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Abstract 

 

The rising global demand for critical minerals requires the exploration of new deposits and the implementation of sustainable extraction 

technologies. Geothermal systems provide a dual opportunity: they serve as a renewable energy source and mobilize economically valuable 

chemical elements, including rare earth elements (REEs). This study focuses on the potential of REEs as a by-product of geothermal energy 

production in the Nevado del Ruiz Volcanic Complex (CVNR), a region with significant geothermal potential, where the first high enthalpy 

volcano-related geothermal project is being developed: the Nereidas Valley Project. Two approaches are proposed: (1) the natural availability 

of hydroxyapatite, or any other mineral, enriched with REEs and (2) an optimized system to concentrate REEs and synthesize hydroxyapatite 

sustainably, incorporated into a geothermal cascade model. The study integrated Saturation Indices (SI) calculations from PHREEQC with 

detailed field sample analyses of thermal waters, rocks, and geothermal precipitates to assess the potential for REE precipitation and 

mineralogical associations. The methodology involved a combination of X-ray Diffraction (XRD), X-ray Fluorescence (XRF), and Raman 

Spectroscopy to characterize the mineralogical and geochemical composition of geothermal precipitates. The results identified key mineral 

phases in the system, including calcite, dolomite, quartz, cristobalite, and anatase, and a significant presence of yttrium-rich gypsum. XRF 

analysis further confirmed that gypsum, particularly in samples from Aguas Calientes and Botero Londoño, showed detectable concentrations 

of REEs, suggesting its role as a potential concentrator of these elements. Geochemical modeling using PHREEQC indicated that 

hydroxyapatite precipitation is thermodynamically feasible in areas with pH ≥6 and temperatures ≥60°C. However, phosphate availability in 

the system is limited, suggesting that natural precipitation of hydroxyapatite is unlikely under current geochemical conditions. This limitation 

led to the exploration of an alternative system: an engineered approach for REE concentration and hydroxyapatite synthesis, incorporating 

recycled eggshells as a calcium source, promoting circular economy principles. This study highlights the potential of geothermal systems not 

only as energy sources but also as contributors to the sustainable recovery of critical minerals. The findings underscore the feasibility of 

integrating REE recovery into geothermal energy projects, particularly through mineralogical pathways such as gypsum precipitation. These 

insights pave the way for a new paradigm in geothermal energy development, bridging renewable energy production with sustainable mineral 

extraction. 


