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ABSTRACT 

This study aims to characterize the geochemical composition of low-enthalpy 

thermal waters in Mexico and to evaluate their therapeutic potential and 

sustainable applications, establishing a scientific and territorial framework for 

integrated resource management. Data were compiled from hot springs 

distributed across 21 Mexican states, covering the period from 1975 to 2024. The 

analysis integrates hydrogeochemical databases from academic and governmental 

sources, complemented by technical reports, satellite imagery, and cartographic 

tools (Google Maps and Canvas X GIS 11). A total of 21 thematic maps were 

developed to illustrate the spatial distribution of thermal mineral water types 

(sulfurous, ferruginous, bicarbonate, calcium, and magnesium), temperature 

ranges, functional classifications, and levels of tourism development. 

The results indicate that minerals such as sulfur, iron, calcium, and bicarbonate 

contribute to well-documented therapeutic effects related to dermatological, 

musculoskeletal, digestive, and respiratory treatments. Comparative analysis with 

previous hydrothermal studies confirms Mexico’s exceptional geothermal diversity 

and rich cultural heritage, while also highlighting persistent challenges related to 

conservation, regulation, and sustainable resource management. Overall, this 

research highlights Mexican thermal waters as a valuable natural and cultural 

geothermal heritage and advocates their sustainable use through thermal routes, 

therapeutic centers, and territorial planning strategies that integrate human 

health, environmental conservation, and community participation. The findings 

provide a solid scientific foundation for future geothermal policy development and 

wellness-oriented georesource management. 
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1. Introduction 

Low-enthalpy geothermal systems represent one of the most accessible and sustainable expressions of Earth’s 

internal energy [1-3]. Across Mexico, numerous low-temperature thermal springs emerge from diverse geological 

environments, including volcanic, sedimentary, and tectonic domains [4-6]. These systems provide valuable 

insights into subsurface hydrothermal circulation, water–rock interaction, and geothermal potential, while also 

offering direct applications for balneotherapy and wellness tourism [7-9]. 

Despite their abundance, Mexican low-enthalpy hot springs have not been systematically characterized at a 

national scale, and their geochemical variability, therapeutic potential, and sustainable use remain poorly 

documented [5,6,10]. The study of low-enthalpy geothermal waters contributes not only to the understanding of 

geothermal processes but also to the management of natural resources that integrate geological, hydrological, 

and socio-environmental components [2, 3, 11]. 

These thermal systems are generally formed by the percolation of meteoric waters through faulted and 

fractured rocks, where they undergo heating through conductive and convective processes at shallow crustal 

levels [1, 4, 12]. The chemical composition of thermal waters, typically rich in bicarbonate, chloride, sulfate, and 

minor trace elements, reflects the lithological nature of the aquifers and the depth of circulation [6, 12, 13]. Such 

hydrogeochemical signatures are essential for establishing the origin, classification, and potential uses of 

geothermal fluids [3, 6, 14]. 

In addition to their geological importance, Mexican thermal springs have long been used for therapeutic and 

recreational purposes, forming part of the country’s cultural and historical heritage [15-17]. The traditional use of 

these waters for medical treatment, rehabilitation, and relaxation supports their inclusion in the growing field of 

wellness tourism, which seeks to integrate health, environment, and sustainable development [8, 9, 18]. The 

potential of geothermal waters as natural therapeutic resources is determined by temperature, mineral content, 

and the presence of trace bioactive compounds, which collectively define their balneological classification and 

possible health benefits [7, 9, 19]. 

Recent studies in Europe and Asia have demonstrated that the valorization of low-enthalpy geothermal 

systems can promote regional economic diversification, sustainable tourism, and environmental conservation [8, 

18, 20]. However, in Mexico, most research has focused on high-enthalpy geothermal fields for electricity 

generation, leaving the low-enthalpy segment underexplored [5, 6, 10]. Therefore, the systematic evaluation of 

low-temperature geothermal waters is essential for understanding their distribution, geochemical variability, and 

practical applications [3, 6]. 

The aim of this study is to characterize the geochemical composition, spatial distribution, and therapeutic 

potential of low-enthalpy hot springs across Mexico. By integrating hydrogeochemical data, physiographic zoning, 

and thermal classifications, this work proposes a therapeutic and geochemical zonation model that highlights the 

relevance of these systems as sustainable natural resources. The study also explores their potential role in 

wellness tourism and sustainable regional development, bridging geoscience, environmental management, and 

health-oriented applications within the context of Mexico’s geothermal diversity [6, 8, 9]. 

2. Methodology 

This research was developed through an interdisciplinary approach that integrated bibliographic, geochemical, 

and cartographic methods for the characterization of low-enthalpy thermal springs in Mexico [1, 3]. Data compiled 

between 1975 and 2024 from 21 Mexican states were obtained from academic and governmental 

hydrogeochemical databases, as well as from technical and research reports [4, 6]. 

All information was systematically processed using georeferencing tools (Google Maps) and cartographic 

software (Canvas X GIS 11) to generate 21 thematic maps illustrating the spatial distribution, mineralogical 

composition, temperature ranges, and tourism development of the thermal springs [7, 9]. 



Puy-Alquiza et al. Global Journal of Earth Science and Engineering, 12, 2025 

 

68 

The geochemical classification of the thermal waters was based on the predominance of ionic composition, 

identifying the main mineromedicinal types: sulfurous, ferruginous, bicarbonate, calcium, and magnesium waters 

[4, 10, 11]. Temperature-based categorization followed standard geothermal criteria, classifying the springs as 

hypothermal (<35 °C), mesothermal (35–45 °C), or hyperthermal (>45 °C) [1, 3, 12], according to their geothermal 

energy level and subsurface thermal regime. For clarity, hypothermal, mesothermal, and hyperthermal springs 

broadly correspond to cold, warm, and hot springs, respectively, based on their temperature ranges. The degree 

of tourism development was assessed through the presence or absence of spa infrastructure, considering both 

current use and potential for future exploitation [13, 14]. Based on these variables, a preliminary therapeutic and 

regional zoning was proposed, dividing the country into five macro regions: North, Northeast, West, East, and 

South [6, 9, 15]. 

The choice of this integrated methodology responds to the need to consolidate heterogeneous and dispersed 

hydrothermal data collected over several decades into a unified national framework [2, 5, 6]. This interdisciplinary 

strategy, combining hydrogeochemical analysis, cartographic processing, and documentary review, was 

considered more appropriate than strictly hydrogeological or ethnographic approaches, as it establishes direct 

relationships between chemical characteristics and territorial, historical, and cultural variables [3, 9, 14]. 

Consequently, it provides a solid scientific and spatial foundation for understanding the diversity, therapeutic 

potential, and sustainable management of Mexico’s low-enthalpy thermal waters [6, 15]. 

2.1. Study Area 

The low-enthalpy thermal springs analyzed in this study are located across 21 states of the Mexican Republic, 

primarily within regions exhibiting active or extinct volcanic activity and major fault zones that facilitate the ascent 

of geothermal fluids (Fig. 1) [1-4]. These hydrothermal manifestations occur in both rural and peri-urban 

environments, where they have been historically used for therapeutic, recreational, and ritual purposes [5-7]. 

 

Figure 1: Map of Mexico that includes the thermal springs. 

The study area holds local and national significance for several reasons. (1) It represents a unique 

hydrogeochemical diversity, including sulfurous, ferruginous, bicarbonate, calcium, and magnesium waters, 

traditionally employed in health and wellness practices [3, 8, 9]. (2) It constitutes a strategic natural and cultural 
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resource, whose sustainable exploitation could generate economic benefits through wellness and health tourism, 

while simultaneously strengthening cultural identity associated with the ancestral use of thermal waters [6, 7, 10]. 

Many of these geothermal sites are located in environmentally fragile regions, where the sustainable 

management of thermal waters is essential to preserve hydrothermal heritage and enhance the climate resilience 

of local communities [11, 12]. 

Overall, the spatial extent and geological setting of these systems highlight the close interaction between 

geothermal processes, cultural heritage, and sustainable resource management in Mexico’s diverse geotectonic 

landscape [4, 6, 13]. 

2.2. Data Collection and Systematization 

An extensive review of scientific literature, technical reports, and hydrogeochemical databases produced 

between 1975 and 2024 was conducted to compile and systematize information on Mexico’s low-enthalpy thermal 

springs [21-29]. Data were gathered from both academic and governmental institutions, encompassing studies 

published over nearly five decades of geothermal research [30-35]. 

Key sources included seminal and contemporary works on Mexican geothermal resources and thermal 

manifestations, covering national geothermal potential, hydrogeochemical characterization, and low-enthalpy 

systems [36]. These references provided the historical, geological, and analytical basis for identifying thermal 

spring locations, physicochemical properties, and reported uses across different regions of the country. 

The following hydrogeochemical and physical parameters were analyzed: (1) temperature (°C); (2) pH; (3) 

electrical conductivity (µS/cm); (4) major ionic composition (Na⁺, K⁺, Ca²⁺, Mg²⁺, Cl⁻, SO₄²⁻, HCO₃⁻); (5) type of 

hydrothermal manifestation (spring, geyser, or artesian well); and (6) reported therapeutic applications [7, 12, 13, 

25]. 

These datasets were integrated into a structured geochemical database, enabling regional comparisons and 

the identification of associations between mineromedicinal water types and their potential therapeutic uses [6, 7, 

25]. This standardized compilation provides a robust foundation for subsequent spatial, statistical, and 

interpretive analyses of geothermal resources across Mexico [5, 10, 34]. 

2.3. Georeferencing and Spatial Validation 

To validate location data and facilitate spatial analysis, Google Maps and its satellite imagery functions were 

employed as tools for visual verification and geospatial positioning [21]. More than 1,306 thermal sites were 

reviewed to confirm geographical coordinates, site names, access conditions, and available historical or touristic 

references, based on previously published national geothermal inventories and technical compilations [6, 22]. 

This process ensured the accuracy and reliability of the spatial dataset, minimizing duplication and 

inconsistencies among sources from different periods [6, 21]. Verified coordinates were subsequently 

incorporated into the geospatial database for cartographic processing and thematic mapping [7, 21]. 

2.4. Cartographic Analysis 

Cartographic processing was performed using Canvas X GIS 11, a specialized software for geospatial analysis. 

The methodological workflow included the following steps: (1) integration of vector layers (shapefiles) 

representing municipalities, state boundaries, and hydrographic regions, obtained from official national 

cartographic sources [21]; (2) superimposition of georeferenced points corresponding to thermal springs, 

combined with their respective geochemical and functional attributes derived from previously compiled 

geothermal inventories [6, 22]; and (3) development of 21 thematic maps illustrating the regional distribution of 

thermal springs, types of thermal mineral waters (bicarbonate, sulfurous, ferruginous, calcium, and magnesium 

types), temperature ranges (hypothermal, mesothermal, and hyperthermal), low-enthalpy geothermal potential, 

and predominant therapeutic applications [7, 10]. 
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This integrative approach allowed for visual correlation between hydrogeochemical parameters and regional 

physiography, supporting both classification and territorial zoning of low-enthalpy geothermal systems across 

Mexico [5, 21]. 

2.5. Functional Classification and Therapeutic Zoning 

Based on the compiled dataset, a functional classification of Mexican thermal waters was developed by 

grouping them according to their dominant chemical composition and principal therapeutic applications [6, 7, 12]. 

Complementarily, a preliminary therapeutic zoning was proposed, dividing the country into five macro regions 

North, Northeast, West, East, and South that share relatively homogeneous characteristics in terms of 

temperature, mineralogy, and tradition of use [4, 5, 10]. 

This zoning approach follows an integrative framework that combines geological, hydrogeochemical, historical, 

and administrative criteria [1, 5, 6]. From a structural standpoint, major tectonic provinces and their relationships 

with active or extinct volcanic systems were considered [4, 11]. Hydrochemically, common patterns were identified 

in the dominant ion concentrations and thermal ranges of the hot springs [12, 13]. 

In addition, cultural and socioeconomic variables were incorporated, including the ritual and ancestral use of 

thermal waters and the current level of tourism infrastructure, allowing the establishment of correlations between 

physicochemical factors, traditional therapeutic practices, and sustainable tourism potential [7, 8, 15-17]. 

To address the tourism and wellness dimensions, two key variables were included: (1) Tourism development 

level, defined through a mixed criterion that considered: (a) general indicators of regional tourism activity 

(infrastructure, connectivity, and complementary services); and (b) the existence, accessibility, and current use of 

thermal waters for recreational, medicinal, or wellness purposes [7-9, 10]. (2) Tourism potential, understood as a 

qualitative assessment of thermalism in each region, estimated based on: (a) the mineral diversity and therapeutic 

properties of the waters [12, 19]; (b) the historical and cultural significance of their use [15-17]; (c) opportunities to 

promote new health-oriented tourism activities [7, 8]; and (d) the level of community engagement in their 

management and preservation [8, 10]. 

The resulting functional classification and therapeutic zoning therefore reflect not only the geo-environmental 

and hydrochemical characteristics of Mexico’s geothermal systems but also their cultural relevance and potential 

as sustainable resources for local development and specialized tourism [5, 7, 10]. 

Thematic maps were generated through the integration of georeferenced datasets validated with high-

resolution satellite imagery (Google Maps) and processed using Canvas X GIS 11. For spatial analysis, vector layers 

from the National Institute of Statistics and Geography were incorporated, including state boundaries, municipal 

divisions, and hydrographic regions [21]. 

Thermal manifestations were organized into independent GIS layers based on variables such as temperature, 

chemical composition, and type of discharge (spring, geyser, or artesian well) [6, 12]. Subsequently, multivariable 

symbology and spatial analysis techniques (buffer zones and density-based clustering) were applied to identify 

regional patterns [5, 21]. Analytical cross-referencing between geochemical variables (pH, temperature, and major 

ions), tourism infrastructure level, and functional classification revealed clear relationships between chemical 

composition and reported therapeutic benefits, as well as correspondences between hydrothermal diversity and 

the degree of current tourism development [7, 9, 10]. 

3. Results  

3.1. Cartographic Analysis and Thematic Mapping 

To understand the spatial distribution, physicochemical properties, and therapeutic potential of Mexico’s 

thermal springs, a series of 21 thematic maps was developed, integrating geochemical, geothermal, and 

balneological variables corresponding to springs located in 21 Mexican states [6, 12]. The information was 
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systematized and processed through spatial analysis tools, primarily Canvas X GIS 11 and Google Maps, allowing 

for the visual representation of relationships among hydrothermal manifestations and geographic, tectonic, 

cultural, and tourism-related factors [21]. 

For analytical consistency, the thermal springs were grouped into five major geographic macro regions, defined 

according to tectonic, hydrogeological, and administrative criteria: North, Northeast, West, East, and South [4, 5, 

10]. This functional zoning enabled the identification of regional patterns in spring density, temperature, and 

dominant chemical composition—sulfate, bicarbonate, chloride, ferruginous, calcium, and mixed types as well as 

their correspondence with traditional or clinical therapeutic uses, including dermatological, musculoskeletal, 

digestive, and respiratory applications [7, 9, 12]. Beyond visualization, the GIS-based integration of 

hydrogeochemical, thermal, and geological variables enabled the identification of spatial patterns that are not 

evident in isolated local studies. In particular, the national-scale analysis reveals systematic associations between 

dominant ionic composition, temperature ranges, tectonic setting, and physiographic regions. These relationships 

constitute an original analytical result derived from the spatial synthesis of heterogeneous datasets. 

The generated thematic maps encompass the following categories: (1) general geographic distribution of 

identified thermal springs; (2) thermal classification based on temperature ranges (mesothermal <45 °C and 

hyperthermal >45 °C); (3) low-enthalpy geothermal potential, considering reservoirs below 150 °C; (4) thermal 

mineral water typologies according to dominant ionic composition; and (5) therapeutic associations linking water 

types with balneotherapy and hydrotherapy applications [1-3, 7, 10]. 

Additionally, regional maps were created to provide a more detailed spatial reading of representative zones 

within each macro region (Fig. 2), based on previously established geological and geothermal frameworks [4-6]: 

Northern Region, including hydrothermal areas of the Sierra Madre Occidental and the Mexicali Basin (Baja 

California, Baja California Sur, Coahuila, Chihuahua, Durango, Nuevo León, and Sonora), characterized by 

sulfurous and bicarbonate waters [5, 19]. 

 

Figure 2: Geographic macro regions of thermal springs defined based on tectonic, hydrogeological, and administrative criteria: 

North Northeast, West, East, and South. 

Northeastern Region, associated with the Trans-Mexican Volcanic Belt (Estado de México, Hidalgo, Puebla, and 

Querétaro), displaying high chemical diversity and a long history of therapeutic use [4, 6, 15]. 
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Western Region, including thermal systems of the Bajío (Aguascalientes, Guanajuato) and volcanic provinces of 

Jalisco, Michoacán, and Nayarit, dominated by bicarbonate and chloride waters [10, 12]. 

Eastern Region, encompassing manifestations in Veracruz, Oaxaca, and parts of Puebla, showing a strong link 

between hydrothermal activity and indigenous cultural heritage [15-17]. 

Southern Region, including underexplored geothermal zones in Chiapas and Guerrero, exhibiting variable 

chemical compositions and high potential for sustainable thermal development [5, 19]. 

The multivariable cartographic representation not only identified areas with high hydrothermal density, but 

also allowed the establishment of regional typologies of therapeutic waters, revealing underutilized geothermal 

zones with favorable conditions for sustainable wellness tourism [7-10]. This spatial analysis provides a key tool 

for territorial planning, geothermal resource conservation, and the revaluation of Mexico’s hydrothermal heritage 

as a driver of sustainable regional development [5, 21]. 

3.2. Regional Description of Thermal Springs and Tourism Potential 

Based on the cartographic and geochemical analyses, five major geographical macro regions were identified, 

grouping the principal thermal manifestations across Mexico: North, Northeast, West, East, and South [4-6, 10]. 

This regionalization is analytically derived from the spatial clustering of temperature ranges, dominant 

hydrogeochemical signatures, and geological controls identified through GIS-based analysis, rather than being a 

purely descriptive division. This classification highlights regional hydrothermal and geochemical patterns, as well 

as differences in the degree of tourism development and therapeutic potential [7-9] (Table 1). 

Table 1: Regional description of Mexican thermal springs and their tourism potential. 

Region States Included Geological Context 
Predominant 

Chemical Type 

Temperature 

Range (°C) 

Therapeutic 

Applications 

Tourism Development 

and Potential 

North 

Baja California, 

Baja California 

Sur, Coahuila, 

Chihuahua, 

Durango, Nuevo 

León, Sonora 

Associated with deep 

fault systems and 

recent tectonic activity 

along the Sierra Madre 

Occidental; isolated 

volcanic zones 

Sulfurous, 

chlorinated, 

and 

bicarbonate 

waters 

35–70 

Dermatological 

and respiratory 

treatments 

(acne, psoriasis, 

bronchitis) 

Limited infrastructure; 

potential for thermal 

ecotourism and open-air 

wellness experiences in 

desert and mountain 

environments 

Northeast 

State of Mexico, 

Hidalgo, Puebla, 

Querétaro 

Linked to the Trans-

Mexican Volcanic Belt; 

zones of active faults 

and high geological 

permeability 

Bicarbonate, 

sulfate, and 

ferruginous 

waters 

30–75 

Dermatological, 

rheumatic, and 

digestive 

therapies 

High tourism 

development (spas, 

wellness centers, thermal 

routes); strong cultural 

and historical heritage 

West 

Aguascalientes, 

Guanajuato, 

Jalisco, 

Michoacán, 

Nayarit 

Related to Tertiary 

volcanism and regional 

fault systems in the 

Bajío area 

Bicarbonate-

calcium and 

mixed waters 35–65 

Hydrotherapy, 

rheumatology, 

and muscular 

relaxation 

Growing tourism sector; 

integration with wine 

tourism, cultural routes, 

and rural wellness 

tourism 

East 

Veracruz, Oaxaca Linked to subduction 

zones, ancient volcanic 

complexes, and deep 

faults 

Ferruginous, 

sulfurous, and 

bicarbonate 

waters 
35–60 

Dermatological, 

respiratory, and 

metabolic 

therapies 

Moderate development; 

high potential for 

community-based and 

alternative health 

tourism; strong 

biocultural heritage 

South 

Chiapas, 

Guerrero 

Associated with 

volcanic complexes 

(Tacaná and Chichón) 

and geothermal 

gradients in 

mountainous zones 

Bicarbonate 

and sulfurous 

waters 
30–55 

Respiratory and 

relaxation 

therapies 

Low current 

development but high 

potential for eco-spiritual 

and regenerative tourism 

near natural and 

archaeological areas 
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3.2.1. Northern Region 

This region encompasses Baja California, Baja California Sur, Coahuila, Chihuahua, Durango, Nuevo León, and 

Sonora (Figs. 3-9). The thermal manifestations are primarily associated with deep fault systems and recent 

tectonic activity along the Sierra Madre Occidental, as well as with isolated volcanic zones [5, 19]. 

 

Figure 3: Thematic mapo f the state of Baja California Norte. 

The thermal waters are predominantly sulfurous, chlorinated, or bicarbonate-rich, with moderate to high 

temperatures, making them suitable for dermatological and respiratory treatments [19]. These hydrothermal 

systems often emerge in semi-arid or mountainous environments, characterized by high evaporation rates and 

variable mineralization [5,11]. 

Tourism infrastructure across the region remains limited, consisting mainly of local spas and small recreational 

facilities near natural springs. However, significant opportunities exist to promote eco-thermal tourism 

experiences, integrating hiking, volcanic landscape observation, and open-air bathing within desert and highland 

settings [8, 9]. 

From a sustainability perspective, this region offers potential for low-impact geothermal tourism, where the 

integration of geoconservation, cultural heritage, and local community participation could enhance economic 

value while preserving the fragile hydrothermal ecosystems of northern Mexico [5, 7, 10]. 
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Figure 4: Thematic mapo f the state of Baja California Sur. 

 

Figure 5: Thematic mapo f the state of Coahuila. 
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Figure 6: Thematic map of the state of Chihuahua. 

 
Figure 7: Thematic map of the stae of Durango. 
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Figure 8: Thematic map of the state of Nuevo León. 

 
Figure 9: Thematic map of the state of Sonora. 
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3.2.2. Northeastern Region 

This zone corresponds to the Trans-Mexican Volcanic Belt, encompassing the States of Mexico, Hidalgo, Puebla, 

and Querétaro (Figs. 10-13). It represents the region with the highest density and diversity of thermal springs in 

Mexico, many of which are associated with active fault systems, recent volcanic activity, and high geological 

permeability [4, 5]. 

The thermal waters display wide geochemical variability, predominantly bicarbonate, sulfate, and ferruginous 

types, with temperatures ranging from 30°C to over 70°C. These systems commonly develop in hydrogeologically 

complex volcanic terrains, where groundwater interacts with magmatic and sedimentary formations, enriching the 

fluids with dissolved minerals suitable for therapeutic use [12, 13]. 

Historically, several of these springs have been utilized for ritual and medicinal purposes since pre-Hispanic 

times. Notable examples include Ixtapan de la Sal and Texcotzingo, where thermal waters were integrated into 

purification ceremonies and sacred architecture [15, 16]. This deep cultural connection endows the region with a 

unique hydrothermal heritage, linking natural healing practices with ancient cosmological beliefs [17]. 

At present, the Northeastern Region exhibits a well-developed tourism infrastructure, including spas, public 

bathhouses, and wellness centers, many of which have incorporated modern balneotherapy and holistic health 

approaches. Owing to its combination of geological diversity, cultural richness, and accessibility, this area holds 

significant potential for the development of integrated thermal routes that combine therapeutic, cultural, and 

sustainable tourism experiences [7, 8]. 

 

Figure 10: Thematic map of the state of México. 
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Figure 11: Thematic map of the state of Hidalgo. 

 

Figure 12: Thematic map of the state of Puebla. 
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Figure 13: Thematic map of the state of Querétaro. 

3.2.3. Western Region 

This region encompasses the states of Aguascalientes, Guanajuato, Jalisco, Michoacán, and Nayarit (Figs. 14-18). 

The thermal manifestations are primarily associated with Tertiary volcanism of the Bajío region and with a 

complex system of active and reactivated faults that traverse the area, facilitating deep groundwater circulation 

and heat transfer [19, 5]. 

The thermal waters are predominantly calcium–bicarbonate or mixed types, with temperatures ranging from 

35°C to over 60°C. These hydrogeochemical characteristics make them suitable for hydrotherapy, rheumatological 

treatments, and muscular relaxation, while sulfur-rich waters are particularly valued for dermatological benefits [3, 

12]. 

Representative sites include Comanjilla, San Miguel de Allende, and La Gruta, which are well known for their 

long-standing use in balneotherapy and recreational bathing. These sites exemplify how hydrothermal resources 

can be successfully integrated into broader wellness-oriented tourism networks, combining geothermal bathing, 

cultural heritage, and landscape appreciation [10]. 

The Western Region presents strong potential for integrating health and wellness tourism with other emerging 

forms of sustainable tourism, including wine tourism, rural tourism, and traditional medicine routes. Such cross-

sectoral linkages could foster regional economic diversification while promoting the responsible use of 

geothermal resources and the preservation of local hydrothermal ecosystems [7, 8, 10]. 
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Figure 14: Thematic map of the state of Aguascalientes. 

 
Figure 15: Thematic map of the state of Guanajuato. 
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Figure 16: Thematic map of the state of Jalisco. 

 

Figure 17: Thematic map of the state of Michoacan. 
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Figure 18: Thematic map of the state of Nayarit. 

3.2.4. Eastern Region 

This region primarily includes the states of Veracruz and Oaxaca (Figs. 19-20). It exhibits a remarkable 

hydrothermal diversity associated with subduction zones, ancient volcanic complexes, and deep fault systems, 

which promote the upflow of mineral-rich geothermal fluids [4, 5]. These geological conditions favor the 

development of hot springs with significant geochemical and therapeutic interest. 

The thermal waters in this area are commonly enriched in iron, sulfur, manganese, and bicarbonates, with 

temperatures ranging from 35°C to 60°C. Such mineral compositions confer notable therapeutic properties, 

particularly for dermatological, circulatory, and musculoskeletal treatments [5, 12]. 

Among the most emblematic sites is Hierve el Agua, a unique hydrothermal complex with high scenic, 

geological, and cultural value, where natural travertine formations are closely linked to ancient Zapotec rituals of 

fertility and agricultural renewal [27]. Many other springs across the region continue to be used by indigenous 

communities for therapeutic and spiritual purposes, preserving a living tradition of hydrothermal healing that 

blends ancestral cosmology with contemporary practices [17, 23]. 

The tourism potential of the Eastern Region lies in its capacity to promote community-based development, 

alternative health tourism, and the revitalization of local biocultural heritage. Integrating traditional healing 

knowledge with sustainable tourism strategies could enhance both environmental conservation and 

socioeconomic resilience [7, 8]. 

3.2.5. Southern Region 

This region includes the states of Chiapas and Guerrero (Figs. 21-22). Although it has a lower density of active 

thermal springs compared to other regions, it contains significant hydrothermal manifestations associated with 

the Tacaná and El Chichón volcanic complexes [5]. The thermal waters are generally temperate and enriched in 

bicarbonate and sulfur, offering potential applications in balneotherapy and respiratory therapies [2]. 
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Figure 19: Thematic map of the state of Veracruz. 

 
Figure 20: Thematic map of the state of Oaxaca. 
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Figure 21: Thematic map of the state of Chiapas. 

 
Figure 22: Thematic map of the state of Guerrero. 
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Tourism development in this region remains limited; however, the potential for integrated wellness and eco-

thermal tourism is high, particularly when combined with traditional Maya knowledge and holistic health 

experiences. The proximity to protected natural areas, caves, cenotes, and archaeological sites provides a 

competitive advantage for the design of regenerative and spiritual tourism routes [16, 25]. 

While Tabasco, Campeche, Yucatán, and Quintana Roo also host isolated hydrothermal manifestations, they 

were not included in this study due to the lack of validated geochemical data [6]. 

Although the Northern and Southern regions display a lower concentration of thermal sources compared to 

the Northeastern and Western regions, their mineralogical diversity and location within relatively pristine natural 

environments represent strategic opportunities for the development of eco-thermal tourism models [7, 10]. In the 

south, thermal manifestations such as Los Hervores (Chiapas) and San Marcos springs (Guerrero) exemplify 

underutilized resources that could be integrated into eco-cultural wellness routes centered on ancestral 

knowledge and holistic well-being [16]. 

Strengthening these regions through sustainable tourism programs could foster regional economic 

diversification, enhance community participation, and contribute to the conservation of Mexico’s hydrothermal 

heritage [7, 8, 10]. 

3.3. Chemical Composition and Therapeutic Benefits 

Mexican thermal waters represent a low-enthalpy hydrogeothermal resource of remarkable mineralogical 

richness, resulting from their percolation through deep geological formations before emerging at the surface [5, 

28]. During this process, infiltrated meteoric waters are heated by geothermal gradients or by proximity to 

magmatic bodies, promoting the dissolution of essential minerals such as sulfur, iron, calcium, magnesium, and 

bicarbonate [1, 12]. The systematic integration and comparison of hydrogeochemical data at a national scale allow 

the identification of recurrent geochemical patterns and mineral associations that reflect regional geological 

controls. These components determine both the therapeutic properties and the balneological classification of the 

springs [3, 7]. Across Mexico, the chemical composition of thermal waters varies according to regional geological 

settings, reflecting distinctive hydrochemical patterns represented in the thematic maps developed in this study [6, 

12, 13]. This comparative framework enables the evaluation of similarities and contrasts among geothermal 

regions, providing a national-scale perspective that complements site-specific hydrogeochemical studies. The 

following subsections describe the main mineral components and their associated therapeutic benefits [3, 7, 19]. 

From a geoscientific perspective, this synthesis highlights the close relationship between water–rock interaction 

processes, geothermal setting, and functional classification of thermal waters, reinforcing the relevance of 

hydrogeochemical analysis for regional geothermal assessment. 

3.3.1. Sulfur (S²⁻ / H₂S – Sulfurous Waters) 

Sulfur is one of the dominant anions in many Mexican thermal springs, particularly in volcanic zones such as 

Los Azufres (Michoacán) and Acoculco (Puebla), where geothermal fluids interact with sulfur-bearing volcanic and 

sedimentary formations [5,12]. Sulfurous waters are widely recognized for their antiseptic, keratolytic, and anti-

inflammatory properties, which support their use in dermatological treatments (e.g., acne and psoriasis), 

rheumatological therapies (arthritis and myalgia), and respiratory conditions such as rhinitis and bronchitis [3, 7]. 

In addition, sulfur-rich thermal waters have been associated with hepatic detoxification processes and 

stimulation of cellular metabolism, reinforcing their relevance in balneotherapy and hydrotherapy practices [18]. 

These therapeutic properties contribute to the widespread use and cultural persistence of sulfurous springs in 

both traditional and modern health-oriented applications across Mexico [7, 19]. 

3.3.2. Iron (Fe²⁺ / Fe³⁺ – Ferruginous Waters)  

Iron-bearing thermal springs, such as those identified in the Tehuacán region (Puebla), are characterized by 

elevated concentrations of ferrous and ferric ions derived from water–rock interaction within volcanic and 

sedimentary formations [12, 33]. Iron plays a fundamental role in hemoglobin synthesis and oxygen transport in 

the human body, which explains the traditional and clinical use of ferruginous waters in revitalizing therapies. 
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Ferruginous waters are commonly employed in treatments for anemia, chronic fatigue, and post-illness 

convalescence, as they contribute to improved blood circulation, enhanced tissue oxygenation, and overall 

metabolic stimulation [33]. These therapeutic applications support the continued use of iron-rich thermal waters 

in balneotherapy and wellness practices, particularly in regions where hydrothermal activity coincides with long-

standing medicinal traditions [7, 19]. 

3.3.3. Magnesium (Mg²⁺) 

Magnesium plays a key role in the regulation of neuromuscular activity and stress response in the human body. 

Thermal springs with elevated magnesium concentrations, such as those found in Ixtapan de la Sal (State of 

Mexico), exhibit relaxing, antispasmodic, and sedative effects, making them particularly suitable for the treatment 

of muscle tension, contractures, insomnia, and stress-related disorders [7, 12]. 

Transdermal absorption of magnesium during balneotherapy has been shown to enhance relaxation processes, 

support neuromuscular recovery, and contribute to oxidative stress reduction, reinforcing the use of magnesium-

rich waters in physical recovery and wellness-oriented therapies [3, 7]. 

3.3.4. Calcium (Ca²⁺) 

Calcium is a fundamental element for bone metabolism, neuromuscular transmission, and cardiac regulation 

in the human body. Thermal waters enriched in calcium contribute to the strengthening of bones and joints, and 

are commonly recommended in balneotherapy for the prevention and complementary treatment of osteoporosis, 

muscle cramps, and neuromuscular disorders [3, 7]. 

In addition, calcium-rich thermal waters play a role in maintaining skin pH balance and promoting epidermal 

regeneration, supporting their use in dermatological and rehabilitative therapies [12, 19]. These properties explain 

the frequent inclusion of calcium-dominated waters in therapeutic bathing programs aimed at musculoskeletal 

recovery, post-traumatic rehabilitation, and general wellness [7, 10]. 

3.3.5. Bicarbonate (HCO₃⁻ – Bicarbonate Waters) 

Bicarbonate-rich thermal waters, abundant in locations such as Chignahuapan (Puebla), exhibit alkalizing, 

digestive, and mucolytic properties that make them particularly effective for relieving gastrointestinal disorders, 

including dyspepsia, gastritis, and gastric acidity [3, 12]. These waters are also commonly used in inhalation 

therapies for respiratory ailments, owing to their capacity to facilitate mucus dissolution and improve airway 

function [3]. 

In dermatological applications, bicarbonate contributes to stabilizing skin pH and promoting tissue 

regeneration, supporting its use in balneotherapy programs aimed at skin care and post-inflammatory recovery [7, 

19]. Collectively, these properties endow Mexican bicarbonate-rich thermal waters with a broad therapeutic value 

that encompasses physical well-being as well as complementary wellness practices [7, 10]. 

The geochemical classification illustrated through thematic mapping in this study supports a preliminary 

therapeutic zoning that is useful for the design of thermal routes, balneotherapy programs, and sustainable 

health tourism strategies [5, 7, 10]. The identification of waters with specific chemical compositions can guide 

visitors and health professionals in selecting the most suitable thermal resources according to individual 

physiological needs and therapeutic objectives [3, 10]. 

4. Discussion 

The comprehensive analysis of low-enthalpy thermal springs in Mexico reveals the extraordinary richness and 

diversity of these resources from a multidimensional perspective that integrates historical, geochemical, cultural, 

and tourism-related components. Beyond previous site-specific or localized studies, this research provides a 

national-scale analytical synthesis that links hydrogeochemical patterns, geothermal setting, and functional use 

within a unified territorial framework. The spatial distribution and physicochemical characterization of thermal 
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waters enable the identification of regions with differentiated therapeutic potential, which constitutes a 

fundamental basis for designing territorial strategies focused on wellness, health tourism, and sustainable 

geothermal resource management [3, 5]. 

The proposed regional zoning highlights pronounced differences in geochemical and thermal conditions 

among the Northern, Northeastern, Western, Eastern, and Southern macro-regions, reflecting the complex 

interaction between Mexico’s geodynamic framework and its long-standing cultural heritage [4, 5]. This interaction 

demonstrates that the distribution, utilization, and valuation of thermal waters cannot be fully understood in 

isolation from their geological controls and historical patterns of human use [15-17]. Consequently, geothermal 

systems are interpreted here as coupled natural–cultural resources, shaped simultaneously by tectonic processes, 

hydrogeochemical evolution, and sustained human interaction over time. 

Regions characterized by a high concentration of sulfurous and hyperthermal springs exhibit not only 

favorable physicochemical conditions for the development of thermal infrastructure, but also coincide with 

territories that preserve deep-rooted ritual and therapeutic traditions [7, 12]. In contrast, bicarbonate-dominated 

and hypothermal systems, despite their abundance and suitability for relaxation and hydrotherapy, are often 

located in areas with limited hydrothermal traditions or insufficient infrastructure, restricting their current 

utilization [9, 10]. These contrasts indicate that tourism development depends not solely on resource availability, 

but on the synergy between environmental attributes, cultural continuity, and socioeconomic context that 

collectively shape their contemporary value [7, 8]. 

The ancestral use of thermal waters as spaces for healing, purification, and spiritual connection in 

Mesoamerican cultures underscores the importance of preserving not only the hydrothermal systems themselves, 

but also the traditional knowledge frameworks that give them meaning [15, 16]. This symbolic and therapeutic 

dimension adds significant value to modern wellness tourism, which increasingly seeks holistic experiences that 

integrate physical health, emotional balance, and spiritual well-being [7]. In this sense, geothermal heritage 

represents both a scientific and cultural asset, requiring integrated approaches for its conservation and 

responsible use. 

The integration of GIS-based tools such as Canvas X GIS 11 and Google Maps for the validation and analysis of 

thematic maps has facilitated the correlation of geochemical, thermal, and geographic variables, enhancing spatial 

interpretation and decision-making for sustainable territorial planning [21, 25]. These tools demonstrate the value 

of spatial analysis for integrating heterogeneous geothermal datasets at regional and national scales, and for 

identifying priority areas for conservation, promotion, and sustainable geothermal development [5, 10]. 

Furthermore, the results highlight the potential to strengthen community-based wellness tourism in 

underdeveloped regions, particularly in the Eastern and Southern macro-regions, where hydrothermal richness 

remains significant but largely underutilized [10, 19]. The active participation of local communities in the 

management of thermal resources is essential to ensure long-term social benefits, environmental protection, and 

cultural continuity [17]. 

In this context, the convergence of geoscientific research, cultural heritage, and tourism planning enables the 

construction of an integrated model of geothermal utilization that supports local economies, preserves natural 

and cultural assets, and promotes healthier lifestyles [5, 7, 10]. Achieving efficient and sustainable management 

will require continuous environmental monitoring, clinical evaluation of therapeutic effects, and the development 

of innovative tourism products aligned with sustainability principles [2, 8]. 

Finally, the relationship between low-enthalpy geothermal resources and health tourism represents an 

emerging field with high potential in Mexico. The scientifically supported therapeutic properties of mineral-rich 

waters justify the development of differentiated tourism products, including medical spas, therapeutic bathhouses, 

healing retreats, and thematic thermal routes [3, 7]. International experiences in countries such as Hungary, 

Iceland, and Japan demonstrate that the sustainable valuation of geothermal resources can generate economic 

resilience, local employment, and environmental preservation [3, 5]. From a geoscientific perspective, this study 

demonstrates how low-enthalpy geothermal systems can be evaluated beyond energy production, emphasizing 
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their hydrogeochemical complexity, territorial distribution, and functional relevance as strategic resources for 

sustainable development. 

5. Conclusions 

This study represents the first comprehensive systematization of 1,306 low-enthalpy thermal springs across 

Mexico, developed through an interdisciplinary approach that integrates hydrogeochemical analysis, thematic 

cartography, and functional evaluation. The results demonstrate that the geochemical diversity of thermal waters 

is closely linked to their therapeutic properties, spatial distribution, and degree of utilization, confirming that 

tourism development and infrastructure are influenced not only by physicochemical characteristics but also by 

sociocultural and historical processes embedded within the territory. 

From a geographical and geoscientific perspective, this research underscores the relevance of territorial and 

multiscalar approaches for understanding and managing low-enthalpy geothermal resources. Its main scientific 

contribution lies in the national-scale integration and spatial reinterpretation of dispersed hydrogeochemical data, 

the generation of hydrogeochemical thematic maps, and the proposal of a preliminary therapeutic zoning model 

encompassing five macro-regions (North, Northeast, West, East, and South). This systematization provides an 

unprecedented analytical framework for the sustainable management of Mexico’s hydrothermal heritage and 

establishes a replicable methodology applicable to other regions with underutilized geothermal potential. 

From an applied standpoint, the resulting cartographic products and functional classification constitute 

strategic tools for regional planning, the design of integrated thermal routes, and the identification of priority 

areas for sustainable tourism, preventive health, and community well-being. These outcomes reinforce the role of 

applied geography by articulating natural, cultural, and economic dimensions within a coherent territorial 

framework. 

Future research should advance along three complementary axes: (a) environmental and sanitary monitoring 

of thermal springs to evaluate hydrogeochemical evolution and potential risks; (b) clinical and social validation of 

the associated therapeutic benefits; and (c) the development of participatory local governance models that 

strengthen resource conservation and its integration into regional development strategies. 

Overall, this study demonstrates that Mexico’s low-enthalpy geothermal systems constitute not only an energy 

or recreational resource, but a complex geoscientific and territorial asset, whose responsible management can 

contribute to sustainable development, public health, and the preservation of both natural and cultural heritage. 
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