴𝐸

̅̅̅̅ , 484 

𝐴𝑃
̅̅̅̅ , 𝐶𝑃

̅̅ ̅ and 𝐶𝑅
̅̅ ̅ in the BRW. Taking into account these values, a variation interval for 𝜉 485 

between 3 and 7.7 is obtained. This concentration interval is considered valid for the other 486 

dissolved salts in precipitation. Figure 11 offers a Schöeller-Berkaloff diagram showing 487 

the major ion concentrations in the evaporated recharge. To obtain these values it is 488 

assumed that the chemical composition of precipitation corresponds to the average 489 

composition of all the snow samples taken in the BRW during April 2015. The observed 490 

concentrations of Na, Ca, Cl and SO4 in groundwater can be explained by only 491 

considering the process of precipitation concentration by evaporation. The contents of 492 

Mg and HCO3 in groundwater are higher than those for the evaporated precipitation. As 493 
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shown in the next section, these increments can be traced to chemical interaction between 494 

the recharge water and the minerals of the geological formation. 495 

 496 

Table 2. Variation interval values for mean annual values of precipitation (𝑃̅), direct 497 

surface runoff chloride mass flux (𝐴𝐸
̅̅̅̅ ), atmospheric bulk deposition of chloride (𝐴𝑃

̅̅̅̅ ), 498 

mean chloride content in both precipitation (𝐶𝑃
̅̅ ̅) and recharge (𝐶𝑅

̅̅ ̅.), and evaporation 499 

concentration factor (𝜉) in the BRW. 500 

 𝑅̅ 𝐴𝐸
̅̅̅̅  𝐴𝑃

̅̅̅̅  𝐶𝑃
̅̅ ̅ 𝐶𝑅

̅̅ ̅ 𝜉 

 (mm/yr) (g/m2/yr) (g/m2/yr) (mg/L) (mg/L) (-) 

Min 135 0.10 12.70 15.34 45.56 2.97 

Max 190 0.25 19.63 23.71 181.44 7.65 

 501 

 502 
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Figure 11. Schoeller-Barkaloff diagram of the mean compositions of precipitation (i.e. 503 

snow), evaporated recharge and groundwater in the BRW. (A) January-February 504 

sampling campaign and (B) May-June sampling campaign.  505 

 506 

5.4 Water-rock chemical interactions 507 

Based on field observations, the lithology found at the test site, the plausible mineralogy 508 

and the analytic results derived from this study, the following reactions are the most 509 

probable, assuming final pH is in the range where HCO3 is the dominant inorganic 510 

dissolved carbon species: 511 

Albite hydrolysis, 512 

2𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8 + 2𝐶𝑂2 + 1𝐻2𝑂 → 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 + 2𝐻𝐶𝑂3
− + 2𝑁𝑎+ + 4𝐻4𝑆𝑖𝑂4 (6) 

K-feldspar hydrolysis, 513 

2𝐾𝐴𝑙𝑆𝑖3𝑂8 + 2𝐶𝑂2 + 6𝐻2𝑂 → 𝐴𝑙2𝑆𝑖4𝑂10(𝑂𝐻)2 + 2𝐻𝐶𝑂3
− + 2𝐾+ + 4𝐻4𝑆𝑖𝑂4 (7) 

Anorthite hydrolysis (congruent), 514 

𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 + 2𝐶𝑂2 + 3𝐻2𝑂 → 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 + 2𝐻𝐶𝑂3
− + 𝐶𝑎+2 (8) 

Tremolite hydrolysis (congruent), 515 

𝐶𝑎2𝑀𝑔5𝑆𝑖8𝑂22(𝑂𝐻)2 + 14𝐶𝑂2 + 22𝐻2𝑂

→ 2𝐶𝑎+2 + 5𝑀𝑔+2 + 8𝐻4𝑆𝑖𝑂4 + 14𝐻𝐶𝑂3
− 

(9) 

Calcite dissolution,  516 

𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂 → 𝐶𝑎+2 + 2𝐻𝐶𝑂3
− (10) 
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Dolomite dissolution (congruent), 517 

2𝐶𝑂2 + 2𝐻2𝑂 + 𝐶𝑎𝑀𝑔(𝐶𝑂3)2 ↔ 𝐶𝑎+2 + 𝑀𝑔+2 + 4𝐻𝐶𝑂3
− (11) 

 518 

In the case of dominantly acidic water not related to CO2 dissolution, the above reactions 519 

can be rewritten by placing one H+ in the left hand side for every HCO3 in the right hand 520 

side and deleting CO2 (left hand side) and HCO3 (right hand side).  521 

Most of the water samples collected in the BRW (except for snow water samples, Fig. 522 

12A) show a marked chemical gradient between Na-rich compositions; this would be the 523 

result of hydrolysis processes of silicate minerals (e.g. albite), and Ca-Mg water types 524 

representing reaction products from the dissolution of minerals enriched in such divalent 525 

cations (e.g. anorthite, garnet and amphibolite). According to the anorthite hydrolysis 526 

reaction (Eq. 8, Fig. 12B), a general calcium excess is observed in the majority of surface 527 

water and groundwater, which appears to be greater for the sample cluster corresponding 528 

to the January-February field survey. 529 

Regarding the relationship between Mg and alkalinity (Fig. 12C), Mg-rich silicate 530 

minerals, as amphibolite (mainly tremolite), and the horizons of dolomite, may contribute 531 

to the magnesium excess, with stoichiometric ratios of 5:14 and 1:4, respectively. This is 532 

the case of neutral or moderately basic water, but not for carbon dioxide related acidic 533 

water, where the ratio can be much higher, depending on original acidity. 534 
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 535 

Figure 12: Relationships between (A) the ratios rMg/rNa and rCa/rNa, (B) rCa and 536 

alkalinity, and (C) rMg and alkalinity (r means the concentrations are expressed in 537 

meq/L). The dashed lines indicate constant slope (m) ratios. 538 

 539 

The most abundant anions in surface waters and groundwater sampled in the BRW are 540 

HCO3
 and SO4, while the dominant cations correspond to Ca and Mg (Table 1 and Fig. 541 

5). As carbonate formations are not present in the metamorphic basement, HCO3 and 542 

divalent cations have a common origin in the chemical weathering of silicate minerals 543 

and the dissolution of air CO2 in the soil-weathered shallow zone of the aquifer, or directly 544 

from the atmosphere in the case of direct surface runoff or snowmelt. The dissolved 545 

inorganic carbon is assumed to come from biogenic CO2 in soil air and atmospheric CO2, 546 

as explained before. 547 
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The excess of cations not directly related with HCO3 increase, even considering that part 548 

of Ca is precipitated (incongruent dissolution), possibly due to acidic rain. This has not 549 

been considered in the study. 550 

 551 

5.5 Evidence of diffuse groundwater pollution 552 

Dissolved NO3 in sampled waters shows two distinctive evolutions in the BRW (Figs. 553 

13A and 14). On the one hand, a subtle enrichment in NO3 (of 0.05 meq/L or 2.4 mg/L 554 

as much) is detected in both surface waters and spring waters as the elevation 555 

progressively diminishes, from the top to the lower parts of the watershed. On the other 556 

hand, in the ranges of elevation 1200-1400 m a.s.l. and 1800-2200 m a.s.l. (coinciding 557 

with the irrigated areas in high- and low-lands), the NO3 contents measured in 558 

groundwater become highly variable, reaching a maximum close to 0.25 meq/L (12 mg/L 559 

NO3) (Fig. 13A). This occurs regardless of the season. 560 

 561 

Figure 13: Relationships between elevation and rNO3 (r means the concentrations are 562 

expressed in meq/L). In the legend, [1] and [2] refer to the winter (January-February) and 563 

spring (May-June) sampling surveys. 564 
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 565 

5.6 Factors influencing the isotopic signature of groundwater 566 

There is a relationship between elevation and the isotopic composition of spring waters 567 

that are not affected by the acequias de careo recharge system (Fig. 14). These springs 568 

include the ones located above the recharge canals (M1 to M7) in the upper part of the 569 

basin and those located in the lower part of the basin where such recharge canals are not 570 

present (M11-M13, M15, M21, M24-M26 and G). For all those springs, the vertical 571 

gradients of isotopic content in groundwater (∇𝑧δ18OGROUNDWATER) in winter and spring 572 

are -0.13‰/100 m and -0.14‰/100 m, respectively. These values are both lower than the 573 

-0.17‰/100 m vertical gradient of isotopic content in precipitation (∇𝑧δ18OP) (Fig. 14). 574 

This result indicates that in the zones where the acequias de careo recharge the 575 

hydrogeological system, it behaves as a sloping aquifer (Custodio and Jódar, 2016) where 576 

rainfall recharges the aquifer along the mountain slope. This interpretation agrees with 577 

the presence of Quaternary deposits (glacial, alluvial, soil sliding, peri-glacial debris and 578 

alluvial fan sediments; Fig. 1) along with highly fractured metamorphic materials that 579 

form the upper part of the aquifer. 580 

The isotopic composition of the springs affected by the acequias de careo recharge (M8, 581 

M9, M10, M14, and M16 to M23) does not show any relationship with elevation. These 582 

springs are characterized by an isotopic composition that corresponds to that of a higher 583 

elevation zone, comprised between 2000 and 2800 m a.s.l. The upper elevation limit is 584 

higher in winter than in spring (Fig. 14). The isotopic fingerprint of the acequias de careo 585 

recharge water is defined by the isotopic composition of the surface water sampled in S1 586 

(Fig. 1). This is the point where the melt water flowing from the higher part of the Chico 587 

river basin is derived into the canal network. 588 
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The surface water sampling point S3 drains the upper part of the Grande River. This melt 589 

water tributary zone has a lower elevation than that corresponding to sampling point S1. 590 

Hence, the isotopic composition measured in S3 is heavier than that measured in S1 (Fig. 591 

14). Melt water flowing through S3 is derived into the Las Hoyas irrigation canal that 592 

recharges the aquifer in the lower part of the basin, which is likewise drained by the 593 

Bérchules River. 594 

 595 

 596 
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Figure 14: Relationship between δ18O and elevation for groundwater (squares) and 597 

surface water (triangles) in the sampling campaigns of winter (A) and spring (B) seasons. 598 

Solid symbols stand for springs not affected by the recharge through acequias de careo. 599 

IAL-P is the isotopic altitudinal line obtained with data from this study and published 600 

rainfall isotopic data from Raya Garrido (2003), Fernandez-Chacón et al. (2010) and 601 

Jiménez-Gavilán (2010). IAL-GW-1 is the isotopic altitudinal line obtained for 602 

groundwater using the isotopic content data from the sampled springs not affected by the 603 

upstream recharge through the acequias de careo system. The light-blue shaded area 604 

indicates the recharge elevation interval corresponding those springs not affected by the 605 

acequias de careo recharge system. The interval is obtained by projecting the minimum 606 

and maximum δ18OGROUNDWATER values on the IAL-P. 607 

 608 

5.7 Conceptualization of the groundwater flow system 609 

The results derived from the analysis of the hydrogeologic, hydrogeochemical and 610 

isotopic data collected in the BRW outline the existence of two clearly differentiated 611 

groundwater flow types. The main type includes low-mineralized groundwater (15-164 612 

µS/cm), with calcium-magnesium bicarbonate-sulphate chemical facies and pH values 613 

around 7 (Table 1 and Figs. 5 and 6). This groundwater flow system drains a mixed 614 

granular-hard rock aquifer that developed over the weathered zone of the Palaeozoic 615 

schists cropping out in the study area (Figs. 1 and 15). In a secondary flow path, solute-616 

enriched groundwater (EC > 1100 µS/cm and pH ~ 6) flows across the BRW through the 617 

deep master fracture network hosted in the metamorphic bedrock (Fig. 15). In this study, 618 

this groundwater type is represented only by the G spring water (Figs. 1, 5). Nevertheless, 619 
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its occurrence along the southern edge of Sierra Nevada is frequent in similar 620 

hydrogeologic settings (Castillo and Fedeli, 2002). 621 

The main hydrogeological system is relatively shallow (average thickness < 50 m) and 622 

the predominant low-mineralized groundwater flow system is mainly controlled by the 623 

slope configuration of the metamorphic basement (Fig. 15). The similar values observed 624 

for ∇𝑧𝑇𝑎𝑡𝑚 and ∇𝑧𝑇𝑔𝑤 reflect the existence of a shallow aquifer in which groundwater 625 

predominantly flows close to the soil surface. The most mineralized groundwater samples 626 

correspond to springs associated with regional fractures affecting the metamorphic 627 

bedrock. Regarding the isotopic content in groundwater, the springs located in the upper 628 

part of the basin discharge an isotopically lighter groundwater; conversely, the springs 629 

located at lower elevations discharge an isotopically heavier groundwater (Table 1 and 630 

Fig. 1). Thus, there is an altitudinal isotopic gradient lower than that defined by the 631 

meteoric waters (Fig. 14). Such an isotopic anomaly is coherent with a sloping aquifer 632 

situation (Custodio and Jódar, 2016), by which runoff infiltration in the BRW is produced 633 

following the major axis of the river basin, where the sediments of the weathered zone 634 

have preferentially accumulated. 635 

 636 

 637 
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Figure 15: (A) Idealized scheme of groundwater flow system (including flow paths with 638 

different length and transit times) in a V-shape valley transect (A-A´ section; see location 639 

in Fig. 1B) of lowlands in the BRW. (B) Detailed geologic profile of the top 50 m of the 640 

crystalline basement (not at scale). 641 

The main geochemical process identified in the groundwater samples are attributed to the 642 

processes of precipitation concentration through evapotranspiration and silicate 643 

weathering (i.e. mainly albite, anorthite, tremolite and K-feldspar hydrolysis), as expected 644 

due to the Na-K-Ca-Mg-rich mineralogical composition of Palaeozoic schists that crop 645 

out in the BRW. Therefore, a preferential geochemical evolution towards rCa/rMg 646 

enriched waters is generally observed in groundwater samples. The fact that HCO3 is the 647 

main anion in most groundwater samples can be explained by the CO2 dissolution from 648 

the soil/atmospheric air, which is needed to produce the chemical rock weathering 649 

processes (Gaillardet et al., 1999; Donnini et al., 2016). 650 

Analysis of water temperature in the Bérchules River shows substantial differences in the 651 

altitudinal thermal gradient between air and surface water during winter (January-652 

February sampling campaign; Fig. 6B), which is the direct consequence of the snow melt 653 

effect. In contrast, surface water collected during the May-June survey became warmer 654 

and more enriched in solutes as the sampled river stretch was progressively located 655 

downstream (Fig. 6B). This general warming of surface waters is attributed to the high 656 

proportion of groundwater that flows into the river during the spring-summer season, 657 

when the river flow upstream (headwaters) is mostly allocated to the acequias de careo 658 

system and the remaining channel network for aquifer recharge. Thus, the Bérchules 659 

River receives lateral inflows from the shallow metamorphic aquifer and behaves as a 660 

gaining river practically throughout its length during the dry season. 661 
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The results of this study also point to the effects of the ancient managed recharge system 662 

on groundwater quality dynamics in the BRW. The aquifer zones influenced by recharge 663 

coming from the acequias de careo are clearly distinguished by means of the isotopic 664 

content of groundwater (Figs. 7 and 14). Firstly, the isotopic content of groundwater in 665 

the springs not affected by the artificial recharge system shows a linear altitudinal 666 

dependence with a gradient lower than the one corresponding to precipitation (i.e. 667 

∇𝑧δ18OGROUNDWATER < ∇𝑧δ18OP ), as happens in the case of sloping aquifer recharge 668 

(Custodio and Jódar, 2016). Secondly, the isotopic content of groundwater in the springs 669 

influenced by the induced recharge does not show any relationship with elevation. This 670 

reflects how snow melt water (i.e. isotopically lighter) flows through the acequias de 671 

careo network towards lower altitude areas, where it finally infiltrates concentrated in 672 

densely fractured zones. Therefore, groundwater drained by springs partially or totally 673 

fed by recharged water from the acequias de careo network system is characterized by 674 

lighter isotopic composition than would be expected according to its natural recharge 675 

area. Isotope hydrology proves to be a powerful tool to delineate the aquifer zones fed 676 

not only by rainfall/river recharge, but also by artificial recharge from the acequias de 677 

careo system. 678 

As stated in previous sections, recharge in the metamorphic aquifer was found to be 679 

anomalously high. The recharge rate in the present study is quantified by means of the 680 

chloride mass balance method as 15-20 % of rainfall. This estimation is coherent with the 681 

results numerically obtained by Martos-Rosillo et al. (2017), Jódar et al. (2017) and Jódar 682 

et al. (2018), who reported recharge estimates, as a percentage of mean annual 683 

precipitation, of 19 ± 16 (using Visual-Balan code; Samper et al., 1999; 2005), 20 ± 11 684 

(by applying Témez model; Témez, 1977; Jódar et al., 2017) and 25 ± 13 (using HBV 685 

model; Bergström, 1976; Seibert, 2005), respectively. The use of environmental tracers 686 
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and numerical simulations seem to provide reliable recharge results in the BRW, even 687 

taking into account that the aquifer (1) is hosted in metamorphic materials, and (2) is 688 

located in a high mountain area with large altitudinal variations, where semiarid-arid 689 

regional climate conditions prevail. Singhal and Gupta (2010) reported similar recharge 690 

rates in hard-rock aquifers of subtropical areas, where rainfall is substantially higher than 691 

in the BRW. The relatively high recharge rate calculated in the BRW can be also deduced 692 

from the high groundwater contribution (83-97%) to the total river basin runoff at the 693 

Narila gauging station (Figs. 1 and 2) obtained by Al-Awani (1997), Martos-Rosillo et al. 694 

(2017), and Jódar et al. (2017; 2018). In short, the acequias de careo system causes the 695 

aquifer recharge to be significantly higher than that obtained if only natural recharge had 696 

occurred. This is the reason why in other basins of Sierra Nevada, where the acequias de 697 

careo do not operate or do not exist, the number of springs and their duration, as well as 698 

the basin base flow, are much lesser. 699 

The acequias de careo system helps enhance the aquifer recharge and therefore increase 700 

the role played by groundwater discharge in the total Bérchules River runoff. 701 

Accordingly, Martos-Rosillo et al. (2015a) reported an infiltration volume of 2 hm3 for 702 

the hydrologic year 2015/2016 in El Espino canal (Fig. 1). This volume represents 40% 703 

of the total river discharge measured at the Narila gauging station during that hydrologic 704 

year. The recharge system furthermore produces a buffer effect in the Bérchules River 705 

hydrograph (Fig. 2) by smoothing the discharge peak during the snow melt season while 706 

increasing the river base flow during the dry season, coinciding with the critical water 707 

demand that typically occurs in summer. This basin behavior is contrary to what might 708 

be expected for high mountain rivers as a result of global warming (Barnet et al., 2005), 709 

a scenario in which less precipitation will fall as snow, shifting both the melting season 710 

and the rivers main discharge peak to earlier times, away from the water resource demand 711 
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period (Tague and Grant, 2009; Jenicek et al., 2018). If applied to other alpine basins 712 

around the world, the acequias de careo recharge system would provide a valuable 713 

adaptation strategy to mitigate the impact of the possible forecasted climate change in 714 

these zones. 715 

 716 

6. Conclusions 717 

The acequias de careo is an ancient water management system developed in alpine zones 718 

of southern Spain that provides water to downstream-depending users when the water 719 

demand is highest. The ancient recharge system modifies the natural hydrological 720 

dynamics of the basin by enhancing diffuse recharge up to 20% of precipitation, which is 721 

a very substantial value taking into account the high slopes and the metamorphic nature 722 

of the rocks conforming the basin.  723 

Chemical weathering of silicate minerals and concentration of rainfall by 724 

evapotranspiration are the key processes behind groundwater mineralization. 725 

Additionally, groundwater from springs not affected by the careo recharge system shows 726 

an altitudinal thermal gradient coinciding with that of the air temperature, and also an 727 

isotopic vertical gradient lower than that of precipitation, a behavior typically associated 728 

with sloping-recharge aquifers. Nevertheless, the managed recharge through the acequias 729 

de careo modifies the physico-chemical and isotopic response of the springs affected by 730 

the recharge system, by fading such altitudinal thermal and isotopic gradients. 731 

The presence of the acequias de careo 1) makes the aquifer recharge significantly higher 732 

than that obtained if only natural recharge had occurred, and 2) modifies the hydrologic 733 

basin behavior by reducing the snowmelt discharge peak and increasing the base flow 734 

during the low rainfall periods. This basin behavior is contrary to what could be expected 735 
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for high mountain rivers as a result of global warming. Therefore, if the acequias de careo 736 

water management system were applied in other alpine basins around the world, it would 737 

come to be a valuable adaptation strategy to mitigate the forecasted impact of climate 738 

change 739 

The high topographic, thermal and pluviometry gradients prevailing in the study area 740 

contribute to the relevance of water temperature and stable isotope contents in water as 741 

tools to characterize the hydrological behavior of similarly high mountain basins.  742 
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