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Abstract 9 

 10 
The Ebro River (928 km long, 85,530 km2 drainage basin) in north-eastern Spain flows into the 11 

western Mediterranean Sea through several large cities, and agricultural, mining and industrial areas. 12 

The river is one of the largest contributors of freshwater to the Mediterranean and ends in the Ebro 13 

delta, one of the most important wetlands in Europe. Bedrock of the Ebro River basin mainly consists 14 

of carbonate rocks and evaporites of Paleozoic and Mesozoic age. The Ebro river mainstream was 15 

sampled monthly for a year (2006) near the outlet at Amposta, and a field campaign in April of the 16 

same year sampled the Ebro along its main course as well as its main tributaries. The behaviour of Ca 17 

and its isotopes—combined with that of Sr-isotopes—during water/rock interactions was investigated 18 

at the basin scale, with the objective of elucidating the processes controlling the isotope signatures of a 19 

large river draining mostly sedimentary bedrock. The δ44Casw values (normalized to seawater) ranged 20 

from -0.87 to -1.09‰ along the Ebro mainstream, decreasing towards the delta as the Ca content 21 

increased. At Amposta, the δ44Casw ratio ranged between -0.66 and -1.04‰, with a tendency to 22 

decrease with increasing discharge. These variations were similar to those given by the 87Sr/86Sr values 23 

and Sr contents. For the main tributaries, the δ44Casw ratio in river waters ranged between -0.43 and -24 

1.04‰, whereas anhydrite-gypsum bedrock values ranged from -0.94 to -1.22‰ and carbonate 25 

bedrock from -1.04 to -1.39‰. Comparing Sr-isotope values and Ca/Na ratios showed the role of 26 

anhydrite/halide bedrock weathering for some tributaries (Guadalope, Matarrana, Aragon, Ega), that 27 

of carbonate/halide bedrock weathering dominating the others (Gallego, Cinca, Segre), the Ebro 28 

mainstream being a mix of both. Bedrock weathering masks the sea-salt signal, if any. As halides 29 

contain no Ca, a comparison of δ44Casw and 87Sr/86Sr values further demonstrated the role of anhydrite 30 

and limestone for the Ebro and its tributaries, highlighting geochemical processes like carbonate 31 

supersaturation in the Guadalope and Matarrana tributaries. 32 
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1 – Introduction 35 

Calcium is the fifth most abundant element in the Earth's upper continental crust, with an 36 

estimated elemental abundance of 25,643 mg/kg (Rudnick and Gao, 2003); it is an essential 37 

nutrient for biogeochemical cycles and one of the most concentrated cations in continental 38 

surface- and groundwaters. Ca-cycling studies are of primary importance as calcium 39 

carbonate precipitation in the ocean is a key process for the carbon balance in the earth/ocean 40 

system (Schmitt et al., 2003a; Tipper et al., 2006; 2010). Tracing Ca in the earth system 41 

(oceanic cycle, weathering, hydrothermal activity) can be helped by indirect proxies like 42 

strontium isotopes, as Sr behaves similarly to Ca (Novak et al., 2020). Over the past decades, 43 

the use of Ca isotopes as a direct proxy for calcium behaviour has been developed as well 44 

(Zhu and Macdougall, 1998; DePaolo, 2004; Kreissig and Elliott, 2005; Fantle, 2010; 2014; 45 

Tipper et al., 2016; Griffith et al., 2020; Griffith and Fantle, 2020). Calcium has six stable 46 

isotopes: 40Ca=96.941%, 42Ca=0.647%, 43Ca=0.135%, 44Ca=2.086%, 46Ca=0.004% and 47 

48Ca=0.187% (Coplen et al., 2002). Ca isotopes, usually referred to as 44/40 or 44/42 values 48 

measured by mass spectrometry (Heuser et al., 2002; Fantle and Bullen, 2009) or MC-ICP-49 

MS (He et al., 2019; Halicz et al., 1999), have the advantage of being direct tracers of Ca-ion 50 

sources in the system studied (Fantle, 2010), but—contrary to Sr isotopes—the bulk isotopic 51 

fractionation during processes must be considered as well (DePaolo, 2004; Fantle, 2015).  52 

In the study of terrestrial systems, Ca isotopes have been used for investigating marine 53 

variations (Blättler and Higgins, 2014; Schmitt et al., 2003b; Hensley, 2006), for estimating 54 

the Ca-isotope fractionation in bio mineralization (Chang et al;, 2004; Gussone et al., 2005; 55 

Bradbury et al., 2020), for tracing continental weathering as recorded in the marine cycle over 56 

geological time (Fantle and DePaolo, 2005; Blättler et al., 2011; Brazier et al., 2015; Du 57 

Vivier et al., 2015), or for investigating the marine calcium cycle (Zhu and Macdougall, 58 

1998). Ca isotopes were also used to identify hydrothermal pathways (Amini et al., 2008; 59 
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Scheuermann et al., 2018) and, recently, to investigate the composition of oceanic crust (Chen 60 

et al., 2020a) or subduction processes (Lu et al., 2020). Tracking continental weathering was 61 

investigated in aquifers (Jacobson and Holmden, 2008; Jacobson et al., 2015; Li et al., 2018) 62 

and in catchments (Schmitt et al., 2005; Tipper et al., 2006; Ryu et al., 2011; Hindshaw et al., 63 

2011; 2013; Moore et al., 2013; Chen et al., 2020b). Finally, in order to assess the factors 64 

involved in long-term Ca cycling in terrestrial environments, Ca-isotope studies were applied 65 

to soils and plants in ecosystems (Wiegand et al., 2005; Cenki-Tok et al., 2009; Holmden and 66 

Bélanger, 2010; Schmitt et al., 2012; Brazier et al., 2019).  67 

Additionally, strontium isotopes have been used extensively in the earth sciences as 68 

tracers of seawater evolution through time (Veizer, 1989), in environmental investigations 69 

(Åberg, 1995) to study weathering and sediment transport by rivers (Goldstein and Jacobsen, 70 

1987; Palmer and Edmond, 1992; Petelet-Giraud et al., 2003), whether as dissolved or 71 

suspended loads (Négrel and Grosbois, 1999; Négrel et al., 2000; English et al., 2000; Wei et 72 

al., 2013), and ranging from diluted rain water (Chabaux et al., 2005) to highly saline mineral 73 

waters (Négrel et al., 1997; Millot et al., 2007). 74 

Past investigations of the Ebro River catchment studied long-term fluxes of dissolved 75 

and suspended matter (Négrel et al., 2007), dissolved fluxes recording the impact of main 76 

lithologies and the role of tributaries (Petelet-Giraud and Négrel, 2011), as well as hydrogen 77 

and oxygen isotopes (Négrel et al., 2016). In this paper, we focus on Ca- and Sr-isotope data 78 

from the dissolved load of 25 river-water samples collected in the Ebro River basin. We 79 

measured calcium and strontium and their isotope values in all reservoirs and parts of the 80 

basin affected by various processes, such as weathering, mixing of water and anthropogenic 81 

input. All of these processes must be investigated as the Mediterranean areas of both southern 82 

Europe and North Africa are subject to dramatic changes that will affect the sustainability, 83 

quantity, quality, and management of water resources (García-Ruiz et al., 2011) and, more 84 
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precisely, the Ebro River and its tributaries in north-eastern Spain that are regulated by over 85 

187 dams (Batalla et al., 2004) impacting the water cycle (Négrel et al., 2016). 86 

We first define the Ca cycling in a river basin affected by—mainly climatic—impacts 87 

(drought and water deficit) and regarding water use (agriculture, water reservoirs and 88 

industry), all in the context of global climate change.  89 

Secondly, we study the important mechanism known to fractionate Ca isotopes, i.e. the 90 

incorporation of light Ca isotopes during precipitation from a solution (DePaolo, 2004; 91 

Gussone et al., 2005; Fantle, 2015) and its consequences on the Ca cycle. For this, we 92 

investigated the source rocks of Ca, for Ca and Sr isotopes at the river basin scale. Then we 93 

compared the mass-dependent fractionation of Ca isotopes during rock weathering to the Sr 94 

isotopes that are direct tracers of the source rock.  95 

Finally, we discuss the fractionation of Ca isotopes by precipitation of dissolved Ca as 96 

solid phases, focusing on this process compared to the Sr isotopes that are not affected by 97 

precipitation.  98 

2 - General setting 99 

The Ebro river (Fig. 1) in north-eastern Spain rises near the Atlantic coast in the Cantabrian 100 

Mountains and flows into the western Mediterranean Sea through several large cities and 101 

agricultural, mining and industrial areas. The Ebro is 928 km long, has an 85,530 km2 102 

drainage basin, and is the largest Spanish river system, being one of the largest contributors of 103 

freshwater to the Mediterranean Sea. The Ebro River basin area hosts 2.8 million inhabitants, 104 

the majority (46%) living in the following cities: Irun (Pamplona), Lleida, Logroño, Vitoria, 105 

Zaragoza and Huesca (CHE, http://www.chebro.es/). 106 

The catchment area is heterogeneous in terms of geology, topography and land use, 107 

but the most heterogeneous parameter is climate, the basin being divided into four main 108 
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climatic areas with different degrees of runoff impoundment. These are the Atlantic 109 

headwaters with an average annual precipitation of about 900 mm, the west-central Pyrenees 110 

(about 950 mm), the eastern Pyrenees (about 800 mm) and the southern Mediterranean zone 111 

(about 500 mm), with a relative runoff contribution to the river for these four climatic zones 112 

of 23%, 31%, 41% and 5%, respectively (Batalla et al., 2004). 113 

 The Ebro basin is underlain by several rock types:  114 

1)  Sedimentary and metamorphic Paleozoic rocks of the Iberian Chain and Pyrenees 115 

mountains, the igneous rocks of these two areas, and the Priorat Massif.  116 

2) Sedimentary Mesozoic rocks of the Iberian Chain, an intraplate mountain range that 117 

occupies the north-eastern part of the Iberian Peninsula and forms the southern margin of 118 

the Ebro basin. It consists of rocks that cover most of the Phanerozoic stratigraphic 119 

record, though Jurassic and Cretaceous carbonate rocks predominate.  120 

3) Sedimentary Tertiary rocks of the Pre-Pyrenees and the Ebro Valley.  121 

4) Neogene deposits filling a depression through which the lower part of the Ebro River 122 

flows, which then bends through the Catalan Chain and the Baix Ebro Valley before 123 

flowing across delta-plain deposits into the sea (Guillén and Palanques, 1992). The 124 

occurrence of evaporite deposits in the Ebro River basin has been documented in detail 125 

(Castillo Herrador, 1974; Elorza and Santolalla, 1998 and references therein).  126 

The Ebro River basin is made up of several tributary streams whose location is shown 127 

on Figure 1 and summarized in Table 1. In the northern part of the basin, the main Ebro 128 

tributaries from upstream to downstream are the Aragon, Gallego, Cinca and Segre rivers. 129 

These drain silicate rocks of the Pyrenees in their upper part, whereas downstream they 130 

integrate water flowing over and from the sedimentary rocks of the Ebro basin. The Ega River 131 

catchment, a tributary in the upper part of the basin, is composed of sedimentary and 132 

metamorphic Palaeozoic and Mesozoic rocks of the Iberian Chain. In the southern part of the 133 
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basin, the main tributaries are the Huerva, Guadalope and Matarrana from upstream to 134 

downstream, whose waters only flow over sedimentary rocks and basin deposits.  135 

 136 
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Figure 1. Location of the Ebro basin in Spain, schematic location of the sampling points in 138 
the basin. The main river was sampled upstream and downstream from the confluences of the 139 
main tributaries, numbers 1 to 5; the tributaries were sampled (numbers 7 to 14). In addition, 140 
the Ebro outlet at Amposta (N° 6; Cruzado et al., 2002) was sampled each month between 141 
June 2005 and May 2006. Groundwater was also sampled at two locations in the Ebro basin 142 
(N° 15 Andosilla in Navarra; irrigation well at 6 m depth and N° 16 Lleida; irrigation well at 143 
7 m depth). A to H, representative bedrock sample locations. The four main climatic areas of 144 
the Ebro Basin as defined by Batalla et al. (2004) are indicated with the percentages of the 145 
total runoff: Humid Atlantic (HA) covering the headwaters (average annual precipitation 900 146 
mm), Western Central Pyrenees (WCP; 950 mm), Eastern Central Pyrenees (ECP; 800 mm), 147 
and Southern Mediterranean (SM; 500 mm).  148 
 149 

In the Ebro basin, agricultural land covers nearly 60% of the surface area, combined 150 

with grassland, savannah and shrub. Urban and industrial areas account for 14% of land use, 151 

forest covers 5% of land and wetlands make up the remaining 1% of land area in the basin. 152 

Most urban and industrial zones are located in the valleys, around the major rivers, the Ebro 153 

in particular. Industrial activities mostly involve construction, secondary metals, textile, food 154 

and hydroelectricity. 155 



 7

The total mean annual runoff is approximately 6,837.106 m3, the total water storage 156 

capacity of the 187 reservoirs that regulate water flow in the basin being around 57%. The 157 

northern tributaries contribute more to the discharge than those in the south, as the drainage 158 

basins of the former are located in higher rainfall areas (Batalla et al., 2004). Mendavia station 159 

is located on the Ebro about 10 km upstream of 1, Lodosa station; Table 1, Fig. 1). Upstream 160 

from Mendavia, three dams exist on the Ebro River and eight on its tributaries, while between 161 

Mendavia and Tortosa, the number of active dams is respectively 4 and 41 (Confederación 162 

Hidrográfica del Ebro [CHE], http://www.chebro.es/). Monthly water discharge of the Ebro 163 

significantly decreased over the last century (op. cit.), which is mainly attributed to increased 164 

water use—with its attendant evaporation—for human activities (irrigation, reservoirs, 165 

electricity production and domestic consumption). Its natural flow at the outlet of the basin 166 

was around 590 m3.s-1 between 1914 and 1935, but between 1960 and 1990 it had reduced by 167 

28% to 430 m3.s-1 (Ibáñez et al., 1996). Irrigation is the main water user in the basin with 168 

almost 700,000 irrigated hectares and a total water demand of 6310 106 m3.y-1 (op. cit.). 169 

Surface waters irrigate 91% of the land, and groundwater irrigates the rest (INE, 2003). 170 

Irrigation causes a major hydraulic deficit, with an average of around 300 m3.s-1 abstracted 171 

from the rivers. Furthermore, large hydroelectric power plants in the Ebro system supply 50% 172 

of Spain’s electricity. According to recent work on potential alteration in the Ebro basin by 173 

Garcìa and Moreno (2000), only the Ebro headwater tributaries still have natural flow, the 174 

fluvial regimes of the main tributaries reaching the Ebro in the central and lower parts of the 175 

catchment (Segre, Cinca, Gallego and Aragon rivers) being slightly to moderately altered. 176 

 A general mass balance equation for the budget of chemical elements in river water load 177 

can be formulated as follows in Eq. 1 (Grosbois et al., 2000, and references therein): 178 

rock weathering + atmospheric input + human activities input = dissolved load + solid load (Eq. 1) 179 

 180 
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The Ebro basin encompasses a gradient from Atlantic to Mediterranean climates, and 181 

has a remarkably complex topography, geology and land cover. However, the basin is highly 182 

regulated by dams for producing hydropower and supplying water for agriculture. These 183 

geographical and land-use characteristics explain why sub-basins of the Ebro River basin 184 

present quite different hydrological behaviours (Négrel et al., 2016). Dams on the Ebro Basin 185 

play an important role in controlling solid matter fluxes and regulating water flow (Batalla et 186 

al., 2004). This explain the low suspended particulate matter concentration over the basin 187 

(Négrel et al., 2007) and lack of relationship with the discharge of the river. This minimizes 188 

the role of the solid load in the mass balance equation 1. 189 

A conceptual scheme of the Ebro hydrosystem on the basis of H2O isotope signatures, 190 

chlorine concentrations and river discharge, shows the origin of water masses at the basin 191 

outlet according to the different hydrological periods (Négrel et al., 2016). It also highlights 192 

the major role of the numerous dams that regulate the flow of the Ebro and its tributaries 193 

throughout the year, modifying the natural functioning of the catchment as also shown by the 194 

dissolved solute concentrations for instance. 195 

As a whole, the conceptual seasonal scheme of the Ebro hydrosystem showed that, 196 

during springtime, the Ebro water at its outlet comes straight from the climatic areas (i.e. the 197 

main tributaries), with few damming effects on the discharge. During autumn, most river 198 

water is supplied by the central part of the basin, groundwater supplying most of the river 199 

flow. At the same time, water retention in the different climatic areas by dam impoundment is 200 

likely as river discharge is low. During summer, discharge is sustained by the reservoirs and 201 

the water origin is clearly from the climatic areas, the river discharge remaining low like that 202 

observed during autumn. Finally, during winter, river-water supply starts with a remanent 203 

groundwater influence, after which the climatic areas become predominant. However, 204 

wintertime is not the main period of groundwater supply to the river system and we may again 205 



 9

suspect that water in the different climatic areas is retained in reservoirs, as during autumn. 206 

Thus, a time-related term should exist in the mass-balance equation for the chemical budget 207 

of the Ebro river. 208 

3 – Samples, material and methods 209 

3.1. Sampling of water and rocks 210 

The Ebro River and its main tributaries were sampled during a field campaign in April 2006. 211 

The sampled tributaries correspond to the main water input to the Ebro, draining the main 212 

rock types in the basin (Fig. 1). The Ebro was sampled upstream and downstream from the 213 

confluences of these main tributaries (Fig. 1, 1 to 5). In addition, the Ebro outlet at Amposta 214 

(6, Fig. 1; Cruzado et al., 2002) was sampled each month between June 2005 and May 2006, 215 

in order to monitor temporal compositional variations in river flow. Water samples were 216 

collected in the middle of each stream channel from bridges. Flow records for 171 gauging 217 

stations in the Ebro basin are available from the Confederación Hidrográfica del Ebro 218 

(http://www.chebro.es/). Groundwater was also sampled at two locations in the Ebro basin 219 

(Fig. 1: E15 Andosilla, irrigation well at 6 m depth; E16 Lleida, irrigation well at 7 m depth), 220 

to provide a broad idea of the geochemical signature of potential groundwater input to surface 221 

water.  222 

Representative bedrock samples were collected along the Ebro (Fig. 1, A to H). Three 223 

lithologies were considered in the sampling strategy: gypsum-anhydrite (4 samples) and 224 

carbonate rock (4 samples). Gypsum samples were collected in Navarra: the Ablitas sample 225 

(Fig 1, A) represents Miocene continental deposits and the Mafïeru sample (Fig. 1, B) is from 226 

Oligocene continental deposits. One anhydrite sample was collected in the Navarra Potash 227 

Basin (Fig. 1, C) from an Eocene marine deposit, and the second one, collected in Espinagosa 228 

near Barcelona (Fig. 1, D) is from from Triassic (Keuper) deposits.  229 
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Carbonate rock (limestone) was collected in several places. Triassic Muschelkalk was 230 

sampled from a core (5.50 m depth) at Baix near Tarragona (Fig. 1, E). A continental 231 

Miocene limestone was collected in the same place as the Ablitas gypsum sample (Navarra, 232 

Fig. 1, F); a continental Paleocene (Garumnian) carbonate facies was sampled at Tremp (near 233 

Lleida, Fig. 1, G). Finally, Oligocene limestone was collected in Fraga near Huesca, Fig. 1, H.  234 

Table 2: Samples reference, type, sampling stations and their locations. 235 

Reference Type 
 

Name Location 

1 Main river Ebro Miranda  
2 Main river Ebro Lodosa  
3 Main river Ebro Gallur 
4 Main river Ebro Presa de Pina  
5 Main river Ebro Tortosa 
6 Outlet Ebro Amposta 
7 Tributary Ega  Andosilla  
8 Tributary Rio Aragon  Milagro 
9 Tributary Rio Galliégo Before confluence 

10 Tributary Rio Huerva  Zaragosa 
11 Tributary Rio Guadalope  Before confluence 
12 Tributary Rio Matarrana  Nonaspe 
13 Tributary Rio Cinca  Fraga 
14 Tributary Rio Segre  Before confluence 
15 Groundwater E15 Andosilla 
16 Groundwater E16 LLeida 
A Rock Gypsum Ablitas 
B Rock Gypsum Mafïeru 
C Rock anhydrite Navarra 
D Rock anhydrite Espinagosa 
E Rock Carbonate Baix 
F Rock Carbonate Ablitas 
G Rock Carbonate Tremp 
H Rock Carbonate Fraga 

 236 

3.2 Methods 237 

After collection, the water samples were filtered through pre-cleaned 0.45 μm acetate filters; 238 

100 mL were acidified with double-distilled nitric acid to pH<2 and stored in pre-cleaned 239 

polyethylene bottles for major-cation analyses, and a further 100 mL were stored unacidified 240 
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in polyethylene bottles for anion analysis. The water samples were analysed by ion 241 

chromatography for major anions and by inductively coupled plasma-atomic emission 242 

spectrometry (ICP-AES) for Ca, Na, K and Mg, by ICP-MS for trace elements (accuracy 5-243 

10%), and by Gran’s method (HCl titration) for alkalinity. 244 

Chemical purification of around 3 µg Sr was done in an ion exchange column (Sr-245 

Spec) before mass analysis, according to a method adapted from Pin and Bassin (1992), with 246 

total blank <1 ng for the entire chemical procedure. After chemical separation, around 150 ng 247 

of Sr was loaded onto a W filament with Ta activator and analysed for Sr isotopes in static 248 

mode with a Finnigan MAT 262 multi-collector thermal ionization mass spectrometer 249 

(TIMS). The 87Sr/86Sr values were normalized to a 86Sr/88Sr ratio of 0.1194. An average 250 

internal precision of ±10 x 10-6 (2σm) was obtained during this study. The reproducibility of 251 

the 87Sr/86Sr ratio measurements was tested by repeated analyses of the NBS987 standard, for 252 

which a mean value of 0.710243 ± 18 x 10-6 (2σ, n=93) was obtained during the overall 253 

period of analysis (09/2005-10/2008). Sample ratios were normalized to the certified value of 254 

the NBS987 (0.710240) as compared to the measured value. 255 

Ca isotopic ratios were measured with a Finnigan MAT 262 multi-collector mass 256 

spectrometer, using a 42Ca-48Ca double-spike for instrumental mass discrimination correction. 257 

To minimize error propagation, the amount of double spike added will lead in the mixture to 258 

more than 95% of 42Ca and 48Ca derived from the double spike and more than 95% of 40Ca 259 

and 44Ca derived from the sample. After equilibration and evaporation of a sample-spike 260 

mixture, purification of around 5 to 6 µg of calcium from the matrix was done on AG50W-X8 261 

cationic resin. Procedural blank were between 25 to 40 ng and thus negligible. Around 1 µg of 262 

purified Ca was loaded onto Ta single filaments.  263 

The data were obtained in dynamic multiple-collection mode in two steps. 264 

1) Simultaneous analysis of 40Ca, 41K masses (to check the absence of isobaric interference of 265 
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40K on 40Ca), 42Ca and 43Ca; 2) Simultaneous analysis of 44Ca and 48Ca masses. Samples are 266 

always run twice, the internal precision (2σm) of individual analyses is better than 0.10‰. The 267 

reproducibility of sample measurements (2σ) ranged between ±0.04 and 0.15‰. The 268 

reproducibility (2σ) obtained by repeated analyses of seawater and NIST 915a was ±0.20‰. 269 

The mean value obtained on NIST 915a was -1.89±0.20‰ (2σ, n=35) and consistent with 270 

published data. The 44/40Ca isotope values are shown as δ44Ca values and are reported 271 

compared to seawater (sw). 272 

Bedrock samples were dissolved in ultrapure water for evaporite samples and with 273 

sub-boiled HCl for carbonates. After dissolution, major- and trace elements, and Sr- and Ca 274 

isotopes were determined following the same procedure as for water. 275 

To obtain mineral-saturation indices for river-water samples, major-ion concentrations 276 

and field parameters (T, pH, and alkalinity) were input into PHREEQC software with an 277 

improved llnl.dat thermodynamic database (Parkhurst and Appelo, 1999). This calculated ion 278 

activity, activity coefficients, and saturation indexes SI for calcite, aragonite and dolomite. 279 

4 – Results 280 

Table 2 contains data for the different bedrocks and Table 3 contains all analytical results for 281 

river water and groundwater.  282 

4.1. The bedrock 283 

The highest Ca contents are found in continental Paleocene and Oligocene carbonate facies G 284 

and H (maximum around 420 mg.g-1) and a low Sr content (around 500 µg.g-1), for a Ca/Sr 285 

molar ratio of around 1460-1500. The lowest Ca value is for Triassic Muschelkalk, sample E, 286 

with a Ca content around 230 mg.g-1 and a Sr content of around 120 µg.g-1, and a Ca/Sr molar 287 

ratio of 3000. The highest Sr contents are for anhydrite, ranging from 2380 µg.g-1 in Triassic 288 
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anhydrite (sample D), up to 4590 µg.g-1 in the sample collected in the Potash Basin in Navarra 289 

(sample C). This gives Ca/Sr molar ratios of 130 and 270, respectively.  290 

87Sr/86Sr versus Sr content varies with the type of bedrock; 87Sr/86Sr ratio data are 291 

scattered for carbonate bedrock, with values ranging from 0.70779 to 0.70918 and Sr contents 292 

varying from 120 up to 1035 µg.g-1. Evaporite bedrock, however, displays 87Sr/86Sr ratios 293 

from 0.70766 to 0.70830 and Sr contents varying between 2380 and 4590 µg.g-1.  294 

 295 

Table 2: Rock type (gypsum, anhydrite and carbonate), sample ID, δ44Casw, Ca, Na and SO4 296 
content, 87Sr/86Sr ratio and Sr content for the different bedrocks. 297 
 298 

Type Samples Station d
44

CaSW 2σ Ca Na SO4

87
Sr/

86
Sr Sr

mg g
-1

mg g
-1

mg g
-1

µg g
-1

gypsum ABI-2  A -1.17 0.03 250 0.1 378 0.70818 2892

gypsum  MN14  B -1.07 0.09 254 0.6 377 0.70830 2499

anhydrite  S3  C -1.22 0.01 316 2.7 378 0.70781 4590

anhydrite  TRIAS  D -0.94 0.10 300 0.4 396 0.70766 2379

carbonate  S3 5.50m  E -1.39 0.13 231 0.7 - 0.70872 120

carbonate  ABC-4  F -1.04 0.01 376 1.2 - 0.70822 1035

carbonate  SA-40  G -1.07 0.11 424 0.4 - 0.70779 511

carbonate LFr2 14  H -1.18 0.07 415 0.8 - 0.70918 571

halide HALITE  Halides -0.72 0.08 - - - 0.70864 2  299 

Table 3: Sample ID, distance to Ebro source, river discharge ([CHE]), δ44Casw, 87Sr/86Sr 300 
ratio and Sr content, major ions for surface water (Ebro survey at the Amposta station, Ebro 301 
main stream, tributaries, Fig. 1) and groundwater (Fig. 1) in the Ebro River Basin. Cl 302 
concentrations are from Négrel et al., 2016). 303 
 304 

Samples Station Sampling date

Distance to 

the source Discharge d
44

CaSW 2σ 87
Sr/

86
Sr Sr Ca Na Mg K Cl SO4 NO3 HCO3 

km m
3
 s

-1
µg L

-1
µg L

-1
µg L

-1
µg L

-1
µg L

-1
µg L

-1
µg L

-1
µg L

-1
µg L

-1

Ebro survey Amposta Station

jun. E6 6/15/2005 552 150.7 -0.96 0.15 0.70847 1150 109 65 17 3 104 138 11 200

jul. E6 7/15/2005 552 141.6 -0.87 0.11 0.70848 1370 112 77 19 3 122 166 9 201

Aug. E6 8/11/2005 552 119.0 -0.77 0.02 0.70854 1759 125 141 28 6 240 182 7 202

Sep. E6 9/20/2005 552 124.5 -0.66 0.02 0.70859 2437 144 171 36 6 277 260 7 208

Oct. E6 10/10/2005 552 118.3 -0.77 0.04 0.70854 2488 140 239 43 8 389 308 6 194

Nov. E6 11/14/2005 552 120.8 -0.80 0.03 0.70857 2660 137 245 44 9 420 315 10 180

Dec. E6 12/21/2005 552 300.0 -0.93 0.06 0.70844 2490 147 142 32 4 212 308 11 212

Jan. E6 1/17/2006 552 402.3 -1.04 0.05 0.70841 1940 123 97 24 4 147 223 14 213

Feb. E6 2/15/2006 552 173.0 -0.73 0.06 0.70850 1540 116 84 21 4 119 185 14 208

Mar. E6 3/14/2006 552 452.0 -0.81 0.04 0.70842 1180 104 65 16 3 95 139 13 203

Apr. E6 4/19/2006 552 202.1 -0.72 0.05 0.70849 1250 96 69 18 3 109 152 11 175

May E6 5/22/2006 552 225.3 -0.86 0.04 0.70858 1120 86 55 15 3 86 131 - 192

Ebro main stream

Miranda E1 04/18-20-2006 104 - -0.87 0.03 0.70864 704 93 48 13 2 54 113 14 229

 Lodosa  E2 04/18-20-2006 241 68.2 -0.93 0.06 0.70856 855 88 42 13 2 53 115 12 176

 Gallur  E3 04/18-20-2006 281 97.1 -0.93 0.002 0.70837 1440 107 96 20 3 130 162 16 223

Presa de Pina E4 04/18-20-2006 336 105.9 -1.09 0.04 0.70842 1850 134 138 26 5 208 240 18 250

Tortosa   E5 04/18-20-2006 543 138.0 -1.07 0.002 0.70849 1270 108 70 19 3 111 154 9 205

Tributaries

Ega E7 04/18-20-2006 216 7.8 -1.01 0.02 0.70807 1210 139 128 20 6 191 164 17 290

Aragon  E8 04/18-20-2006 233 9.4 -1.04 0.03 0.70814 973 86 88 14 4 131 88 9 253

Galliego E9 04/18-20-2006 328 2.6 -1.00 0.02 0.70861 1750 137 223 21 4 324 255 4 179

Huerva E10 04/18-20-2006 324 - -0.81 0.02 0.70862 3200 220 101 60 8 131 560 19 264

Guadalope  E11 04/18-20-2006 397 80.9 -0.73 0.04 0.70786 5090 276 68 98 7 69 864 9 216

Matarrana  E12 04/18-20-2006 457 3.8 -0.43 0.001 0.70796 1280 70 21 45 4 36 167 17 223

Cinca E13 04/18-20-2006 422 0.2 -0.78 0.09 0.70877 1550 99 118 25 3 146 197 6 226

Segre  E14 04/18-20-2006 422 3.0 -1.00 0.03 0.70897 1840 109 53 24 3 56 212 11 201

Groundwater

G15  E15 04/18-20-2006 200 - -0.84 0.06 0.70840 7400 557 732 236 77 1120 1870 88 370

GA-2 E16 04/18-20-2006 370 - -0.87 0.06 0.70847 3020 233 262 53 3 408 508 56 337  305 

 306 

Further relationships can be seen in the variation of δ44Ca versus Ca contents. The 307 

δ44Casw in carbonate bedrock varies from -1.04 to -1.39‰ and Ca contents are in the range of 308 
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231 to 424 µg.g-1, while evaporite bedrock has δ44Casw values ranging from-0.94 and -1.22‰ 309 

and a Ca content in the range of 250 to 316 µg.g-1, the δ44Casw range of the bedrock being 310 

similar to published values (Russell et al., 1978; Skulan et al., 1997; De La Rocha and 311 

DePaolo, 2000; Jacobson and Holmden, 2008; Blättler and Higgins, 2014). A cross plot of the 312 

δ44Casw vs. 87Sr/86Sr values (not shown) does not show any relationship with R2 around 0.3.  313 

Note that the lowest observed 87Sr/86Sr ratio in Triassic anhydrite (sample D) has the 314 

highest δ44Csw, but the highest 87Sr/86Sr values (>0.7086) correspond to different δ44Casw 315 

values (-1.18 and -1.39‰). 316 

4.2. Tributaries, the main Ebro stream and the outlet survey 317 

The eight sampled tributaries of the Ebro River (Fig. 1, numbers 7 to 14) showed 87Sr/86Sr 318 

ratios ranging from 0.70786 for the Rio Guadalope (with the highest Sr content at 5090 µg.L-319 

1) up to 0.70897 for the Rio Segre (Sr content around 1840 µg.L-1). The lowest Sr content was 320 

970 µg.L-1 for the Rio Aragon with an intermediate 87Sr/86Sr ratio of 0.70814. For δ44Casw, the 321 

values ranged between -0.43‰ in the Rio Matarrana to -1.04‰ for the Rio Aragon, both 322 

rivers having low Ca contents (70 and 86 mg.L-1, respectively). The highest Ca contents were 323 

in the Rio Guadalope and Rio Huerva (276 and 220 mg.L-1, respectively) with δ44Casw values 324 

of around -0.73‰ and -0.81‰. 325 

Along the main Ebro stream, the samples were collected from 100 km to 450 km 326 

below the river source, just upstream of where a monthly monitoring sample was collected at 327 

the same time (Fig. 2a-b). The Sr content in April samples collected along the Ebro increased 328 

from 704 µg.L-1 in the farthest upstream point, to 1850 µg L-1 around 350 km downstream 329 

and then decreased to 1270 µg.L-1 in the last point before the outlet-survey location where the 330 

Sr content was 1250 µg.L-1. This variation reflects the values found in the tributaries near the 331 

mainstream. At Amposta, the Sr contents varied between 1120 µg.L-1 in May and 2660 µg.L-1 332 

in November. Up to 250 km downstream, the 87Sr/86Sr ratio first decreased slightly, from 333 
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0.70864 in Miranda de Ebro to 0.70837 at Gallur, and then increased to 0.70849 in Tortosa. 334 

Concerning the Sr content, the 87Sr/86Sr ratio variation along the mainstream fully agreed with 335 

the values found at tributary junctions and their cumulative impact. At Amposta, the 87Sr/86Sr 336 

ratio ranged from 0.70841 in January to 0.70859 in September, but roughly similar values 337 

were observed in May (0.70857) and November (0.70858). 338 

 

0 100 200 300 400 500 600

Distance from the source (km)

0

1000

2000

3000

4000

5000

6000

Mar.

Sep.

Jun.

Dec.

Apr.

Jan.

May

Aug.

Jul.
Feb.

Oct.

Nov.

Tortosa   
Presa de Pina 

Miranda 

 Gallur  

 Lodosa  

Cinca

Guadalope  

Galliego 

Ega 

Segre  

Matarrana  

Huerva

Aragon  

Ebro_Amposta

Ebro_mainstream

Tributaries

0 100 200 300 400 500 600

Distance from the source (km)

0.7078

0.708

0.7082

0.7084

0.7086

0.7088

0.709

Mar.

Sep.

Jun.

Dec.

Oct.

Jul.

May

Jan.

Aug.

Apr.

Feb.

Nov.

Tortosa   

 Gallur  

Miranda 

Presa de Pina 

 Lodosa  

Cinca

Guadalope  
Ega 

Galliego 

Segre  

Huerva

Aragon  Matarrana  

a

b

 339 

Figure 2a, b. Variation of the Sr concentration (µg.L-1) and 87Sr/86Sr ratio from the Ebro 340 
headwaters (0 km) to the outlet (550 km,) for the Ebro mainstream and its tributaries. The 341 
variations at the outlet (Amposta) are shown and the sampling month indicated; the red circle 342 
marks the sampling at Amposta at the same time as that of the Ebro mainstream. 343 
 344 

The two groundwater samples had similar 87Sr/86Sr ratios (0.70840-0.70847) and δ44Casw 345 

values (-0.84 - -0.87‰), for sample E15 (Andosilla in Navarra; irrigation well at 6 m depth) 346 

and E16 (LLeida; irrigation well at 7 m depth) respectively, but they differed in their chemical 347 
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contents. Sample E15 had a higher Sr content (7400 µg.L-1) than sample E16 (3020 µg.L-1), as 348 

well as higher Ca and SO4 contents (557 mg.L-1 and 1870 mg.L-1, respectively) than sample 349 

E16 (233 mg.L-1 and 508 mg.L-1, respectively). 350 

The Ca content in tributaries, mainstream and outlet-survey samples plotted against 351 

the distance from the Ebro source mimics that of Sr (Fig. 3a, b). The δ44Casw ratio along the 352 

mainstream decreased continually from -0.92 at Miranda de Ebro to -1.13‰ at Presa de Pina 353 

and Tortosa, a decrease that disagrees with the lowest values observed in the Galliego and 354 

Segre tributaries with δ44Casw around -1.03‰. At Amposta, the δ44Casw values ranged 355 

between -0.66 and -1.04‰, which is quite different from the situation at Tortosa, located a 356 

few km upstream, where the Ca contents were almost the same. 357 

All samples were undersaturated for gypsum and anhydrite, whereas for calcite, 358 

aragonite and dolomite the water samples showed different saturation indices represented by 359 

log SI (Table 2, calculated with PHREEQC, Parkhurst and Appelo, 1999; SI=0 is saturated, 360 

SI>0 is supersaturated and SI<0 is undersaturated). The Ebro and tributary samples are 361 

consistently supersaturated for calcite (0.3<SI<0.9 and 0.6<SI<1.0), aragonite (0.1<SI<0.7 362 

and 1.7<SI<2.7) and dolomite (0.9<SI<2.8 and 0.4<SI<0.8). During the survey at Amposta, 363 

the samples varied significantly for calcite (-2.3<SI<0.7), aragonite (-4.0<SI<2.0) and 364 

dolomite (-2.5<SI<0.5). The water samples were undersaturated for calcite and dolomite from 365 

December to May and supersaturated between June and November (Table 2), and 366 

undersaturated for aragonite from October to May and supersaturated from June to 367 

September. 368 
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  369 

 Figure 3a, b. Variation of the Ca concentration (mg.L-1) and δ44CaSW value along the Ebro 370 
from headwaters (0 km) to outlet (550 km) for Ebro mainstream and tributary samples. The 371 
variations at the outlet (Amposta) are plotted with their sampling months; the red circle 372 
marks the sampling at Amposta at the same time as that of the Ebro mainstream. 373 
 374 

5 – Discussion 375 

5.1. Lithological control on major and trace elements 376 

Négrel et al. (2007) and Petelet-Giraud and Négrel (2011) calculated export fluxes over more 377 

than 20 years, for dissolved- and solid-matter loads of the Ebro River Basin with data from 378 

the Confederación Hidrográfica del Ebro (http://www.chebro.es/). These calculations used 379 

TDS as the sum of ions, as well as co-variations between ions like Cl-Na, Ca-SO4 or Ca-380 
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HCO3, and congruent weathering/dissolution reactions. At low concentrations, the Na/Cl 381 

relationship illustrates the role of sea-salt cycling, while at higher concentrations the role of 382 

the dissolution of Na-Cl-bearing rocks (e.g. evaporite) is predominant. The Ca contents are 383 

counterbalanced by SO4 and HCO3, reflecting the dissolution of evaporites and carbonates. 384 

Using only major ions, they illustrate the predominant role of export rates for evaporite-385 

gypsum (1.3x106 to 3.5x106 t.year-1) and for carbonate (4.8x105 to 1.8x106 t.year-1) at the last 386 

(Tortosa) station and for the period 1981-2004. Using mean values, they found that the 387 

dissolved-exportation rates at the outlet show that gypsum-derived weathering exceeds 388 

carbonate-derived weathering by 1.5 times. 389 

In addition, the discrimination of mixing in waters is well shown by cation values 390 

(Négrel et al., 1993; Gaillardet et al., 1999; Ruy et al., 2008). The simplest interaction 391 

between carbonate, evaporite and water is the congruent dissolution of aragonite, calcite, 392 

halite, gypsum and/or other minerals. Such dissolution releases Ca, Mg, Cl and SO4, Na and 393 

Sr into water. However, water/rock interaction with silicates causes an incongruent 394 

dissolution of minerals, releasing a quasi-identical set of elements. This justifies the use of 395 

cation values normalized to Na in a diagram like the Ca/Na vs. 1000Sr/Na (Fig. 4; Négrel et 396 

al., 1993; Gaillardet et al., 1999; 2003; Millot et al., 2003). The use of Na-normalized data (to 397 

avoid concentration effects), reveals trends between the endmembers that can be considered 398 

as mixing lines. Mixing of two solutions (a, b) with different sodium-normalized X/Na values 399 

will lead to a mixed solution (i.e. “mix”) that will have an X/Na ratio given by Equation 2. 400 

X/Namix = m X/Naa + (1- m) X/Nab  (Eq. 2) 401 

where X/Na a, b and ‘mix’ are sodium-normalized values for the solution mix from two 402 

endmembers a and b, and m is the mixing proportion (Négrel et al., 2010; Jacobson et al., 403 

2015). 404 
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Figure 4. General correlation between Ca/Na and Sr/Na values in samples from the Ebro 406 
basin (tributaries, mainstream, outlet survey, groundwater) and in regional bedrock. Solid 407 
lines show theoretical mixtures between halide endmembers (Soler et al., 2002), and average 408 
carbonate and evaporite (e.g. gypsum) endmember values deriving from different bedrocks 409 
collected in the Ebro basin. The carbonate and silicate endmember reservoirs are from 410 
Négrel et al. (1993) and Gaillardet et al. (1999). 411 
 412 

As many samples plot along the calculated mixing line on Figure 4 between the halide 413 

and anhydrite/gypsum endmembers, it is clear that the evaporite endmember reservoirs 414 

explain most of the data variability. The silicate endmember plots along this line and thus 415 

cannot discriminate silicate input (from tributaries draining the Pyrenees, such as the Segre). 416 

However, it is also clear that the halide and anhydrite/gypsum endmembers mixture cannot 417 

explain the entire data variability, and thus that other endmembers should be considered. The 418 

most obvious one is carbonate weathering represented by the second mixing line between the 419 

halide and carbonate endmembers for which the values derive from the different bedrocks 420 

collected in the Ebro basin. Some points are shifted from the first halide-anhydrite/gypsum 421 

mixing line toward the second halide-carbonate one, reflecting a much more ternary mixing 422 

rather than pure binary mixing. 423 
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Figure 5 illustrates Ca/Na vs. SO4/Na, confirming the role of halide- and calcium-424 

sulphate dissolution in controlling the dissolved load of the Ebro. Considering the larger 425 

rivers with evaporite bedrock in the basin, Gaillardet et al. (1999) stated that this endmember 426 

is certainly the most difficult to be constrained because of the diversity of salt-rock types. 427 

Figure 5 shows that evaporite endmembers explain most of the data variability, the carbonate 428 

endmember explaining the divergence of some points, mainly through Ca/Na variation. 429 

 430 

Figure 5. General correlation between Ca/Na and SO4/Na values the samples from the Ebro 431 
basin (tributaries, mainstream, outlet survey, groundwater) and in regional bedrock (only 432 
anhydrites/gypsum). Solid line shows theoretical mixtures between halide endmember (Soler 433 
et al., 2002), and an evaporite (e.g. gypsum) endmember (values from different bedrocks 434 
collected in the Ebro basin). The carbonate endmember reservoirs are estimated from Négrel 435 
et al. (1993) and Gaillardet et al. (1999). 436 
 437 

5.2 Sr source and contribution to water: Sr isotopes, bedrock and 438 

mixing of different water sources 439 

Figure 6 shows the relationships between 87Sr/86Sr and Ca/Na. A similar scheme would be 440 

obtained by plotting Sr/Na instead of Ca/Na because of the good correlation between Ca/Na 441 

and Sr/Na values (Fig. 4). The relationships between several endmembers in the diagram 442 
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(Fig. 6) are represented by hyperbolae (Langmuir et al., 1978). The isotope systematics of 443 

two-component mixtures, described by Faure (1986), were used for different cases (Hogan et 444 

al., 2000; Négrel et al., 2010) and can be expressed as follows for Sr isotopes and Ca/Na 445 

values (Equation 3). The mixed solution will have a 87Sr/86Sr (ISr in Eq. 3) of: 446 

ISr mix = {(Ca/Na a x ISr a x m) / Ca/Na mix} + {( Ca/Na b x ISr b x (1- m))/ Ca/Na mix} (Eq. 3) 447 

where Ca/Naa, Ca/Nab and Ca/Namix are the values for a solution mix from two endmembers a 448 

and b, ISr a, ISr b and ISr mix are strontium isotope compositions, and m is the mixing 449 

proportion.  450 

The 87Sr/86Sr vs. Ca/Na diagram shows that halide, anhydrite and carbonate 451 

endmembers explain the data variability, and that silicate dissolution should not be considered 452 

in the mixing scheme (low Ca/Na and high 87Sr/86Sr values). The earlier mentioned mixing 453 

processes between carbonate and evaporite endmembers support the variability of all Ebro 454 

samples.  455 

The key question concerns the use of representative carbonate and evaporite 456 

endmembers. The water draining carbonates and evaporites inherits the Sr-isotopic 457 

composition of these rocks, as weathering of both is mostly congruent and no Rb can 458 

influence the 87Sr/86Sr ratio of the water. Burke et al. (1982) documented the Sr-isotopic 459 

composition of marine carbonates, evaporites, and phosphates and its secular variation, from 460 

the Late Cambrian through the Holocene. However, for non-marine carbonate or evaporite 461 

rocks, or diagenetically altered rocks, a larger degree of scatter is expected as the Sr-isotopic 462 

composition depends on the Sr content of the water (Faure and Barrett, 1973). This led to a 463 

larger 87Sr/86Sr ratio variation than the one observed for geologic time, i.e. with the lowest 464 

values (~0.7068) occurring during the Jurassic and Late Permian, and a modern ratio of 465 

0.70907. However, this is not shown in the carbonate and evaporite bedrock from the Ebro 466 
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basin, with ratios ranging from 0.70766 (sample D, Triassic anhydrite) to 0.70918 (sample H, 467 

Oligocene carbonate facies), a variation of the same order as the marine variation. It is worth 468 

noting that the strontium isotopic values of continental evaporites (87Sr/86Sr=0.70788 to 469 

0.70793) from the continental Cameros Basin (Alonso-Azcárate et al., 2006) in the Iberian 470 

ranges of northern Spain are identical to those we found. 471 

The data scattering allowed defining two main relationships and the two extreme 472 

calculated mixing lines showed two sample sets (Fig. 6). The first includes four of the Ebro 473 

tributaries (Aragon, Ega, Matarrana and Guadalope) in a mixing scheme between high to low 474 

Ca/Na values, the high Ca/Na endmember having the lowest 87Sr/86Sr ratio (sample D, 475 

Triassic anhydrite). The mixing line for these rivers shows a larger role of evaporite 476 

weathering in supplying Sr to the dissolved load, as only the Paleocene carbonate facies G can 477 

be related to this mixing. The second mixing line mainly concerns the other four tributaries 478 

(Huerva, Galliego, Cinca and Segre) in a scheme between high to low Ca/Na values, the high 479 

Ca/Na endmember having the highest 87Sr/86Sr ratio (Oligocene carbonate facies H). For these 480 

rivers, the mixing line highlights a shared role of evaporite (halides) and carbonate weathering 481 

in the supply of Sr to the dissolved load. Several other mixing lines can be drawn between the 482 

halide endmember and evaporites A, B plus carbonates E, F that cover all the other Ebro 483 

River mainstream and outlet survey samples. 484 

 485 
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Figure 6. 87Sr/86Sr vs. Ca/Na values (mol/mol) in Ebro basin bedrock samples (tributaries, 487 
mainstream, outlet survey, groundwater). Solid lines show theoretical mixtures between the 488 
halide endmembers (Soler et al., 2002) and extreme carbonate and evaporite samples of the 489 
different bedrocks collected in the Ebro basin.  490 
 491 

5.3 Distribution of Ca isotopes in the water-rock interactions 492 

system: mixing versus fractionation hypothesis 493 

 494 
As for Sr isotopes, Figure 7 shows the relationships between δ44Casw ratio and Ca/Na, where 495 

the mixtures between different endmembers are represented by hyperbolae (Langmuir et al., 496 

1978). The isotope systematics of two-component mixtures, described for Sr isotopes in 497 

Equation 3, can be expressed similarly by δ44Casw replacing ISr. The δ44Casw value of 498 

anhydrite-gypsum bedrock ranges from -0.94 to -1.22‰ while that of carbonate bedrock 499 

ranges from -1.04 to -1.39‰. The two extreme values are for sample D (Triassic anhydrite) 500 
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and sample E from Triassic Muschelkalk. Two mixing lines between halides and the two 501 

main bedrocks are shown on Fig. 7, the first with anhydrite and the second with carbonate 502 

endmembers. Several Ebro basin samples are scattered between these mixing lines, mainly 503 

along the one including halides and evaporite. For the Galliego, Aragon, Ega and Segre 504 

tributaries, four samples collected along the Ebro mainstream and two collected at the Ebro 505 

outlet can be explained by these mixing lines. 506 

If the δ44CaSW vs. Ca/Na diagram indicates that mixing between halide, anhydrite and 507 

carbonate endmembers explains part of the data variability, several other samples do not 508 

correspond to these processes, and geochemical processes like carbonate supersaturation must 509 

be suspected for them (mainly Matarrana). Two mechanisms could enrich these river samples 510 

in heavy Ca isotopes: uptake of light Ca by vegetation (Schmitt et al., 2012), or uptake of 511 

light Ca by secondary calcite (Tang et al., 2008), the latter being the favoured hypothesis for 512 

the Ebro basin. Removal of Ca through calcite precipitation would preferentially remove 40Ca, 513 

leading to higher δ44Casw values for the theoretical mixtures (Lemarchand et al., 2004; 514 

DePaolo, 2004; Tang et al., 2008). This can explain the higher δ44Casw values in river water 515 

than expected from previously calculated mixtures, which are related to Ca-isotope 516 

fractionation because of possible Ca loss, as the water is supersaturated with respect to calcite.  517 

The transformation of soluble Ca to solid CaCO3 involves a separation of aqueous and 518 

solid phases for which an isotopic enrichment factor exists (Lemarchand et al., 2004; 519 

Wiederhold, 2015). The extent of the reaction can be quantified—based on solid and 520 

dissolved phases—from the heavy-isotope enrichment in the remaining reactant, using the 521 

following equations for a Rayleigh-type fractionation model (Equation 4) and an equilibrium-522 

type fractionation model (Equation 5). This gives for Ca in water:  523 

δ44Cariver = δ44Ca0 + 1000(α-1) * ln(fCa) Eq. 4 524 

δ44Cariver = δ44Ca0 – 1000(α-1) * (1-fCa) Eq. 5 525 
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where δ44Cariver is the measured ratio in the river water, δ44Ca0 is the starting Ca-isotopic 526 

composition of the river water (assumed to be close to that deriving from bedrock alteration in 527 

the basin), α is the fractionation factor and fCa is the Ca fraction remaining in solution. 528 

Rayleigh- or equilibrium–type fractionation models have been used for modelling Ca-isotope 529 

fractionation in river basins (Tipper et al., 2006; Hindshaw et al., 2013), in aquifers (Jacobson 530 

and Holmden, 2008), or in pore waters (Fantle and DePaolo, 2007). 531 

Rayleigh- and equilibrium-type models were calculated (Fig. 7). The Ca/Na ratio is 532 

used to indicate Ca uptake into secondary phases. The Ca fraction remaining in solution was 533 

estimated with Equation 6, equivalent to the calculation of Ca mobility relative to Na 534 

(Hindshaw et al. 2013), as the release of Ca and Na from evaporite and carbonate bedrocks is 535 

assumed to be congruent: 536 

f Ca = (Ca/Na)river/(Ca/Na)bedrock Eq. 6 537 

A common (Ca/Na)bedrock ratio of 2.87 was assumed for solving Equation 6, based on 538 

the median of all evaporite and carbonate bedrocks, or 380 mol/mol. Associated with this 539 

(Ca/Na)bedrock value, a δ44Ca0 ratio of -1.13‰ for evaporite and carbonate bedrocks was used in 540 

Equation 6, based on the observed range in evaporite and carbonate bedrocks (-0.94 to -541 

1.39‰). 542 

The range of fractionation factors classically defined as α=δ44Camineral/δ44Cafluid used 543 

for the Rayleigh fractionation model is α=099961 to 0.99983 and the equilibrium-type 544 

fractionation model range is α=0.99935 to 0.99963 (Gussone et al., 2003, 2005; Lemarchand 545 

et al., 2004; DePaolo, 2004; Fantle and DePaolo, 2007; Tang et al., 2008; Fantle, 2015). The 546 

results of the two fractionation models are given on Figure 7. Regarding the tributaries, the 547 

Guadalope, Cinca and Huerva fit the equilibrium-type fractionation model and a fractionation 548 

factor α of 0.99963. All samples collected along the Ebro mainstream and most of the samples 549 

collected the Ebro outlet, as well the groundwater, can be explained by this fractionation line. 550 
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The use of a fractionation factor α of 0.99935 fits all samples except the Matarrana tributary. 551 

The Rayleigh-type fractionation model, regardless of the fractionation factor, always yields a 552 

higher δ44CaSW than that observed in the basin. Evidence for secondary mineral precipitation 553 

influencing the δ44Ca values is shown by the fractionation models, the saturation index data 554 

fitting the equilibrium-type fractionation model.  555 
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Figure 7. δ44CaSW vs. Ca/Na values (mol/mol) in Ebro basin bedrock samples (tributaries, 557 
mainstream, outlet survey, groundwater). The blue solid lines show theoretical mixtures 558 
between the halide endmembers (Soler et al., 2002), and extreme carbonate and evaporite 559 
samples collected in the Ebro basin. Solid red lines represent the equilibrium-type 560 
fractionation model with a fractionation factor α in the range 0.99935 to 0.99963 and dashed 561 
red lines represent the Rayleigh-type fractionation model with a fractionation factor α in the 562 
range 099961 to 0.99983. 563 
 564 
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However, there is no simple relationship between δ44Casw values and the calcite 565 

saturation index (Fig. 8), the latter being indicative of carbonate precipitation and affecting 566 

the variability of δ44Casw values. Two main features can be seen on Figure 8.  567 

The first feature groups the tributary, Ebro and groundwater samples, with a notable 568 

variability in the riverine δ44Casw values that range between -0.43 and 1.09‰, a SIcalcite 569 

ranging between 0.3 and 0.99 for tributary and Ebro waters, and a 0.96-1.15 range for 570 

groundwater. The two extreme δ44Casw values are for Aragon (-1.04‰) and Matarrana (-571 

0.43‰), with a small SIcalcite range (0.71 to 0.82) showing a higher variability of δ44Casw 572 

values compared to those of the saturation index. We then compared the δ44CaSW values, 573 

SIcalcite and the distance of the sample from the source (from 100 km up to 450 km) for the 574 

Ebro mainstream. This showed that both SIcalcite and δ44CaSW values show slight variations, 575 

between 0.57 and 0.99 for SIcalcite and between -0.87 and -1.09‰ for δ44CaSW, but where the 576 

SIcalcite variation is uncorrelated with the distance from the river source, the δ44Casw values 577 

decrease with an increasing distance from the source.  578 

The second feature only concerns the Ebro at the Amposta outlet. Here, with a strong 579 

temporal variability for both SIcalcite and δ44CaSW parameters (Fig. 8), the SIcalcite values range 580 

from <0 and undersaturated (-2.31) in January, to >0 and supersaturated (0.66) in August. 581 

This will be discussed in the following section. 582 
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 583 

Figure 8. δ44CaSW values vs. mineral saturation indices in samples from the Ebro basin 584 
(tributaries, mainstream, outlet survey, groundwater), Saturation indices were calculated 585 
with PHREEQC (Parkhurst and Appelo, 1999). 586 
 587 

5.4 Coupling Sr and Ca isotopes: the Ebro compared to the world’s 588 
largest rivers 589 

 590 

Tracing Ca in the Earth’s systems can use a direct proxy, like Ca isotopes, or an indirect one, 591 

such as Sr isotopes, as Sr and Ca isotopes have a similar behaviour. However, though the 592 

δ44Ca ratio has the advantage of being a direct tracer of Ca sources, the potential isotopic 593 

fractionation during crystallization may disturb the tracing signal of possible Ca sources 594 

(Schmitt et al., 2012). It is thus possible to combine the use of calcium and strontium isotopes 595 

(Tipper et al., 2006, 2010; Wiegand and Schwendenmann, 2013; Hindshaw et al., 2014; 596 

Gigoux et al., 2015), using Ca-isotope fractionation for tracing sources or processes and Sr 597 
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isotopes—robust fluid tracers—also for tracing sources (Subias et al., 1998; Schmitt et al., 598 

2003a; Soudry et al., 2004). As halides contain little Ca, the comparison of δ44Ca and 599 

87Sr/86Sr values provided additional information on the role of anhydrites and carbonates in 600 

identifying the provenance of the waters in the Ebro and its tributaries.  601 

Figure 9 shows the relationships between δ44Casw values and 87Sr/86Sr values; mixtures 602 

between different endmembers are represented by curves calculated with Equation 3 for Sr 603 

isotopes, and adapted to Ca-isotope mixtures, using δ44Casw instead of ISr (Langmuir et al., 604 

1978). Considering only mixing processes, all samples are explained by mixing lines with 605 

different endmembers. Mixtures between halides and C (Eocene anhydrite), D (Triassic 606 

anhydrite) and A (Miocene gypsum) evaporites, or H (Oligocene) and E (Triassic 607 

Muschelkalk) carbonates, explain most water-sample results except those from the 608 

Guadalope, Matarrana, Segre and Cinca tributaries, and two Ebro outlet samples where Ca-609 

isotope fractionation is the main process explaining a value shift up to the mixing lines.  610 

Tipper et al. (2006, 2010) measured Ca-isotope values of numerous rivers—including 611 

seventeen of the World’s largest—that provide more than one third of the total Ca input into 612 

the oceans today. Compiling these data provides a view of the drainage of a wide range of 613 

tectonic, climatic and geological environments.  614 

 615 
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 616 

Figure 9. 87Sr/86Sr ratios vs. δ44CaSW values in the Ebro basin samples (tributaries, 617 
mainstream, outlet survey, groundwater) from regional bedrock. Solid lines show theoretical 618 
mixtures between halide endmembers (Soler et al., 2002), and extreme carbonate and 619 
evaporite bedrock samples. 620 
 621 

Figure 10 shows the global scheme using the data from Tipper et al. (2006, 2010). In 622 

this graph are indicated the Upper Continental Crust, rivers draining igneous rocks, rivers 623 

draining basaltic rocks, mean basaltic and carbonate rocks and the large rivers. Within the 624 

field of rivers draining carbonate rocks, we have included the data from the Ebro basin. These 625 

fit well, with the exception of the Matarrana tributary that has a higher δ44Casw value. Tipper 626 

et al. (2010) argued that the Ca-isotope compositions of rivers draining carbonate are 627 

consistent with the Ca-isotope data of such rock, and that more systematic work on Ca-628 

isotopes in rivers draining limestone is required. Our data from the Ebro basin (Fig. 8) show 629 
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that Ca isotopes in rivers draining carbonate rock may not be in equilibrium with the bedrock 630 

values because of possible Ca precipitation as calcite-aragonite and the associated 631 

fractionation of the δ44Casw values, as discussed above. The data obtained on the Ebro River 632 

basin complement well the Fig. 10 by adding data on rivers draining carbonate and new data 633 

on rivers draining evaporates which did not exist until now. 634 
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Figure 10. 87Sr/86Sr values vs. δ44CaSW values in Ebro basin (tributaries, mainstream, outlet 637 
survey) samples and in the largest rivers in the World and rock endmembers (Tipper et al., 638 
2010, this study). Carbonate rivers, silicate rivers and large rivers correspond to the 639 
classification of Tipper et al. (2006, 2010). 640 

 641 
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5.5 A temporal vision of the Ebro basin: Sr- and Ca-isotope 642 
variations 643 

 644 
The Ebro surface waters collected at different stages of the water cycle at the Amposta station 645 

display a similar behaviour for Ca and Sr concentrations (as well as for other elements like Cl 646 

or Na). The Ca and Sr concentrations generally decrease as the discharge increases (Fig. 11a, 647 

b), with higher concentrations during autumn and winter and lower concentrations in 648 

springtime. Note the different behaviour for three samples (December, January and March). 649 

These samples differ from the general trend more by an increase in river flow than by Ca- or 650 

Sr-concentration differences that are due to water releases from reservoirs (Batalla et al., 651 

2004). As shown by Prats et al. (2010), the Ebro basin is typical for its reduced flow in 652 

autumn and winter because of dam storage and its increased flow due to summer releases for 653 

irrigation that increase base flow above natural levels.  654 

In the Ebro basin, the impounded water is used for hydropower generation, irrigation, 655 

cooling water for nuclear power plants, and for industry and domestic uses. As usual in 656 

impounded basins, when the reservoirs have stored sufficient water during autumn and winter 657 

to ensure supply during the period of high demand in late spring and summer, water is 658 

released according to surplus inflow. However, an increase in Ebro discharge was observed 659 

for periods when decrease is more expected; this may correspond to a release of water from 660 

the major Flix reservoir in the downstream part of the basin, to adapt its filling level to its 661 

optimal use. 662 

The 87Sr/86Sr ratios and δ44Casw values versus Ebro River discharge (Fig. 11c, d) show 663 

a similar pattern, but with higher and lower values that do not fully correspond to the same 664 

periods. The highest values for Sr isotopes occurred in September and November, while the 665 

ones for Ca isotopes were observed for September, November having a lower value. The 666 

lowest Sr-isotope values occurred in January and March, though for Ca isotopes the lowest 667 
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values were only observed in January, March having a higher value. Note that the three points 668 

with a marked shift in Sr concentration vs. discharge (December, January and March) had 669 

lower Sr-isotopic ratios as the discharge increased. The δ44Casw values were identical for 670 

November and March samples (δ44Casw=-0.81 and -0.80‰; respectively), but the SIcalcite 671 

fluctuated between -1.26 in March (undersaturated) and 0.06 (saturated) in November, 672 

agreeing with the lack of relationship locally observed between Ca-isotope fractionation and 673 

calcite-aragonite saturation of the waters (Tipper et al. 2006; 2010). Changes in discharge 674 

could be one reason for the isotopic variations. In studies from rivers with large seasonal 675 

discharge variations, it was shown that, during high-discharge periods, Ca-isotopic values are 676 

closer to bedrock values than during low discharge (op. cit.). 677 

 678 
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Figure 11a-d. Sr (µg L-1), Ca concentration (mg L-1), 87Sr/86Sr ratios and δ44CaSW values 681 
versus Ebro River discharge at the Amposta station for each monthly sample. 682 
 683 
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In Figure 8, a trend marked by a bell curve is highlighted by samples of Ebro surface 684 

waters collected at different stages of the water cycle at the Amposta station. The δ44Casw 685 

values increased as the SIcalcite increased between January and May, even though the waters 686 

were undersaturated, but the highest δ44CaSW values were for April and not May. The δ44CaSW 687 

values decreased as the SIcalcite decreased between June and November, but the lowest 688 

δ44CaSW values (and highest SIcalcite) occurred in June. An interesting point is the large 689 

difference between the δ44Casw value of around -0.72‰ sampled at Amposta at the same time 690 

as that sampled in the Ebro at Tortosa, a few km upstream (-1.07‰). This large variation also 691 

existed for SIcalcite (-0.96 in Amposta against 0.79 in Tortosa), but, surprisingly, the Ca 692 

contents were similar in both sites. This apparent anomaly may have been caused by the Flix 693 

reservoir releasing water undersaturated in calcium (Négrel et al., 2016).  694 

In terms of output to the sea, the mean δ44Casw value of the Ebro River at Amposta is -695 

0.83‰±0.11 (n=12), similar to the mean value of the tributaries (-0.85‰±0.12; n=8). The 696 

mean Ebro value is similar to the δ44Casw one given by Tipper et al. (2010) in their study of 697 

the oceanic Ca budget (-0.96‰±0.22; n=13). The only large rivers analysed for Ca-isotope 698 

ratios to constrain the isotopic mass balance were the Seine and Rhine rivers. The average 699 

riverine value of Ca isotopes (Tipper et al., 2010), in view of the uncertainty of the main Ca 700 

output to the oceans, is not modified when incorporating a value like the one obtained for the 701 

Ebro River. 702 

6 – Conclusions 703 

Investigations of surface- and groundwaters from the Ebro River Basin, the largest river of the 704 

Iberian Peninsula and one of the largest in the Mediterranean region, defined a detailed 705 

behaviour of Sr and Ca isotopes in the weathering environment at the catchment scale. In the 706 
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limestone-evaporite dominated rivers from the Ebro basin (Spain) with its reduced vegetation, 707 

river waters are isotopically heavier than limestone bedrock for δ44Casw by up to 0.5‰. 708 

Comparing Ca and SO4 values (normalized to Na and Sr) with Ca-isotope values, 709 

showed the role of anhydrite/halide weathering for some tributaries (Guadalope, Matarrana, 710 

Aragon, Ega), the role of carbonate/halide weathering being predominant for the others 711 

(Gallego, Cinca, Segre), the Ebro mainstream being a mix of both. This can be modelled for 712 

Sr isotopes by a mixture between carbonate and evaporite endmembers, thus covering the 713 

variability of all samples from the Ebro basin. 714 

For Ca isotopes, we compared the mixing model between the bedrock endmembers, 715 

considering the uptake of Ca into secondary phases, the equilibrium-type fractionation model 716 

with a fractionation factor α ranging from 0.99935 to 0.99963, and the Rayleigh-type 717 

fractionation model with α in the range 099961 to 0.99983. Evidence that secondary-mineral 718 

precipitation influences δ44Ca values is shown by the fractionation models, but the data fit 719 

well with the equilibrium-type fractionation model as well as with saturation indices.  720 

We compared the Ca-isotope values of the Ebro basin with a global set of river data 721 

from the literature (Tipper et al., 2006, 2010), including the largest rivers on Earth, and with 722 

different lithotectonic and climatic settings. We plotted our Ebro basin data on the field of 723 

rivers draining carbonate rock, which fitted the field defined in the literature except for one 724 

tributary (Matarrana) with a high δ44Casw value. We demonstrated that Ca isotopes in river 725 

waters draining limestone can be in disequilibrium with the bedrock values, because of Ca 726 

precipitation as calcite-aragonite and the associated fractionation of δ44Casw values. 727 

Throughout the annual hydrological cycle of the Ebro River at the outlet, Ca-isotope 728 

values and mineral-saturation indices SI in the dissolved load define a trend marked by a bell 729 

curve. The δ44Casw values increase as the SIcalcite increases between January and May, even if 730 

the water is undersaturated in calcium, and decrease as the SIcalcite decreases between June and 731 
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November. This may well be due to releases of Flix-reservoir water with various saturation 732 

indices, depending upon its operation in terms of water storage-destocking. 733 
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