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Abstract

:

Morocco has an important geothermal potential materialized by its several thermal springs which constitute an essential surface geothermal indicator. These springs are dispersed throughout the country and present in every major structural domain. However, a significant amount is concentrated in the northern and northeastern areas. Associated with the great hydrothermal system of eastern Morocco, the thermal spring of Goutitir emerges in the Meso-Cenozoic sedimentary formations located east of the Guercif Basin, composed of a mixture of clays, carbonates, and marls, covered in unconformity by Quaternary tabular molasses. The upflow of the thermal water is dependent of Alpine faults systems with N30 and N100 directions, which are probable reactivated Hercynian structures that facilitate its circulation to the surface. The Goutitir spring has been studied by an interdisciplinary approach to identify the origin of the thermal water, the rock–water interactions, and the reservoir temperatures, contributing to the establishment of the conceptual model of the associated hydrothermal system. This thermal water is of chloride-sodium type with a hyperthermal character (43–47 °C). The isotopic composition (δ18O = −8.7 to −8.35‰; δ2H = −58.6 to −54.3‰) indicates a meteoric origin and a recharging zone located at around 2000 m of altitude. The chemical composition allows to classify the water as chloride-sodium hydrochemical facies, stabilized at ~100 °C in crystalline basement rocks, which, according to seismic data, are located at ~3 km depth. The concentrations, patterns, and correlations of trace elements point out water–rock interaction processes between the deep water and basic magmatic rocks. The integration of the chemical and isotopic data and the surface geological context shows that the Goutitir water flows within a hydrothermal zone were basic to ultrabasic lamprophyres rich in gabbroic xenoliths outcrop, witnessing the existence, at depth, of basic plutons. Moreover, near the source, these veins are strongly altered and hydrothermalized, showing late recrystallization of centimetric-sized biotites. The chloride-sodium composition of this water may also be a testimony to the presence and reaction with the overlying Triassic saline and gypsiferous and Meso-Cenozoic mainly carbonated formations.
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1. Introduction


In recent years, the concern for the use of green energies has led to an increase in geothermal resources exploration, which has been a new area of research in countries that have a high potential for its exploitation [1,2,3,4]. Thermal springs are important surface clues for geothermal exploration. Morocco is a country with small relevance regarding fossil energy, but it has more than one hundred thermal springs, two-thirds of which are concentrated in the northern part of the country, in particular in the Rif Belt and the Meseta-Atlas domain. There is a strong connection between these thermal springs and active deep tectonic structures, which constitute preferential circulation routes for thermal waters (e.g., [5,6,7,8]). The study of these thermal springs is of great importance to understanding their origin and characteristics, contributing to the definition of the conceptual model of the geothermal reservoir. Their economic relevance is also not negligible, making these renewable, permanent, and easily exploitable energy sources, a good investment for a sustainable future.



In Morocco, the Eastern Meseta is considered a major hydrothermal province due to a large number of geothermal surface manifestations, namely Plio-Quaternary volcanism, neotectonic activity, and a high surface geothermal gradient (>35 °C.km−1; [9]), which favors the appearance of many thermal springs, especially those that emerge from Jurassic limestones such as Gufait, Fezouane, Kiss, and Ben Kachour and those whose discharge is located at the level of Neogene formations such as Gouttitir (Figure 1A). The Neogene basins of the Eastern Meseta are the Guercif basin located in the northwest and the Taourirt-Oujda basin located in its northeast part. In the Neogene Guercif basin, there is only one thermal spring; it is the spring of Goutitir, the subject of this work. As the other thermal springs of the Eastern Meseta have an incomplete trace analysis, the Goutitir spring will be compared with thermal springs in the different Moroccan structural domains, notably the Oulmes (emerging at the Paleozoic basement of the western meseta) and Ain Alah (rising at the Southern Rifain Sillon) (Figure 1A).



Thermal waters carry important chemical information collected during their circulation through deep reservoirs and their transfer to the surface [10,11]. During this sometimes long-term circulation, processes of chemical diffusion between these waters and the circulated rocks take place. These water–rock interactions, occurring at depth, are controlled by physico-chemical balances which induce the enrichment of the thermal water in certain chemical elements, depending on the intersected lithologies at depth [8,12,13]. The geochemical study of these waters constitutes an important tool that allows the dissection of this information in order to determine their origin, the identification of the deep circulation paths, the estimation of the depth of the intersected lithospheric reservoirs, and the water/rock interactions that happened during the evolution of the thermo-mineral waters. This also includes the acquisition of data that allow the determination of the altitude and the location of the refill zones.



This study is focused on the geochemical and isotopic characteristics of these thermal waters and their relation with the geological and tectonic framework of the region, contributing to the conceptual model of the deep thermal reservoir. In addition to the geochemical data produced in this work, previous data will also be used, namely data from works carried out since 2000 ([5,14,15,16], this work, 2019). This will allow constraining the long-term geochemical variation of these thermal waters over a period of 19 years (collected from 2000 to 2019).
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Figure 1. (A) Schematic geological map of northern Morocco showing the structural domains and location of a few thermal springs. (B) Geological map of the Guercif Basin and the neighboring region, modified from the geological map of Morocco at 1:1,000,000 scale [17]. 
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With this new vision, this study brings new results which could lead to the understanding of the origin and evolution of these thermal waters, as well as their hydrodynamic circulation pattern. It will focus mainly on the water–rock interaction using various indicators, such as the geochemistry and the isotopic composition of the water. The geological and tectonic contexts will allow the understanding of the different geodynamic mechanisms that favored the circulation of these thermal waters in depth and their upflow to the surface, as well as provide important clues as to the geological nature of the deep lithospheric reservoirs accessed by these thermal waters.




2. Regional Geologic Setting


The Guercif basin corresponds to a vast depression of about 6000 km2, oriented NE-SW, and considered an eastern extension of the South Rif Thrust (Figure 1B). It is bounded, respectively, to the northwest and the north by the Prerifan nappes and the Jurassic reliefs of Terni Mezgout, to the south by the Folded Middle Atlas, and to the east by the high plateaus of the Atlas belt (Figure 1B). This basin, of Neogene age, is characterized by successive magmatic manifestations from the collapse of the Atlas Belt, namely Eocene alkaline lamprophyres in the region of Taourirte and Plio-Quaternary calc-alkaline and alkaline lavas in the region of Guelliz. This basin is also characterized by a high thermal gradient, manifested by the occurrence of thermal springs in the south at Bourached, in the north at Goutitir (object of this work), and in the northwest, near Saka. This carbonate basin is delimited by NE–SW and ESE–WNW faults that are also responsible for the outcropping of nearby Paleozoic formations, as well as of Triassic and Jurassic sediments (Figure 1B). The Paleozoic basement is essentially composed of sandstone-pelitic metasedimentary formations deformed during the Hercynian Orogeny and intruded by Hercynian to late-Hercynian granitoids [18]. In the angular unconformity of the Paleozoic formations, the Triassic series (400–500 m) are composed of red detrital and clayey-evaporitic saline deposits, intercalated with basaltic flows [19,20,21]. Triassic formations can also appear in the form of isolated mounds linked to evaporitic diapiric upwellings at the level of major accidents traversing the Middle Atlas [22,23,24]. These reliefs are very common in this basin, particularly in Goutitir, Jbel Tirremi, and Koudiat Titeft (Figure 1). The Jurassic distension reactivated several Hercynian faults and led to the collapse of the region, with the formation of sedimentary basins in NE–SW- and E–W-oriented grabens and half-grabens [21,25,26], where detrital formations materialized by alternating Jurassic sandstone and silty clays were deposited [27,28,29]. Core drillings in the region confirm that the Neogene formations are ~1500 m thick and deposited over the Jurassic rocks. This Neogene series begins with continental conglomerates and sandstones, followed by Tortonian gypsiferous blue marls [30,31]. The Quaternary cover is composed of conglomerates, tuffs, clays, and alluvial and fluvial silty terraces, as well as cliff fragments [32].




3. Methodology


Geological mapping and structural analysis were based on a preliminary analysis of Google Earth satellite images and followed up by a field campaign for structural analysis that was carried out in the studied area. This methodology allowed the understanding of the distribution of the different lithologies, as well as the tectonic structures affecting this region. Sorting and computer processing of structural measurements was carried out using the SG2PS software [33].



To better understand the variations of the physico-chemical composition of the thermal water of Goutitir, sampling, and chemical and isotopic analysis were performed. We also added to this study chemical analyses of previous works, spread over a period of 19 years ([5,14,15,16]; this work, 2019). Comparisons with data from our predecessors over the 19-year period show little or no change in the chemical compositions of these waters. Therefore, we considered that multiple samplings within the same source were not necessary.



The Goutitir water was sampled in July 2019. The samples were taken in polyethylene bottles, previously rinsed with the spring water. Measurements of some physico-chemical parameters (Temperature, Electrical Conductivity, Total Dissolved Solids, and pH) were carried out in situ, using a HANNA HI98194 Multi-parameter device.



Chemical analyses were performed at Actlabs Laboratories (Canada). Cations and metals were analyzed by ICP-MS, and ICP-OES (overrange elements), where anions were analyzed by potentiometry and ion chromatography. The isotopic composition of the water was determined at a C2TN/IST laboratory. The δ2H and δ18O measurements (vs. V-SMOW) were performed by laser spectroscopic analysis (LGR-24d from Los Gatos Research), with the accuracy of ±1‰ for δ2H and ±0.1‰ for δ18O.



To determine the affinities of mineralized waters with their surrounding lithologies, the IIRG method (International Institute for Geothermal Research) developed by [34] was used. This classic method is based on six different parameters (A to F), defined for distinguishing water groups based on the geological features of the main reservoir. The parameters are calculated using Equation (1) through Equation (6), the concentration of the major dissolved species (Na+, K+, Ca2+, Mg2+, Cl−, SO42− and HCO3−), and the sum of cations (Σcat) and anions (Σan), expressed in meq.L−1. The values obtained from the six parameters are compared to standard diagrams (α, β, γ, and δ) and their derivatives (1, 2, 3, and 4), which can be useful to indicate the lithological nature of deep reservoirs [34]. To calculate the parameters (A to F), equations were used as follows:


A = 100 × [HCO3− − SO42−]/Σan



(1)






B = 100 × [(SO42−/Σan) − (Na+/Σcat)]



(2)






C = 100 × [(Na+/Σcat) − (Cl−/Σan)]



(3)






D = 100 × (Na+ − Mg2+)/Σcat



(4)






E = 100 × [(Ca2+ + Mg2+)/Σcat) − (HCO3−/Σan)]



(5)






F = 100 × [(Ca2+ − Na+ − K+)/Σcat]



(6)







The equilibrium reservoir temperatures in this study were estimated by a combination of the following methods:




	
The solute geothermometers using the software SOLGEO was used to easily perform calculations of the subsurface temperatures, which was programmed by [35]. In this work, the selected solute geothermometers are based on the concentration of: Na-K, Na-K-Ca, Na-K-Mg, Na-Li, and SiO2.



	
The multi-component geothermometry method [36] is based on the modelling of mineral saturation indexes against temperatures by the PHREEQC speciation software [37], In these calculations, the standard PHREEQC database (phreeqc.dat) was used. The selected minerals used for estimating the equilibrium temperature were based on the lithological nature of the host rocks present in this region.



	
The Na-K-Mg triangular diagram proposed by [38] can be used to evaluate the temperature at which the thermal waters reach the thermodynamic equilibrium with solid phases composed of these elements.









4. Results and Discussion


4.1. Local Geology


The thermal spring of Goutitir is located 20 km west of the town of Taourirt, in the northern part of the Neogene Guercif Basin (Figure 1), north of the foothills of the Koudiet-Zireg anticline. The latter, at an altitude varying between 350 and 500 m, constitutes a sub-circular dome whose limestone strata are oriented E–W. These Jurassic strata are intensely faulted and surrounded by Miocene and Quaternary formations (Figure 2). This dome corresponds to a diapiric structure whose installation is related to Alpine tectonism, precursors of the ascending movements of the underlying Triassic evaporitic clays [24,39]. Near the thermal spring, the Triassic series is often dislocated and incomplete. The formations outcrop there in the form of scales of red clay rich in highly deformed evaporates, highlighting the thrust faults affecting this region (Figure 2). The Jurassic formations, however, present lower Early Jurassic to the upper Kimmeridgian. The Early Jurassic (Toarcian) is composed of dolomitic flint limestones occupying the core of the dome [22,28,40,41]. These formations are in places oxidized, brecciated, and traversed by veinlets of iron oxides, calcite, fluorite, and barite, attesting to a very significant hydrothermal circulation in this region. The southern flank of this dome is materialized by an alternation of micritic limestones a greenish-gray gypsiferous marls, which also outcrop further west of this dome [22,40]. These formations are overlayed by black schistose marls from the Upper Aalenian, outcropping to the north of the dome in the valley of Oued El Abed [15,28,40]. Their schistose appearance, clearly visible in the vicinity of the thermal spring, is probably related to the activity of the major thrust near Oued El Abed. This overlap is highlighted for the first time in this region. The Bajocian is materialized by green and yellowish marls followed by an alternation of marls and limestones [22,28,40]. The Oxfordian, outcropping north of the source of Goutitir, is formed by a sandstone series showing an alternation of yellow sandstone and carbonate sandstone. In the northern part of this region crops out a series of massive limestones and dolomites, belonging to the deposition continued with the Miocene layered discordantly on top of the Jurassic formations. These are composed of blocks of yellowish sandstone alternating with marls. Finally, the continental deposits of the Quaternary complete the sedimentation in this basin and rest in angular unconformity, displaying conglomerates with centimetric fragments of all the previously referred formations.



Regarding magmatic activity, the Jurassic formations are intruded by a swarm of magmatic thickness (0.5 to 4 m). These are alkaline porphyritic lamprophyres with centimetric phenocrysts of biotites and pyroxenes. The dating of these alkaline rocks has yielded, using the K-Ar method [42], ages ranging from the end of the Cretaceous (67 ± 0.2 Ma) to the late Paleocene (57 ± 3 Ma). These lamprophyres locally contain a wide variety of xenoliths, the most important of which are those of syenites, carbonatites, gabbros, and mantle xenoliths [42,43]. Plio-Quaternary magmatism is visible in the region with the installation of volcanic cones, and calc-alkaline and alkaline basaltic lava flows [44].




4.2. Structural Analysis


The Guercif Basin is the eastward extension of the South Rif Thrust. This NE–SW elongated basin was installed at the front of the Rif Belt and was essentially filled by a thick Neogene series [30,45,46]. However, the evolution of the Guercif Basin is largely part of the geodynamic framework of the northern Middle Atlas. Indeed, this basin has been the site of a series of deformation events from the Triassic to the present, namely within the framework of different geodynamic scenarios, such as the opening of the central Atlantic Ocean and western Tethys Ocean, and the collision between the African and Eurasian plates [26,47,48,49]. These tectonic events are at the origin of the structural architecture of this basin, well marked by ductile and brittle structures reflecting the successive impact of these different deformations. To understand the influence of the different tectonic structures affecting the region of Goutitir, a structural analysis was carried out in the vicinity of this thermal spring. The performed structural measurements allowed the identification of three tectonic phases, which correspond to the final phases recorded in this sector, namely in the following order:




	(a)

	
A first compressive event generated N080-N130 thrusts (Figure 2A). These often evolved into reverse faults and thrusts associated with south-verging folds (Figure 2B). In this sector, the river Oued El Abd corresponds to a N110–N120, 50° N dip fault corridor. This corridor, materialized by a multitude of overlapping faults, has been identified as a major structure associated with this phase (Figure 3A). The analysis of this corridor near the thermal spring of Goutitir shows that it is marked by a “crushing” zone whose thickness varies between 80 and 100 m, where the Triassic red sediments are mixed with Jurassic carbonates and the yellowish Miocene formations. The entire sequence is folded with southern vergence (Figure 3B); as in the case of the Rif Belt, detachments are often observed occurring at the level of the Triassic red clay formations [50,51]. Furthermore, the presence of an anticlinal structure, oriented N120, in the carbonate formations at the southern front of this thermal spring could also be related to the activity of a thrust associated with this corridor. This phase would also be responsible for the appearance of sinistral faults oriented N025–N060 and their dextral conjugates, oriented N130–150 (Figure 2C). These strike-slips form a fault network that would correspond to the northern extensions of the Southern Middle Atlas Fault (SMAF) (Figure 1). In Jurassic carbonate deposits, rectilinear calcium-filled tension cracks and stylolitic joints are also associated with this phase (Figure 3C). Indeed, these two structures would generate a N–S-oriented compressive setting related to Alpine deformation. The structures generated by this are also identified in this sector by [52]. According to these authors, it would correspond to the last P2/3 and P’2 episodes generated by the progressive and continuous deformation in this sector, during the Miocene. These structures are also found in the Eastern Meseta and are compatible with the major phase of the post-nappe Alpine Orogeny formed by the N–S collision between the African and Eurasian plates [48,49,51,53,54];




	(b)

	
The second phase of deformation is extensive, showing a direction from NW–SE to N–S. It results, in the thermal region of Goutitir, from the activation of two families of normal faults with directions N030–N060 and N080–N120 (Figure 2E,F). The interplay of these two conjugated faults forms horst and graben structures, clearly visible in the Jurassic and Miocene formations (Figure 3D). Indeed, this phase would correspond to a reversal of the previous major phase. This inversion is materialized at the level of certain fault mirrors by the superposition of the streaks of this latter phase. This distensive phase would be similar to those defined in the Goutitir sector [28]. It would have been active from the Tortonian to the Messinian, and would be responsible for the birth and filling of post-nappe sedimentary basin, as is the case in the Goutitir sector [45,46,52];




	(c)

	
The third deformation phase corresponds to a new NW–SE direction compressive phase. It is manifested by the appearance of two networks of conjugate faults. The first, N160–N005, shows sinistral movement, whereas the other, displaying N080–N130 faults, has a dextral movement (Figure 2F).









In general, the architecture generated by the succession of phases highlighted in the Goutitir sector allows us to conclude the following:




	(a)

	
NE–SW direction accidents are the most frequent. The geophysical data [17] attest that these would correspond to the continuities, towards the NE, of the major structures of the Middle Atlas under the Neogene basin of Guercif (Figure 1). The NE–SW accidents observed at Goutitir correspond above all to the continuity of the structures generated by the Central Middle Atlas fault (CMAF) and SMAF (Figure 1). Geological and geophysical data consider these structures as crustal accidents with hybrid sets (shear + extension), deeply rooted in the crust. These accidents controlled, initially, the horst and graben configuration as well as the subsidence of the Neogene Guercif Basin, and then the establishment of Eocene and Mio-Plio-Quaternary volcanism [17,20,45,46,52,55,56];




	(b)

	
E–W faults are also abundant, especially in the eastern part of the Guercif Basin. They constitute tectonic structures most often corresponding to large shear and thrust zones that affected the foremost Rif Belt, in particular the Guercif Basin [26,45]. Indeed, it is a system of accidents frequently marked by injections of Triassic evaporates, which can sometimes evolve into anticlinal structures caused by salt domes. This case was described near the thermal spring of Goutitir. The rise of Triassic salt deposits through the Mesocenozoic sequences leads to the conclusion that the rooting of these accidents is also very deep. According to the estimate made by gravimetric and aeromagnetic methods, these faults could reach depths of up to 3.5 km [17]. These depths would exceed the upper limits estimated, in this basin, for the Paleozoic basement [46]. Thus, these faults would also be structures anchored in the Paleozoic basement, reactivated during the late Alpine phases;




	(c)

	
N–S structures are rare in the Goutitir area. They are localized, appearing only in the eastern part, near Wadi Abd. Geophysical data confirm that these faults are interpreted as superficial accidents that do not reach the Paleozoic basement [17,55]. They would probably be generated during the Alpine orogeny by the convergence of the African and Eurasian lithospheric plates [49].










4.3. Physico-Chemical Composition


The physico-chemical composition of the Goutitir water sampled in 2019 is very similar to the compositions reported by [5,14,15,16] (Table 1). Over 20 years the temperature, mineralization, and composition have limited variation. Indeed, the emergence temperature varies from 42.5 to 44.5 °C, and the pH varies between 6.2 and 7.3, with an average of 6.7, attesting to the slightly acidic to neutral nature of this water. The Total Dissolved Solids (TDS) and Electric Conductivity (EC) vary from 8.79 to 10.48 g/L (Figure 4) and 13.78 to 15.58 mS/cm, respectively, indicating very high salinity. The composition of the major dissolved species plotted on the Durov diagram [57] attests to their sodium-chloride hydrochemical facies (Figure 4), despite the high sulphate and calcium concentrations. The sodium and chloride concentrations varied from 2100 to 2582 mg/L and from 3600 to 4375 mg/L, respectively. While the dissolved sulphate and calcium have values between 1970 and 2500 mg/L, and 691 and 950 mg/L, respectively. The bicarbonate content does not exceed 250 mg/L.



The variation in the chemical composition of these waters can be depicted in the Schöeller–Berkaloff diagram (Figure 5), where these waters display great similarity, despite the variability of the Mg2+ and HCO3− concentration. These patterns are characterized by high contents of Cl− and Na+, confirming the hydrochemical facies of Na-Cl type, as well as Ca-SO42−.



Considering the high degree of mineralization and the chemical composition of the Goutitir, we can advance the hypothesis that these waters circulate in aquifers very rich in halite and gypsum, probably within the salt from Triassic evaporitic formations in the area (Figure 2). Furthermore, these waters are characterized by moderately high levels of Ca2+, Mg2+, and HCO3−, attesting that during their circulation at depth and their transfer to the surface, these waters have interacted with carbonate rocks, namely Jurassic carbonate (limestone and dolomite), or Ca-rich basic magmatic rocks (with plagioclase and/or clinopyroxene). These waters also contain relatively high K+ concentrations (26–42.1 mg/L) compared to other thermal waters of eastern Morocco, where K+ values rarely exceed 13 mg/L [5,14]. This value for the thermal waters of Goutitir probably implies the interaction of these waters with silicate minerals that can provide this element, such as biotite or K-feldspar. In this region, in addition to the Paleozoic basement intruded by granitoids ~10 km from Goutitir, a swarm of lamprophyric veins outcrop in the vicinity of this source. Both biotite and K-feldspar are part of the primary mineral assemblage of these veins [42]. Near this source, these veins become friable and altered, revealing a centimetric biotite of probable hydrothermal origin. However, this element may also be derived from sylvite, which is absent in the Triassic formations of the Atlas domain [58], but detected in the fluid inclusions of the fluorite ores of Tirremi located 10 km north of the Gouttitir thermal spring [59].



The high levels of Sr (17 mg/L) and Br (2.80 mg/L) would probably be linked to the interaction of these waters with the evaporitic formations of the Triassic and carbonated formations of the Jurassic. These deposits, which outcrop in this sector, would be able to supply Br from bromite, which is often present in evaporitic deposits, and Sr via strontianite from carbonate deposits [13], or from the plagioclases of the magmatic rocks present in this region [42]. The equally high contents of SiO2 (32 to 35 mg/L) would be related to the interaction of these waters with the crystalline basement of the eastern Meseta composed of schisto-greseous rocks and felsitic granitoids of Hercynian age.



Geothermal waters that emerge at the surface with minimal contamination by groundwater or volcanic water are considered by Giggenbach (1988) as mature waters (Figure 6). These waters are generally in equilibrium with the reservoir rocks of which they carry the chemical signature and have a chloride concentration higher than that of bicarbonate and sulfate, differentiating them from immature waters largely influenced by cold surface waters. On the Cl−-SO42−-HCO3− ternary diagram [12], which differentiates the mixing process between deep mature thermomineral waters and cold surface waters, the waters of Goutitir show an enrichment in SO4 placing them in the domain of waters that have evolved in hydro-volcanic systems (Figure 6). However, based on the geological context of Goutitir, the SO4 enrichment could originate during the upward transfer of these waters to the surface, as is the case in the thermal springs of central [60] and eastern Turkey [61], which would be from the following:




	(i)

	
The oxidation of H2S derived from cooling magma in Quaternary volcanoes located near this spring. They would thus be the origin of SO4 ions by the reaction H2S + 4H2O → SO42− + 10H+; the deep circulation of these fluids through the volcanic rocks are probably the sources of the lamoprophyric veins that outcrop in abundance in this region. The circulation and transfer of these waters to the surface would probably have followed the same tectonic discontinuities that favored the establishment of the lamprophyre swarm. This would certainly have allowed these waters to remain in contact with these rocks for a long period;




	(ii)

	
The reactions of these waters with the sulphide mineralizations present in the basement of this basin [59], allowing their dissolution. These reactions would provide SO4 as, for example, the oxidation of pyrite, according to the reaction 2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO42− +4H+;




	(iii)

	
The interaction of these waters with the gypsum-rich Triassic evaporitic clay and Miocene marl formations.









The elements in minor concentrations can constitute very good markers to retrace the history of the thermal waters. They make it possible to identify the different interaction processes between these waters and the different rocks of the reservoirs crossed. Only the trace elements carried out in this work have been treated (Table 2).



The elements in minor concentrations in the Goutitir thermal water are represented in the form of patterns normalized to the chondrites [62] in the logarithmic diagram (Figure 7A). The elements Li, Rb, Cs, Ba, and U show contents of 579 µg/L, 152 µg/L, 66.5 µg/L, 35 µg/L, and 0.547 µg/L, respectively (Table 2). These values are marked for Li, Rb, Cs, and U by the positive anomalies observed (Figure 7A), implying the circulation of these waters through the crystalline basement (magmatic and metamorphic rocks). Indeed, these elements may originate from the dissolution of silicate minerals (K-feldspar and mica) composing the felsic igneous rocks [13,63].



The high levels of F (2600 µg/L) and moderate levels of Fe (100 µg/L), Ba (35 µg/L), Zn (46.5 µg/L), Cu (19.8 µg/L), Pb (1.1 µg/L), and W (1.61 µg/L) can be linked to the interaction of these waters with the mineral deposits present in this area. In fact, the Jurassic and Paleozoic basement abound in mineral occurrences spread over an area of 900 km2, including the entire Goutitir sector [59]. On the spider diagrams, the positive anomaly displayed by Pb would be related to the interaction of these waters with sulfides (Galena PbS) mined in Jurassic limestones with barite, fluorite, Cu, and Fe-Mn oxide sulfides associated with silica and calcite veins in the Jbel Tirremi mine, located ~10 km NE of this source [22,59]. In addition, the origin of Ba may also come from K-feldspars in magmatic rocks of the Paleozoic basement hosting granites and probably syenites present as xenoliths in the lamprophyres. This implies that these waters must also have circulated through the same pathways as the mineralizing fluids.



The concentrations of transition elements, notably Cr (5 µg/L), Ni (3.1 µg/L), and Sc (10 µg/L), are probably related to the interaction of these waters with basic and ultrabasic rocks. In fact, these rocks are susceptible to provide these elements during the interaction of these waters with the minerals carrying these elements such as spinels, clinopyroxenes, and to a lesser degree, amphiboles [64,65,66]. In lamprophyre dykes and sills, gabbro and pyroxenite xenoliths have been described [42], providing evidence for the existence of basic and ultrabasic garnet deposits at depth in the basement of the Neogene Guercif basin.



Moreover, the high Sr, marked in these patterns by a positive anomaly, would be related to the interaction of these waters with the plagioclases of the magmatic rocks of the basement and the calcite of the overlying Jurassic carbonate formations.



In the diagram (Figure 7B), the patterns of the thermal waters of Goutitir are compared with other thermal springs rising in the different structural areas of Morocco: with those of Oulmès, which springs in the Paleozoic granites of the western meseta; and those of Ain Alah, which rises in the Miocene marls of the South Rifain Sillon, and whose waters are pumped directly from the Liassic reservoir. The pattern of Goutitir is slightly less enriched and shows a parallelism with that of Oulmes compared to that of Ain Alah. The similar anomalies between these two patterns, notably those of Rb and Cs, attest once again that the waters of Goutitir have circulated in the Paleozoic basement. However, their enrichment in Ni, Cu, and Pb would be, respectively, related to the circulation of these waters within the basic and ultrabasic rocks and within the mineralized deposits characterizing the basement of this region. This comparison indicates the circulation of these waters in the basement such as Oulmes, with additional arguments which attest to their circulation in magmatic rocks.




4.4. Affinity between Water and Reservoir Rock Compositions


The affinity of mineralized waters with the reservoir lithology can be highlighted using the D’Amore approach [34]. Applied to the Goutitir thermal water samples, this approach shows that the patterns of these thermal waters show a pattern comparable to the standard pattern of type (2) of [34], which characterizes sodium and potassium chlorinated waters. This type of pattern also characterizes thermal waters that have deep circulation through mafic volcanic rocks. The variations observed in parameters A (Equation (1)) and F (Equation (6)) (Figure 8) show a slight decrease compared to the reference value (A and F ≈ 0). These slight variations can be explained by the circulation of these waters through evaporitic formations of the Triassic and Miocene, reflected by an increase in the contents of Na+ and SO42−. Moreover, this result seems more plausible if one also considers the large magmatic outcrops in the region, namely Eocene alkaline lamprophyric veins and Quaternary calc-alkaline and alkaline magmatism. Many xenoliths of alkaline pyroxenites, gabbros, nepheline syenites, and calcic carbonatites have been described in lamprophyric veins [42]. These granular xenoliths confirm the existence at the depth of mafic to ultramafic batholiths. This corroborates the deep circulation of Goutitir waters within the basic and ultrabasic magmatic formations. As previously referred to, the interaction of the Goutitir thermo-mineral waters with these rocks is also suggested by their trace element content. However, the reference pattern indicates that these waters indeed circulated in mafic rocks of an ophiolitic nature. Nevertheless, the existence of mafic igneous rocks of ophiolitic nature in eastern Morocco is still debatable.




4.5. Aqueous Geothermometry


The temperature of the geothermal reservoir can be estimated by different geothermometric methods. During its transfer to the surface, the thermal water can undergo mixing with colder waters, generally accompanied by a decrease in temperature and a change in mineralization. This generally obliterates their geochemical history and complicates the use of chemical geothermometers, leading either to a temperature overestimation or underestimation. Geothermometers assume that there is no significant chemical change in the water during its ascent [67]. However, thermal waters, such as those from Goutitir, are likely to preserve their geochemical signatures from the reservoirs they crossed during their transfer to the surface [12]. Five aqueous geothermometers, based on the concentrations of the major dissolved species (Na-K, Na-K-Ca, N-K-Mg, Na-Li, and SiO2) were chosen to estimate the equilibrium temperatures of these waters in the reservoir. The application of the different geothermometers for these waters provides estimated temperatures varying between 87 °C and 124 °C (Table 3). These values, significantly higher than the measured temperatures, imply a temperature dissipation of 41.5–79.5 °C during the water flow, from the reservoir to the surface. This dissipation could be due either to thermal diffusion along the faults used by these waters to ascend to the surface, or mixing with water from the overlying aquifers.



In the triangular diagram K-Na-Mg1/2 of [38] (Figure 9), the thermal waters of Goutitir do not show any influence of dilution by colder waters, but they are near the Mg pole. This could be explained by their interaction with dolomitic limestones within liasic reservoirs rich in this element or from ferromagnesian minerals of basic and ultrabasic magmatic rocks of the basement. In addition, the position of the waters in Figure 9 is consistent with equilibrium temperature estimates of 90–110 °C, which is quite similar to the obtained results using the above aqueous geothermometers.



In order to confirm the reservoir temperature estimated by the previous methods, an approach of multi-component geothermometry [36], based on the thermodynamic equilibrium of the water related to the most likely solid phases in the reservoir, was used. The equilibrium was calculated through the saturation indexes (SI) of water for the temperature range of 30–210 °C while adopting a mineralogy based on the geological context of the basement and its cover (Figure 10).



This mineralogical assemblage shows that the waters of Goutitir have, during their transfer to the surface, been equilibrated in geothermal reservoirs of different lithological nature. It is initially a metaluminous reservoir composed by metamorphic rocks from pelitic origin. This reservoir would be, respectively, at the origin of gibbsite, muscovite and kaolinite at temperatures between 100 and 115 °C. These waters will then begin their re-equilibration within the same reservoir replete with basic and ultrabasic magmatic rocks (gabbro, syenite, and pyroxenites) at the origin of chromite from gabbros and pyroxenites as well as clay minerals from metaluminous metamorphic rocks (gneiss, micaschist, etc.) and feldspars from syenites at temperatures around 95 °C. These waters will then migrate to the overlying Liassic reservoir intruded by alkaline lamprophyres (microsyenitic). where they will undergo their final re-equilibration before their transfer to the surface. In this reservoir, the re-equilibration would involve carbonate minerals (aragonite, calcite, and dolomite) from the liasic dolomitic limestones and potassium feldspars originating from the microsyenitic lamprophyres at temperatures around 75 °C. These minerals attest that the circulation of these waters occurred in the basement within the basic and ultrabasic magmatic rocks, in the crystallophyll basement, and in the overlying carbonate and evaporitic clay formations.



Considering the estimated geothermometric temperatures (80–110 °C) for the Goutitir water reservoir, the air temperature in the recharge area of about 20 °C, and the geothermal gradient established for this region, which is ~35 °C/km [3,9], the Goutitir water reservoir can be located at depths between 2 and 3.5 km. Indeed, these depths would correspond, according to the drilling data (TAF1X) and the seismic data established in the vicinity of the thermal spring of Goutitir in the Neogene basin of Guercif [46,56], to the deepest Paleozoic crystalline basement reservoirs, located at ~3.5 km, and to the overlying Triassic evaporite and Jurassic carbonate reservoirs, located at a depth of ~2 km.



The geochemical signature of these waters implies their interaction with these various reservoirs during their circulation at depth within a basement where granitic magmatic rocks dominated at this locality by basic and ultrabasic magmatic rocks are emplaced, as well as their interaction with the waters of the overlying evaporitic and carbonated reservoirs.




4.6. Oxygen and Deuterium Isotopes


Stable isotopes (oxygen δ18O and deuterium, δ2H) are widely used as effective tracers to determine the origins, water–rock interactions, and recharge zones of thermomineral waters. The δ18O and δ2H values for the thermomineral waters sampled in this study are shown in Table 1 and are between −8.7 to −8.35‰ (V-SMOW) for δ18O and −58.6 to −54.3‰ (V-SMOW) for δ2H, respectively. As can be seen on the δ18O vs. δ2H diagram (Figure 11A), these values are aligned with the Global Meteoric Water Line (GMWL, δ2H = 8δ18O + 10; [74]), as well as the line that represents the local meteoric precipitation of Morocco (MMWL, δ2H = 8δ18O + 14; [75,76,77]). Thus, these isotopic signatures testify to the meteoric origin of the studied waters. Moreover, their positioning between the GMWL and MMWL suggests that these waters were not subjected to significant surface evaporation. The water–rock interaction, also, did not strongly modify the O isotopic composition (Figure 11A), since the positive shift of the δ18O (considering the MMWL) is only of 0.30‰ (G-2), 0.11‰ (G-3), and 0.46‰ (G-5).



Since the isotopic composition of these waters was not strongly modified, it is possible to use the isotopic data to estimate recharge altitudes, which is applicable only for recent waters (Holocene recharge) that have not undergone a paleoclimatic effect.



Since the δ18O isotopic values in the Goutitir vary between −8.7 and −8.35‰, it is suggested that the recharge zone is characterized by a very cold climate where evaporation processes are very limited. According to [78], the δ18O isotopic depletion gradient for the Rif and the Middle Atlas groundwater is about ~0.25‰ per 100 m ASL. Using the isotope data obtained by these authors for the water from wells in the Rift and Middle Atlas regions (Figure 11B), the recharge zone of Goutitir waters would be located at an altitude between 1890 and 2008 m ASL if we consider the δ18O water content or 1820 and 1920 m ASL if we use the δ2H values (Figure 11C).



These altitudes can be observed southeast of the thermal spring of Goutitir, namely in the Middle Atlas belt, where mountainous ridges well above 2000 m are common (Tichoukt, Bou Iblane, Bounacer, etc.). This suggests that the recharge areas of these waters would be located southwest of Goutitir in the mountainous reliefs of the anticlinal ridges shaped by the major accidents traversing the Middle Atlas. Geophysical studies [17,45,46,56] show that SMAF extends towards the northeast under the Neogene cover of the Guercif basin as a NE–SW fault network reaching the Goutitir region (Figure 1). Thus, this lithospheric accident would have facilitated the infiltration and circulation of meteoric waters to depth. It would also have served as a lateral conduit for these waters from the southwest high altitudes of the Middle Atlas to the northeast in the Goutitir area.



The total dissolved carbon in waters can have both an organic and inorganic origin. When associated with the dissolution of organic matter, it has average of δ13C values between −26 and −20‰ vs. V-PDB [79]. Carbon of inorganic origin can result from the following: (i) the dissolution of carbonate rocks, or from thermometamorphic reactions, presenting δ13C values of 0 ± 2‰; (ii) a mantle origin, or from the degassing of magmas, with δ13C values ranging between −3 and −5‰ in the most primitive fluids [80]. According to [78], the Goutitir water contents of δ13C are −5.1‰, and this value allows the estimation that 60% of the dissolved C comes from the dissolution of carbonate rocks (or from thermometamorphic reactions), falling into the field defined by [78] as representative of carbonate dissolved waters of the Lias in Morocco (with a total dissolved inorganic carbon lower than 500 mg/L). This value (δ13C = −5.1‰) is close to that of magma degassing (δ13C between −3 and −5‰), also suggesting the provenance of carbon from degassing in primitive fluids associated with Quaternary volcanism represented by many of the edifices that outcrop in this region.



The apparent age of this water, based on the 14C content (5.7 ± 0.5 pCm) [78], is estimated between 9000 and 14,500 yBP. Since the δ18O composition does not seem to reflect a long water–rock interaction, it is possible that this water contacts and dissolves other rocks in depth, where the oxygen content is not significant or the dissolution temperature is not very high.




4.7. Hydrogeological Conceptual Model


The thermal spring of Goutitir is located within the Neogene formations of the Guercif Basin. The structural architecture of this basin was shaped by the Alpine Orogeny, which allowed the reactivation of the NE–SW, E–W, and N–S fault structures. The dominance of NE–SW structures in this sector probably played a major role in the establishment of the thermal discharge in this thermal spring. Indeed, this resurgence is located at the intersection of two important NE–SW and E–W faults. The E–W thrusts are composed of layers of low-permeability Triassic clayey formations, implying that these thrusts correspond to detachments occurring at the level of the Triassic formations, as is the case in the Rif Belt [50,51].



In addition, the isotopic results confirm that the water discharged by this spring has a meteoric origin, and was probably recharged at an altitude around 2000 m. These altitudes are absent in the Rif mountains and the Middle Atlas located northeast of the Guercif Basin (Figure 1). On the other hand, they can be found in the Middle Atlas located southwest of this basin, being connected by large-scale NE–SW lithospheric accidents, such as the SMAF and CMAF that intersect the entire Middle Atlas. The shaping of this sector by these structures would have played a role not only in the establishment of the abundant volcanic activity known in this sector but also in the hydrothermal activity manifested by the Goutitir thermal spring. These faults represent areas of weakness that contributed to an increase in permeability and fracture/pore connectivity in the rocks, facilitating the infiltration and circulation of groundwater at different depths while forming a preferential pathway between the different reservoirs. Since the recharge altitudes are located in the southeast, this NE–SW fault network would facilitate the infiltration and drainage of these fluids towards the Guercif Basin under the Neogene cover, as highlighted by the geophysical data [17,46,56]. In Goutitir, intersection with the E–W thrusts would provide upwelling of these fluids by the low permeability Triassic argillaceous detachment formations inserted in this thrust. Indeed, the significant frequency of major NE–SW and E–W accidents and their relationship in the field with the thermal waters of Goutitir would argue in favor of an established genetic relationship between this source and these structures. The genetic relationship with these two structures, as well as the geometry of the faults at the outcrop, would be connected to a network of very deep faults likely to shape preferential and natural conduits which would facilitate the circulation of hydrothermal fluids at depth and their transfer to the surface. These structures controlled the evolution of the geothermal system in the Guercif Basin and were inherited from ancient variscan structures, which were most likely reactivated as a consequence of the N–S compression associated with the Africa–Europe convergence during the Alpine Orogeny.



The particular geochemical signature of the waters of Goutitir, whose temporal variations are very limited, has remained constant over a period of 19 years. The chemical composition of these waters attests that they probably began their circulation at an estimated depth of 3.5 km within the crystalline basement through basic and ultrabasic plutonic rocks, which constitute the basement of the Guercif Basin. The signature of these rocks on the geochemistry of Goutitir thermomineral waters is reflected on the multi-element diagram comparing the pattern of the trace element contents of the thermal waters with the gabbroic xenoliths inserted in the lamprophyres. These patterns display identical anomalies and almost perfect parallelism, confirming that these thermal waters indeed reacted with these rocks at depth (Figure 7C). The circulation of these waters at this depth would have allowed them to reach a water/rock equilibrium visible in their final geochemical signature. The transfer of these waters to the surface implied the intersection of the overlying Triassic and Jurassic reservoirs, at an estimated depth of 2 km, where some dissolution of Triassic evaporites and Jurassic dolomitized limestones probably occurred. These waters also show small contents of metallic elements, probably reflecting an interaction with known metal deposits in the region. The preponderant geochemical signature of these waters reflects equilibrium with basic and ultrabasic rocks of an ophiolitic nature. Apart from the outcrops of lamprophyres and alkaline basalts in this sector, those of an ophiolitic nature are absent. However, layers of mafic to ultramafic rocks have been described as ophiolites and dated to 190 Ma at the junction between the Mesorif and the Prerif belts along a mesorifan suture [81,82]. These lithologies outcrop 100 km west of the study area. The extension of these rocks to the east as outcrops is unknown, but different types of mantellic and gabbroic xenoliths have been found in lamprophyres, testifying to the existence of these lithologies at depth. This is consistent with the fact that the Guercif Basin constitutes the extension towards the east of the referred-to mesorifan suture, related to the opening of the central Atlantic Ocean (and probably the Maghrebi Tethys; [48,83]. Moreover, the existence at depth of basic and ultrabasic rocks could be related to this oceanic opening, namely by the exhumation along normal faults of CAMP gabbroic plutons, as well as the final exhumation of the mantle during the Upper Jurassic [47]. As the geochemical signature of these waters implies interaction with basic and ultrabasic rocks placed below the Guercif Basin, they can either have interacted with ophiolites, reflected by the pattern of these waters compared to that of [34] (Figure 8), or with CAMP-affiliated basic and ultrabasic rocks. These hypotheses can only be verified when geophysical data and/or core drilling become available.





5. Conclusions


The Guercif Basin is a geothermal site that offers significant evidence of volcanic-geothermal activity at a surface or near-surface level, whether regarding magmatic (Plio-Quaternary basaltic and trachy-andesitic flows) or hydrothermal (Goutitir thermal spring) activity. The geological, structural, and hydrogeochemical study of the waters of the thermal spring of Goutitir allowed us to better understand the hydrogeological mechanisms at the origin of this source, as well as the processes of water–rock interactions occurring at different levels within the several intersected reservoirs. It was possible to conclude the following:




	-

	
The isotopic results reveal that these waters are of meteoric origin and that their recharge zones are estimated at altitudes around 2000 m. These altitudes can only be found SW of the Goutitir thermal spring in the Middle Atlas;




	-

	
Water–rock interactions must have taken place along the pathways between the recharge zones in the Middle Atlas and the Guercif Basin through large-scale lithospheric faults such as SMAF and CMAF;




	-

	
The groundwater circulation of this hydrothermal system was estimated at a depth of 3.5 km and characterized by water–rock interactions with mafic and mantle igneous rocks present in the basement of the Neogene Guercif Basin;




	-

	
The estimated depth is significantly deeper than the Mesozoic reservoir, located at an estimated maximum depth of 2 km, which is often considered the main reservoir in the Atlas domain [14,15,16,84,85,86]. These novel results are in agreement with those mentioned for the thermal springs located on the South Rif Thrust [6,7,8];




	-

	
Structural analysis confirms a close relationship between the thermal waters of Goutitir and the intersection between the NE–SW fault network and E–W thrusts, emphasizing on the one hand the relevance of the NE–SW faults as preferential routes for groundwater circulation, and on the other hand the importance of the E–W thrusts to provide ascent structures for the thermo-mineral waters towards the surface (Figure 12).
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Figure 2. Simplified geological map of the Goutitir thermal spring zone. The stereograms (A–F) represent the different tectonic structures affecting this region. 
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Figure 3. (A) Structures associated with the E–W thrust at Wadi El Abd, in the vicinity of the thermal spring of Goutitir; (B) folds associated with this overlap; (C) stylolites outcropping in limestones associated with the compression phase; (D) horst and graben structure. The arrows show the movement of the faults. 
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Figure 4. Durov diagram applied to the thermal waters of Goutitir, reported for a different date and from different authors (G1-[14]; G2-[15]; G3-[5]; G4-[16]; G5-this work, 2019). 
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Figure 5. Schöeller–Berkaloff diagram applied to the thermal waters of Goutitir, reported for a different date and from different authors ([5,14,15,16] (symbols as in Figure 4)). 
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Figure 6. Triangular Cl−–SO42−–HCO3− diagram of [12] applied to the thermal waters of Goutitir, reported for a different date and from different authors ([5,14,15,16]; this work, 2019), (symbols as in Figure 4). 
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Figure 7. Chondrite-normalized trace elements patterns for the Goutitir thermal waters (A); Goutitir, Oulmès, Ain Alah thermal waters (B); and Goutitir thermal waters and Gabbro (C). 
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Figure 8. Application of the IIRG method [34] to the thermal waters of Goutitir; (symbols as in Figure 4 and the reference pattern is black). 
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Figure 9. Na-K-Mg1/2 diagram applied to the thermomineral waters of Goutitir (after [38]). Symbols as in Figure 4, red dash line indicate the equilibrium temperature. 
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Figure 10. Saturation indexes (in log(Q/K)) of the thermal water Goutitir in different minerals and temperatures. 
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Figure 11. Diagrams (A) δ18O vs. δ2H for the samples of the waters collected in the northeast of Morocco. GMWL—Global Meteoric Water Line; MMWL—Moroccan Meteoric Water Line, (B) altitude vs. δ18O and (C) altitude vs. δ2H for Goutitir thermal waters. (Symbols as in Figure 4). 
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Figure 12. Schematic structural map of the north of Morocco, showing the zones of probable recharge (blue zones) and paths of the groundwater flow (blue arrows) of the studied thermomineral water of the Goutitir, as well as a schematic cross section (A-B) showing the lithological background along with the recharge path of the spring water. 
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Table 1. Physico-chemical results of the thermal waters of Goutitir along 19 years.
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Sample ID

	
References

	
Temperature

	
pH

	
Total Dissolved Solids

	
Electric Conductivity

	
Ca2+

	
Mg2+

	
Na+

	
K+

	
HCO3−

	
SO42−

	
Cl−

	
SiO2

	
Sr

	
δ18O

	
δ2H




	

	

	
°C

	

	
g/L

	
mS/cm

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
(mg/L)

	
(mg/L)

	
(‰)

	
(‰)






	
G-1

	
[14]

	
44

	
6.7

	
8.79

	
14.80

	
780

	
174

	
2100

	
30

	
250

	
1970

	
3600

	
32

	
14

	

	




	
G-2

	
[15]

	
45

	
7.3

	
9.77

	
13.78

	
870

	
203

	
2122

	
27

	
244

	
2160

	
3994

	

	

	
−8.7

	
−58.6




	
G-3

	
[5]

	
43.2

	
6.6

	
10.48

	
14.99

	
950

	
280

	
2130

	
26

	
204

	
2500

	
4375

	

	

	
−8.4

	
−54.3




	
G-4

	
[16]

	
42.4

	
6.6

	
10.12

	
15.58

	
865

	
246

	
2562

	
33

	
192.2

	
2108

	
4116

	

	

	

	




	
G-5

	
This work

	
44.5

	
6.2

	
9.5

	
14.54

	
691

	
150

	
2380

	
42

	
149

	
2000

	
4100

	
35

	
17

	
−8.3

	
−56.5











[image: Table] 





Table 2. Minor and trace elements dissolved in the thermal waters of (This work 2019), Oulmès and Ain Allah [14].
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	Goutitir (G5)
	Oulmès
	Ain Allah





	
	Reference
	This work
	[14]
	[14]



	Li
	(µg/L)
	579
	4900
	12



	Br
	(µg/L)
	2800
	1800
	6000



	Be
	(µg/L)
	1
	100
	0.1



	F
	(µg/L)
	2600
	1200
	0.1



	Sc
	(µg/L)
	10
	-
	-



	Ti
	(µg/L)
	1
	-
	-



	V
	(µg/L)
	1
	-
	-



	Mn
	(µg/L)
	3.6
	1280
	2



	Cr
	(µg/L)
	5
	-
	-



	Co
	(µg/L)
	0.074
	0.1
	0.1



	Ni
	(µg/L)
	3.1
	1
	1



	Cu
	(µg/L)
	19.8
	0.3
	0.4



	Zn
	(µg/L)
	46.5
	17
	190



	Ga
	(µg/L)
	0.1
	-
	-



	Rb
	(µg/L)
	152
	310
	16



	Y
	(µg/L)
	0.088
	-
	-



	Nb
	(µg/L)
	0.05
	-
	-



	Mo
	(µg/L)
	4.7
	-
	-



	Cd
	(µg/L)
	0.1
	0.1
	0.1



	Sb
	(µg/L)
	0.24
	-
	-



	Cs
	(µg/L)
	66.5
	200
	4



	Ba
	(µg/L)
	35
	380
	21



	W
	(µg/L)
	1.61
	-
	-



	Tl
	(µg/L)
	1.36
	-
	-



	Pb
	(µg/L)
	1.09
	0.1
	0.1



	Bi
	(µg/L)
	3
	-
	-



	Th
	(µg/L)
	0.055
	-
	-



	U
	(µg/L)
	0.574
	-
	-



	In
	(µg/L)
	0.01
	-
	-



	Zr
	(µg/L)
	0.1
	-
	-



	Hf
	(µg/L)
	0.01
	-
	-



	Al
	(µg/L)
	31
	50
	30



	Fe
	(µg/L)
	100
	16,000
	47
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Table 3. Deep reservoir temperatures estimated by aqueous geothermometers (°C).
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	T (°C)
	Geothermometer





	103
	Na-K geothermometer [68]



	124
	Na-K geothermometer [38]



	94
	Na-K geothermometer [69]



	110
	Na-K geothermometer [70]



	114
	Na-K-Ca geothermometer [71]



	99
	Na-K-Mg geothermometer [72]



	89
	Na-Li geothermometer [73]



	124
	Na-Li geothermometer [70]



	86
	SiO2 geothermometer [68]



	87
	SiO2 geothermometer [70]
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