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Abstract

:

In the Marrakech region of Morocco, where water resources are particularly limited, excessive salinity has been measured in the water from some wells intended for human consumption and irrigation. Moreover, the start-up of a mine for the exploitation of a polymetallic sulfide deposit and the progress of the exploitation work have revealed the existence of very saline deep groundwater with a total mineralization of over 80 g/L. The hydrogeochemical study using conservative elements has helped to understand the origin of the groundwater salinity in the Draa Sfar mine and to assess the contribution of the deep salinity source to the high salinities observed in the mine. The groundwater of the shallow aquifer shows almost constant Br−/Cl− and Na+/Cl− ratios, independent of the chloride content. The constant ratios of these conservative elements indicate a single autochthonous origin of Cl−, Br− and Na+, and groundwater salinity is diluted by recharge water containing low concentrations of these elements. Regarding the mine groundwater, the high Li+/Cl− ratio and Br−/Cl− ratios in the range measured on the leachates of the rocks extracted from the mine indicate that the pore water is the reservoir for dissolved chloride and the salinity of the mine’s groundwater results from a mixture between these pore waters and fresh meteoric water that seeps in from the surface and recharges the entire aquifer. This porewater would be a remnant of the hydrothermal fluids that formed the sulfide deposit.
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1. Introduction


In the Marrakech region, where water resources are particularly limited, excessive salinity has been measured in the water of some wells intended for human consumption and irrigation [1]. These boreholes are implanted in Plioquaternary sediments, but due to the limited thickness of this Plioquaternary layer, they could reach the underlying bedrock schists through an altered layer. On the other hand, the start-up of a mine to exploit a polymetallic sulfide deposit in these shales and the progress of the exploitation work have revealed the existence of very saline deep aquifers with a total mineralization of more than 80 g/L. The presence of highly concentrated Na-Ca-Cl solutions in crystalline and metamorphic basements is not uncommon. Their origin is controversial, and several explanations have been proposed, which can be grouped according to two main hypotheses: the intervention of rock-internal sources such as water–rock interactions and/or the intervention of external sources such as brine from sediments or hydrothermal processes.



Therefore, an origin of water mineralization through fluid–silicate–mineral interactions has been proposed by [2,3,4,5] to explain the high salinity of groundwater in the Canadian Shield. Water–rock interactions have also been suggested as the origin of the saline water encountered in the two KTB boreholes in the Bohemian Massif, Germany [6] and in the Carnemellis granite [7]. Ref. [8] proposed fluid inclusions as the origin of saline water in the Stripa granite in Sweden and showed that the maximum amount of chloride that could be released into groundwater by the release of fluid inclusions would be 20 g/L. However, this requires extremely restrictive conditions, such as low porosity and low water renewal. Mass balance calculations [9] performed on various granite massifs show that fluid inclusion release cannot be the main source of salinity when it is high in deep waters. The authors of [10] explain the brines within the Siberian platform as the result of a long process of water–rock interactions, while chloride-calcium brines originate from buried bittern connate waters.



In contrast, [11] or [12] identified ancient evaporated seawater as the origin of the Canadian Shield brines. The same origin has been attributed to the brines of the Siberian platform in Russia [13], both the saline waters of the Vienne granite system [14] and the crystalline Armorican basement [15] in France, and those found in the Precambrian basement of Asp, Sweden [16]. In siliciclastic rocks of the Ibbenbren Carboniferous in Germany, [17] showed that halite dissolution is the most common source of groundwater salinity. However, even when considering seawater as a precursor to chloride solutions, these authors do not minimize the importance of water–rock interactions in explaining the concentrations of certain elements, such as the high bromide concentrations in the groundwater of the Siberian platform, the calcium concentrations in the groundwater of the Canadian Shield, and the 87Sr/86Sr ratios of the Ibbenbren Carboniferous rock.



Saline groundwater near sulfide deposits has been identified in a Zn mine in the Atacama Desert in Chile [18] and in Zn and Pb mines in Canada (Restigouche, Bathurst Mining Camp and Northern New Brunswick) [19]. In the case of the Canadian mines, the dominant ions are still sodium and chloride, but nevertheless, the Restigouche brines are relatively less mineralized (with a TDS of 21 g/L) than those of Bathurst Mining Camp and Northern New Brunswick (TDS between 22 g/L and 45g/L). In the Canadian deposits, water mineralization was associated with water–rock interactions. In the case of the Atacama mine, however, mixing with deeper, more saline water could explain the high water concentrations and examine the possible contribution of the deep salinity source that will have been determined in the mine to the high salinities found in the shallow Plio-Quaternary aquifer observed near the mine.



The aim of the present work is to understand the origin of the groundwater salinity in the Draa Sfar mine and to investigate the potential contribution of the deep salinity source that will have been characterized in the mine to the high salinities observed in the shallow Plio-Quaternary aquifers around the mine.




2. Geological Framework


The study area lies in the north of the Tensift Basin and on the southern edge of the central Jbilets massif (Figure 1). The Tensift Basin is a tectonic basin formed between the Atlas and Jbilets after a series of fractures and flexures during the High Atlas uprising. Large detritic formations have accumulated in the Neogene and Quaternary sediments in this basin. In the study area, this sedimentary series is thin compared to the center of the basin, with a thickness of no more than 20 m. It is underlain by the Carboniferous marine metasediments (Visen-Namurien), known as the Sarhlef Shists, which form the central Jbilets. These shists contain lenticular limestone or sandstone beds [20,21]. The settlement of the shales was associated with intense magmatism, including lava and sills (gabbros and rhyolite) and alternating acidic and basic volcanic tuffs. This unit hosts sulfide ore bodies, including those from Draa Sfar (Figure 2).




3. Hydrogeological Framework


There are two aquifer systems in the study area (Figure 3). On the one hand, there is the shallow aquifer in which the Haouz groundwater circulates. This extends over about 6000 km2; it is bounded by the Atlas Mountains to the south and the Jbilets to the north. Groundwater flows from the southeast to the northwest in the Miocene and Plioquaternary alluvium with Oued Tensift as an outlet [23]. The thickness of the aquifer is variable: it can reach 80 m in the south and 10 m in the north. The groundwater level of the aquifer is on average 30 m below the ground; it becomes shallow toward Oued Tensift in the north. At the study area level, the Plioquaternary aquifer is approximately 20 m thick. It lies on an important layer of altered basement. The groundwater table is at an average depth of 18 m above the ground surface. This aquifer is mainly used by the population for water supply through traditional wells, the depth of which does not exceed 25 m. On the other hand, the deep aquifer consists mainly of schists (Sarhlef Shists). Its upper part, in contact with the Haouz Aquifer, is altered, semi-permeable, capacitive and of variable thickness. In the non-altered part of the basement, the groundwater mainly flows within the fissures and faults. The volume of mine water generated by the Draa Sfar mine varies between 50 and 80 m3/day.




4. Materials and Methods


4.1. Water Analysis


A total of 37 groundwater samples were taken for this study. Sampling included water strikes within the underground mine and water wells around the mine area. Physico-chemical parameters, such as pH, conductivity and temperature, were measured in the field. Cation and trace element analyses were performed by ICP-MS, and anions by ion chromatography (Table 1). The validation of the results was ensured by analyzing the sample twice and cross-checking the values with the standards. Subsequently, the geochemical data were converted into their equivalent or milli equivalence units for interpretation. Next, calculations were made to find the difference between the sum of major cations (Σ cation) and anions (Σ anions), then divided by the sum of all major ions to provide the charge balance error. The acceptable percentage of error for water analysis ranges between ±1% and ±10%.




4.2. Rock Analysis


To characterize the rocks from the study area and to identify their role in groundwater salinization, 31 rock samples were collected from the mine for leach testing and to provide petrophysical parameters (porosity and grain density). All lithologies were sampled, namely tuff, lava, sandstone and black pelite, also referred to as black schist by [20] or black argillite by [24]. Sampling was conducted at various mine levels at depths ranging from 110 m to 700 m.



4.2.1. Porosity


To determine the porosity, we used the oil (Kerdane) method. This has the properties of being non-volatile, immiscible with water and not dissolving possible salts present in the porosity. The measurements were carried out in the Study of Transfers in the Soil and Subsoil Laboratory at the Institute for Radiation Protection and Nuclear Safety (IRSN). Rock fragments were weighed and immersed in Kerdane until saturation was reached. The samples were then collected, and the excess Kerdane on the surface of the samples was removed with a tissue. Then the samples were weighed in air and in the Kerdane to determine the volume of each sample.



The formula to determine the total volume is:


   V  t o t   =    m  s s a        m  s s a     ×    (   ρ  l i q     −    ρ  a i r    )     (   m  s s a     −    m  s s l    )    ×    ρ  h c o r     +  ρ  a i r      



(1)




with




	
mssa: mass of the solid in saturated air (g)



	
mssl: mass of the solid in the saturated liquid (g)



	
Vtot: total volume of the solid (cm3)



	
ρliq: liquid density (Kerdane) (g/cm3)



	
ρair: air density (0.0012 g/cm3)



	
Phcor: corrected buoyancy (0.99983)








Finally, the samples were placed in an oven at 150 °C and weighed a final time to determine their dry mass.




4.2.2. Density


To determine the density of the grains, we used a Micromeritics Accupyc II 1340 helium pycnometer. The device measures the volume of the sample (volume of solid grains). The pycnometer was programmed to take 10 measurements for each sample. Knowing the mass of the sample, we calculate its density, which is equal to the density of the grains.




4.2.3. Leaching Tests


Rock samples representing the lithologies present in the mine (tuff, lava, sandstone and black shale) were crushed first, and no particle size was preferred. For each sample, 100 g of rock was placed in 50 mL of distilled water and left for 15 days. After centrifuging the samples, the recovered water was analyzed for chloride and bromide by ion chromatography in the IDES laboratory.






5. Results


5.1. Water Analysis


The concentration of Na+ and Cl− (Figure 4) shows that the groundwater from the shallow aquifer is below the halite dissolution and seawater dilution lines, indicating an excess of Cl− compared to Na+. Regarding the mine groundwater, the high salinity samples project onto the seawater evaporation line, while the less saline samples show a similar signature to the saline shallow aquifer groundwater. Figure 5 shows that the Na+/Cl− ratio of groundwater in shallow aquifers decreases slightly with increasing chloride concentration and remains quite low, while the Na+/Cl− ratio of mine groundwater increases with increasing chloride concentration.



The relationship between the Br−/Cl− ratio and 1/Cl− (Figure 6) shows that almost all the Br/Cl ratios of the groundwater samples are between those of seawater and those of primary marine halite. However, as with the Na+/Cl− ratio, two distinct behaviors are observed. The Br−/Cl− ratio of mine groundwater is high in saline groundwater and decreases towards groundwater with lower chloride concentrations. While in the groundwater of the shallow aquifer, all samples show a slightly higher Br−/Cl− ratio than the primary marine halite, this ratio remains almost constant and independent of the chloride concentration except for two samples with primary marine halite ratios.



Like sodium, lithium can be considered a relatively well conserved element in solution: it is highly soluble and independent of Ph/oxidation conditions [25]. It does not precipitate in any mineral phase and is not controlled by any biological process. However, it is retained by clay minerals and can even be exchanged with sodium and potassium if the temperature is sufficient to release it from the matrix [26,27]. Its concentration also depends on rock-water interactions and has been used by [28] as an indicator of groundwater residence time. In this case, in contrast to the Br−/Cl− and Na+/Cl− ratios, the Li+/Cl− ratio of shallow aquifer groundwater decreases with increasing Cl− concentration (Figure 7). On the other hand, Li+/Cl− in mine water increases with salinity, like Br−/Cl− and Na+/Cl−. In addition, the high Li+/Cl− ratio in mine groundwater indicates that the origin of the salinity is in the aqueous form.




5.2. Porosity and Leaching Tests


Table 2 shows the results of the porosity measurements and calculations. The porosity of the rock is very low: it varies between 0.41% and 1.12%. This is consistent with the geological history of the area, as the basement has experienced multiple phases of compression during the Hercynian and Alpine orogenies. In ascending order, the lavas are the least porous, then the tuffs and finally the black shales, where the maximum porosity has been measured.



As mentioned above, leaching tests were conducted to assess the rock’s contribution to groundwater salinity. The results are shown in Table 3, and Figure 8 shows Br−/Cl− versus 1/Cl−. The leaching tests show large fluctuations in Cl− and Br concentrations, ranging from 47 mg/L to almost 1 g/L for Cl− and from 0 mg/L to over 2 mg/L for Br−. The Br−/Cl− ratio of the leaching is between that of primary marine halite and that of seawater, as in the sampled groundwater.



The concentrations of chloride and bromide in this porewater were then calculated using the porosities of the rock samples and assuming (based on the high concentrations of Li+) that Cl− and Br− are present in the aqueous (dissolved) phase in the porewater.



Since the leaching tests were performed using 50 mL of water per 100 g of rock:


[Cl−]R = [Cl−]leach × 50.10−3 L



(2)






VR = 100/dR



(3)






VE = VR × porosity



(4)







The concentration of dissolved chloride in the pore water obtained by leaching is:


[Cl−]T = [Cl−]R/VE



(5)




with:




	
[Cl−]leach: chloride concentration in the leach solution



	
[Cl−]R: chloride concentration in 100 g of the rock



	
[Cl−]T: chloride concentration in the porosity if all was liquid



	
VR: rock volume



	
VE: water volume or pore volume



	
dR: grain density g/cm3








The same formulas were used to calculate bromide concentrations. In addition, the maximum concentrations of Cl− and Br− corresponding to the minimum porosity and their minimum concentrations corresponding to the maximum porosity were calculated. The results of these calculations (Table 4) show a wide range of Cl− and Br− concentrations in the pore water. With high porosity, the Cl− concentration can reach 150 g/L, and with a low Cl− concentration, it can exceed 250 g/L.



In order to confirm whether Cl− is dissolved in the rock porosity, it was assumed that the chloride is completely balanced by sodium from the cationic point of view, with the halite NaCl being the least soluble of the chloride minerals. The amount of dissolved sodium was then calculated using the relationship: m(Cl−)/M(Cl−) = m(Na+)/M(Na+), and thus determined how much NaCl should be dissolved in the poral water to obtain the chloride concentrations measured by the leaching tests. The result of the calculation (Table 4) shows that the amount of NaCl varies according to the samples and the porosity. At maximum porosity, the NaCl concentration varies between 11 g/L and 243 g/L, while at minimum porosity it can double (13 to 427 g/L). It also shows that all but one sample (black shale) has a NaCl concentration below the solubility of halite (357 g/L at 0 °C and 391 g/L at 100 °C), confirming that Cl− the pore water of the rock samples is dissolved in it.





6. Discussion


The groundwater from the shallow aquifer shows almost constant Br−/Cl− and Na+/Cl− ratios, independent of the chloride content. The constant ratios of these conservative elements indicate a single origin for Cl−, Br−, and Na+ that is internal to the aquifer. This source of salinity is diluted by recharge water that contains low concentrations of these elements.



The least mineralized mine waters have similar Br−/Cl−, Na+/Cl− and Li+/Cl− ratios as the saline shallow aquifer groundwater. However, the most saline ones show different behavior, with ratios increasing with salinity. The groundwater collected in the mine, as well as shallow aquifer groundwater, has Br−/Cl− ratios in the range of those measured on the leachates of the rocks extracted from the mine (Figure 9), suggesting the existence of a connection between them. In fact, the porewaters may represent the reservoirs of dissolved chloride that cause salinity, and mine groundwater salinity results from a mixture between these porewaters and fresh, meteoric water infiltrating from the surface and recharging the shallow aquifer. Based on this hypothesis, the balance of Cl− and Br− in the mine groundwater sample that has the highest concentration of these two elements was used to calculate the mixing fraction:


[Cl−] = α [Cl−]m + (1 − α) [Cl−]p



(6)






[Br−] = α [Br−]m + (1 − α) [Br−]p



(7)




where:




	
High saline mine groundwater has [Cl−] = 44 g/L; [Br−] = 48.5 mg/L.



	
As pore water, the average of the two high saline pore waters has been used: [Cl−]p = 240 g/L; [Br−]p = 267 mg/L.



	
Meteoric water is assumed to contain negligible Cl− and Br− compared to pore waters: [Cl−]m = 0 g/L; [Br−]m = 0 mg/L.








The calculation of the mixing fraction shows that the pore water would contribute about 20% to the mine groundwater sample, with the remaining 80% being fresh meteoric water. The same percentage is obtained for bromide and chloride, reflecting the agreement of the Br/Cl ratio between the porewater and the mine groundwater sample. The same calculation was carried out for all mine groundwater samples in order to check the general validity of this balance for all water samples. The uncertainty in the concentration of the pore water (minimum/maximum) was taken into account in order to estimate the influence of this calculation uncertainty on the determination of the mixing proportions. The results are shown in Table 5. Overall, the results between Cl− and Br− agree for most mine groundwater. The mine’s least saline waters show a minimum mean contribution from meteoric water of about 97% and a slightly different maximum mean contribution of about 98%. The impact of uncertainty on porewater concentration is more evident for the mine’s highly saline water, as the minimum average contribution from the meteoric water is approximately 71%, while the maximum average contribution is approximately 82%.



Using the same balance calculation and assuming that it is primarily the mixtures that control chemical composition, the chemical composition of the salinity endmember was calculated. The calculation results are shown in Table 6.


[Na+]p = ([Na+] − α [Na+]m)/(1 − α)



(8)






[Ca2+]p = ([Ca2+] − α [Ca2+]m)/(1 − α)



(9)






[Mg2+]p = ([Mg2+] − α [Mg2+]m)/(1 − α)



(10)






[K+]p = ([K+] − α [K+]m)/(1 − α)



(11)






[SO42−]p = ([SO42−] − α [SO42−]m)/(1 − α)



(12)







Therefore, it would be a brine of the Na-Ca-Cl type, relatively rich in calcium and magnesium and low in potassium and sulfate.



The presence of this type of brine has been mentioned to explain the salinity of deep groundwater at many locations in the crystalline basement. Its origin is controversial, and several hypotheses have been proposed. These hypotheses fall into two groups: The first group considers salinity to be rock-internal, like water-rock interaction or connate water [10,18,29]. The second group considers that the salinity has an external origin, such as the dissolution of evaporite or the concentration of seawater before deep infiltration by hydrothermal fluid [6,6,11,17,30,31,32]. However, the Br−/Cl− ratio of the water present in the crystalline basements is particularly high compared to the water of the sedimentary basins. Similar and even higher Br−/Cl− ratios from Canadian Shield brines were also found in the deep, high saline groundwaters of the Siberian platform [13]. The total mineralization of this groundwater exceeds 300 g/L. These brines have been divided into three groups: the first has a Br−/Cl− ratio of the order of 0.02, which exceeds that of all the brines of marine origin described in the literature. This ratio would be the result of the evaporation of seawater (with a concentration factor of 30 to 128). The second group has a total mineralization of 44 g/L to 87 g/L. Compared to a marine evaporation solution, the groundwaters in this group are characterized by a low bromide concentration with a Br−/Cl− ratio of 0.0012. This relationship was explained by the dissolution of the evaporite minerals present between the layers. The last group, with a total salinity between 32 g/L and 110 g/L, has a Br−/Cl− ratio that is higher than the marine ratio and also higher than what would be expected in the case of simple evaporation of seawater. The salinity of this group was interpreted as the result of the mixing of groundwater from the first and second groups. The very high Br−/Cl− ratio of groundwaters in the first and third groups was explained by interactions between these waters and salts, which led to diffusive-selective and/or dissolution-precipitation processes of halite with increasing Br concentration. The authors of [10] showed, however, that the chloride and sodium brines of the Siberian platform arose as a result of the leaching of halogen-bearing rocks, while chloride-calcium brines originated from buried connate waters. In Germany, saline fluids from KTB drillings in the Bohemian Massif have a total mineralization of 61 g/L and 68 g/L, respectively [6]. These fluids have a Ca-Na-Cl composition and are characterized by a Br−/Cl− ratio greater than seawater, similar to that of Canadian Shield brines. The mineralization of these waters would be controlled by rock-water interactions. Chloride concentrations have been explained by geotectonic processes, and bromide may result from interactions with organic material. In Germany, [17] linked the origin of the brines from the Ibbenbren mine to the migration of groundwater from the surrounding Mesozoic sediments and the ongoing water–rock interaction of the evaporite-derived brines with the carboniferous siliciclastic rocks of the mine. The saline groundwater encountered at Stripa also has a high Br−/Cl− ratio (three times higher than the marine ratio) and is of the Na-Ca-Cl type. The origin of the salinity has been attributed by [8] to the fracturing and leakage of the fluid inclusions connected with microporosity, and by [33] to the intrusion of a sedimentary solution into the granitic system. In the Scandinavian Shield, the results of the investigations of the various borehole groundwater drilled into the crystalline bedrock of Finland show a clear stratification of the waters (fresh, brackish and salt water). The saline groundwater is of the Na-Ca-Cl type and is characterized by a higher Br−/Cl− ratio than seawater. The origin of the salinity, and thus of bromide and chloride, is debated. However, the two most likely origins are the interactions of rock water and/or salt remnants from the postglacial sea at Litorina [34]. For the Carnmenellis granite in England, the total mineralization of the groundwater has been found to exceed 30 g/L and the Br−/Cl− ratio is the same as that of seawater. However, the origin of the salinity has been attributed to water–rock interactions [7].



A comparison of the Br−/Cl− ratios of salt water in different crystalline basements in Europe and Canada shows that in almost all cases, this ratio is equal to or greater than that of sea water. In the case of the Draa Sfar mine, the deep saltwater is characterized by a different Br/Cl ratio as it is significantly lower than that of seawater while remaining higher than that of a primary marine halite.



One of the outstanding features of the Draa Sfar region is obviously its hydrothermal history. The Draa Sfar sulfide deposit is classified as a VMS (Volcanic Hosted Massive Sulfide) type [35,36]. Generally, the hydrothermal system giving rise to this type of deposit (rich in Fe, Zn and Cu) is referred to as the seawater hydrothermal system [37]. Hydrothermal fluids must be 3 to 10 times more saline than seawater to allow metal transport and sulfide precipitation (Solomon et al., 2002). Chloride is part of the metal transporter complex FeCl4-FeCl2−(Fe), CuCl2-CuCl32−(Cu), ZnCl42−(Zn) [35,38,39,40]. Ref. [35] indicate that due to the thick shear zone, other fluids may have integrated the previously embedded hydrothermal system. These hydrothermal and post-hydrothermal fluids could be the origin of the high salinities found in the pore water of the Draa Sfar mine rocks. Their Br−/Cl− ratio between that of seawater and a primary marine halite could correspond to that of seawater that has dissolved halite or is mixed with water that has dissolved halite. It is even possible that some of the dissolved chloride is provided by a contribution from magmatic fluids that are rich in chloride but relatively poor in bromide [40,41,42].




7. Conclusions


A hydrogeochemical study using conservative elements has helped to understand the origin of groundwater salinity at the Draa Sfar mine and to assess the contribution of the deep salinity source to the high salinities observed at the mine. The groundwater from the shallow aquifer shows almost constant Br−/Cl− and Na+/Cl− ratios, independent of the chloride content, which indicate a single origin of Cl−, Br− and Na+ internal to the aquifer and are diluted by recharge water containing low concentrations of these elements. The groundwater collected from the mine, like shallow groundwater, has Br−/Cl− ratios in the range of those measured on the leachates of the rocks extracted from the mine, suggesting that the porewater may represent the reservoirs of dissolved chloride, which causes the high groundwater salinity, and the mine’s groundwater results from a mixture between these porewaters and fresh, meteoric water that infiltrates from the surface and recharges the shallow aquifer. In fact, this pore water would be a remnant of the hydrothermal fluids that formed the sulfide deposit.
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Figure 1. Map showing the location of the study area and the Draa Sfar mine. 
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Figure 2. 3D geological block diagram of the Draa Sfar deposit [22]. 
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Figure 3. Geohydrological conceptual model of the study area. 
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Figure 4. Plot of sodium versus chloride of shallow aquifer and mine groundwater. 
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Figure 5. Plot of Na+/Cl− (meq/meq) versus 1/Cl− of shallow aquifer and mine groundwater. 
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Figure 6. Plot of Br−/Cl− (meq/meq) versus 1/Cl− of shallow aquifer and mine groundwater. 
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Figure 7. Plot of 1/Cl− versus Li+/Cl− (weighted) of shallow aquifer and mine groundwater. 
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Figure 8. Plot of Br−/Cl− versus 1/Cl− of rock leachate. 
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Figure 9. Log-log plot of the calculated bromine and chloride of the poral water from leaching tests. In addition to the bromine and chloride of the shallow aquifer and mine groundwaters. 
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Table 1. Conservative elements concentrations in shallow aquifer and mine groundwater.
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Location

	
Sample

	
T °C

	
CE ms/cm

	
pH

	
Na+ mg/L

	
Cl− mg/L

	
Li+ mg/L

	
Br− mg/L






	
Surface wells

	
PJ

	
21.4

	
15.50

	
7.15

	
1011.6

	
4449.0

	
0.07

	
2.0




	
PK

	
22.7

	
9.30

	
7.03

	
776.3

	
2428.3

	
0.03

	
2.2




	
PN

	
23.4

	
6.39

	
7.21

	
389.9

	
1595.3

	
0.03

	
1.3




	
PC

	
21.2

	
11.70

	
7.35

	
1189.1

	
3155.1

	
0.06

	
3.5




	
PI

	
22.2

	
8.35

	
6.80

	
121.0

	
241.0

	
0.05

	
0.2




	
PG

	
22.4

	
1.45

	
7.56

	
220.0

	
878.0

	
0.00

	
0.8




	
P 26

	
22.7

	
3.40

	
7.04

	
339.0

	
1686.0

	
0.25

	
-




	
PV

	
23.4

	
7.90

	
7.30

	
114.0

	
337.0

	
0.06

	
0.3




	
PK1

	
21.5

	
1.88

	
7.10

	
371.0

	
1359.0

	
0.05

	
1.2




	
P X

	
23.4

	
4.75

	
7.28

	
183.0

	
516.0

	
0.06

	
0.5




	
P 23

	
24.1

	
1.57

	
7.18

	
323.0

	
1480.0

	
0.04

	
0.7




	
P4

	
25.2

	
3.66

	
6.93

	
121.0

	
268.0

	
0.07

	
0.2




	
P 21

	
23.6

	
2.33

	
7.00

	
173.0

	
447.0

	
0.05

	
-




	
PL1

	
22.2

	
2.86

	
7.18

	
236.0

	
654.0

	
0.05

	
0.6




	
P2

	
29.3

	
2.34

	
8.09

	
288.0

	
413.0

	
0.06

	
0.5




	
PI1

	
25.9

	
4.32

	
7.20

	
404.0

	
1153.0

	
0.07

	
1.1




	
PP

	
23.2

	
1.82

	
7.40

	
110.0

	
344.0

	
0.04

	
0.4




	
P 1

	
23.2

	
3.00

	
7.14

	
232.0

	
688.0

	
0.05

	
0.8




	
PB

	
21.6

	
11.69

	
6.78

	
1420.0

	
3924.0

	
0.07

	
4.0




	
P ID

	
22.3

	
14.30

	
6.64

	
1241.0

	
4887.0

	
0.10

	
4.7




	
PE

	
24.2

	
8.62

	
6.69

	
643.0

	
2753.0

	
0.05

	
2.5




	
PF

	
24.0

	
3.47

	
7.00

	
234.0

	
895.0

	
0.02

	
0.9




	
Mine Water

	
Niv-60

	
19.2

	
20.40

	
7.01

	
2029.0

	
6888.0

	
0.18

	
-




	
N-67

	
19.9

	
18.10

	
7.30

	
2443.0

	
6470.0

	
0.12

	
7.7




	
N-520

	
28.3

	
12.75

	
6.90

	
1393.0

	
4268.0

	
0.11

	
4.2




	
N-69

	
22.3

	
10.36

	
7.47

	
1482.0

	
3201.0

	
0.08

	
2.8




	
N-300

	
26.5

	
6.56

	
6.90

	
522.0

	
2082.0

	
0.08

	
2.4




	
DF18

	
32.0

	
80.00

	
7.20

	
17,150.0

	
33,700.0

	
1.56

	
44.0




	
N -150

	
-

	
100.00

	
5.45

	
21,689.0

	
44,313.0

	
2.48

	
-




	
niv-67m

	
19.4

	
9.56

	
7.48

	
1251.0

	
3106.0

	
0.10

	
-




	
niv-80m

	
23

	
11.90

	
7.37

	
1727.0

	
3545.0

	
0.12

	
-




	
niv-240m

	
-

	
12.98

	
7.23

	
889.0

	
4159.0

	
0.12

	
5.0




	
400mBure

	
-

	
14.67

	
7.50

	
2569.0

	
4694.0

	
0.20

	
-




	
Taille380 S-S

	
-

	
34.40

	
6.74

	
6411.0

	
13,074.0

	
0.66

	
5.8




	
400mDF18

	
33.0

	
83.00

	
5.78

	
18,130.0

	
34,353.0

	
2.82

	
42.9
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Table 2. Weighing and porosity calculation results.
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	Rock Type/Sampling Level
	Mass

(g)
	Mass in the Air after Saturation (g)
	Mass in the Kerdane (g)
	Mass after Drying at 150 °C (g)
	Grains Density (g/cm3)
	Total Porosity %





	Lave Niv 640
	44.23
	44.24
	31.11
	44.22
	2.67
	0.4



	Lave Niv 640
	17.59
	17.60
	12.37
	17.58
	2.67
	0.6



	Tufs Niv 120
	28.03
	28.06
	20.24
	28.01
	2.85
	1.0



	Tufs Niv 120
	19.40
	19.41
	14.01
	19.39
	2.85
	0.8



	PN Niv 700
	17.10
	17.12
	12.19
	17.08
	2.76
	1.1



	PN Niv 700
	16.57
	16.57
	11.82
	16.56
	2.76
	0.6
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Table 3. Cl− and Br− concentrations in rock leachate.






Table 3. Cl− and Br− concentrations in rock leachate.





	Rock Sample
	Cl− mg/L
	Br− mg/L





	700 m/PN
	1084.8
	0.99



	Niv640/E26/PN
	605
	1.02



	Niv500/E18/PN
	245.2
	0.26



	Niv610/E21/PN
	353.4
	0.44



	Niv110/E39/PN
	86.6
	-



	Niv340/E8/tufs
	47.6
	-



	Niv110/E33/Tufs
	450.8
	0.54



	Niv340/E7/Lave
	337
	0.34



	Niv110/E38/Lave
	688.6
	0.93



	Niv150/E5/Lave
	257.6
	-



	Niv640/E27/Pg
	867.8
	2.05



	Niv340/E9/Pg
	561.2
	0.87



	Niv420/E13/Pg
	161.4
	0.2



	Niv120/E1/Pg
	306.6
	0.33



	Niv340/E6/Pg
	454
	0.5
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Table 4. Leaching Cl− concentrations and maximum and minimum concentrations calculated from the porosity.
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	[Cl] Leach mg/L
	[Cl] R mg/L
	Density
	Max Porosity
	[Cl] T g/L Min
	[Na] T g/L Min
	NaCl g/L Min
	Min Porosity
	[Cl] T g/L Max
	[Na] T g/L Max
	NaCl Max





	700 m/PN
	1084.8
	54.2
	2.76
	0.011
	133.0
	86.2
	219.2
	0.006
	259.1
	167.9
	427.0



	Niv640/E26/PN
	605.0
	30.3
	2.76
	0.011
	74.2
	48.1
	122.2
	0.006
	144.5
	93.6
	238.1



	Niv500/E18/PN
	245.2
	12.3
	2.76
	0.011
	30.1
	19.5
	49.5
	0.006
	58.6
	38.0
	96.5



	Niv610/E21/PN
	353.4
	17.7
	2.76
	0.011
	43.3
	28.1
	71.4
	0.006
	84.4
	54.7
	139.1



	Niv110/E39/PN
	86.6
	4.3
	2.76
	0.011
	10.6
	6.9
	17.5
	0.006
	20.7
	13.4
	34.1



	Niv340/E8/tufs
	47.6
	2.4
	2.85
	0.010
	7.0
	4.6
	11.6
	0.008
	8.4
	5.5
	13.9



	Niv110/E33/Tufs
	450.8
	22.5
	2.85
	0.010
	66.7
	43.2
	109.9
	0.008
	79.9
	51.8
	131.7



	Niv340/E7/Lave
	337.0
	16.9
	2.67
	0.006
	72.3
	46.8
	119.1
	0.004
	108.5
	70.3
	178.9



	Niv110/E38/Lave
	688.6
	34.4
	2.67
	0.006
	147.6
	95.7
	243.3
	0.004
	221.8
	143.7
	365.5



	Niv150/E5/Lave
	257.6
	12.9
	2.67
	0.006
	55.2
	35.8
	91.0
	0.004
	83.0
	53.8
	136.7



	Niv640/E27/Pg
	867.8
	43.4
	2.76
	0.011
	106.4
	68.9
	175.3
	0.006
	207.3
	134.3
	341.6



	Niv340/E9/Pg
	561.2
	28.1
	2.76
	0.011
	68.8
	44.6
	113.4
	0.006
	134.1
	86.9
	220.9



	Niv420/E13/Pg
	161.4
	8.1
	2.76
	0.011
	19.8
	12.8
	32.6
	0.006
	38.6
	25.0
	63.5



	Niv120/E1/Pg1
	306.6
	15.3
	2.76
	0.011
	37.6
	24.4
	62.0
	0.006
	73.2
	47.5
	120.7



	Niv340/E6/Pg
	454.0
	22.7
	2.76
	0.011
	55.7
	36.1
	91.7
	0.006
	108.4
	70.3
	178.7
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Table 5. Contributions of meteoric water for mine water calculated from Cl− and Br−.
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	Samples
	Cl− g/L
	Br− mg/L
	α Min (Cl−) (%)
	α Min Br− (%)
	α Max Cl− (%)
	α Max Br− (%)





	N-67
	6.5
	7.7
	95.4
	95.2
	97.3
	97.1



	N-520
	4.3
	4.2
	97.0
	97.4
	98.2
	98.4



	N-69
	3.2
	2.8
	97.7
	98.3
	98.7
	99.0



	N-300
	2.1
	2.4
	98.5
	98.5
	99.1
	99.1



	DF18
	33.7
	44.0
	75.9
	72.5
	86.0
	83.5



	N-150
	44.3
	48.5
	68.3
	69.7
	81.5
	81.8



	Niv-240 m
	4.2
	5.0
	97.0
	96.9
	98.3
	98.1



	Niv-363 m
	13.1
	5.8
	90.7
	96.4
	94.6
	97.8



	400mDF18
	34.4
	42.9
	75.5
	73.2
	85.7
	83.9
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Table 6. Chemical composition of salinity endmember.






Table 6. Chemical composition of salinity endmember.





	Elements
	Concentrations





	Na+ g/L
	108.44



	K+ g/L
	0.65



	Mg2+ g/L
	7.25



	Ca2+ g/L
	21.02



	SO42− g/L
	1.74
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