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INTRODUCTION 
Critical raw minerals (CRM) are of interest in geothermal systems because certain elements essential for 
modern technologies, most notably lithium (Li) and boron (B), are mobilized and concentrated in geothermal 
fluids and related brines. This creates potential secondary resources that can be recovered alongside 
conventional energy production (IEA, 2024; Dini et al., 2022; Ettehadi et al., 2024; Rosen et al., 2020). 

High-enthalpy geothermal systems are characterized by hot fluids (up to 250°C) and robust fluid flow through 
crystalline to metamorphosed crust, with fluids commonly enriched in CO₂ and dissolved solids. In western 
Anatolia, systems are reported to operate at medium to high enthalpy with alkaline-bicarbonate waters and 
substantial CO₂ contents. This indicates extensive fluid-rock interaction and mixing among deep-sourced 
hydrothermal fluids, meteoric input, and crustal CO₂ (Friðleifsson et al., 2020; Serpen et al., 2009). 
Metamorphosed flysch has been shown to host minerals and trace-element assemblages that (a) are inherently 
enriched in certain CRM candidates or (b) become mobilizable under high-temperature, high-salinity 
hydrothermal conditions (Konrad‐Schmolke and Halama, 2014). 

The present study evaluates the evidence-based explanation for why waters originating from metamorphosed 
flysch-associated, high-enthalpy geothermal systems can carry elevated contents of critical raw materials 
(CRMs) in the Seferihisar geothermal region, western Anatolia. 

METHODS & RESULTS  

Samples of chips were obtained from a production well located in a local expansion zone, exhibiting 
metamorphosed flysch reservoir rock and an outflow temperature of 140°C, extending to a depth of 1,400 meters 
(Figure 1). Whole rock analyses of major and trace elements were performed using X-ray fluorescence (XRF 
spectrometer), and trace elements (especially CRM) were determined by inductively coupled plasma mass 
spectrometry (ICP-MS). Detailed mineral analyses were conducted using X-ray diffraction (XRD). 

The basement in Seferihisar is characterized by the prevalence of the Paleozoic Menderes Massif and the 
Cretaceous Bornova Melange. The Menderes Massif consists of various schists interbedded with marble lenses. 
The Bornova Melange is composed of blocks of limestone, chert, submarine volcanics, and serpentinites 
embedded in a flysch matrix, which consists of alternating sandstone and shale. During the Neogene period, 
sandstone formed within various alluvial fan and lacustrine fan deltaic conglomerates, which are associated 
with extensional tectonic regimes. The extensional tectonics of western Anatolia facilitate the circulation of 
fluids at depth and the transport of fluids from deep volcanic or metasomatic sources to higher levels, controlled 
by faulting. Serpentinite and spilite form a transition zone associated with deep reactive environments. Both 
were formed when ultramafic rocks and basaltic lavas, respectively, reacted with seawater or with hydrothermal 
fluids derived from circulating seawater through hot volcanic rocks. 

In the Seferihisar geothermal field, energy is produced from geothermal wells at depths of 2,200 m and 265 m. 
The temperatures of these wells are 170°C and 140°C, respectively. Comprehensive elemental measurements 
were conducted on collected water samples, revealing concentrations of B (19 ppm), Li (14 ppm), Rb (7.1 ppm), 
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and Cs (2.4 ppm). Additionally, scale samples from the site contained Sr (547 ppm), Pb (233.79 ppm), Zn (392.99 
ppm), Ag (19.77 ppm), Rb (11.19 ppm), and Cs (9.26 ppm). 

 

The 265 m well intersects conglomerate and spilite lithologies, while the 2,200 m well intersects conglomerate, 
spilite, metamorphosed flysch, serpentinite, and schist lithologies. ICP-MS analysis of chip samples from the 
site shows Sr (110 ppm) and Cu (180 ppm) in conglomerate samples. As the investigation progresses, the 
concentrations of Pb (207 ppm), Cs (3.27 ppm), Rb (20.71 ppm), Zn (337 ppm), and As (250 ppm) in 
metamorphosed flysch are of particular interest. Finally, the serpentinite and shale rocks that form the base 
rock contain Ag (58.94 ppm), Ni (1,269 ppm), Co (116 ppm), and Cr (2,618 ppm) (Figure 2). 

 

Figure 1. A) Tectonic map of Türkiye (Okay and Tüysüz, 1999) B) Gradient data interpolation map of 
western Anatolia (IDW: Inverse Weighted Distance) Modified from (Ayzit et al., 2025) C) Conceptual 
model of Seferihisar Geothermal Field. Tmy: Alluvial fan and lacustrine fan deltaic conglomerate, 

sandstone; Kti : Izmir flysch (blocked flysch): Matrix; mudstone, sandstone, limestone, conglomerate & 
spilite; Mm: Menderes massif. Main fault: N05E/81NW, East segment: N15E/87NW 

XRD analyses of the drill core samples, covering depths from the surface to 1400 m, reveal distinct vertical 
mineralogical zonation (Table 1). The near-surface intervals (0–200 m) are characterized by abundant 
carbonates (calcite, dolomite, ankerite, magnesite, siderite) and significant quartz, indicating widespread 
hydrothermal alteration that has overprinted the host lithology. Accessory aluminosilicates (albite, muscovite, 
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biotite, phengite, paragonite) are present in these upper levels, consistent with the stability of low- to medium-
grade phyllosilicates. 

 

Between 200and 800 m, the mineral assemblage is enriched in phyllosilicates (chlorite group, chamosite, 
clinochlore, amesite), along with pyroxenes (enstatite, ferrosilite, augite) and tourmaline-group minerals 
(dravite). The occurrence of sporadic staurolite, axinite, and hiortdahlite in the examined area suggests 
increasing metamorphic and hydrothermal influences at depth. 

Below 800 m, there is a transition in mineralogy toward a greater prevalence of critical raw material (CRM)-
bearing phases, including spodumene (Li source), lithiophorite (Li–Mn hydroxide), birnessite (Mn oxide), and 
villamaninite (Ni–Co sulfide) (Figure 3). Associated phases, such as chalcocite (Cu₂S), tenorite (CuO), wüstite 
(FeO), and ramdohrite (Pb–Ag sulfosalt), indicate sulfide mineralization horizons. Rare but significant 
occurrences of zirconium oxide (ZrO₂) and zippeite (uranium sulfate) have also been documented, especially at 
the deepest intervals (1000–1400 m)).  

 

Figure 2. Litostratigraphic column section and the depth-dependent Sr, Rb and Cs concentrations 

 

DISCUSSION & CONCLUSION  

Spodumene (LiAlSi₂O₆) and lithiophorite, which contain lithium, are direct lithium reservoirs; additionally, alkali 
feldspars, mica, and pegmatitic phases (e.g., altered zones within albite, lepidolite-like phases, or pegmatite 
fragments) are sources of lithium. Spodumene-pegmatites and albite-spodumene systems can be enriched in 
lithium through magmatic-hydrothermal processes (Chen et al., 2022). As large-ion alkali metals, mica 
(muscovite, phengite, biotite, phlogopite) and alkali feldspars/K-feldspar can substitute for each other; 
therefore, the mica/feldspar potential in the rock indicates the Rb-Cs source (Icenhower and London, 1996). 

Li becomes highly mobile, especially in hot, high-Cl aqueous solutions (brineor magmatic-hydrothermal fluids). 
Li–Cl complexes provide transport in the fluid; thus, high temperature and high salinity increase Li mobilization. 
Rb and Cs also migrate in the fluid with temperature, but these elements dissolve primarily from mica and K-
phases (Gourcerol et al., 2024). During smectite/illite conversion, Li (and K, Rb, Cs) can be released into the 
fluid, or under certain conditions, illite can retain Li. However, the literature indicates that hydrolytic illitization 
is a strong Li-trapping mechanism and that Li can become enriched within chlorite, illite, or both. This is a key 
process for both the release and re-trapping of Li in deep, high-temperature hydrothermal zones (Benson et al., 
2023). 
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In closed systems (slow-flowing, high salinity) or evaporative/concentration zones, Li, Rb, and Cs can 
accumulate in the liquid phase. Concurrently, Mn-oxides/hydroxides (e.g., birnessite, lithiophorite) can retain 
elements through precipitationor filtration on their surfaces or in colloids. Consequently, Mn-oxide zones can 
function as a 'sorption' or secondary accumulation surface for both Li and Cs (Gourcerol et al., 2024). 

In conclusion, the study demonstrates that high fluid-phase CRM concentrations indicate deep crustal sourcing 
and efficient mobilization by geothermal circulation. The solid-phase accumulation of CRM in serpentinites, 
spilites, and flysch reservoirs indicates prolonged hydrothermal alteration and metal transport. 

Table 1. XRD analyses of the drill core samples, covering depths from the surface down to 1400 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mineralogical alterations at 200 m (a transition phase of Li transport prior to the precipitation of 
more stable Li silicates), 500 m (transition from deep K-metasomatic alteration to near-surface oxidative 
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precipitation), 700 m (transition formed under moderately high temperature, Na–B–Mn-rich, and oxidizing 
conditions), and 900 m (stage where Li is transported from deep magmatic fluids to surface oxidative and 
organic environments, being retained during this process by Na metasomatism, Fe–Mg alteration, and Mn-
oxide precipitation). The XRD patterns correspond to these stages. 
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