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Summary 

In view of the ongoing global challenges such as climate change, it is crucial to explore and 

develop energy sources that are sustainable. Amagmatic orogenic geothermal systems, situated 

within crystalline rocks along fault zones in regions that lack recent magmatic activity, represent 

promising renewable energy sources for heat exploitation and power generation. The reservoir 

temperatures in these systems can reach as high as 250 °C, even in the absence of a magmatic 

heat source. This remarkable thermal potential is due to heat transport by water that circulates 

deeply through fault networks. Previous studies have provided valuable insights into the 

behavior of such systems, but better understanding is required to enable effective exploration 

and assessment of their energy potential. 

 The main goal of this thesis is to provide a detailed description of the key parameters 

controlling the behavior of amagmatic orogenic geothermal systems, and thereby contribute to 

broader efforts to develop sustainable energy resources. To achieve this goal, multidisciplinary 

research techniques were employed, including geological, geochemical, and geophysical 

analyses, all integrated via thermal–hydraulic numerical simulations. The thesis is divided into 

three main parts: (i) introduction (Chapters 1 and 2), (ii) research papers (Chapters 3-6), and (iii) 

concluding remarks (Chapter 7). The research papers form the core of the thesis and cover three 

main topics: 

• Topic I. Characterization of geothermal systems along the Agua Blanca Fault (ABF) in 

Baja California, Mexico (Chapter 3): 

In the initial phase, thermal waters and dissolved gases were sampled from seven hot spring sites 

strung along a 90 km segment of the ABF. A combination of geochemical, petrophysical, and 

seismic hypocenter data with previous geodetic studies resulted in a conceptual model that 

explains the governing processes controlling these amagmatic geothermal systems. Hydraulic 

head gradients caused by the surface topography drive meteoric water deep into the fault system, 

where it is heated by the background geothermal gradient. Where the ABF crosscuts the Pacific 

coast, thermal springs are mixtures of infiltrated meteoric water and seawater. Geochemical 

analyses show that all the discharging thermal waters equilibrated with quartz at 100–220 °C, 

deep within the host fault. Accordingly, meteoric water has been deduced to have infiltrated to 

depths of at least 5–11 km into the brittle crust. Subsequently, the infiltrated water has ascended 

along preferentially permeable zones of the host fault system, eventually discharging in thermal 

springs at temperatures ranging from 37 °C at inland sites to 102 °C on the Pacific coast. 
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Notably, higher spring temperatures correlate positively with the degree of extensional 

displacement along the fault system, which serves as a proxy for fault permeability. All 

systems have a mantle He contribution ranging from 1–11% based on 3He measurements, 

confirming its amagmatic origin. Correlations between hydraulic head gradients, 

residence times, and 3He/Hetotal ratios of the thermal waters show that the hydraulic head 

gradient controls the length and depth of the flow paths. These findings reveal that the 

permeability of the ABF and its hydraulic head gradients are the key factors controlling the 

behavior of amagmatic orogenic geothermal systems. 

• Topic II. 3D simulations of the La Jolla Beach system (Chapters 4 and 5):

The hottest subaerial geothermal system along the ABF is at La Jolla Beach. This system 

discharges thermal water up to 94 °C at the coastline, with a seawater content between 15 and 

50%, and a mantle He contribution of less than 3%. The high discharge temperature at the beach, 

which to our knowledge is the hottest recorded in amagmatic systems worldwide, is attributed 

to a combination of factors, including the location of the spring within the highest permeability 

segment along the ABF and its location near a mountainous region of the coastline (up to 1 km 

in elevation). To gain deeper insights into the behavior of the La Jolla Beach system, three-

dimensional (3D) thermal–hydraulic simulations using the software TOUGHREACT were 

performed for this case study. These simulations were conducted on a regional scale (up to 34 × 

12 × 11.5 km), including the topography and bathymetry of the study area to assess their role in 

controlling regional water circulation within the ABF. To constrain the simulations, the location, 

temperature, and salinity of the hot springs, and fault extension observed at La Jolla Beach were 

compared with the corresponding simulation results. Two distinct numerical simulation 

scenarios were explored:  

(i) The first scenario considers the presence of a preferential upflow zone right beneath

La Jolla Beach, within the ABF. (ii) The second scenario considers a more extended dataset, 

including the topography of the crystalline basement and the sediment distribution on the 

seafloor, based on previous studies. Moreover, this scenario accounts for not only the pressure 

of the seawater column but also the density and viscosity of seawater, both of which are 

temperature-dependent. 

The results of the first scenario show that assuming the presence of a highly permeable 

upflow zone beneath La Jolla Beach is sufficient to match the observed discharge temperature 

at the right location. This demonstrates the importance of permeability in controlling the 
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discharge temperature of amagmatic geothermal systems. 

 The second simulation scenario shows that the discharge temperature observed at La 

Jolla Beach can also be matched at the right location without having to define a highly permeable 

upflow zone. To do so, the permeability of the entire ABF, as well as the permeability of the 

seafloor sediments that control the infiltration of seawater into the brittle continental crust, need 

to be taken into account. This scenario thus highlights the crucial role of dense seawater, which 

acts as a hydraulic barrier that forces thermal discharge right at the coast. In conclusion, the 

record high discharge temperature observed at La Jolla Beach likely results from the presence 

of a structural (i.e., permeability) anomaly within the host fault precisely at the coast where the 

hydraulic head is at its minimum. The combination of high hydraulic head gradients and elevated 

permeability leads to very high upflow rates and discharge temperatures of almost 100 °C despite 

the absence of any magmatic activity.  

• Topic III: Functioning of global coastal geothermal systems (chapter 6): 

The intriguing observations and numerical results of La Jolla Beach provided the motivation to 

explore whether other coastal geothermal systems worldwide behave in the same way. The 

results of generalized 3D thermal-hydraulic simulations using TOUGHREACT show that 

seawater incursion consistently blocks the seaward flow of groundwater through faults that 

intersect a coastline. This feature, combined with the hydraulic effects of fine-grained, low-

permeability sediments that typically blanket the fault trace along the seafloor, systematically 

leads to discharges of thermal water at the coastline. 

 In conclusion, this doctoral thesis enhances our understanding of amagmatic orogenic 

geothermal systems, emphasizing the importance of factors like fault permeability, hydraulic 

head gradients, and the presence of permeability anomalies, but also highlights that they could 

form substantial thermal anomalies within the rocks surrounding the upflow zones. The findings 

suggest that sustainable energy exploration should prioritize valley floors and coastal zones 

intersected by regional fault zones. Under such ideal conditions with high hydraulic head 

gradients and elevated permeabilities, amagmatic geothermal systems lead to thermal anomalies 

within which the critical temperature threshold for power production (120 °C) is reached at 

shallow depths (<2 km). Exploitation of this largely petrothermal heat could constitute a 

significant sustainable energy source.
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1. Preface 

On a global scale, human activity has led to the accumulation of greenhouse gases in the Earth's 

atmosphere, causing an increase of the Earth’s surface temperature over the last century. To 

mitigate the phenomenon of global warming, the Paris Agreement proposes a transformative 

approach, based on the latest and most reliable scientific knowledge (COP21, 2015). Among the 

diverse scientific insights, renewable energy sources play a crucial role in addressing global 

warming. Geothermal energy, in particular, stands out as a promising and environmentally 

friendly alternative. This energy source harnesses the Earth's natural heat, which is then utilized 

to generate electricity and/or provide heating for industrial and residential purposes. As part of 

this vision, the present doctoral research aims to contribute to understanding the behavior of 

amagmatic orogenic geothermal systems. The results should enhance the success of exploration 

and exploitation of these energy resources, promoting an eco-friendly and sustainable future. 

 

1.1. Context 

Amagmatic geothermal systems occur in mountainous orogenic regions without recent 

magmatic activity. They are manifested by hot springs, which are spatially associated with 

regional-scale faults. The springs represent the discharge points of meteoric water that infiltrates 

at high altitudes, penetrates deep into the fault plane where it acquires heat from the wall rocks, 

and then rises through preferentially permeable upflow zones to low points in the valley floors 

or coastal zones (Diamond et al., 2018). These fault-hosted, topography-driven systems have 

been documented in various locations worldwide. They exhibit distinct regional crustal 

geothermal gradients, typically ranging from 20 to 30 °C km-1, and reservoir temperatures of 

100–250 °C, resulting in discharge temperatures up to 102 °C. 

Despite their potential, amagmatic orogenic geothermal systems have received limited 

attention in past research (Wanner et al., 2019; Guillou-Frottier et al., 2023). To successfully 

explore and exploit these systems, understanding the topography of mountain ranges and the 

permeability of fault zones is crucial, as they act as driving forces and preferential pathways for 

fluid flow (Taillefer et al., 2018; Alt-Epping et al., 2022). The permeability of fault zones can 

be influenced by mineral precipitation–dissolution processes and tectonic-fault activity, which 

in turn affect the lifespan and fluid circulation of geothermal systems (Renard et al., 2000; 

Ingebritsen & Manning, 2010).  
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Previous investigations into amagmatic orogenic geothermal systems have provided 

valuable insights into the circulation of meteoric water within fault zones (López & Smith, 1995; 

Taillefer et al., 2018; Wanner et al., 2019; Alt‐Epping et al., 2022). These studies have collected 

geochemical and structural information on these systems and employed thermal–hydraulic (TH) 

numerical simulations to constrain some of the major processes. However, significant 

knowledge gaps persist in our comprehension of amagmatic geothermal systems, which the 

present thesis aims to bridge. These gaps include quantification of the factors that control their 

behavior and formation, such as the temporal evolution of hydraulic gradients induced by 

topographic relief, the distribution and evolution of fault zone permeability, and the changing 

rates of heat and solute transfer from and to the rocks along the flow paths. Understanding the 

complexity of the rock–water interaction in these geothermal systems requires quantitative 

models that capture the coupling of hydraulic, thermal, chemical and mechanical processes 

through space and time. Whereas suitably comprehensive numerical modeling codes are being 

developed for this task, there remain many barriers to their realistic implementation, due to the 

difficulty of measuring or estimating the necessary input parameters in deep-reaching, 

tectonically active fault zones. Nevertheless, progress can be made at present by creatively using 

surface observations to calibrate three-dimensional, time-resolved numerical simulations that 

involve at least some of the key thermal–hydraulic couplings (e.g., Wanner et al., 2019). This is 

the approach adopted in the current study. 

 

1.2. Aim of the study 

The primary goal of this doctoral research is to conduct a comprehensive investigation into the 

behavior of amagmatic orogenic geothermal systems by focusing on the geothermally and 

tectonically active Agua Blanca Fault (ABF) in Baja California, Mexico. This research employs 

a multidisciplinary approach, integrating geological, geophysical, and geochemical data 

collected from the hot springs and rocks along the ABF. This dataset permits the development 

and implementation of 3D thermal–hydraulic simulations of the coastal geothermal systems at 

La Jolla Beach. As far as is possible, the simulations are constrained by field observations, but 

inevitably some assumptions need to be made. La Jolla beach turns out to be a prime example 

of a global phenomenon, whereby hot springs preferentially occur where the host orogenic fault 

intersects a coastline. Based on this finding, generalized simulations are performed to elucidate 

the underlying processes controlling this phenomenon, with implications for exploration for 
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geothermal energy.  

Specific research questions addressed in this thesis are listed as follows: 

• What are the key processes and variables that govern the spatial distribution of 

amagmatic systems? 

• What is the role of preferential permeability pathways as well as hydraulic head gradients 

in shaping the thermal anomalies formed by amagmatic systems? 

• What are the dominant mechanisms that control the location, temperature, salinity, and 

spatial extent of coastal amagmatic geothermal systems? 

 

1.3. Thesis outline 

This thesis is structured into six chapters: 

(i) Chapters 1-2 provide an introductory overview of geothermal systems, with a specific focus 

on amagmatic orogenic systems. It delves into the fundamental concepts of geothermal 

energy and the unique characteristics of different types of geothermal systems. Additionally, 

this background Chapter introduces selected key parameters controlling the behavior of 

amagmatic orogenic systems such as hydraulic head gradients, rock permeability, fracture 

porosity, thermal conductivity and fault architecture zone. Finally, the chapter emphasizes 

the importance of coupled, thermal–hydraulic numerical simulations that take into account 

the temperature dependence of water properties such as density and viscosity, in order to gain 

a deeper understanding of the behavior and dynamics of amagmatic orogenic geothermal 

systems. Thus, this Chapter provides the theoretical principles applied in the subsequent 

research chapters of the thesis.  

(ii) Chapters 3-6 are manuscripts that have or will be submitted to international, peer-reviewed 

journals. Chapter 3 presents a detailed exploration and characterization of the chosen study 

area, the Agua Blanca Fault in Baja California, Mexico. This Chapter presents geological, 

geochemical, and geophysical data that characterize seven orogenic amagmatic geothermal 

systems along the ABF. The Chapter also details the data collection (thermal water-gas and 

rock samples), methods, and instrumentation used in the study. The main outcome of the 

chapter is the formulation of a conceptual model describing the deep-water circulation and 

heat transfer mechanisms within the fault. It highlights the interplay of variable hydraulic 

head gradient and fault permeability controlling the behavior of the amagmatic geothermal 

systems along the ABF. The information and insights of this Chapter serve as a basis for the 
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two modeling studies presented in Chapters 3 and 4. 

(iii) Chapter 4 shows large-scale 3D thermal–hydraulic simulations conducted on the coastal 

amagmatic geothermal system of La Jolla Beach. These simulations aim to investigate the 

influence of surface topography, nearshore seafloor bathymetry and preferential permeable 

pathways on the remarkably high discharge temperatures (94 °C) at La Jolla Beach. Modeling 

results indicate that fluid upflow is controlled by the hydrostatic pressure from surface 

topography and the Pacific Ocean, and by the occurrence of highly permeable pathways 

forming preferential channels for thermal water discharge right beneath La Jolla Beach. 

(iv) Chapter 5 presents large-scale 3D thermal–hydraulic simulations of La Jolla Beach explicitly 

considering seawater density and viscosity, the distribution of unconsolidated sediments 

across the study area, the depth to the crystalline basement, and the local degree of tectonic 

extension of the ABF. The simulations are constrained by the observed temperature, salinity, 

extension, and location of the La Jolla Beach system. The aim is to understand why thermal 

water specifically discharges along the coastal zones. The simulations reveal a strong 

coupling of different processes. For instance, infiltrated seawater through the ABF essentially 

serves as a boundary that limits the circulation of meteoric water. However, the presence of 

sediments comes into play, reducing the quantity of infiltrated seawater and controlling the 

location of thermal water discharge right at the coastal zone. Moreover, the permeability of 

the fault significantly governs the upflow rate and temperature of the discharged thermal 

water. Consequently, the simulations demonstrate that the infiltration of meteoric water 

preferentially occurs through the ABF and not through the host rock. 

(v) Chapter 6 analyzes the worldwide distribution of coastal geothermal systems through a 

simplified 3D model setup in order to unravel the factors governing their behavior and 

location precisely at the intersection of the host fault with the coastline. The synthetic 

simulations show that coastal geothermal systems are strongly influenced not only by 

hydraulic gradients imposed by the inland topography but also by deep incursion of seawater 

into the permeable fault networks. Their precise location at the coastal zone depends on two 

main factors, the ocean acting as a hydraulic barrier for freshwater flow and the seafloor 

sediments acting as aquitards for seawater infiltration. Simulations reveal that these systems 

exceed the critical temperature threshold for power production of ~2 km below the coastline. 

(vi) Chapter 7 summarizes the main findings on the behavior of amagmatic orogenic geothermal 

systems presented in this thesis. 
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2. Background 

2.1. Geothermal energy 

Geothermal energy represents a promising source of constant, sustainable and renewable energy 

stored in the Earth. Over 99% of the Earth's volume has temperatures exceeding 1000 °C, and 

only 0.1% is colder than 100 °C (Stober & Bucher, 2013). To take advantage of this resource, 

geothermal power plants are required. Geothermal energy is used in various applications, such 

as electricity generation, space heating and cooling, aquaculture, drying of fruit, and melting of 

snow for freshwater supplies (Lund & Toth, 2021).  

 The dynamic interplay of conductive heat flow and radiogenic decay within the Earth's 

interior continually replenishes geothermal energy. The core of the Earth is at extremely high 

temperature (~5000 °C), generated by the decay of radioactive isotopes and the residual energy 

from initial gravitational compaction of the planet (Stober & Bucher, 2013). The average surface 

temperature of the Earth is 14 °C, whereas the temperature at the core-mantle boundary at ~3000 

km depth is around 3000 °C. This temperature differential drives the global heat flow (Figure 

2.1), with an average of 67 mW m-2 for continents and 92 mW m-2 for the ocean floor (Lucazeau, 

2019). As a result, the Earth loses heat at a rate of 41–42 terawatts per year (Pollack et al., 1993; 

Lay et al., 2008; Lucazeau, 2019).  

 Despite its immense potential, the current use of geothermal energy for power generation 

is relatively small. With an installed capacity of 16127 MW in 2023 (ThinkGeoEnergy, 2022), 

just 0.04% of the Earth's total heat loss is currently harnessed. This highlights the vast, untapped 

potential of geothermal energy. Geothermal exploration normally focuses on regions 

manifesting surface evidence of the Earth's internal heat, such as volcanic centers and mid-ocean 

ridges exhibiting strong heat flow anomalies (Figure 2.1). However, the movement of fluids, 

notably thermal groundwater upwelling in regions with lower heat flow, is also important. These 

fluids transport heat by advection of meteoric water, resulting in significant shallow thermal 

anomalies below their discharge sites (Stober & Bucher, 2013). 
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Figure 2.1. Heat flow map of the Earth taken from Lucazeau (2019). 

 

2.2. Plate tectonics and geothermal systems  

Plate tectonics determines the distribution and features of geothermal systems across the Earth 

(Figure 2.2). The crust of the Earth is segmented into three primary types of plate boundaries: 

divergent boundaries, where new oceanic plate material is created through seafloor spreading 

along mid-ocean ridges; convergent boundaries, where old oceanic lithosphere sinks into the 

Earth's mantle through subduction zones; and transform boundaries, where two plates slide past 

each other along faults (Stern, 2018). These distinct settings influence various aspects of 

geothermal systems, including the thermal regime and heat flow, the types of rocks present, 

stress regime, fault types, hydrogeologic and fluid dynamics, and the chemistry of the fluids 

involved (Stober & Bucher, 2021). 

 Geothermal systems exhibit unique surface characteristics, which are reflected in their 

fluid temperature, flow rate, solute chemistry, and in their potential applications. They can be 

classified into two main types: (i) geothermal systems in magmatically active provinces, 

including volcanic arcs and mature, active tectonic rifts; and (ii) amagmatic geothermal systems, 

which comprise basin-and-range extensional provinces (incipient rifts) and orogenic belts with 

mountainous topography (Figure 2.3) (Jolie et al., 2021). The magmatic systems derive thermal 

energy from magmatic heat sources, while amagmatic systems involve the circulation of 

meteoric water through fractures and faults, gaining heat from the background geothermal 

gradient. 
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2.2.1. Magmatic geothermal systems 

Magmatic geothermal systems are predominantly found at active plate margins, where volcanic 

activity and crustal extension generate a high heat flux (>200 mW m-2). These systems derive 

their energy from magmatic heat sources (>250 °C), where meteoric water infiltrates and mixes 

with magmatic fluids, resulting in a reservoir fluid dominated by liquid and/or vapor phases 

(Figure 2.3) (Nicholson, 1993).  

 

 

Figure 2.2. Worldwide distribution of geothermal fields and plate tectonic setting of the Earth. 

The geothermal fields are grouped into two categories magmatic and amagmatic systems. 

Modified from Moeck (2014).  

 

 The behavior of magmatic geothermal systems is influenced by three key factors: the 

magmatic heat source, topographic relief, and the permeable structures within these systems. 

These factors determine the fluid flow patterns, the distribution of alteration zones, and the types 

of fluid discharge (Nicholson, 1993). In areas with relief from arc volcanoes, lateral fluid 
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migration occurs, resulting in the frequent discharge of chloride-rich water (>1000 µg/g) from 

hot springs and geysers (Giggenbach, 1989). On the other hand, mature rifts with crustal thinning 

and low topographic relief at their centers create ideal conditions for the upflow of magmatic 

fluids. In this zone, chloride-rich water may mix with seawater, forming brines (Cl > 10,000 

µg/g), while sulfate-rich water is found in lateral downflow zones of the system (Figure 2.3) 

(Truesdell et al., 1981).  

 Additionally, magmatic geothermal systems commonly emit gases such as CO2, H2S, 

NH3, N2, H2, HCl and HF, with carbon dioxide and hydrogen sulfide being the main gases 

representing over 90% of the gas content (Scarpa et al., 1996). The mixture of magmatic gases 

and water causes significant changes to the original mineralogy of host igneous and country 

rocks, producing extensive alteration haloes. A typical surface alteration type is called argillitic, 

where acidic sulfate-rich water transforms the host rock into an a clay assemblage including 

kaolinite, smectite, and illite (Nicholson, 1993) and other minerals such as alunite and 

chalcedony. The magmatic heat can also mobilize pore-waters in the distal country rocks of 

intrusive complexes, leading to low-sulfidation (reduced redox, neutral pH, gas-poor) hot-spring 

discharges. 

 Examples of magmatic geothermal systems include Cerro Prieto in Mexico, Imperial 

Valley, The Geysers, and Roosevelt Hot Springs in the USA, Taupo Volcanic Zone in New 

Zealand, Awibengkok in Indonesia, the Kyushu volcanic arc in Japan, and Iceland (Figure 2.2) 

(Moeck, 2014). 

 

2.2.2. Amagmatic geothermal systems 

Amagmatic orogenic geothermal systems involve the circulation of meteoric water through 

fractures and faults, in response to topographically induced hydraulic gradients, whereby the 

water gradually gains heat as it penetrates deeper into the Earth (Alt-Epping et al., 2021). 

However, it is important to distinguish between two types of amagmatic geothermal systems, 

amagmatic extensional geothermal and amagmatic orogenic geothermal systems. 

 Amagmatic extensional geothermal systems are characterized by topographically driven 

circulation of surface water through faults and sedimentary units. These systems emerge in 

regions where continental-scale extension triggers crustal thinning, consequently leading to 

elevated heat fluxes. For example, in the northwestern part of the Basin and Range Province in 

western North America, these extensional geothermal systems have a heat flux of 85 ± 10 mW 
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m−2 (Kennedy & Van Soest, 2007; McKenna & Blackwell, 2004). 

 In contrast, amagmatic orogenic geothermal systems present a different paradigm. They 

involve deep circulation of meteoric water through faults in crystalline rock, with an average 

crustal geothermal gradient (<30 °C km-1) and average heat flux values (<65 mW m−2). The 

circulation of water is restricted to the upper crust above the brittle–ductile transition zone 

typically occurring at depths of 12–15 km. Owing to crystalloplastic deformation, the 

permeability beneath the brittle-ductile transition zone is very low, thereby restricting advective 

fluid flow to the upper, brittle part of the crust. Examples of amagmatic orogenic geothermal 

systems include the Canadian Rocky Mountains (Grasby & Hutcheon, 2001) and the Eastern 

Pyrenees in France (Taillefer et al., 2018). 

 Amagmatic geothermal systems are characterized by discharge of thermal water at the 

surface, often observed in the form of hot springs and fumaroles. The concentration of total 

dissolved solids is usually lower than in magmatic systems. Additionally, the infiltrated meteoric 

water carries dissolved gases, with nitrogen accounting for over 95% of the gas content. 

Diamond et al. (2018) have shown that meteoric water can penetrate up to 10 km deep into an 

orogenic system, reaching temperatures as high as 250 °C even the absence of a magmatic heat 

source. The temperature that amagmatic geothermal systems can achieve is primarily influenced 

by fault permeability (kfault > 10-15 m2), because it controls the depth of water infiltration and the 

discharge temperature (Moeck, 2014; Taillefer et al., 2018; Alt-Epping et al., 2022).  

 The capability to generate high temperatures without needing volcanic heat sources 

makes amagmatic geothermal systems attractive for exploration, as they can potentially be found 

wherever there is high topographic relief cut by fault zones. However, it is important to note that 

these systems have limitations, including relatively low rates of both heat and fluid flow (<10 L 

min-1) (Diamond et al., 2018). They may therefore be better suited to petrothermal heat 

extraction (whereby the plume of hot rock around the water upflow zone is exploited via 

permeability stimulation and injection of water), rather than direct use of the heat carried by the 

discharging hot-spring water.
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Figure 2.3. Conceptual models of magmatic and amagmatic geothermal systems. Specifically, in (i) volcanic arcs, (ii) mature magmatic rift 

environments, (iii) amagmatic extensional sedimentary environments (immature rifts), and (iv) amagmatic orogens with mountainous topography. 

Adapted from Jolie et al. (2021). 
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2.3. Hydraulic driving force 

The movement of water in amagmatic orogenic geothermal systems is fundamentally driven by 

hydraulic head gradients. The hydraulic head gradients (∇𝑃) indicate how the hydraulic head 

changes with respect to distance and allows the direction and rate of groundwater flow in a 

subsurface system to be determined. Hydraulic head (𝑃) is a combination of pressure head (𝜓) 

and elevation head (𝑧) relative to a specific reference point or datum (𝑧 = 0) (Figure 2.4). It 

represents a measure of the total potential energy of water at a specific point within a 

groundwater system (Hubbert, 1940). 

 Regions with significant differences in topographic elevation are associated with 

variations in hydraulic heads. Water naturally moves from regions of higher hydraulic head to 

lower hydraulic head (ℎ1 > ℎ2; Figure 2.4) (Tóth, 2009). However, the water flux is also 

controlled by the permeability of the rocks. The relationship between water flux, hydraulic head 

gradients and permeability is described by Darcy’s Law (Eq. 2.1) (Darcy, 1856): 

𝒖 = −
𝑘

𝜇
(∇𝑃 − 𝜌𝑔) 

(2.1) 

In this equation u symbolizes the Darcy flux (m s−1), which is the flux of the fluid through the 

porous medium (rock or unconsolidated sediment); k is the intrinsic permeability (m2) of the 

medium, quantifying the ease of the medium to transmit fluids; μ is the dynamic viscosity of the 

fluid (Pa s), characterizing fluid resistance to flow; ∇P (Pa m−1) is the hydraulic head gradient, 

ρ is the density of water (kg m−3), and g is the acceleration due to gravity (m s−2). 

 Darcy’s Law encapsulates the fundamental principles of how fluids move within 

amagmatic orogenic geothermal systems, which are closely tied to mountainous regions. In these 

systems, changes in the elevation of the landscape drive the movement of water to deeper depths 

along interconnected fracture and fault zones. Elevated terrain is correlated with elevated 

hydraulic heads, whereas valley floors and coastal zones have lower hydraulic heads (Figure 

2.4c).  

Superimposed on the driving force of hydraulic head gradients is the buoyancy force 

resulting from spontaneous convection of fluid in the temperature field of the host fault. The 

relative strength of buoyancy typically depends on the local heat flow and rate of surface cooling 

(i.e., the steady-state background geothermal gradient) in competition with cooling or heating 

due to the fluid circulation (e.g., Alt-Epping et al., 2022). 
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Figure 2.4. Effects of hydraulic head on water flow direction: (a) water movement from lower 

to higher pressure zones, (b) water flow from lower to higher elevation areas (Tóth, 2009). (c) 

Representation of groundwater flow from high topography (high hydraulic head) to valley 

floors or coastal areas (low hydraulic head), modified from (Mulligan & Charette, 2009). 

 

2.4. Key hydraulic rock properties influencing fluid flow 

In amagmatic orogenic geothermal systems, fluid usually circulates through crystalline rocks 

such as granites and gneisses. The way fluids move is influenced by important characteristics of 
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both the rocks and the fluids involved. These properties include permeability, fracture porosity, 

thermal conductivity and the specific heat capacity (the amount of heat the rock and water can 

hold). All of these properties determine how fluid is transported and how it thermally interacts 

with the host rock. Typical values for different host rocks are given in Table 2.1. 

 Permeability, denoted as 𝑘 (m2), can for instance be derived from hydraulic 

conductivity 𝐾 (m s-1) obtained from borehole hydraulic tests (Stober & Bucher, 2007). The 

relationship between permeability and hydraulic conductivity is defined by the equation: 

𝑘 = 𝐾 
𝜇

𝑔𝜌
 (2.2) 

Here 𝜇 represents the dynamic viscosity of the fluid (kg m-1 s-1), g is the acceleration due to 

gravity (m s−2), and 𝜌 is the density of water (kg m−3). Crystalline rocks generally exhibit 

permeability values within a low range of 10-18–10-16 m2 (Evans et al., 1997; Stober & Bucher, 

2007). 

 Porosity, represented as φ (%), is defined as the ratio of volume of the fluid-saturated 

pore space to the bulk volume of the rock, typically expressed as a percentage (Table 2.1). In 

the amagmatic orogenic geothermal systems, the effective advective flow may occur in both 

rock-matrix and fracture porosity (Stober & Bucher, 2007). However, in crystalline rocks, the 

contribution of matrix porosity to fluid flow is limited. Fracture porosity, created by a network 

of fractures with apertures typically ranging from 1 to 3 mm (Stober & Bucher, 2007), governs 

the amount of mobile water present in crystalline rocks. 

 The thermal behavior of rocks, such as their role as heat conductors or insulators, is 

defined by their thermal conductivity and heat capacity values. Thermal conductivity (𝜆) 

measures the ability of a material to conduct thermal energy. In contrast, specific heat capacity 

(𝐶𝑝) quantifies the amount of heat energy required to raise the temperature of a given mass of 

the material by one degree Celsius at a constant pressure (Bergman, 2011).  

 In amagmatic orogenic geothermal systems, characterized by the absence of magmatic 

heat sources and by low conductive heat flow, the process of advection becomes crucial for 

efficiently moving a significant amount of heat. This is because the high specific heat capacity 

of water (Table 2.1) allows it to effectively absorb or deposit significant amounts of heat if its 

temperature is above that of its wall rocks. 
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Table 2.1 

Permeability (k), porosity (φ), thermal conductivity (𝜆) and specific heat capacity (𝐶𝑝) ranges 

of values of selected rocks and water (Emerson, 1990; Bergman, 2011; Bear, 2013; Siegfried 

& Helmut, 2004). 

Rock k (m2) φ (%) 𝜆 (W m-1 K-1) 𝐶𝑝 (J K-1 g-1) 

Granite  10-16–10-18 0.1–2.3 1.3–4.0 0.8 

Limestone 10-15–10-16 2–35 0.8–1.5 0.8 

Sandstone 10-13–10-14 5–25 0.7–1.7 0.8–0.9 

Basalt 10-14–10-15 2–20 0.5–2.0 0.8–0.9 

Shale 10-17–10-20 10–40 1.0–1.5 1.4 

Water    0.6 4.18 

 

2.5. Fault zone architecture 

In orogenic amagmatic geothermal systems, water flow occurs along interconnected fracture 

networks and faults. Fractures are essentially cracks or fissures in rocks usually caused by 

tectonic, thermal or unloading (exhumation) stresses. A fault is a surface where rock masses 

have moved relative to each other in response to a shear stress (Van der Pluijm & Marshak, 

2004). In contrast, fracture sets termed joints may show no shear offset. Fracture networks are  

particularly common around major orogenic faults under periodic ruptures, where the interplay 

between permeability and fluid dynamics are linked to the seismic cycle (Sibson, 1994). 

 The fault zone architecture comprises distinct components, such as fault cores and 

damage zones, surrounded by the host rock formation (wall rock). These components play a 

critical role in determining fluid flow patterns (Faulkner et al., 2010). Fault cores consist of 

single slip surfaces, clay-rich gouge zones, brecciated and altered areas, or cataclasite zones at 

the centimeter scale. In contrast, at the meter scale, the flanking damage zones may encompass 

subsidiary features like faults, veins, fractures, and even cleavage and folds if the fault is in the 

ductile regime (Caine et al., 1996).  

 Fault zones can exhibit a single fault core, possibly accompanied by interconnected 

subsidiary faults (Figure 2.5a). Alternatively, the fault core may branch and interconnect, 

incorporating damaged rock lenses (Figure 2.5b; Mitchell & Faulkner, 2009). These 

characteristics give rise to distinct hydraulic zones within the fault zone. If the fault core contains 

fine-grained gouge (crushed rock, often clay-rich), then it may act as a low-permeability 
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boundary for fluid migration, whereas the surrounding damage zone exhibits high permeability 

(Yehya & Rice, 2020). Typical values for damage zones range from 10-16 to 10-14 m2. In contrast, 

the permeability of the core ranges from 10-20 to 10-17 m2 (Evans et al., 1997). Alterations in the 

architecture of fault zones can lead to significant modifications in permeability structure, 

subsequently affecting the patterns of fluid flow (Caine & Forster, 1999). 

 Most geothermal systems with intermediate-temperature to high-temperature (≥125 °C 

to ≥225 °C) are usually found along normal and strike-slip fault zones, often within complex 

zone of interactions. These zones include fault terminations, step-overs, intersections, 

accommodation zones, displacement transfer zones, and pull-aparts. In these areas, there is a 

notable increase in porosity and concentration of fractures and hence enhanced permeability, 

facilitating sustained fluid flow over time (Figure 2.6) (Jolie et al., 2021). 

 

 

Figure 2.5. Fault architecture, (a) single fault core, (b) multiple fault cores, adapted from 

(Faulkner et al., 2010) and (Mitchell & Faulkner, 2009). 
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Figure 2.6. Ideal structural settings for geothermal exploration and exploitation from Jolie et 

al. (2021). 

 

2.6. Thermal–hydraulic numerical simulations 

Numerical simulations such as those coupling thermal, hydraulic, mechanical, and chemical 

processes are a powerful tool to quantitatively study geothermal systems. The coupling of these 

processes is numerically captured by governing equations and constitutive laws, encompassing 

the conservation of fluid mass (Darcy’s Law), energy (e.g. heat), solute mass, and solid mass 

(Figure 2.7; Steefel et al., 2005). Such coupling between thermal and hydraulic processes is 

crucial because properties like density and viscosity, which influence fluid flow (Eq. 2.1 and 

2.2), are highly dependent on temperature. 
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 To carry out the thermal–hydraulic (TH) numerical simulations, the software 

TOUGHREACT (Pruess et al., 1999) was employed by switching off chemical reactions 

between the different fluids involved and the host rock through which fluid flow occurs. 

Nevertheless, chemical and isotopic compositions of thermal waters were used to develop 

conceptual model of the studied geothermal systems and thus to constrain the corresponding TH 

simulations. The following steps describe the iterative modeling workflow applied throughout 

this thesis: (1) Development of a conceptual model based on geological, geochemical and 

geophysical data, (2) generation and numerical discretization of a three-dimensional geological 

model, (3) definition of initial and boundary conditions, (4) model calibration, (5) model 

verification and validation by comparing modeling results with geological, geochemical, and 

geochemical observations and (6) updating of the conceptual model and redoing steps (2) to (5). 

 

 

Figure 2.7. Governing conservation equations and constitutive laws for a coupled reactive 

transport system involving a singles fluid phase, taken from Steefel et al. (2005). 

 

TOUGHREACT employs a continuum model, which is a mathematical and physical framework 

based on the principle of mass and energy conservation to express the laws of physics (Steefel 

& Maher, 2009). The principle of the mass conservation equation captures the inflow, outflow, 

internal generation, and consumption of substances (Figure 2.7) (Lichtner, 1996) and is 
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represented mathematically as: 

 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐼𝑛𝑓𝑙𝑜𝑤 − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤 + 𝑆𝑜𝑢𝑟𝑐𝑒𝑠 − 𝑆𝑖𝑛𝑘𝑠 (2.3) 

where 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 quantifies any increase or decrease of mass and/or energy within the 

chosen control volume. 𝐼𝑛𝑓𝑙𝑜𝑤 accounts for the mass or energy entering the control volume 

from its boundaries, while 𝑂𝑢𝑡𝑓𝑙𝑜𝑤 represents the mass and/or energy exiting the control 

volume into the surrounding environment. 𝑆𝑜𝑢𝑟𝑐𝑒𝑠 are additional contributions of mass and/or 

energy originating within the control volume, while 𝑆𝑖𝑛𝑘𝑠 are processes occurring within the 

control volume that either remove or consume the mass and/or energy. 

 The conservation equations are typically formulated as partial differential equations 

(PDEs) (Figure 2.7), describing how system parameters change across space and time. To solve 

the PDEs numerically, the model domain needs to be discretized into a series of representative 

elementary volumes (REV) (Lichtner, 1996). Over each REV, system properties such as 

pressure, temperature, porosity, and permeability are averaged. Their size thus depends on the 

degree of heterogeneity or spatial resolution required in the specific model. The system 

properties within REVs change over time intervals based on the initial and boundary condition 

assigned. This method is called integral finite difference and there are various approaches to 

numerically define derivatives with respect to time and space such as forward, backward, and 

central differences (Lichtner, 1996; Sullivan & Sullivan, 2016). In addition to the definition of 

an REV, initial and boundary conditions need to be specified to numerically solve the PDEs. 

Initial conditions are the parameter values that define the spatial differentials at the beginning of 

the simulation. In contrast, boundary conditions define the spatial differentials at the edges and 

in the whole model. There are two main types of boundary conditions. The first is termed a 

Dirichlet condition, which specifies the exact values of a quantity at the boundaries (e.g., 

temperature). The second is a Neumann condition, which specifies the rate of change of the 

relevant variables at those boundaries (e.g., heat flux) (Pruess & Narismhan, 1985; Steefel & 

Maher, 2009; Seigneur et al., 2019).  
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Figure 2.7. Control volume to represent the mass conservation principle, adapted from 

(Steefel & Maher, 2009). 

 

2.6.1. Water and heat flux equations 

To understand how TOUGHREACT conducts TH simulations, this section presents the 

fundamental equations the code uses to model the transport of water and heat. The equation 

describing the change in fluid mass (∆𝑚𝑤) accumulation over time is: 

∆𝑚𝑤 = ∆(𝜌𝑤𝜑) (2.4) 

This equation indicates that the change in fluid mass (∆𝑚𝑤) is proportional to the change in 

water density (𝜌𝑤) multiplied by the porosity (φ) over time within the control volume (Steefel 

et al., 2005). 

 The inflow and outflow terms capture the movement of fluid mass across the boundaries 

of the control volume: 

𝐼𝑛𝑓𝑙𝑜𝑤 =
𝐴Δ𝑡𝜌𝑤𝑞(𝑥) + 𝐴Δ𝑡𝜌𝑤𝑞(𝑦) + 𝐴Δ𝑡𝜌𝑤𝑞(𝑦)

𝑉
 (2.5) 

𝑂𝑢𝑡𝑓𝑙𝑜𝑤 =
𝐴Δ𝑡𝜌𝑤𝑞(𝑥 + Δ𝑥) + 𝐴Δ𝑡𝜌𝑤𝑞(𝑦 + Δ𝑦) + 𝐴Δ𝑡𝜌𝑤𝑞(𝑦 + Δ𝑧)

𝑉
 

(2.6) 

Equation (2.5), calculates the inflow of fluid mass into the control volume, summing 

contributions from different directions. The terms 𝑞(𝑥), 𝑞(𝑦), and 𝑞(𝑧) (m3 water m-2 s-1) 

represent the volumetric flow rates across the area (𝐴) perpendicular to each spatial axis (𝑥, 𝑦, 

𝑧). The term 𝐴Δ𝑡𝜌𝑤 reflects the volume of fluid entering the control volume within the time 

interval (Δ𝑡), where 𝜌𝑤 denotes the density of the fluid (kg m-3). Dividing by the total volume 𝑉 

gives the inflow rate per unit volume. Similarly, Equation (2.6) represents the concept of outflow 

from the control volume. 
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 Equations (2.7) and (2.8) express changes in fluid mass content within the control 

volume (sources and sinks), accounting for differences between inflows and outflows across 

boundaries. They provide a discrete representation of flux divergence across adjacent 

boundaries. 

Δ(𝜌𝑤𝜑) = Δ𝑡𝜌𝑤 [
𝑞(𝑥)

Δ𝑥
+

𝑞(𝑦)

Δ𝑦
+

𝑞(𝑧)

Δ𝑧
] − Δ𝑡𝜌𝑤 [

𝑞(𝑥 + Δ𝑥)

Δ𝑥
+

𝑞(𝑦 + Δ𝑦)

Δ𝑦
+

𝑞(𝑧 + Δ𝑧)

Δ𝑧
] (2.7) 

Δ(𝜌𝑤𝜑)

Δ𝑡𝜌𝑤
= [

𝑞(𝑥) − (𝑥 + Δ𝑥)

Δ𝑥
+

𝑞(𝑦) − 𝑞(𝑦 + Δ𝑦)

Δ𝑦
+

𝑞(𝑧) − 𝑞(𝑧 + Δ𝑧)

Δ𝑧
] (2.8) 

 Considering an infinitesimally small control volume (Δ𝑥, Δ𝑦, Δ𝑧 → 0), the change in 

water mass per volume (or water content) is equivalent to the negative sum of derivatives (or 

negative divergence) of fluxes, including sources and sinks (±𝑆). This fluid mass conservation 

equation can be expressed as: 

1

𝜌𝑤

∂(𝜌𝑤𝜑)

∂𝑡
= −

∂𝑞𝑥

∂𝑥
−

∂𝑞𝑦

∂𝑦
−

∂𝑞𝑧

∂𝑧
± 𝑆 (2.9) 

 Equation (2.10) establishes the link between the balance mass conservation equation and 

the water flux equation, which is represented by Darcy’s Law (Eq. 2.1) together with the 

consideration of sources and sinks (±𝑆). Equation 2.10 shows only the divergence flux in 𝑥 

direction. 

1

𝜌𝑤

∂(𝜌𝑤𝜑)

∂𝑡
= −

∂𝑞𝑥

∂𝑥
± 𝑆 =  

∂

∂𝑥
[−

𝑘

𝜇
 
∂(∇𝑃 − 𝜌𝑔)

∂𝑥
] ± 𝑆 (2.10) 

Equation 2.11 shows the conservation of fluid mass, where 𝒒 is the Darcy velocity (m s−1).  

∆𝑚𝑤 =
∂(𝜌𝑤𝜑)

∂𝑡
= −∇(𝜌𝑤𝒒) ± 𝑆 

(2.11) 

 

 The continuum approach extends to the balance of heat content (∆𝐻) over time within 

the control volume influenced by the divergence of heat fluxes across different directions (𝑥, 𝑦, 

𝑧) (Xu et al., 1999b), expressed as follows: 

∆𝐻 =
∂(𝑐𝑚𝜌𝑏𝑇)

∂𝑡
= −

∂𝑗ℎ𝑥

∂𝑥
−

∂𝑗ℎ𝑦

∂𝑦
−

∂𝑗ℎ𝑧

∂𝑧
± 𝑆 (2.12) 

In this equation, ∆𝐻 represents the change in heat content (J m-3), 𝑐𝑚 is the specific heat 

capacity (J K-1 m-3) per bulk volume (𝜌𝑏), 𝑇 represents the temperature (K). 

 Heat fluxes (𝑗ℎ) in equation (2.12) are describe through conductive and convective heat 

fluxes as follows: 
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∂(𝑐𝑣𝑇)

∂𝑡
= −

∂𝑗ℎ𝑥

∂𝑥
± 𝑆 =

∂

∂𝑥
[𝜆

∂𝑇

∂𝑥
− 𝒒𝒙𝑐𝑤𝑇] ± 𝑆 (2.13) 

In this equation, the volumetric bulk heat capacity (J K-1 m-3) is represented as 𝑐𝑣 =
𝜌𝑏

𝑐𝑚
, the term 

𝜆 represents the heat conductivity (W m-1 K-1), indicating the efficiency of a material to conduct 

heat. The 
∂𝑇

∂𝑥
 term represents the temperature gradients, while the product 𝒒𝒙𝑐𝑤𝑇 accounts for 

the convective heat flux attributed to Darcy velocity (𝒒𝒙) in the divergence flux in 𝑥 direction, 

where 𝑐𝑤 is the volumetric heat capacity of water (J K-1 m-3). 

 Equation 2.14 shows the conservation of energy:  

∆𝐻 =
∂(𝑐𝑣𝑇)

∂𝑡
= −∇(𝜆∇𝑇 − 𝒒𝑐𝑤𝑇) ± 𝑆 (2.14) 

 

 Equations (2.11) and (2.14) show how hydraulic (fluid) and thermal (heat) processes are 

coupled. This means that the amount of heat moving through an REV depends on fluid flow (𝒒 

in Eq. 2.14). At the same time, the properties of fluid flow such as density and viscosity are 

temperature-dependent. It is important to note that the water velocity and the heat flux 

transferred within an REV in a specific time, are affected by the permeability, porosity and 

hydraulic pressure and the bulk volumetric heat capacity. 
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Abstract 

Amagmatic geothermal systems within regional-scale orogenic faults are promising renewable 

resources for heat and possibly electricity production. However, their behavior needs to be better 

understood to improve exploration and assessment of their energy potential. To provide more 

insight, we report geochemical, geological, and geophysical studies from seven hot spring sites 

strung along a 90 km segment of the Agua Blanca Fault (ABF), which traverses a mountainous 

region of northern Baja California, Mexico. Our results show that topographic heads drive 

infiltration of meteoric water deep into basement rocks, where it is heated according to the local 

geothermal gradient. Our diverse dataset provides strong evidence that the flow system, 

magnitude, and location of the thermal anomalies are primarily controlled by the permeability 

of the ABF system and the hydraulic head gradients. The hot water ascends along preferentially 

permeable zones, discharging at temperatures from 37 °C in inland springs to 102 °C on the 

Pacific coast. Higher temperatures correlate positively with the degree of extensional fault 

displacement (a proxy for fault permeability). Correlations between hydraulic head gradients, 

residence times, and 3He/Hetotal of the thermal waters show that the hydraulic head gradient 

controls the length and depth of the flow paths. Long paths to great depths lead to long water 
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residence times and high 3He/Hetotal fractions. Optimal conditions at the coast allow the 120 °C 

temperature threshold for electricity production to be reached at relatively shallow depths (<2 

km), demonstrating the potential of orogenic geothermal systems for petrothermal exploitation. 

 

Plain Language Summary  

The deep circulation of meteoric water in areas not affected by volcanic heat represents 

underexplored renewable energy sources for heat or electricity production. A challenge for 

exploration is that the processes and forces that drive hot water circulation in such systems are 

not fully understood. To obtain new insights, we undertook a geochemical, geological, and 

geophysical study of seven hot spring sites strung along a 90 km long fault zone across the 

northern Baja California Peninsula in Mexico. Our data show that rainwater infiltrates deep into 

mountainous areas and modifies its chemical composition and temperature, in the absence of 

any magmatic heat source. We also discovered that the local permeability of the fault zones 

controls the discharge temperature of the hot springs and, thus, the amount of thermal energy 

that could be potentially exploited from such systems. Other relevant system parameters, such 

as the depth of water infiltration and the subsurface water residence time, are controlled by the 

differences in water pressure under high and low points in the topography and by the distance 

between the point of infiltration of rainwater and its subsequent discharge location. 

 

3.1. Introduction 

Regional-scale faults in mountainous orogens often host hot springs with potential as geothermal 

resources, even in areas where magmatic heat is absent and heat fluxes are moderate (Wanner 

et al., 2019). The springs are the discharge sites of meteoric water that has infiltrated at high 

altitudes, circulated deep into the fault plane where it has acquired heat from the wall rocks and 

then ascended through preferentially permeable upflow zones to low points in the topography 

(e.g., López & Smith, 1995; Menzies et al., 2016; Alt‐Epping et al., 2022; Stober et al., 2022). 

Meteoric water circulation through the purely brittle realm of the host fault is driven by high 

hydraulic heads induced by the rugged topography and elevated fault permeabilities. Penetration 

depths of meteoric water are deduced to be as high as 9–10 km (Diamond et al., 2018), and in 

some cases meteoric water may penetrate the transiently ductile deformation realm (for which 

additional driving forces are required; McCaig, 1988; Upton et al., 1995; Menzies et al., 2014). 
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Worldwide occurrences of such amagmatic orogenic geothermal systems include those 

in the Canadian Rocky Mountains (Grasby & Hutcheon, 2001), Lérida province in the Pyrenees 

in Spain (Asta et al., 2010), Da Qaidam in China (Stober et al., 2016), Brigerbad in Switzerland 

(Sonney & Vuataz, 2008), the Eastern Pyrenees in France (Taillefer et al., 2018), Huangshadong 

in China (Tian et al., 2023), along the Alpine Fault in New Zealand (Sutherland et al., 2017; 

Coussens et al., 2018), along the Lishan Fault in Taiwan (Chen, 1985; Upton et al., 2011) and 

the Nepalese Himalaya (Whipp & Ehlers, 2007). These fault-hosted, topography-driven systems 

are characterized by regional crustal geothermal gradients typically between 20 and 30 °C km-1 

(with exceptionally higher gradients in the Alpine Fault, New Zealand; Sutherland et al., 2017), 

by temperatures of 100 to at least 250 °C at the greatest depths of water circulation, and by 

spring temperatures of 25–102 °C. 

Prolonged heat extraction from the wall rocks by water moving along the base of the 

circulation loop and its redeposition into the wall rocks of the upflow path can create large, three-

dimensional, plume-like thermal anomalies beneath the discharge sites (Wanner et al., 2019). At 

depths within the reach of drilling (e.g., 2 km), the temperatures in these plumes can exceed the 

120 °C threshold for electricity generation. Thus, although discharge rates are normally modest, 

the plumes of hot rock below the springs can be viewed as targets for petrothermal exploitation, 

presumably requiring artificial hydraulic stimulation to facilitate heat extraction (Wanner et al., 

2019). 

 To improve exploration strategies for this geothermal play, a better understanding is 

required of how they behave, particularly the controls on their locations and magnitudes. We 

have therefore undertaken a geochemical, geophysical, and geological study of orogenic 

geothermal systems along the Agua Blanca Fault (ABF) in Ensenada, NW Baja California, 

Mexico. We chose this topographically rugged area because it exhibits three favorable features: 

(1) seven geothermal systems are strung out along a ~90 km stretch of the fault, permitting 

quantitative correlation of hydraulic head gradients with the physicochemical properties of the 

springs; (2) water discharge temperatures vary along the fault from 37 to 102 °C, the latter being 

worldwide the hottest and therefore most prospective amagmatic system to our knowledge; (3) 

the host fault is active and the rates and magnitudes of tectonic extension along its segments 

have been quantified (Wetmore et al., 2019; Gold et al., 2020) , allowing qualitative assessment 

of permeability variations along the fault. 

In this paper, we take advantage of these features to explore how the interplay of variable 
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fault permeability and hydraulic head gradients control the location and discharge temperatures 

of the springs. To enable this treatment, we present new analyses of spring compositions, 

including major solutes, pH, temperature, dissolved gases, O–H stable isotopes, and He–Ne 

radiogenic isotopes. We calculate water residence times and reservoir temperatures and interpret 

earthquake hypocenters to estimate depths to the brittle–ductile transition zone (BDTZ) and 

geothermal gradients. Finally, we identify recharge zones from O–H stable isotopes and 

topographic maps, calculate hydraulic head gradients, and integrate our collective results with 

structural data from the literature. As well as providing new insight into the hydraulic controls 

on the geothermal systems, our new data and correlations will serve as calibration targets for 

future 3D numerical simulations of water circulation through the ABF, from which additional 

parameters can be quantified and conclusions drawn for exploration strategies. 

 

3.1.1. Geology and geothermal manifestations of the study area 

The study area is located in the northwest of the Baja California Peninsula, Mexico (Figure 3.1a) 

and encompasses the northwestern sector of the geological province known as the Peninsular 

Ranges Batholith. The rocks in this province (Figure 3.1b) can be divided into three 

tectonostratigraphic groups (Gastil et al., 1975): (i) Pre-batholithic rocks, consisting of a 

Triassic–Jurassic belt of metamorphosed quartz-bearing sandstone, argillite, and minor 

carbonate rocks located in the eastern part of the study area. Part of the same group is the Alisitos 

Formation, an Aptian–Albian belt of volcanic (andesite to dacite) and volcaniclastic (tuff and 

pyroclastic) rocks interbedded with sedimentary mudstone, sandstone, and limestone along the 

western flank of Baja California; (ii) Batholithic rocks of Cretaceous age dominated by tonalite 

(73 vol.%), granodiorite (23 vol.%), with minor gabbro and diorite (2 vol.%), and quartz 

monzonite (2 vol.%). These underlie the entire study area, having been emplaced successively 

from west to east between 140 and 80 Ma (Gastil, 1975; Ortega-Rivera, 2003); (iii) Post-

batholithic rocks comprising the Late Cretaceous Rosario Group of marine mudstones, 

sandstones and granitic conglomerates; Eocene–Paleocene marine mudstones and sandstones; 

and Miocene volcanic rocks (rhyolite, andesite, and basalt). 

 The study area is recognized as an active tectonic zone encompassing three steeply 

dipping dextral fault systems: Agua Blanca Fault (ABF), Tres Hermanos Fault (THF), and San 

Miguel-Vallecitos Fault (SMVF) (Figure 3.1b). These collectively host a total of seventeen 

geothermal systems, manifested by hot springs, submarine fumaroles, domestic thermal wells, 
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and coastal thermal anomalies (Figure 3.1b, c). Chemical and isotopic analyses of water and gas 

discharges from some of these geothermal systems have confirmed their meteoric origin and 

have revealed no evidence of a magmatic heat source. This observation aligns with the absence 

of post-Miocene magmatic rocks in the area (Vidal et al., 1981; Gastil & Bertine, 1986; Polyak 

et al., 1991; Beltrán-Abaunza & Quintanilla-Montoya, 2001; Arango-Galván et al., 2011; Barry 

et al., 2020). 

 

 

Figure 3.1. Location of the study area and its geological and geothermal features. a) Location 

in Baja California, Mexico, highlighted by a black rectangle. b) Geological map modified 

from Gastil et al. (1975) with locations of seventeen orogenic amagmatic geothermal systems 

(stars) along fault traces (red lines). Yellow stars mark the thermal waters reported in this 

study, divided into five geographic zones (labelled Punta Banda in the northwest to Valle 

Trinidad in the southeast) to facilitate discussion. c) Detailed location of La Jolla Beach 

thermal anomaly (Carbajal-Martínez et al., 2020) and its surrounding domestic thermal wells 

(UTM 11N coordinates). 
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 The present study focuses on amagmatic geothermal systems occurring along the active 

ABF (Figure 3.2a). This subvertical, west–northwest-trending (276–302°) dextral–normal fault 

first became active between 3.3 and 1.5 Ma (Wetmore et al., 2019). It is transtensional along its 

~150 km exposed length (downthrown to the north in the NW and to the south in the SE) and 

traverses nearly the entire Baja California Peninsula, extending beneath the Pacific Ocean in the 

northwest (Figure 3.2a). The ABF has several branches, recognizable from geomorphological 

features such as triangular facets, deviated streams, vegetation lines, and uplifted marine terraces 

(Allen et al., 1960; Rockwell et al., 1989). Although seismic events with magnitudes up to 3 are 

relatively infrequent compared to San Miguel-Vallecitos Fault (Figure 3.1b), earthquakes with 

magnitudes of 6–7 occur at a recurring interval of 75–200 years in the central zone of the ABF 

(Ortega-Rivera et al., 2018). 

 Thermal waters discharge in five valleys intersected by faults belonging to the ABF 

system. From southeast to northwest, these are Valle Trinidad, Cañon Dolores, Valle Agua 

Blanca, Valle Santo Tomas, and the coastal plains flanking the Punta Banda Peninsula (Figure 

3.2b). Geologic and geodetic studies in these valleys indicate consistent slip rates of 2–4 mm 

year-1 over ~10 kyr time scales (Wetmore et al., 2019; Gold et al., 2020). However, these valleys 

exhibit diverse extends of strike-slip along different sections. In Valle Trinidad, Cañon Dolores, 

and Valle Agua Blanca, the fault exhibits maximum strike-slip of up to 10–12 km. Conversely, 

the northwest section, comprising Valle Santo Tomas and Punta Banda, shows only 5–7 km of 

strike-slip. It is important to note that this section has undergone higher total dip-slip 

displacement (north side down) with values of 1.16 km and 1.25 km, respectively (Wetmore et 

al., 2019). Geodetic block modelling, along with previous geological assessments of slip 

direction, has revealed an increased occurrence of fault-perpendicular extension towards the 

southeast (3-10%) and northwest (5–15%), with lower values observed throughout the central 

part of the fault (<2%) (Wetmore et al., 2019). Notably, the area with the highest extension of 

the ABF coincides with the location of the hottest thermal waters along the coast of the Punta 

Banda Peninsula, specifically at La Jolla beach (LJB, 93 °C) and at a submarine fumarole (SMF, 

102 °C) (Vidal et al., 1981; Carbajal-Martínez et al., 2020). 

 The study area is characterized by rugged topography (Figure 3.2a), which provides the 

potential energy to drive meteoric water deep into the ABF (Tóth, 1962, 2009). The main trace 

of the ABF intersects both ridges and valleys, reaching a maximum elevation of 1100 m a.s.l. 

(Figure 3.2b). Figure 3.2b also shows two topographic profiles parallel to the main trace of the 
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ABF, one offset by 1.5 km to the north, the other to the south. These indicate that the elevated 

northern side of the fault (up to ~1600 m a.s.l.) serves as the main recharge catchment for water 

infiltrating the ABF. The only exception is at the Punta Banda Peninsula, where elevations are 

higher on the southern side of the ABF (up to ~1000 m a.s.l.). 

 

Figure 3.2. Oblique aerial view and topographic profile of the study area. a) 3D view 

highlighting the rugged topography, the location of amagmatic geothermal systems linked to 

the dextral Agua Blanca Fault (ABF), and the discharge temperatures of thermal springs. As 

indications of scale, the distance between the two fault branches on either side of the Punta 

Banda Peninsula is approximately 4 km, and the Valle Trinidad spring (VT) lies 135 km from 

La Jolla Beach (LJB). The fault exhibits both dip-slip movement upwards (U) and downwards 

(D). b) Topographic elevation profile displaying the main trace of the ABF (in red), as well as 

two additional profiles (in black and gray) that run 1.5 km parallel to the north and south of 

the main trace of the fault. Vertical axis exaggerated ~20 times. Numbers beside spring names 

show pH values of the thermal waters.  
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3.2. Materials and Methods 

3.2.1. Water sampling and analysis 

Fourteen thermal waters (hot springs, domestic thermal wells, intertidal seeps) located along the 

ABF were sampled in 2018 and 2019 (Table 3.1). On-site measurements were made for pH (to 

within ± 0.05 units with an OAKTON 150), temperature (to within ± 0.4 °C with a HANNA HI 

93503 thermocouple), and electrical conductivity (EC, to within ± 1% with a Thermo Scientific 

Orion 105A conductivity meter). Samples were filtered through a 0.45 µm MILLIPORE filter 

and collected in 50 mL High-Density Polyethylene (HDPE) bottles. Samples for cation analysis 

were acidified using ultra-pure HNO3. Alkalinity was determined on-site on filtered water 

samples by titration with a 0.02 M H2SO4 solution using bromocresol green and phenolphthalein 

as indicators. 

 Analyses were conducted at the geochemical laboratory of the Istituto Nazionale di 

Geofisica e Vulcanologia–Palermo (INGV–PA), Italy. Anion concentrations were determined 

using a Dionex ICS-1100 ion chromatograph and cations by Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) with a Jobin Yvon Ultima 2 spectrometer. Analytical 

uncertainty is ≤1% for concentrations above 1 meq L-1 and ≥5% for lower concentrations. Values 

of δ18O and δ2H were determined by Continuous-Flow Isotope Ratio Mass Spectrometry (CF-

IRMS). For δ18O, a Thermo Delta V mass spectrometer was used, while δ2H values were 

determined using a Thermo Delta XP mass spectrometer. The isotopic ratios are expressed in δ-

notation (‰) relative to Standard Mean Ocean Water (SMOW). Uncertainties are less than ± 

0.1‰ for δ18O and ± 1‰ for δ2H. 

 

3.2.2. Gas sampling and analysis 

Dissolved gases were sampled in 120 cm3 glass flasks following the methodology of Capasso & 

Inguaggiato (1998) and Inguaggiato & Rizzo (2004). The gas phase in equilibrium with the 

water sample inside the glass flask was analyzed on an Agilent® 7890 gas chromatograph at the 

INGV–PA to determine N2, O2, and CO2 with an analytical uncertainty of ≤5%. The resulting 

dissolved gas concentrations are reported in cm3 STP g-1 H2O (0 °C and 100 kPa) as calculated 

using Bunsen coefficients (Table 3.2, Weiss, 1971; Capasso & Inguaggiato, 1998; Hamme & 

Emerson, 2004). 

 Helium isotopes (3He and 4He), Ar, and 20Ne dissolved in the water samples were 

analyzed. The gas phase in equilibrium with the water sample inside the glass flask was analyzed 
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with a GVI-Helix® SFT mass spectrometer, yielding raw 3He/4He isotopic ratios, Rraw, to within 

>3% analytical uncertainty. The Rraw ratios were normalized to the atmospheric ratio (Ra = 

1.40×10−6; Sano & Wakita, 1985) and reported as Rraw/Ra values (Table 3.2). Argon and Ne 

isotopes were analyzed with Helix MC-GVI and Thermo Scientific Helix MC Plus mass 

spectrometers, respectively, with analytical uncertainties <3%. The Rraw/Ra values were 

corrected for air contamination (R/Ra) following Hilton (1996): 

 

R/Ra= ((Rraw × X) – 1) / (X – 1) (3.1) 

X = (4He/20Ne)/(4He/20Ne)air × (βNe/βHe) (3.2) 

where X is the air-normalized 4He/20Ne ratio of the dissolved gases, (4He/20Ne)air = 0.318, βNe = 

10.62, and βHe = 8.78 are Bunsen coefficients for solubility of Ne and He in pure water (Weiss, 

1971) assuming that meteoric water recharge occurs at the average temperature of the study area 

(17 °C). 

 

3.2.3. 4He production rate and water residence times 

To estimate the average 4He production rate in the study area, thirteen plutonic and volcanic 

rocks representing the most abundant lithology and chemical composition in the study area were 

sampled along the ABF (Figure 3.1b). Rock samples were processed following the Peters & 

Pettke (2017) methodology. This involved fine milling and pressing powder pills of the samples 

before measuring the concentrations of major elements and the parent radionuclides U and Th 

by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) at the 

University of Bern, Switzerland (Table S3.1). A GeoLas-Pro 193 nm ArF Excimer laser system 

(Lambda Physik, Göttingen, Germany) was used coupled with an ELAN DRC-e quadrupole 

mass spectrometer (Perkin Elmer, Waltham, MA, USA). Data were reduced using the SILLS 

software (Guillong et al., 2008). Average detection limits for SiO2, Na2O, K2O, Th, and U are 

0.0001 to 0.012 µg g–1, and standard deviations of the concentrations are 0.034 to 0.536. 

 In crustal rocks, 4He is produced from α-decay of 235U, 238U and 232Th, and it eventually 

dissolves into any groundwater present. Therefore, high 4He concentrations typify groundwaters 

with long subsurface residence times (Andrews & Lee, 1979). In granitic rocks, the 

concentrations of U and Th are high, and dissolved 4He concentrations may exceed the aqueous 

solubility of helium (Marine, 1979). Water residence times can be estimated from the 4He 

production rate (4Hepro) in the wall rocks along the groundwater flowpath and the 4He present in 
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the thermal waters in excess of that due to equilibrium with the atmosphere upon recharge 

(Torgersen, 1980; Kulongoski et al., 2008). This excess 4He, corrected for air contamination 

(cm3 STP g-1 H2O), is calculated as follows: 

 

4Heex = 4Hes – 4HeASW – (20Nes – 20NeASW × (He/Ne)ASW) (3.3) 

 

where 4Hes and 20Nes (cm3 STP g-1 H2O) are concentrations measured in the sample, 4HeASW and 

20NeASW are the concentrations in pure air-saturated water at the mean annual recharge 

temperature of 17 °C (4.52 × 10-8 and 1.89 × 10-7 cm3 g-1 H2O, respectively), and (He/Ne)ASW is 

the He/Ne ratio in air-saturated water (0.2882, Weiss, 1971). When 20Nes < 20NeASW, Eq. (3.3) 

reduces to 

 

4Heex = 4Hes – 4HeASW × (20NeASW/20Nes) (3.4) 

 

The He production rate (4Hepro, cm3 yr-1 g-1 H2O) is defined as 

 

4Hepro = ρrΛ × (1.19 × 10–13 × U + 2.88 × 10–14 × Th) × (1 – ϕ)/(ϕ) (3.5) 

 

where ρr is the bulk density of the wall rock (g cm-3), ϕ is the fracture porosity through which 

advective water flow occurs, Λ is the fraction of He produced in the rock that is subsequently 

released into the groundwater (here Λ is assumed to be equal to 1), and U and Th are the uranium 

and thorium concentrations in the rock (µg g-1), with decay rates of 1.19 x 10-13 and 2.88 × 10-

14 cm3 STP 4He yr-1 µg-1, respectively (Kulongoski et al., 2008). To solve Eq. (3.5), we used the 

average concentrations of 1.2 µg g-1 U and 4.9 µg g-1 Th in the rocks along the ABF (Table 

S3.1). Ignoring any deep crustal flow entering the system, the water residence time is given by 

the ratio 4Heex/
4Hepro (Eqs. 3.3–3.5). 

 

3.2.4. Hypocenter depths and rheological models 

We used a multi-step approach to estimate the regional geothermal gradients along the ABF, 

which are essential for understanding the thermal regime of the area and estimating the fluid 

circulation depth by solute geothermometry. First, we identified the depth of the BDTZ based 

on the depths of earthquake hypocenters. Rheological models were then employed to determine 
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the local temperature and hence geothermal gradient that are consistent with the independently 

determined variations in BDTZ depth along the ABF. 

 The BDTZ is a depth range within the Earth's crust where the mechanical behavior of 

rocks changes from brittle fracturing to ductile flow (Sibson, 1983). Its depth depends on several 

factors, including temperature, pressure, strain rate, active shear zone thickness, and rock 

composition (e.g., Brodi & Iizuka, 1993a, 1993b; Dragoni, 1993; Brodi, 1996; Bonner et al., 

2003; Erkan & Blackwell, 2009; Zuza & Cao, 2020). To determine the depth of the BDTZ along 

the ABF we analyzed the depth distribution of crustal hypocenters, following a well-established 

methodology similar to previous studies (Michailos et al., 2020; Zuza & Cao, 2020). The seismic 

data set is comprised of 190 earthquakes recorded since 2001 (Figure 3.1b; Supplementary 

Material: “Hypocentral_Depths_dataset.xlsx”). Of these, 116 events with magnitudes of 1.0 to 

3.3 and with hypocentral uncertainties less than 60% were selected from RESNOM (2017). In 

addition, 74 events with magnitudes of 1.5 to 2.1 and with hypocentral uncertainties less than 1 

km were sourced from Frez et al. (2004). From the normalized cumulative frequency 

distributions of these hypocenter depths, we determined the 5th and 95th percentiles. We then 

applied a weighted linear regression to the filtered depth data and to the filtered depth errors and 

calculated their standard deviations. To evaluate the precision of our analysis, we computed the 

residuals and standard deviations of the regressions, yielding the uncertainty in depth of the 

seismically determined BDTZ. The Python code for these estimations is provided in the 

Supplementary Material (“Hypocentral_Depths_Analysis.py”). 

 The next steps were to fit rheological models to the BDTZ depths as inferred above and 

calculate the geothermal gradients along the three sections of the ABF. The models incorporate 

a combination of frictional (brittle) and quasi-plastic (ductile) deformation mechanisms to 

describe the deformational behavior of rocks in the BDTZ, as follows. The transition between 

these two mechanisms occurs gradually over a range of temperatures and stresses.  

 The frictional regime (e.g., brittle) is represented by Byerlee’s Law. This widely-used 

empirical relationship predicts the strength of faults based on the coefficient of sliding friction 

and the applied differential stress (Eq. 3.6). This equation relates the shear stress (𝜏) and the 

effective normal stress (σn) (MPa) acting upon the fault plane during sliding. For immature faults 

like the ABF, which have poorly-developed gouge zones and limited recent slip, Byerlee's Law 

predicts coefficients of sliding friction (µ) between 0.6 and 0.8 and fault strengths exceeding 

100 MPa (σn) at seismogenic depths (Byerlee, 1978; Marone, 1995). We treat the fault rock 
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along the entire ABF as a homogeneous granite, since at the large scale the Peninsula Batholith 

is ubiquitous at depth, likely including at depths relevant to the BDTZ (Gastil et al., 1975; 

Ortega-Rivera 2003). At the local scale, the fault also traverses rheologically weaker 

greenschist-facies metavolcanic and metasedimentary rocks of the Alisitos Formation, which 

occupy the interstices between individual granite plutons. However, their exact distribution at 

depth is unknown. We therefore use a typical coefficient of friction (µ) for granite between 0.6 

and 0.7 (Chester, 1995; Ikari et al., 2011). 

𝜏 = µσn (3.6) 

 

  In the ductile regime, dislocation creep dominates the deformation behavior of quartz, 

especially at high temperatures, resulting in plastic deformation of the granite (Sibson, 1982). 

Therefore, the appropriate constitutive flow law for this process is modeled by the Power Law 

Creep equation (Eq. 3.7). 

σd = [𝜀̇/A1]
1/n exp[E*/RT] (3.7) 

where σd is the differential stress (MPa) representing the difference between maximum and 

minimum principal stresses inducing deformation through dislocation creep, 𝜀̇ is the plastic 

strain rate (s-1), A1 is a material constant (MPa-n s-1), E* is the activation energy (kJ mol-1), n is 

the stress exponent (dimensionless), R is the gas constant (8.31 J mol-1 K-1), and T is the 

temperature (°C). To solve Eq. 3.7, we used the experimental values of wet granite, for which n 

= 1.9, E* = 137 kJ mol-1, and A1 = 2.0 × 10-4 MPa-n s-1 (Ranalli & Murphy, 1987).  

  The effects of different assumed slip rates (2, 3 and 4 mm yr-1) and fault widths (0.1, 0.5 

and 1 km) were tested to estimate feasible strain rates for the ABF, resulting in values from 6.3 

x 10-14 to 1.3 x 10-12 s-1. With these parameter values (Table S3.2), the rheological models 

successfully reproduced the depths of the BDTZ estimated by the hypocenter analysis and 

allowed derivation of regional geothermal gradients. Although these models utilize assumed 

values of lithology, coefficient of friction, and fault widths at depth along the ABF, the 

calculated BDTZ depths provide an internally consistent approximation for the regional 

geothermal gradients. 
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3.3. Results 

3.3.1. Water chemistry 

Thermal springs are the primary surface expression of geothermal systems along the ABF, with 

up to six such springs occurring at each site. Table 3.1 lists the physicochemical parameters of 

the sampled thermal waters. Towards the northwest along the fault, discharge temperatures 

increase from 37 to 102 °C, while pH decreases from 9.8 to 5.3 (Figure 3.2b). The total 

concentrations of dissolved solids (TDS) show a remarkably wide variation, which divides the 

samples into two geographic groups: inland versus coastal–submarine (Table 3.1). The inland 

samples are located far from the ocean (>30 km, Figure 3.2b) and have low TDS of 0.3–0.9 g L-

1, whereas the coastal–submarine samples are more saline with TDS of 8–19 g L-1. The coastal–

submarine group includes waters from six shallow domestic thermal wells, the coastal thermal 

anomaly at La Jolla beach (Figure 3.1c), and the fumarolic submarine field. The solutes in all 

thermal waters are dominated by Na and Cl, with the coastal–submarine samples exhibiting an 

enrichment in Ca, Li, B (Figure 3.3a), and SiO2 compared with seawater. All thermal water 

samples show a strong linear correlation between Na and Cl concentrations (R2 = 0.99; Figure 

3.3b), reflecting binary mixing with seawater. In contrast, Mg concentrations are depleted in the 

coastal–submarine samples compared to the binary seawater mixing line (Figure 3.3c), 

demonstrating that Mg does not behave conservatively. 

 

3.3.2. Stable O–H isotopes of thermal waters 

Values of δ18O and δ2H in the thermal waters range from -3.5 to -8.5‰ and -25.4 to -61‰, 

respectively (Table 3.1). Inland samples fall in the δ18O and δ2H ranges values of modern rainfall 

in southern California and Baja California (Williams & Rodoni, 1997; Kretzschmar & 

Frommen, 2013) and have delta values lower than coastal–submarine samples and local seawater 

(in which δ18O is -0.6 and δ2H is -3.5‰; Figure 3.3d). Most thermal water samples plot close to 

the Global Meteoric Water Line (GMWL, Craig, 1961), demonstrating their meteoric origin. 

The deviation from the GMWL observed for the coastal–submarine waters is consistent with the 

admixture of seawater, in accord with the correlations between Na and Cl concentrations (Figure 

3.3b) and between δ2H and Cl values (Figure 3.3e). 

 To estimate the fraction of admixed seawater (Fsw) in the coastal–submarine samples, 

we assume a binary mixing model: 
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Fsw = (Cltw – Clmw) / (Clsw – Clmw) (3.8) 

where Cltw is the Cl concentration measured in the thermal water sample, and Clmw and Clsw are 

the concentrations of Cl in meteoric water and seawater, respectively. Given the low Cl 

concentrations in the inland waters, we assume that the meteoric water is Cl-free for this 

calculation, and we use our measured Cl concentration in local seawater (18,967 mg L-1, Table 

3.1) as a seawater endmember. This mass balance reveals that the coastal–submarine samples 

contain between 25 and 57 mass% seawater (Table S3.3). These fractions allow reconstruction 

of the initial isotopic signatures of the coastal–submarine samples before their mixing with 

seawater (δ18Oi and δ2Hi), e.g., for oxygen: 

 

δ18Oi = (δ18Otw – Fsw × δ18Osw) / (1 – Fsw) (3.9) 

 

 Figure 3.3f shows the initial δ18Oi and δ2Hi values for the coastal–submarine samples 

(Table S3.3), which are close to the inland thermal waters and the GMWL. The same binary 

mixing model was used to calculate the theoretical discharge temperature of the thermal springs 

to correct for cooling caused by the admixture of seawater. This resulted in unmixed discharge 

temperatures between 33 and 212 °C for the coastal–submarine samples (Table S3.3). 
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Figure 3.3. Element and stable O–H isotope correlations in thermal water samples. a) Schoeller 

diagram of thermal waters sampled along the Agua Blanca Fault. b) Sodium vs. chlorine 

concentrations indicating binary mixing between seawater and thermal waters. All thermal water 

samples were considered in estimating the R2 value of 0.99. c) Magnesium vs. chlorine 

concentrations illustrating the Mg depletion of coastal–submarine samples compared to the 

conservative mixing trend with seawater. d) Plot of δ18O vs. δ2H indicating that the thermal waters 

are of meteoric origin. Current δ18O and δ2H values of rainfall in southern California and Baja 

California are represented by a blue oval (Williams & Rodoni, 1997; Kretzschmar & Frommen, 

2013). e) Plot of δ2H vs. Cl showing that the coastal–submarine waters contain admixed seawater. f) 

Initial values of O–H isotopes (δ18Oi and δ2Hi), with coastal–submarine waters corrected for the 

admixture of seawater (see text; exact values provided in Table S3.3). GMWL: global meteoric water 

line (Craig, 1961). 
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Table 3.1 

Chemical and isotopic compositions of thermal waters collected along the Agua Blanca Fault. Individual solute concentrations are given in mg 

L-1. TGeot values are temperatures calculated from solute geothermometers. Stable isotope ratios are expressed as δ values (‰) relative to Standard 

Mean Ocean Water (SMOW).  

Class Type Sample 
Ta  

(°C) 

TGeot
 
 

(°C) 
pH 

TDS 

(g L-1) 
Na+ K+ Mg2+ Ca2+ Li+ Cl– SO4

2– Br– HCO3
– F– SiO2 

δ18O 

(‰) 

δ2H 

(‰) 

Inland 
Spring 

VT 37 105b 9.8 0.51 156 1.9 0.04 2.65 33 137 66 bdl 90 2.1 53.5 –8.5 –61.0 

SV 46 103b 9.4 0.34 100 1.1 0.02 2.7 22 100 59 bdl 27 3.3 45.9 –7.6 –47.8 

STd 49 108b 9.4 0.37 118 1.5 1.0 7.1 NM 105 49 bdl 38 11.6 41.4 –8.3 –53.0 

UR 47 112b 8.6 0.75 225 3.1 0.6 15.2 100 266 121 0.8 61 4.5 52.7 –7.4 –49.0 

Well AJ 43 121b 7.0 0.88 192 3.2 24.6 70.7 12 357 113 1.1 72 1.8 43.3 –7.2 –45.0 

                    

Coastal 

Wells at 

La Jolla 

W368 50 113c 6.9 8.60 2341 93.6 61.8 766.3 1126 4849 386 15.5 56 

bdl 

 

48.0 –5.5 –38.0 

W369 73 132c 5.3 8.11 2289 112.0 8.2 685.1 1355 4714 231 17.3 2.4 68.8 –5.3 –36.0 

W363 30 137c 6.5 8.63 2208 93.6 61.8 766.3 1149 4849 386 bdl 56 74.9 –5.8 –38.0 

W2014 29 128c 6.2 8.53 2294 82.2 97.8 700.4 924 4894 312 bdl 90 63.0 –5.8 –39.0 

W367 38 138c 6.5 8.52 2370 100.5 41.6 729.6 1171 4888 264 bdl 49 75.5 –5.9 –38.0 

WAGC 45 147c 6.4 9.50 2659 108.7 53.1 802.1 1255 5442 332 bdl 20 85.8 –5.3 –35.0 

Thermal 

anomaly 

La Jolla 

beach 

LJB-a 50 156c 6.8 13.63 3961 145.6 190.0 832.9 1089 7738 614 23.7 46 82.8 –4.3 –31.7 

LJB-b 55 158c 6.7 12.99 3733 140.5 150.2 846.9 1120 7396 557 21.7 61 87.3 –4.1 –30.0 

LJB-c 60 152c 6.4 10.86 3002 122.1 95.8 786.2 1183 6279 420 21.3 46 87.2 –5.2 –34.0 

LJB-d 46 137c 6.9 15.96 4440 161.4 342.6 819.7 743 9120 904 33.4 90 53.1 –4.3 –29.0 

                    

Submarine Vent SMFd 102 128 6.1 18.95 5200 410.0 80.0 1600.0 3000 10800 351 NM 347 1.8 156 –3.5 –25.4 

                    

Seawater Seawater SW 19 - 8.1 34.20 10729 329.9 1021.3 413.0 165 18967 2610.2 67.4 45 bdl 2.3 –0.6 –3.0 

bdl: Data below detection limit; a Measured discharge temperature of spring; c Temperatures calculated using unmixed quartz 

geothermometer; 

NM: not measured; b Temperature calculated using Na/K geothermometer; d Data from Vidal et al. (1981) and Zúñiga (2010). 
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3.3.3. Gas chemistry of thermal waters 

Nitrogen is the dominant gas dissolved in the thermal waters, with concentrations (1.0–2.3 × 10-2 

cm3 STP g-1 H2O, Table 3.2) mostly higher than that in air-saturated water (ASW) (1.2 × 10-2 cm3 

STP g-1 H2O, Table 3.2). The volume ratios of N2/Ar in inland and coastal thermal waters (10–38) 

approach that in ASW (38.6). In contrast, the submarine sample SMF has an N2/Ar ratio of 160. 

According to Vidal et al. (1982), such a value may originate from the decomposition of nitrogenous 

compounds in sediments. The second most abundant gas is O2, which has a lower concentration 

(1.4–25 × 10-4 cm3 STP g-1 H2O) than ASW (66 × 10-4 cm3 STP g-1 H2O). Depletion in O2 is likely 

due to its reduction by reaction with wall rocks during deep fluid circulation. Most of the thermal 

waters have lower CO2 concentrations (0.1–0.3 × 10-3 cm3 STP g-1 H2O) than ASW (0.3 × 10-3 cm3 

STP g-1 H2O). The exceptions are three samples from shallow wells W368, W369, and AJ, which 

have higher values (4–17 × 10-3 cm3 CO2 STP g-1 H2O), presumably due to microbial activity in 

the wells.  

 Concentrations of 4He are in the range 0.6–6.2 × 10-6 cm3 STP g-1 H2O (Table 3.2) and are 

up to 13–136 times higher than ASW (4.55 × 10-8 cm3 STP g-1 H2O). The volume ratios of 4He/20Ne 

are 7–92 times higher than those measured in ASW (0.28). The concentrations of 4He and 20Ne in 

coastal samples were recalculated (Table 3.2) assuming binary mixing with air-saturated seawater 

(ASSW), using the He and Ne concentrations in ASSW at 17 °C (3.83 × 10-8 and 1.60 × 10-7 cm3 

g-1 H2O; Sano & Takahata, 2005) and the estimated seawater fractions (Table S3.3).  

 The 3He/4He ratios were corrected for air contamination and seawater mixing (R) and 

normalized to the value of air (denoted R/Ra), varying from 0.06 to 0.94. The coastal samples 

contain the lowest 4He concentrations (0.6–1.7 × 10-6 cm3 STP g-1 H2O), 4He/20Ne ratios (2–5), 

and R/Ra ratios (0.06–0.26). As helium shows negligible isotopic fractionation during water–gas 

interaction, the R/Ra value can be used to track the origin of the gas in terms of the air, mantle, and 

crust endmembers. Figure 3.3 shows R/Ra versus 4He/20Ne ratios for ASW (R/Ra = 1), radiogenic 

crust (Rr = (R/Ra)radiogenic = 0.015, Sano & Wakita, 1985), and the mantle as represented by MORB 

(Mid-Ocean Ridge Basalt). For the MORB endmember, we used the highest R/Ra value measured 

in the Alarcón basin in the nearby Gulf of California (Rm = (R/Ra )MORB = 8.38; Castillo et al., 

2002). Figure 3.4a indicates that He dissolved in the thermal waters derives mainly from 

radiogenic decay.  
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 The fractions of mantle helium (Fm) in the waters were calculated from the R values in 

Table 3.2 according to the following equation (modified from Sano & Wakita, 1985): 

 

Fm = (R – Rr) / (Rr + Rm) (3.10) 

 

with the remainder (1 – Fm) being equal to the fraction of radiogenic helium (Fr). This shows that 

mantle 3He makes up less than 11% of the total He in the samples (Figure 3.4a). Notably, the 

lowest mantle contributions (0.6–2.9%) are found in the coastal samples (Table 3.2). Owing to the 

lack of 20Ne analyses of the submarine sample SMF (Vidal et al., 1982) and of an 3He/4He analysis 

of the subaerial sample ST (Zúñiga, 2010), the mantle and radiogenic He contributions in these 

springs cannot be estimated. 

 

 

Figure 3.4. Estimation of helium sources and water residence times for inland and coastal 

thermal waters along the Agua Blanca Fault. (a) Helium-neon isotopic composition (R/Ra vs. 

4He/20Ne) of the thermal waters, with endmembers representing compositions of the mantle 

(Castillo et al., 2002), crust (Sano & Wakita, 1985), and air (plotted on logarithmic axes). 

Dashed lines indicate mantle contributions in the samples. (b) Estimated water residence times 

for several assumed porosity values, with corresponding concentrations of 4He dissolved in the 

thermal waters (dashed green line) given on the right-hand y-axis. Note that if the porosity below 

the LJB site is assumed to be 2% and that that below the inland springs is assumed to be 0.5%, 

then all waters have approximately the same residence time (indicated by gray band). 
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3.3.4. Water residence times 

Fracture porosity is an important variable in calculating 4He-based water residence times from 

Eqs. 3.3 to 3.5. Differences in host rock lithologies along the ABF may have some influence on 

the distribution and magnitude of fracture porosity within the fault, and hence on permeability, but 

the variability of lithologies in the Alisitos Formation makes it difficult to predict if it would 

systematically develop higher or lower fracture porosities than the granite. As no hydraulic test 

results are available from the ABF to constrain porosity values, we simply assumed a plausible 

range of fracture porosities from 0.5 and 4.0%. This chosen range is comparable to that derived 

from worldwide borehole hydraulic tests in crystalline rocks (0.1–2.3%; Stober & Bucher, 2007 

and references therein). A fracture porosity of 0.5% yields residence times between 2 and 41 kyr 

(Figure 3.4b), with noticeably shorter residence times for the coastal springs. Conversely, with a 

fracture porosity of 4%, the residence times are substantially higher (20 to 342 kyr) and they span 

a very wide range. Nevertheless, Figure 3.4b demonstrates that the residence times of water in 

coastal springs consistently remain lower than those of the inland springs, unless the ratio of their 

fracture porosities exceeds a factor of approximately three. While the fracture porosity in the Punta 

Banda coastal system may be higher due to greater fault extension, the very high discharge 

temperatures at the coast suggest that the thermal waters there indeed have the shortest residence 

times of all the springs. 

Table 3.2  

Chemical and isotopic compositions of gases dissolved in thermal waters (sample type DG, 

expressed in cm3 STP g-1 H2O) and of bubbling gases (type BG, expressed in volume %) along 

the Agua Blanca Fault.  

 
a Raw measured 3He/4He ratio (Rraw) normalized to the 3He/4He ratio of air (Ra); 
b Uncertainty in Rraw/Ra; 
c 3He/4He ratio (R) corrected for air contamination and normalized to the 3He/4He ratio of air (Ra);  
d Fraction of mantle He (see text); 
e Fraction of radiogenic He (see text); 
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f Water residence times derived from Eqs. (3–5), considering a porosity of 1%. 
g Inland samples. Other samples are coastal (W369, W368, LJB-c) or submarine (SMF). 
h Concentrations and isotopic values corrected for admixed seawater based on fractions in Table S3.3, and air-saturated 

seawater values (see text); 
i Values of SMF from Vidal et al. (1981) and air-saturated water values from Capasso & Inguaggiato (1998); 

NM: not measured. 

 

3.3.5. Brittle–ductile transition zone and geothermal gradient 

The analysis of seismic hypocenters along the ABF suggests that the depth of the BDTZ increases 

systematically from northwest to southeast (Figure 3.5a). In the Punta Banda Zone, the estimated 

BDTZ depth is at 12 ± 0.88 km. In the Santo Tomas – Agua Blanca – Dolores Zone (central section 

of ABF) and the Trinidad Zone (southeastern section) it is at 15 ± 0.98 km, and 19 ± 1.20 km, 

respectively. The rheologic models that reproduce these BDTZ depths require the geothermal 

gradient to decrease progressively from northwest to southeast, with Punta Banda having an 

estimated range of 20–25 °C km-1, Santo Tomas – Agua Blanca – Dolores exhibiting a lower 

gradient of 16–19 °C km-1, and Trinidad displaying an even lower gradient of 12–15 °C km-1 

(Figure 3.5b). The range of the geothermal gradient in each zone depends on the different 

parameters used in the models. In general, the calculated geothermal gradient decreases at lower 

strain rates, lower coefficients of friction, and higher fault widths, while it increases at higher slip 

rates (Table S3.2). We estimate that the BDTZ along the ABF occurs at an average temperature of 

230–300 ± 14–22 °C. This interval agrees well with the onset of plastic deformation in quartz (280 

°C–400 °C; Stipp et al., 2002; Violay et al., 2017). 

 The geothermal gradient estimated for the Trinidad Zone (12–15 °C km-1) in the east is in 

good agreement with temperature measurements in a well located 40 km southeast of the ABF in 

the San Pedro Mártir range, which indicates a geothermal gradient of 14.9 °C km-1 (Smith et al., 

1979). Moreover, the range of geothermal gradients estimated along the entire ABF (12–25 °C km-

1) is consistent with other amagmatic regions, with the absence of volcanism since the Miocene, 

and with the fact that all local intrusive rocks are older than 90 Ma (Storey et al., 1989; Ortega-

Rivera, 2003). The reported low heat flow values for Southern California (< 60 mW m-2) provide 

additional evidence supporting our findings. The low heat flow likely represents a residual effect 

of the outer arc thermal conditions that existed during the subduction of the Farallon plate, which 

ended ~30 Ma ago, resulting in a cooling effect on Southern California and Baja California (Erkan 

& Blackwell, 2009). 
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Figure 3.5. Analysis of seismic hypocenters and rheological models along the Agua Blanca 

Fault (see locations of geographic zones in Figure 3.1b). a) Identification of depth levels of the 

brittle–ductile transition zone (BDTZ) in each zone based on filtered seismic data. The 5th to 

95th percentiles of the normalized cumulative frequency are shown as orange dots, along with 

their errors (orange lines). Discarded data are represented by blue dots and blue lines. b) 

Estimation of the range of geothermal gradients in each geographic zone by fitting the 

intersection of Byerlee's Law (black and gray lines) and Power-Law Creep (red curve) for wet 

granite to the estimated BDTZ in Figure 3.5a. Orange bars represent the histogram of seismic 

hypocenters. 
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3.3.6. Minimum temperature and depth of water–rock equilibration 

The Peninsular Ranges Batholith of Baja California is dominantly tonalite and granodiorite, hence 

it contains abundant feldspar and quartz. This permits the assumption that the aqueous 

concentrations of Na, K, and SiO2 are buffered by reactions with these minerals at high 

temperatures along the deep water flowpaths. Thus, classical solute geothermometers can provide 

constraints on the temperatures attained by the thermal waters during their circulation within the 

ABF system. For the equilibrium 

 

Albite + K+ ⇌ K-feldspar + Na+ (2.11) 

 

the temperature dependency of the molar Na/K concentration ratio is taken from Giggenbach 

(1988): 

TNa/K (°C) = (1390 / log (Na/K + 1.75)) – 273.15 (2.12) 

 

Similarly, for the quartz equilibrium 

Quartz ⇌ SiO2(aq) (2.13) 

Fournier & Potter (1982) determined the temperature dependency at low to moderate pH values 

as follows: 

Tquartz (°C) = – 42.198 + 0.28831[SiO2] – 3.36686 × 10-4 [SiO2]
2 

+ 3.1665 × 10-7 [SiO2]
3 + 77.034 × log [SiO2]

 
(2.14) 

 Fournier (1977) determined that at lower temperatures (<110 °C), other silica phases, such 

as chalcedony, may control the dissolved silica concentration:  

Tchalcedony (°C) = 1032 / 4.69 – log [SiO2] (2.15) 

In equations (14) and (15), [SiO2] refers to the silica concentration in mg L–1. 

 Water–mineral reactions typically slow down during the ascent and cooling of thermal 

water, causing it to deviate from the equilibrium state. This implies that the metastable solute 

concentrations measured in surface springs (Table 3.1) represent their values when the water was 

last in equilibrium with the buffering minerals (Fournier et al., 1973). Given that reaction kinetics 

change only gradually and that rock temperatures increase progressively with depth, the 

reconstructed equilibration temperatures are considered to be minimum estimates.  



Research papers 

 
 

54 
 

 The minimum equilibration temperatures obtained from the Na/K, quartz, and chalcedony 

geothermometers are shown in Figure 3.6. The quartz and chalcedony geothermometers should 

not be applied to the inland samples (dashed red and green lines in Figure 3.6) because their pH is 

up to 9.8, causing an increase in silica solubility that is not captured by the geothermometer 

calibrations in Eq. 3.14 and 3.15. On the other hand, in the coastal–submarine thermal waters, the 

molar Na/K ratios of 13–28 dominantly reflect admixture of seawater (molar Na/Kseawater = 33) 

rather than buffering by albite and K-feldspar, thereby precluding the application of the Na/K 

geothermometer (dashed black in Figure 3.6). To solve the latter issue, we used the quartz and 

chalcedony geothermometers (Eq. 3.14, 3.15) to estimate the equilibration temperature of the 

coastal–submarine thermal waters. To account for mixing with seawater, we used a binary mixing 

model with the derived seawater fractions and the seawater SiO2 concentration of 2.3 mg L-1 to 

estimate the SiO2 concentration in the thermal endmember water via Eqs. 3.14 and 3.15 (Table 

S3.3). 

 The minimum equilibrium temperatures for inland geothermal systems are between 103 

and 121 °C (Na/K geothermometer), increasing from southeast to northwest along the ABF (Figure 

3.6). In contrast, the minimum equilibrium temperatures for the coastal–submarine systems are 84 

to 209 °C (chalcedony geothermometer). The hottest values are in the coastal geothermal anomaly 

at La Jolla beach and the fumarolic submarine field (133 and 209 °C, respectively, chalcedony 

geothermometer).  
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Figure 3.6. Minimum temperatures of the thermal waters at depth along the Agua Blanca Fault, 

from NW to SE, estimated using Na/K and SiO2(aq) geothermometry (see text for interpretation). 

The pH values measured at the spring discharge temperatures are indicated on the right-hand y 

axis. Dotted lines link geothermometric temperatures that should be disregarded for the 

corresponding samples (see text for explanation). 

 

 To estimate the minimum depth at which the thermal waters equilibrated with their wall 

rocks (zeq,min), we used the Na/K temperature for the inland samples and the unmixed quartz 

temperatures for the coastal–submarine samples (TGeot, Table 3.1 and Table S3.4) in combination 

with Eq. (3.16):  

 

zeq,min = (Tgeot – Tamb) / (∆T/∆z) (3.16) 

where Tamb refers to the average ambient temperature of 17 °C, and ∆T/∆z is the local geothermal 

gradient (between 12 and 25 °C km-1, according to the site of the spring; Figure 3.5). The resulting 

minimum water–rock equilibration depths taking into account the geothermal gradient error (± 

0.88–0.98 °C km-1) are 4.5–8.6 to 5.5–10.6 km (Table S3.4). Figure 3.7 demonstrates that the 

coastal–submarine samples in the northwest (with discharge temperatures > 60 °C) have the 

highest minimum equilibration depths (5.8–8.6 to 7.1–10.6 km), whereas the cooler inland samples 

in the southeast (with discharge temperatures < 50 °C) have the lowest minimum equilibration 

depths (4.5–5.4 to 5.5–6.7 km). 

 It should be noted that choosing the quartz temperature to estimate the equilibration depth 

of the coastal–submarine samples is arbitrary. Studies of scaling in relatively fast-flowing 

geothermal wells have shown that owing to kinetic limitations, quartz only forms at temperatures 

>180 °C while chalcedony may form down to a temperature of about 110 °C (Arnorsson, 1975). 

However, when the water upflow rate and the reactive fracture surface area are low, such as in 

long-lived active geothermal systems, quartz can also form at <100 °C (White et al., 1956; Rimstidt 

& Barnes, 1980). Due to the lack of deep samples, we do not know which silica phase controls the 

SiO2 concentrations measured in the sampled thermal waters. Consequently, the equilibration 

depth listed for the coastal–submarine samples (Table S3.4) could be up to 1 km less (the 

equilibration temperature of chalcedony is about 25 °C less for the same SiO2 concentration).  
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3.4. Discussion 

A conceptual model of the amagmatic orogenic geothermal systems along the ABF, consistent 

with all geological, geochemical, and geophysical data presented above, is illustrated in Figure 

3.7. The infiltration of meteoric water from high topographic elevations into the deep brittle crust 

via the ABF is driven by the potential energy inherent in the rugged, regional topography and 

facilitated by a fracture network that is sufficiently permeable for advective fluid flow. Variations 

in permeability and hydraulic head gradients lead to variable water penetration depths, water 

equilibration temperatures, residence times, and water upflow velocities. Consequently, there is a 

large range in temperatures (37–102 °C) of discharges in topographic lows where the local 

hydraulic head gradients are highest. Additionally, the chemical composition of meteoric water 

changes along its flow path due to long water residence times and mixing with ancient seawater-

like porewater, as well as mineral precipitation and dissolution. In the coastal systems, mixing with 

fresh seawater also occurs. Further details on all these processes are discussed in the following 

sections. 
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Figure 3.7. Conceptual model illustrating amagmatic geothermal systems hosted by the Agua 

Blanca Fault (stars) projected into a NW–SE long section along the main fault trace (red line). 

Note differences between the horizontal scale and the two-part vertical scale. Colored bands at 

the top indicate extension as a fraction of total displacement (%) along five geographic segments 

of the fault system (Wetmore et al., 2019). Discharge temperatures (°C), residence times (kyr), 

and 3He/Hetotal ratios (%) correlate with degree of fault extension and with hydraulic head 

gradient (see text). Green circles denote locations of recent seismic events (Frez et al., 2004; 

RESNOM, 2017). Red band (zeq,min) represents the depth and temperature at which ascending 

water departs from chemical equilibrium with its wall rocks. Purple dotted line shows depth of 

brittle–ductile transition zone (BDTZ), labelled with corresponding geothermal gradients. Black 

line represents depth of Moho (Reyes et al., 2001). Long blue arrows illustrate schematic paths 

of meteoric water recharging from outside the fault (dashed, projected), descending through the 

brittle fault plane (deeper in the SE than in the NW; see text) and then rising to the springs. 

 

3.4.1. Evolution of chemical composition along the meteoric water flow path 

The chlorine concentration in the infiltrated meteoric water along the ABF has increased from its 

typical original value of <2 mg L-1 (Junge & Werby, 1958) to 100–360 mg L-1 in the inland thermal 

springs and to 4700–11000 mg L-1 in the coastal–submarine springs. Water–rock interaction along 

flow paths is known to increase the concentrations of solutes in infiltrating meteoric water (López 

& Smith, 1995). Additionally, sea spray may elevate chloride concentrations in meteoric water in 

the coastal zone and up to 20 km inland (Tsunogai, 1975). 

 Possible sources of Cl can be constrained by examining the Cl/Br concentration ratios in 

the spring waters. Along the ABF the Cl/Br mass ratios are 273–338, close to that of seawater in 

the study area (280). The inland recharge areas are too far from the coast to be affected by sea 

spray, but pore spaces in the deep host rocks of the ABF likely contain fossil seawater. Thus, 

during the migration of meteoric water along fracture networks in the fault system, Cl and Br, and 

likely also some Na, Mg, SO4, and Li, are assumed to have been acquired by diffusive or advective 

mixing with seawater-like porewater (e.g., Waber & Smellie, 2008; Waber et al., 2017). Hence, 

the Cl concentration in the thermal waters depends on their effective cumulative water/rock ratios, 

which in turn are a function of residence time, path length, porewater chlorinity, volume of 
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accessible pore spaces, and surface area of fractures that allow exchange between the circulating 

meteoric water and the rock matrix. During upflow of the heated meteoric water in the coastal 

area, shallow mixing with modern seawater occurs. Assuming that the chlorinity of the deep waters 

in the coastal zone was originally similar to that of the inland thermal waters (~300 mg L-1, Table 

3.1), binary mixing calculations yield approximately 25–57% modern seawater in the coastal 

springs. 

 Other chemical processes that increase the concentration of solutes are mineral dissolution 

and precipitation reactions along the water flow path, which increase the concentrations of SiO2, 

B, F, and Ca. For example, the SiO2 concentration is typically controlled by the solubility of either 

quartz or chalcedony (Fournier & Potter, 1982; Olguín-Martínez et al., 2022). On the other hand, 

B and F enrichments are caused by the dissolution of silicate minerals such as biotite, muscovite, 

and tourmaline (Seelig & Bucher, 2010), and Ca concentrations are controlled by plagioclase 

weathering and dissolution or by precipitation of secondary calcite (Seyfried & Bischoff, 1979). 

Finally, the admixture of Mg by seawater in the coastal–submarine thermal waters leads to the 

precipitation of Mg-bearing sheet silicates (Stober & Bucher, 1999), causing the observed 

depletion of Mg in the fluid (Figure 3.3c). 

 

3.4.2. Infiltration of meteoric water and hydraulic head gradients 

Stable isotopes of water are fractionated during condensation from cloud vapor. As a result, δ18O 

and δ2H values in rainfall vary in response to effects such as latitude, elevation, distance from the 

coast, precipitation rate, condensation temperature, and relative humidity (Dansgaard, 1964). In 

the study area, there is a notably higher precipitation rate in the mountainous areas (385–1050 mm 

yr–1) than in the valleys or in the coastal zone (275 mm yr–1; CICESE, 2019), and average 

temperatures fall from 17 °C at the coast to approximately 10 °C at 1000 m a.s.l. Thus, δ18O values 

in local surface-water decrease by -0.25‰ per 100 m elevation increase (blue line in Figure 3.8a; 

Kretzschmar & Frommen, 2013).  

 The analyzed inland and unmixed coastal–submarine thermal waters show no systematic 

shift in δ18O from the GMWL and have the same stable isotopic signature as current rainfall 

(Figure 3.3f). Therefore, the thermal waters must have originally infiltrated as meteoric water at 

similar climatic conditions in the geological past. This suggests that the variation of δ18O and δ2H 
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values of the thermal waters mainly reflects differences in recharge elevation. A first 

approximation of their mean water recharge elevations can be deduced directly from their δ18O 

values (Figure 3.8a). Thus, all the thermal waters are seen to have infiltrated at mean elevations of 

760–1300 m a.s.l, which are significantly higher than their discharge sites (-30 to 734 m a.s.l). The 

corresponding mean hydraulic-head differences (h) induced by the topographic relief vary within 

only a small range of ~570 m to 790 m. 

 Topographic contours corresponding to the mean meteoric recharge elevations in Figure 

3.8a are shown as colored dots in Figure 3.8b, thereby identifying the recharge catchment for each 

thermal spring. This shows that meteoric water in the geothermal systems primarily derives from 

the mountainous landscape to the north of the ABF. Rainwater that has fallen over the catchment 

areas and infiltrated into the subsurface presumably flows through deep-reaching fracture networks 

towards the south, where it is captured by the permeable ABF. For the various color-coded 

geothermal systems, the mean distance (x) between the mean meteoric water recharge elevations 

and the thermal water discharge sites varies from 9 to 23 km (Table S3.5; Supplementary Material: 

Recharge_discharge_distances.xlsx). Taking into account the hydraulic-head differences (h) 

between mean recharge and discharge sites, these distances result in mean hydraulic head gradients 

(h/x) of 0.025–0.078. Note that the light green dots in the NW catchment of Figure 3.8b were 

omitted in these calculations owing to the great distance from the LJB and SMF springs. Recharge 

for those springs likely derives from the high topography (≤1000 m a.s.l.) on the immediately 

adjacent Punta Banda Peninsula (yellow dots). 
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Figure 3.8. Mean elevation and catchments of meteoric water recharge of geothermal systems 

along the ABF. (a) Negative correlation between δ18O values of thermal waters and their sampling 

elevation compared to that of δ18O in modern surface meteoric water in northern Baja California 

(blue line; Kretzschmar & Frommen, 2013). The inferred recharge elevation of each thermal 

water sample is indicated by a labelled arrow. (b) Topographic map of the study area (after 

INEGI, 2022) displaying thermal water discharge locations (stars) and elevation contours 
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corresponding to mean meteoric water recharge elevations in the watershed of each spring (color-

coded dots). Perimeters of watersheds (black lines) and rivers (blue lines) dissected by the ABF 

are also shown. Light green dots (N/A) mark mean water recharge elevations that were excluded 

from the hydraulic head gradient calculations for springs LJB and SMF (see text).  

 

3.4.3. Controls on the hydraulic and thermal behavior of amagmatic 

geothermal systems 

Our study reveals that the hydraulic and thermal behavior of amagmatic orogenic geothermal 

systems along the ABF is primarily controlled by two main parameters: the permeability of the 

hydraulically active fault zone and the hydraulic head gradient generated by the rugged topography 

to the north of the fault. Assuming that the rate of meteoric precipitation does not limit deep fluid 

circulation, which is a prerequisite for deep, single-pass fluid circulation (Alt-Epping et al., 2021), 

then these two parameters determine all key features of the flow system. This includes the locations 

and temperatures of hot springs at the surface, the rate of water upflow, the depth of meteoric water 

penetration, the temperature and depth of water–rock equilibration, the subsurface water residence 

times, and probably also the 3He/Hetotal fractions. 

 The importance of permeability in controlling the flow systems is manifested by the 

observation that all thermal waters discharge within the highly fractured and hence permeable ABF 

system (Figure 3.2a). Discharge sites are located at low elevations, such as valley floors or along 

the coast, highlighting the role of the hydraulic head gradient in controlling the location of the 

discharge sites. However, plotting the estimated hydraulic head gradients against the unmixed 

discharge temperatures does not yield a clear correlation (Figure 3.9a), indicating that hydraulic 

head gradient does not directly control the upflow rates and discharge temperatures in the studied 

geothermal systems. 

 In contrast, there appears to be a strong correlation between permeability and discharge 

temperatures (Figure 3.9b). The degree of extension along the ABF, determined from geodetic 

data and normalized such that the lateral and heave components sum to a total of 100% of the 

horizontal slip vector (Wetmore et al., 2019), is used as a proxy for permeability. Higher extension 

of a fault creates higher fracture porosity, which can increase the permeability of the system. Figure 

3.9b shows that an increase in fault extension is associated with an increase in water discharge 
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temperature. For instance, the Punta Banda segment located at the coast and characterized by the 

highest degree of extension (10–15%, Figure 3.9b) shows extremely high discharge temperatures 

(Tunmixed: 144–212 °C), suggesting the presence of highly permeable upflow zones. Together with 

the lack of correlation between hydraulic head gradients and discharge temperatures (Figure 3.9a), 

this implies that the permeability constitutes the first-order control on upflow rates and discharge 

temperatures and thus on the magnitudes of the resulting thermal anomalies in the surrounding 

rocks. 

Application of general hydrogeologic principles (Zijl, 1999) to hydraulically connected 

fault segments predicts that meteoric water penetrates to greater depths with increasing horizontal 

length (Δx) between recharge and discharge sites. For instance, numerical simulations of a fault-

hosted orogenic geothermal system in the Swiss Alps have shown that the length/depth ratio 

required for single-pass flow through a fault with isotropic permeability is about 1.1 considering 

realistic permeabilities and the counteractive buoyancy induced by a 25 °C km-1 geothermal 

gradient (Alt-Epping et al., 2021). Along the ABF, mean Δx is estimated to vary between 9 and 23 

km (Section 3.4.2), opening the possibility for very deep penetration. Assuming that the BDTZ 

serves as the ultimate depth limit for significant advective flow of meteoric water into the crust, 

the scope for deep penetration is greatest in the southeastern inland segment of the fault, where the 

BDTZ lies 15–19 km deep, compared to the northwestern coastal segment where the BDT is only 

12 km deep (Figure 3.7). Accordingly, the low hydraulic head gradients (h/x) in the inland 

systems of the ABF may induce deeper penetration of meteoric water, such that it is heated to 

higher temperatures than in the coastal systems. However, due to the lower inferred fault 

permeability and geothermal gradient in the eastern segment, Darcy’s Law predicts that the rate of 

water upflow must be slower too. As water–rock reaction rates depend on flow rate, the depth at 

which the ascending water departs from chemical equilibrium with the surrounding rocks is 

shallower in the southeast than in the coastal zones (Figure 3.9d). This explains the shallower 

minimum depths of penetration inferred from the equilibrium geothermometric results for the 

southeastern springs. Thus, while the hydraulic head gradient may not strongly impact upflow rates 

and discharge temperatures, it exerts significant control over the water infiltration depth and the 

depth of water–rock equilibration.  
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Previous work has proposed that the helium isotope signatures of the thermal springs can 

be attributed to the migration of fluids derived from the mantle through permeable faults, combined 

with modification of the mantle 3He/4He ratio by mixing with radiogenic helium (Polyak et al., 

1991; Barry et al., 2020). The inverse correlation between the hydraulic head gradient and the 

3He/Hetotal ratio observed in the present study (Figure 3.9c) suggests that longer and deeper water 

flow paths enable greater acquisition of 3He. Moreover, the deeper and more extensive water 

infiltration along the eastern ABF is consistent with the longer estimated water residence times 

(Figure 3.9e). Analyzing the variation of recharge elevation and the lack of correlation between 

residence time and geographic location along the inland portion of the ABF, it becomes evident 

that there are multiple isolated flow compartments. This suggests the presence of low permeability 

zones along the ABF, which hinder connection between adjacent flow compartments. The 

existence of these low permeability zones further confirms the strong influence of local 

permeability on flow rates. 

 The observed inverse relationship between discharge temperature and inferred minimum 

infiltration depth (Figure 3.9f) demonstrates that ultradeep advective infiltration (>> 10 km), such 

as is feasible in the inland systems, is not a prerequisite for amagmatic systems to achieve 

temperatures above 120 °C in the shallow subsurface. The only requirements are that the local 

geothermal gradient permits the water to exceed this temperature threshold at depth and that the 

upflow rates are high (e.g., Wanner et al., 2019). In the coastal zone, these conditions are met, with 

meteoric water reaching a temperature of at least 160 °C at a depth of 6 km (Figure 3.9f). 

Temperatures in the plume of hot water ascending to the coastal springs are probably above 120 

°C at <2 km depth.  
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Figure 3.9. Correlations between key parameters characterizing the flow systems of the 

amagmatic geothermal systems along the Agua Blanca Fault. a) Discharge temperature vs. 

hydraulic head gradient, revealing no significant correlation. The plotted discharge temperatures 

have been adjusted to account for the cooling influence of recent seawater admixture (Table 

S3.3). b) Discharge temperature vs. ABF extension (proxy of permeability), demonstrating a 

strong positive correlation between these variables. c) 3He/Hetotal vs. hydraulic head gradient, 

with km labels indicating minimum water penetration depths based on geothermometry. (d) 

3He/Hetotal vs minimum temperature of water–rock equilibration, with km labels indicating the 

corresponding minimum depths of equilibration. Plots c and d show that thermal waters with 
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shallower depths of water–rock equilibration and lower discharge temperatures (corresponding 

to lower upflow rates) exhibit higher 3He fractions. e) Water residence time vs. hydraulic head 

gradient, illustrating strong control of hydraulic head gradient on residence time. The plotted 

water residence times are estimated assuming a porosity of 1%. (f) Discharge temperature vs. 

minimum depth of water–rock equilibration, showing a negative correlation. 

 

3.5. Summary and conclusions  

We have investigated the behavior of amagmatic orogenic geothermal systems along the ABF in 

Baja California using a multidisciplinary approach encompassing geochemical, geophysical, and 

geological data. Our findings, consistent with similar orogenic faults worldwide, demonstrate that 

these systems arise from gravity-driven infiltration of meteoric water that is precipitating on the 

rugged hinterland of the fault. During its penetration deep into the brittle fault plane, the meteoric 

water increases its temperature along the local geothermal gradient while acquiring salinity and 

helium due to interactions with the wall rocks and with saline porewater along its flow path. Our 

data provide strong evidence that the flow characteristics of these systems, including water upflow 

rates, discharge temperatures, temperature and depth of water-rock equilibration, water residence 

times, and 3He/Hetotal fractions, are primarily controlled by the variability of the hydraulic head 

gradient and the permeability of the ABF. The hottest spring waters (up to 102 °C), which have 

the fastest flow rates, discharge on the Pacific coast where fault extension is highest (10–15%) and 

hence permeability is highest. The hydraulic head gradient plays a key role in determining water 

flow pathways, including the depth of infiltration, water residence times, and 3He/Hetotal fractions.  

 Our results demonstrate that, under favorable conditions characterized by high fault 

permeability and high hydraulic head gradients, the temperature threshold for electricity 

production (~120 °C) in amagmatic geothermal systems can be reached at relatively shallow 

depths (< 4 km), thus establishing their potential for petrothermal power production. Based on our 

findings, future exploration for orogenic geothermal systems should prioritize valley floors 

intersected by active regional faults, as these locations tend to exhibit maximum values of 

hydraulic head gradients and upflow rates. By focusing on these areas, we can enhance our 

understanding of these complex systems and unlock their potential for sustainable energy 

production. Overall, our study sheds light on the dynamics and controls of amagmatic orogenic 
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geothermal systems, providing insights for both scientific research and practical applications in 

the field of geothermal energy exploration and development. 
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Abstract 

Amagmatic geothermal systems that discharge in coastal areas are promising renewable energy 

resources for seawater desalination and electricity production. These systems arise from the deep 

circulation of meteoric water and seawater along regional fault zones in uplifted orogenic belts. 

They are characterized by diffuse hot water discharge (<100 °C) in the intertidal zone at low tide. 

In order to assess their energy potential, more fundamental insights are needed to understand the 

coupled thermal–hydraulic–chemical–mechanical processes controlling their behavior. In this 

contribution, we present large-scale 3D thermal–hydraulic numerical simulations of the 

amagmatic geothermal system at La Jolla Beach (Pacific coast), which is linked to the steeply 

dipping dextral Agua Blanca Fault (ABF) that traverses northern Baja California, Mexico. With a 

temperature of up to 94 °C, the discharge of hot water at La Jolla Beach represents the inland 

hottest manifestation of amagmatic geothermal systems worldwide. Simulations were run for a 

large 3D domain of 20 × 10 × 14 km using the software TOUGHREACT. The aims were to (i) 

assess the role of surface topography and nearshore seafloor bathymetry in controlling regional 

water circulation through the ABF and (ii) obtain a fundamental understanding of the processes 

causing the very high discharge temperatures at La Jolla Beach. All simulations were run by 

specifying hydrostatic pressure and conductive temperature distributions as initial and boundary 

conditions. The simulations were constrained by field observations such as discharge temperatures 
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(up to 94 °C), the extent of the La Jolla Beach thermal anomaly (~300 × 100 m), water residence 

times (15 ka), and seawater mixing fraction (20%). Different fault widths and permeability 

configurations were tested. Modeling results indicate that fluid flow within the ABF is controlled 

by the surface topography and, more importantly, by the hydrostatic pressure defined by the Pacific 

Ocean and its salinity. These boundary conditions lead to fluid upflow beneath La Jolla Beach, 

which occurs independently of the permeability and width of the ABF. However, assuming a 

homogeneous permeability along the ABF (100 m wide zone with k = 1.5 × 10-14 m2) produces an 

extreme and unrealistically shallow geothermal anomaly of ~0.35 km width × 3.3 km length with 

temperatures below 100 °C. However, the field observations can be reproduced by inserting a 

vertical 100 × 100 m zone with high permeability (k = 10-13 m2) into the model below La Jolla 

Beach along the ABF (k = 8.0 × 10-15 m2). This preferential upflow zone controls the shape and 

magnitude of the resulting shallow thermal anomaly. Our observations suggest that the highest 

fluxes and temperatures in amagmatic, orogenic geothermal systems occur where strong hydraulic 

head gradients, such as the coastline or below major valley floors, coincide with highly permeable 

pathways along regional faults. Therefore, geothermal exploration for amagmatic geothermal 

systems should focus on permeable faults that cross areas with high hydraulic head gradients. 

 

4.1. Introduction 

La Jolla Beach is a coastal amagmatic geothermal system hosted by the Agua Blanca Fault (ABF) 

located northwest of the Punta Banda Peninsula in Baja California, Mexico (Figure 4.1). Evidence 

of this system is the thermal water that emanates diffusely from the intertidal zone and is visible 

only at low tide. Using Thermal InfraRed images acquired by drone, Carbajal-Martínez et al. 

(2020) showed that the surface temperature at La Jolla Beach is up to 52 °C, while at 20 cm below 

the surface, the temperature is up to 94 °C. In addition, they estimated that the footprint of the 

thermal anomaly is ~300 × 100 m. Owing to its location and high temperature, this hydrothermal 

system is considered a valuable geothermal resource that could supply the energy demand of a 

multi-effect distillation plant (MED) to desalinate seawater and cover the shortage of fresh water 

in the region. The desalination costs of a MED are comparable to those of a reverse osmosis plant 

powered by fossil fuels. (0.8 US$ m-3; Wendt, 2017). 
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 To take full advantage of this geothermal resource, it is necessary to understand the 

fundamental processes controlling its behavior. In this contribution, we present large-scale 3D 

thermal–hydraulic numerical simulations of the amagmatic geothermal system at La Jolla Beach 

to (i) assess the role of surface topography and nearshore seafloor bathymetry in controlling 

regional water circulation through the ABF, and (ii) obtain a fundamental understanding of the 

processes causing the very high discharge temperatures. Our simulations are constrained by field 

observations such as surface location and temperature, size of the thermal anomaly, and seawater 

mixing fractions.  

 

4.1.1. Structural and geothermal features of the study area 

Punta Banda Peninsula has an optimal structural setting for the formation of amagmatic geothermal 

systems due to the lack of magmatic activity since the Miocene and to the high degree of extension 

of normal faults in the center of the Peninsula (orientation ~N37°W and dips from 45° to 70°SW; 

Gutiérrez-Gutiérrez & Suárez-Vidal, 1988). Owing to the active dextral branches of the ABF on 

each side of the Punta Banda Peninsula (Figure 4.1), this area shows the greatest extension along 

the entire length (~150 km) of the ABF trace (Wetmore et al., 2019). Uplift rates are also high, 

with 12 marine terraces having been uplifted over the past 1.3 Ma (Figure 4.1B; Rockwell et al., 

1989). These terraces geographically coincide with amagmatic geothermal systems as evidenced 

by the discharge of thermal waters at three distinct locations across the Punta Banda Peninsula 

(Figure 4.1B). These locations are El Retiro Beach with a discharge temperature of 35 °C, a 

fumarolic submarine field on the southeastern side of the Peninsula (102 °C), and La Jolla Beach 

(94 °C; Vidal et al., 1981; Carbajal-Martinez, 2019; Carbajal-Martínez et al., 2020). 
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Figure 4.1. A) Location of the study area. B) Structural setting and location of amagmatic 

geothermal systems of the Punta Banda Peninsula, Baja California, Mexico. 

 

  La Jolla Beach is the focus of our study. It is worth mentioning that 500 m around the 

coastal anomaly, there are shallow domestic wells that record temperatures between 29 and 73 °C 

(Figure 4.2). Additionally, Arango-Galván et al. (2011) and Carbajal-Martinez, (2019) reported 

the distribution of rock resistivity in four electrical resistivity tomography sections (up to 80 m 

depth, Figure 4.2). These sections reveal the presence of a conductive anomaly (0.8 Ω m) beneath 

the coastal thermal anomaly of La Jolla, implying the presence of thermal and saline waters in the 

subsurface. 

 The chemical composition of the thermal waters discharging at La Jolla Beach, including 

their dissolved gas concentrations, is described in detail by Carbajal-Martínez et al. (2023). In 

short, the thermal waters are characterized by a slightly acidic pH (5 to 7) and a lower salinity (8.5 

to 16 g L-1) than local seawater (8.0 and 34.0 g L-1, respectively). The isotopic values of δ18O and 

δ2H reveal that thermal water originates from rainwater recharged in the mountainous zone and 

mixed with seawater in the coastal zone. In addition, the 3He fraction within the dissolved He is 

less than 3%, implying that the contribution of He from the mantle is negligible and confirms the 

amagmatic nature of the hydrothermal system.  

 The design of our numerical simulations is based on the following conceptual model of 

geothermal activity in the study area (Carbajal-Martínez et al., 2023). Meteoric water recharges in 

the inland mountains (Figure 4.1B) and is driven by topographically controlled head gradients 

through the crystalline basement and may reach down to the brittle–ductile transition zone (12 

km), the lower limit for advective fluid flow. The temperature of the meteoric water increases 
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during infiltration according to the average geothermal gradient of 24 °C km-1. Beneath La Jolla 

Beach, the heated water quickly ascends towards the surface through a highly permeable section 

of the ABF and finally discharges as a thermal spring. Along its flow path, the infiltrated meteoric 

water mixes with seawater-like ancient porewater, and near the coast, with fresh seawater. 

 

 

Figure 4.2. A) Temperature and size of the La Jolla Beach thermal anomaly (Carbajal-Martínez 

et al., 2020) as well the location of six surrounding domestic wells (yellow markers) and four 

electrical resistivity tomography profiles (black lines P1 to P4). B) Electrical resistivity 

tomography sections for the four profiles shown in A (Carbajal-Martínez, 2019). The vertical 

black lines in sections P3 and P4 illustrate the location and depth of domestic wells. 

 

4.2. Numerical simulator 

Our forward coupled thermal–hydraulic numerical simulations were performed using the integral 

finite difference code TOUGHREACT V3 (Xu et al., 2014). All simulations were performed using 

the equation of state EOS1, allowing the simulation of pure water in its liquid, vapor, and two-

phase states (Pruess et al., 1999). The temperature dependence of pure water properties such as 

viscosity, specific density, and enthalpy are calculated from steam table equations (International 

Formulation Committee, 1967). EOS1 simulates water and coupled heat flow according to the 

mass balance equation: 
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𝜕𝑀𝑊,𝐻

𝜕𝑡
= −∇𝐹𝑊,𝐻 + 𝑞𝑊,𝐻 

(4.1) 

 

where MW,H is the accumulation term for water MW (kg m−3) or heat MH (J m−3), FW,H is the water 

flux FW (kg m−2 s−1) or heat flux FH (J m−2 s−1), and qW,H are water or heat sinks (−) or sources (+). 

For fully saturated, single-phase flow problems FW is equal to the Darcy flux u (m s−1) 

 

𝑢 = −
𝑘

𝜇
(∇𝑃 − 𝜌𝑔) 

(4.2) 

 

where k is the intrinsic permeability (m2) of the rock, μ is the water viscosity (Pa s), ∇P (Pa m−1) 

is the hydraulic head gradient, ρ is the density of water (kg m−3), and g is the acceleration due to 

gravity (m s−2). Heat flux FH (J m−2 s−1) is defined as 

 

𝐹𝐻 = 𝐶𝑀  ×  𝑇 × 𝜌𝑀 × 𝑢 − 𝜆 × ∇𝑇 (4.3) 

 

where CM (J kg−1 K−1) and ρM (kg m−3) are the specific heat capacity and the density of the porous 

medium, T (K) is the temperature of the porous medium, λ is the thermal conductivity of the wet 

rock (J s−1 m−1 K−1), and the gradient in temperature between adjacent grid blocks is ∇T (K m−1).  

 

4.2.1. Model geometry 

Our numerical model covers a large 3D domain of 20 × 10 × 14 km. The model is discretized using 

an initially regular rectangular mesh consisting of ca. 200,000 grid blocks. The size of the grid 

blocks is variable, whereas the highest resolution is in the La Jolla Beach area (25 × 25 × 10 m). 

The variability of block size in the X and Y directions is shown in Figure 4.3. 

 Our 3D model domain explicitly considers the topography (max. 1 km) and bathymetry 

(max. 0.5 km) of the study area (Figure 4.3A). In order to incorporate the morphology of the area, 

a digital elevation model (DEM) was downloaded from the National Oceanic and Atmospheric 

Administration (NOAA National Geophysical Data Center, 2006). Subsequently, the DEM was 

used to numerically shape the surface of the initial regular mesh using the "fit surface" PyTOUGH 
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method (Croucher, 2015). This resulted in an irregular mesh explicitly considering the topography 

of the Punta Banda Peninsula and the seafloor bathymetry (Figure 4.3B).  
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Figure 4.3. A) Topographic and bathymetric map of the model domain. B) Mesh configuration 

for all simulations along with the topography and bathymetry values. C) Model setup showing 

four domains in 3D view: Agua Blanca Fault, host rock, a preferential upflow zone beneath La 

Jolla Beach, and the brittle–ductile transition zone, which defines the base of the model. 

 

4.2.2. Initial and boundary conditions 

All simulations were performed by specifying the initial conditions of hydrostatic pressure and 

conductive temperature distributions. A fixed temperature was set at the upper boundary assuming 

an ambient temperature of 16 °C at the coast (CICESE, 2019), an adiabatic cooling rate of -5.5 °C 

km-1 over the continent, and a cooling gradient of -3.1 °C per 100 m depth in the seawater column 

(h) (Emery & Dewar, 1982). 

 Over the continent, the atmospheric pressure varies according to the altitude (z; Cavcar, 

2000). Consequently, we used the following equation to define the pressure at the upper model 

boundary, which was fixed throughout the simulations. 

 

Pcontinent = 105 × [1 – (0.0065 × z / 289.15)]5.2561 (4.4) 

 

 Over the Pacific Ocean, the seafloor was defined as an upper model boundary. The pressure 

on this boundary was fixed by the seawater column length (h), density (ρseawater = 1025 kg m-3), 

and g, the acceleration due to gravity (m s−2) 

 

Pseafloor = ρseawater × g × h (4.5) 

 

 Assuming an initial conductive temperature distribution, the temperature increases with 

depth according to the regional geothermal gradient of 24 °C km-1 (Carbajal-Martínez, 2019). At 

the lower model boundary (13 km below sea level), the temperature was fixed at 335 °C, according 

to the geothermal gradient, the mean altitude of the surface topography (0.23 km), and the mean 

annual temperature at sea level (16 °C). Three lateral and lower model boundaries were open for 

conductive heat exchange and closed for fluid flow. The upper model boundary and the lateral 

boundary in the direction of the Pacific Ocean were open for both heat and fluid flow. 
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4.2.3. Model parameters 

In the study area, there are no hydraulic well test measurements that could be used to define the 

permeability within the model domain. Therefore, we have kept the model as simple as possible. 

The model was divided into four domains (Figure 4.3C): host rock, fault zone, preferential upflow 

zone, and brittle–ductile transition. We assume a homogeneous permeability distribution for the 

host rock (granite) and fault zone, and we ignored any depth dependence of the permeability and 

porosity. Host rock and fault permeability values were taken from other studies in a similar 

geologic and tectonic setting (Table 4.1; Alt-Epping et al., 2021; Wanner et al., 2019). 

 For the host rock, we use a permeability of 10-18 m2 and a porosity of 1% for all numerical 

simulations. Fault permeability ranges from 8 × 10-15 to 1.5 × 10-14 m2 according to different fault 

widths (25, 50, 75, 100 m), and porosity is 2%. For the brittle–ductile transition (model base), we 

use a low permeability (10-25 m2) and a porosity of 1%. On the other hand, additional simulations 

were performed using a 1D preferential upflow zone with a footprint of 100 × 100 m beneath La 

Jolla Beach. Permeability values for the preferential upflow zone are varied from 10-14 to 10-13 m2 

with a porosity fixed at 4%. We use a homogeneous distribution of the bulk rock density, thermal 

conductivity, and specific heat capacity in the four domains (Table 4.1). 

 

Table 4.1 

Material properties 

Parameter Fault Preferential 

upflow zone 

Host 

rock 

BDT a 

Permeability (m2) 8 × 10-15–1.5 × 10-14 10-14–10-13 10-18 10-25 

Porosity 0.02 0.04 0.01 0.01 

Bulk rock density (kg m-3) 2660 2660 2660 2660 

Thermal conductivity (W m-1 K-1) 3.35 3.35 3.35 3.35 

Specific heat capacity (J kg-1 K-1) 920 920 920 920 
a Brittle–ductile transition 

 

4.3. Results and discussion 

4.3.1. Location of the upflow zone 

The results of the 3D thermal–hydraulic simulations without any preferential upflow zone are 

shown for a northwest-southeast (NW-SE) profile along the ABF (Figure 4.4A). The temperature 
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distribution and flow vectors demonstrate that there is a water upflow zone in the coastal area due 

to the infiltration of meteoric water as well as seawater into the crystalline basement along the 

ABF (Figure 4.4B). Darcy flux profiles illustrate that the upflow zone is always located in the 

coastal zone independently of the fault width and fault permeability (Fig 4.4C). The upflow zone 

spatially correlates with the lowest hydrostatic pressure (highest hydraulic head gradient) along 

the entire ABF (Figure 4.4D), demonstrating that the regional-scale hydraulic regime causes the 

thermal anomaly at La Jolla Beach. The precise location of the discharge zone is controlled by the 

balance of hydrostatic pressures between (i) the seawater column of the Pacific Ocean and (ii) the 

meteoric water column of the mountainous onshore zone. This is illustrated in detail in Figure 

4.4E, showing the result of three simulations with a different implementation of the fixed pressure 

(Eq. 4.7) at the seawater model boundary: (i) no seawater present (i.e., Pfixed = 1 bar), (ii) seawater 

with a density of pure water (ρseawater: 997 kg m-3), (iii) seawater with a correct density of 1025 kg 

m-3. The thermal anomaly and thus the upflow zone occur below La Jolla Beach only when the 

correct seawater density is used to specify the seawater model boundary (simulation (iii)). In 

simulations (i) and (ii), in contrast, the upflow zone occurs 11 and 2 km offshore from the coastline.  

 The results shown in Figure 4.4C thus demonstrate that the hydrostatic pressure of the 

Pacific Ocean plays a key role in controlling the location of the thermal anomaly, while the 

permeability of the fault controls the discharge temperature of thermal waters. It should be noted, 

however, that the resulting water upflow (Figure 4.4B) generates a rather large coastal geothermal 

anomaly with a length of ~ 4 km along the ABF when the fault width and permeability are 

calibrated to 100 m and k = 1.5 × 10-14 m2 in order to match the 94 °C surface temperature observed 

at La Jolla Beach. Although we have little information on the extent of the subsurface anomaly, 

the one obtained from the calibrated simulation appears to be unrealistically large, implying that 

not all relevant processes are captured by the model. 
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Figure 4.4. Results of numerical thermal–hydraulic simulations using a homogeneous 

permeability along the ABF, shown in profiles along the NW–SE strike of the fault. Plotted 

values of Darcy flow, hydrostatic pressure, and temperature correspond to a depth of 15 m below 

the surface and seafloor. A) Topographic and bathymetric profile. B) Temperature (°C) and flow 

velocity vectors (m s–1) show that the length of the near-surface thermal anomaly is extreme (~ 

4 km) for a fault width of 100 m and fault permeability of 1.5 × 10-14 m2. C) Water flow velocity 

vector of the z component (m s–1) along the ABF showing that the maximum flux occurs in the 

coastal zone independently of the chosen fault width and permeability. D) Hydrostatic pressure 

(MPa) along the ABF shows that the lowest hydrostatic pressure is located in the coastal zone. 

E) Temperature distribution (°C) of three simulations involving a 100 m wide fault and a 

permeability of 1.5 × 10-14 m2 but with different implementations of the seawater boundary.  
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4.3.2. Effects of preferential upflow zones 

Previous studies agree that along regional faults there are preferential pathways for fluid 

circulation, in which permeability is enhanced by complex structural features such as dilational 

jogs, linkage and intersection zones between fault segments, and highly fractured damage zones. 

(e.g., Caine et al., 1996; Faulkner et al., 2010). In the study area, the structural setting is complex 

(see Section 4.1.1), and field evidence (marine terraces and normal fault displacements) indicate 

that near La Jolla Beach there may be enhanced permeability due to the large extensional 

component of the ABF. For this reason, and because of the large size of the thermal anomaly that 

results from simulations assuming a homogeneous fault zone permeability (Figure 4.4B), we 

decided to perform additional numerical simulations incorporating a vertical 1D pathway 

representing a preferential upflow with a footprint of 100 × 100 m. Table 4.1 shows the results of 

testing different permeability values for this pathway. 

 Simulations involving a fault zone 100 m wide (k = 8.0 × 10-15 m2) and a preferential 

upflow zone with 4% porosity result in heated water reaching the surface at 30 °C as soon as the 

permeability of the preferential pathway is greater than 6 × 10-14 m2 (Figure 4.5A). Once the 

permeability of the preferential pathway is increased to 10-13 m2, the temperature reaches ~90 °C 

and thus matches the observed temperature at La Jolla Beach. Under steady state conditions, which 

are reached after about 15 kyr (Figure 4.5B), this simulation yields seawater and rainwater 

fractions of ~20% and 80%, respectively (Figure 4.5C). These fractions agree well with those 

reported by Carbajal-Martínez et al. (2023), demonstrating that the geothermal system is 

dominated by infiltration of rainwater in the mountainous hinterland, driven by the high, 

topographically induced hydraulic head gradients. 

  Implementing the permeable upflow zone in our simulations considerably decreases the 

length of the thermal anomaly at La Jolla Beach for the calibrated models that match the 94 °C 

discharge temperature (Figure 4.6A). When the fault zone is assigned a homogeneous 

permeability, the anomaly is 3.3 km long (Figure 4.6B). In contrast, when a preferential upflow 

path is inserted beneath La Jolla Beach, the anomaly is only 475 m long (Figure 4.6C). Assuming 

that the ~500 m length over which domestic wells are distributed near La Jolla Beach 

approximately captures the true extent of the thermal anomaly (Figure 4.1), the simulation 

incorporating a 1D permeable upflow path seems quite realistic. By implementing this preferential 
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pathway, we are thus able to reproduce all manifestations of the thermal anomaly, including its 

discharge temperature, size, location, and seawater mixing fraction. 

 

Figure 4.5. Temperature and tracer fraction (meteoric water and seawater) at 15 m below La 

Jolla Beach obtained by incorporating a preferential upflow zone in the simulation. A) 

Temperature as a function of assumed permeability (k) of the preferential upflow zone. B) 

Temperature vs. time, demonstrating that the simulation reaches a steady state after 

approximately 15 kyr. C) Tracer fraction of seawater and meteoric water as a function of time. 

Values shown in B and C correspond to a 100 m wide fault with a permeability of 8.0 × 10-15 

m2 and permeability of the preferential upflow zone of 10-13 m2. 
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Figure 4.6. A) Depth section along the ABF showing temperature (°C) and fluid velocity 

vectors (m s–1) resulting from a simulation that includes a preferential upflow path beneath La 

Jolla Beach. Yellow dashed line shows the much longer thermal anomaly (100 °C isotherm) 

that results if the preferential upflow path is omitted from the model. B) Plan view of the thermal 

anomaly at 30 m depth (T ≥ 30 °C) resulting from simulations in which the ABF has a 

homogeneous permeability. C) Same as panel B but with the inclusion of a preferential upflow 

path within the fault plane. 
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4.4. Conclusion 

Thermal–hydraulic simulations carried out for the La Jolla Beach system in Baja California, 

Mexico, demonstrate that the location and temperature of amagmatic coastal geothermal systems 

are controlled by the balance of hydrostatic pressure forces from the Ocean and adjacent onshore 

areas, as well as the permeability of major fault zones where advective subsurface fluid flow 

occurs. Upflow zones of thermal waters are always located in the coastal zone because this is 

where the hydraulic pressure is minimized and where the upflow of heated water is facilitated. For 

the investigated case study at La Jolla Beach, however, the additional definition of a highly 

permeable pathway beneath the discharge location was required to accurately match all 

manifestations of the thermal anomaly at the surface (discharge temperature, size, and location of 

the thermal anomaly, and seawater mixing fraction). Our study thus suggests that the most 

effective amagmatic orogenic geothermal systems occur where strong hydraulic head gradients 

below major valley floors or at the coastline coincide with highly permeable preferentially 

pathways along regional faults. 
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Abstract 

In this study, we explore the thermal–hydraulic behavior of fault-hosted orogenic amagmatic 

geothermal systems, aiming to understand the key factors influencing their development. Our 

investigation delves into the impact of geological elements including topography, bathymetry, 

basement topography, and sediments, on the regional water circulation within the upper crust and, 

specifically, the Agua Blanca Fault (ABF) system. Results of 3D thermal–hydraulic simulations 

using TOUGHREACT reveal the functioning of the amagmatic geothermal system at La Jolla 

Beach, Baja California, Mexico. Our analysis highlights the crucial role of seawater as a hydraulic 

barrier, determining the location of coastal geothermal systems and limiting the seaward 

circulation of meteoric water through the fault. The higher the fault permeability, the hotter the 

water discharge, and the greater the infiltration of seawater through the ABF. Additionally, we 

find that a significant proportion of water infiltrates through the fault zone compared to the host 

rock, with meteoric water comprising a larger portion than seawater in the system.  Furthermore, 

we observe variations in the behavior of the thermal anomaly at La Jolla Beach, particularly 

concerning its position and width. These differences are intricately linked to the topography of the 

crystalline basement and the distribution of sediments within the study area. The thickness of 

sediments plays a crucial role in governing the infiltration of seawater through the fault zone, 
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thereby influencing the flow of upflow thermal water towards the coastline. Coupled with the 

minimum pressure conditions at the coast, these factors collectively regulate the length of the 

shallow thermal anomaly. Our simulations successfully reproduce field observations of the thermal 

anomaly, including its location, extent, temperature, and salinity. In conclusion, our study provides 

insights into the behavior of amagmatic geothermal systems, highlighting the importance of 

considering topography, bathymetry, basement topography, and sediment characteristics. 

Understanding the influence of these key factors should aid exploration for and sustainable 

exploitation of such geothermal resources. 

 

Plain Language Summary  

In this research, we studied the behavior of underground geothermal systems located in fault zones 

without volcanic activity, aiming to understand what factors influence their formation. We focused 

on the geothermal system at La Jolla Beach, Baja California, Mexico. Using advanced computer 

simulations, we analyzed how the landscape and geological features, such as rocks and sediments, 

affect the movement of water and heat underground. We discovered that seawater plays a critical 

role in determining where these geothermal systems occur along the coast and limits the movement 

of fresh rainwater inland. The wider and more permeable the fault, the hotter the water that flows 

through it. Interestingly, most of the water that infiltrates into the system comes through the fault 

zone instead of the surrounding rocks. Moreover, we found that the thickness of sediments also 

influences the behavior of the geothermal system. Sediments act like a barrier, directing the flow 

of hot water towards the coast. This, along with the low-pressure conditions at the coast, controls 

the size of the thermal area near the beach. Our study helps us better understand these geothermal 

systems, which are valuable for sustainable energy production. By considering the landscape and 

geological factors, we can improve our exploration and use of this clean energy source. 

 

5.1. Introduction 

Amagmatic orogenic geothermal systems originate in areas that lack recent magmatic activity. In 

these systems, the deep infiltration of meteoric water into the continental crust is driven by the 

rugged topography of mountain belts, creating hydraulic heads that promote fluid flow along 

fracture networks. As the water infiltrates deeper into the subsurface, it transports heat from the 
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surrounding wall rocks. Subsequently, it ascends towards the surface and discharges into valley 

floors or coastal zones along regional fault zones. (López & Smith, 1995; Coussens et al., 2018; 

Diamond et al., 2018; Alt‐Epping et al., 2022). These systems are characterized by an average 

geothermal gradient of less than 30 °C km-1, reservoir temperatures reaching up to 250 °C, and 

spring temperatures of from 25 to 99 °C depending on the variability of the hydraulic head gradient 

and the permeability of faults (Carbajal-Martínez et al., 2023). 

 When the host fault for geothermal circulation intersects a coastline, the discharge of 

thermal water from these geothermal systems becomes visible in the coastal intertidal zone during 

low tide. Notably, this results in the presence of prominent thermal anomalies directly at the 

coastline, characterized by high temperatures. The thermal water diffusively releases onto sandy 

beaches and rocks, creating observable thermal signatures in the immediate coastal area. These 

thermal anomalies can extend up to several hundred meters along the beach (Lynn, 1978). 

Interestingly, the salinity and pH are lower than seawater, and discharge temperatures typically 

vary from 30 to 100 °C (Carbajal-Martínez et al., 2020). Notable examples include Hot Water 

Beach in New Zealand (Lyon & Giggenbach, 1992), Akropotamos coastal zone in Greece 

(Papachristou et al., 2021), and Gölbasi coastal spring in Turkey (Gökgöz & Akdağoğlu, 2016). 

Along the Baja California Peninsula in Mexico, at least 12 coastal geothermal systems have been 

documented (Figure 5.1a; López-Sánchez et al., 2006; Camprubí et al., 2008; Hernández-Morales 

& Wurl, 2017; Batista Cruz et al., 2019; Carbajal-Martínez et al., 2020; Hernández-Morales et al., 

2021). 

 Detailed insights into the thermal–hydraulic behavior of coastal geothermal systems have 

been obtained through two-dimensional numerical simulations conducted for the systems in 

Seferihisar, Turkey, and the Dead Sea in Israel (Shalev & Yechieli, 2007; Magri et al., 2012). 

Based on these simulations, these systems occur at intersections of fault zones, with water traveling 

several kilometers along the basement interface before ascending back to the shore as thermal 

water. However, despite these advancements, intriguing knowledge gaps regarding coastal 

amagmatic orogenic geothermal systems still remain. Specifically, understanding the key factors 

that control their locations, extent, magnitude, and salinity remains a challenge. Addressing these 

uncertainties is vital for enhancing exploration efforts and devising effective strategies for heat 
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extraction from these geothermal resources, with potential applications in areas such as seawater 

desalination (Karytsas et al., 2002). 

 In this study, we conducted large-scale 3D thermal–hydraulic numerical simulations of the 

amagmatic geothermal system at La Jolla Beach in Ensenada, Baja California, Mexico. La Jolla 

Beach was chosen as our study area due to its recognition as the hottest coastal amagmatic 

geothermal system known to date and its comprehensive geophysical and geochemical dataset, 

which allowed for the development of a well-established geothermal conceptual model (Carbajal-

Martínez et al., 2020, 2023). Our simulations aimed to assess the influence of topography, 

bathymetry, fault zones, and sediments on the location and magnitude of coastal geothermal 

systems. Simulations revealed that the infiltration of meteoric water and seawater predominantly 

occurred through the fault zone, leading to the upflow of thermal water directly at the coastline, 

reproducing the field observations of La Jolla Beach. The presence of the ocean acted as a 

hydraulic barrier, restricting the circulation of meteoric water beyond the coast. These findings 

have significant implications, not only for enhancing our understanding of coastal geothermal 

systems on a global scale but also for the management and utilization. 

 

5.1.1. Site description 

La Jolla Beach is the hottest coastal geothermal system located in the northwest of the Baja 

California Peninsula (Figure 5.1a). The geothermal system is hosted by the western segment of the 

Agua Blanca Fault (ABF), a subvertical west–northwest-trending (276–302°) dextral–normal 

structure that was first active between 3.3 and 1.5 Ma (Wetmore et al., 2019). In its western portion, 

the ABF splits into two dextral branches that enclose the Punta Banda Peninsula (Figure 5.1b). 

Movements along the faults have led to the formation of 12 marine terraces in the past 1.3 Ma 

(Rockwell et al., 1989) and an extensional sedimentary basin, partly offshore in Bahía Todos 

Santos and partly onshore at Maneadero (Figure 5.1b) (Pérez-Flores et al., 2004). At La Jolla 

Beach the ABF exhibits its highest degree of tectonic extension along its 150 km length (Wetmore 

et al., 2019), which is taken to coincide with a maximum in permeability along the fault system 

(Carbajal Martinez et al., 2023). In addition, fault activity has resulted in the development of two 

other geothermal systems along the southern branch of the ABF, at El Retiro Beach (35 °C) and 

in a submarine fumarolic field (102 °C, Vidal et al., 1978).  
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 The thermal water discharged at La Jolla Beach is a mixture of seawater and meteoric water 

and it has a neutral pH (~7) and a lower salinity (8.5–16 g L-1) than local seawater (34 g L-1). The 

thermal anomaly at La Jolla becomes visible during low tide and extends approximately 300 m in 

length and 100 m in width. Temperatures within the anomaly vary from 20 to 94 °C (Figure 5.1c) 

(Carbajal-Martínez et al., 2020). In the vicinity of the anomaly, six shallow thermal wells exhibit 

temperatures between 29 and 73 °C (Figure 5.1c). Furthermore, four electrical resistivity 

tomography sections (up to 80 m depth, Figure 5.1d) indicate the presence of a conductive anomaly 

(0.8 Ω m) beneath the coastal thermal anomaly. This observation suggests the existence of thermal 

and saline water in the subsurface within a 500 m radius around La Jolla Beach (Arango-Galván 

et al., 2011; Carbajal-Martinez, 2019). 

 The main host rocks of the ABF are Cretaceous granitoids (Ortega-Rivera, 2003). 

However, the heat transported by the La Jolla Beach geothermal system is interpreted to be 

amagmatic, based on the absence of recent volcanic activity and on the negligible mantle 

contribution (< 3 %) to the total helium content of the thermal springs. Stable H–O isotopes of the 

thermal water show that it largely originates as meteoric precipitation at an elevation of 

approximately 800 meters a.s.l. in the orogenic mountain belt to the east of the coastline. The 

concentration of solutes suggests that the ascending water departs from water–rock equilibrium at 

a depth of ~6 km at a temperature of 160 °C. Along the flow path, there have been mixing processes 

involving ancient seawater-like porewater, as well as mineral precipitation, dissolution, and 

mixing with shallow fresh seawater (Carbajal-Martinez et al., 2023). 

 The high discharge temperatures observed at La Jolla are likely due to the elevated 

permeability of the ABF in the coastal zone, as deduced from the maximum in tectonic extension 

associated with this portion of the fault (Wetmore. et al., 2018). As discussed by Carbajal-Martinez 

et al. (2023), the elevated permeability sets the La Jolla Beach geothermal system apart from others 

further east in the same fault zone. In particular, the enhanced permeability accelerates the 

circulation of geothermal fluids, resulting in increased upflow velocities and equilibration 

temperatures, as well as a shorter deep residence time beneath La Jolla compared to the other 

thermal springs.
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Figure 5.1. Location, structural setting, and geothermal features of the study area. (a) Location of coastal geothermal systems (yellow stars) and major 

faults (red) along the Baja California Peninsula in Mexico. (b) Structural setting, marine terraces (ages in Ma), and location of amagmatic geothermal 

systems in Punta Banda Peninsula, Baja California, Mexico. The Peninsula is flanked by two dextral branches of the Agua Blanca Fault. The main northern 

branch intersects the coastline at La Jolla Beach. (c) Location of the coastal geothermal systems at La Jolla Beach, showing the thermal anomaly at the 

beach itself (blue zone), the locations of six shallow domestic wells (yellow markers) and four electrical resistivity tomography (ERT) profiles (green lines 

P1 to P4). The temperatures of the coastal thermal anomaly (coloured scale) represent measurements taken at a depth of 20 cm below the beach surface. 

(d) Electrical Resistivity Tomography sections for the four profiles P1 to P4 in subfigure c (after Arango-Galván et al., 2011; Carbajal-Martinez, 2019). 

Vertical black lines in sections P3 and P4 mark the location and depth of two domestic thermal wells. 
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5.2. Numerical simulations methodology 

The forward coupled thermal–hydraulic numerical simulations in this study were performed 

using the integral finite-difference code TOUGHRECT V. 4.13. This allows for transport and 

mixing of separate fluid phases through model porous rocks (Pruess et al., 1999), as required 

for the case of La Jolla Beach, where meteoric water encounters and mixes with seawater 

within the fault plane. TOUGHREACT incorporates temperature-dependent properties of 

pure and saline water, including viscosity, density, and enthalpy, utilizing steam table 

equations (International Formulation Committee., 1967). It uses Newton-Raphson iteration 

to solve partial differential equations governing mass balance and heat flow: 

𝜕𝑀𝑊,𝐻

𝜕𝑡
= −∇𝐅𝑊,𝐻 + 𝑞𝑊,𝐻 

(5.1) 

where 𝑀𝑊,𝐻 is the total mass accumulation of water (W) and heat (H) in the system with 

respect to time, t. The term div𝐹𝑊,𝐻 is the gradient of the total mass flux rate of water (kg 

m−2 s−1) and heat (J m−2 s−1), and 𝑞𝑊,𝐻 is the sink (−) or source (+) term for each component. 

The equation essentially balances the inflows and outflows of water and heat in a given 

system, taking into account any sources or sinks. 

 For the present fully saturated, single-phase flow case, the parameter FW is equal to 

the Darcy flux, denoted as 𝑢 (m s−1): 

𝑢 = −
𝑘

𝜇
(∇𝑃 − 𝜌𝑔) (5.2) 

where 𝑘 (m2) is the intrinsic permeability of the rock and 𝜇 (Pa s) is the dynamic viscosity of 

water. The term ∇𝑃 (Pa m−1) represents the hydraulic head gradient, while 𝜌 is the density of 

water (kg m−3), and 𝑔 is the gravitational acceleration vector (m s−2). 

 On other hand, the heat flux (J s-1 m−2) includes both conductive and convective heat 

components in the porous medium: 

𝐅𝐻 = 𝐶𝑀𝑇𝜌𝑀𝑢 − 𝜆∇𝑇 (5.3) 

where 𝐶𝑀 (J kg−1 K−1) and 𝜌𝑀 (kg m−3) denote the specific heat capacity and the density of 

the saturated porous medium, respectively. The variable 𝑇 (K) is the temperature of the 

porous medium, and 𝜆 corresponds to the thermal conductivity of the wet rock (J s−1 m−1 

K−1). The gradient in temperature between adjacent grid blocks is defined as ∇𝑇 (K m−1). The 
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porous medium parameters 𝐶𝑀  and 𝜌𝑀 are calculated as: 

𝐶𝑀 = (1 − ∅)𝐶𝑅 + ∅𝐶𝑤 (5.4) 

𝜌𝑀 = (1 − ∅)𝜌𝑅 + ∅𝜌𝑤 (5.5) 

where ∅ represents the porosity, 𝐶𝑅 and 𝐶𝑤 stand for the specific heat capacity of rock and 

water, respectively (J kg−1 K−1), and 𝜌𝑤 and 𝜌𝑅 denote the density of rock and water, 

respectively (kg m−3). 

 In order to accurately model the mixing of meteoric water and seawater, all 

simulations in this study utilized the EOS7 equation of state. This represents the aqueous 

phase as a mixture of pure water and brine (seawater) endmembers. The salinity of the 

mixture is represented by the mass fraction of brine (Xb). The density of the mixture (ρm) can 

then be expressed in terms of water density (ρw) and seawater density (ρb) as follows:  

1/(𝜌𝑚) =  (1 − 𝑋𝑏)/(𝜌𝑤) + (𝑋𝑏/𝜌𝑏)   (5.6) 

Values of ρm are calculated as a function of P and T via EOS7.  

 Effects of salinity on the viscosity of the aqueous phase are modeled with a 

polynomial correction to the viscosity of pure water (µw). Thus, the viscosity of the mixture 

(µm) is represented as follows: 

µ𝑚 (𝑃, 𝑇, 𝑋𝑏) = µ𝑤(𝑃, 𝑇) 𝑓(𝑋𝑏)  (5.7) 

where 

𝑓(𝑋𝑏) = 1 + 0.066𝑋𝑏 (5.8) 

The accuracy and reliability of the TOUGH code in modeling seawater–freshwater mixing 

have been demonstrated by Na et al. (2019) through a comparison of laboratory experiments 

and numerical simulations. 

 

5.2.1. Model geometry 

Our model is designed to enable the overall flow dynamics of the La Jolla Beach system as 

inferred by Carbajal-Martinez et al. (2023) from geochemical and hydrogeological 

constraints. The model onshore segment of the ABF should provide a permeable subsurface 

flow path that links high-elevation recharge areas on the land topography with the La Jolla 

Beach discharge site at sealevel. Similarly, the offshore extension of the fault should provide 

a permeable, seawater-saturated flow path that links the seafloor with La Jolla Beach.  
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 Accordingly, our numerical model encompasses a large 3D domain measuring 34 × 

12 × 11.5 km (Figure 5.2). To accurately represent the study area, we initially discretized the 

domain using a regular rectangular mesh consisting of approximately 400,000 grid blocks. 

The grid block sizes vary according to the desired spatial resolution, with the smallest blocks 

(15 × 15 × 20 m) in the La Jolla Beach area at the center of the model (yellow star in Figure 

5.2). The model includes an area of the Pacific Ocean (0–12 km from the western boundary 

of the domain) and a larger area of the mountainous hinterland to the east. 

 To define the onshore topography (up to 1 km a.s.l.) and seafloor topography (up to 

0.4 km b.s.l.) of the study area (Figure 5.2), we incorporated a digital elevation model (DEM; 

(NOAA National Geophysical Data Center, 2006) and used the "fit surface" method in the 

PyTOUGH software to create an irregular mesh of the DEM (Croucher, 2015). Note that the 

seafloor constitutes the upper boundary of the model in the area of the Pacific Ocean. Thus, 

the ocean itself was not explicitly defined in our model. However, appropriate fluid pressure 

and temperature conditions were assigned to the seafloor boundary as described below. 

 

5.2.2. Initial and boundary conditions 

The model domain was assigned initial fixed boundary conditions to define hydrostatic 

pressure and conductive temperature distributions. Using an initial temperature of 16 °C at 

the coastal beaches (CICESE, 2019), the temperature of the land surface was set according 

to its elevation using an adiabatic cooling rate of −5.5 °C km-1, and the temperature of the 

seafloor was set using a cooling gradient of −3.1 °C per 100 m depth below sealevel (Emery 

& Dewar, 1982).  

 In all the simulations, the land surface was set to be saturated with meteoric water, 

providing unlimited infiltration. Thus, surface runoff and temporal and spatial variations in 

rainfall over the real land surface are ignored. To define the fluid pressure of rainwater at the 

land surface (Pf,land surface; Pa), we utilized Equation 5.9 (Cavcar, 2000), which gives the 

atmospheric pressure as a function of elevation above sea level (z): 

𝑃𝑓,𝑙𝑎𝑛𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 105[1 − (0.0065𝑧 / 289.15)]5.2561 (5.9) 

In contrast, the fluid pressure at the seafloor (Pf,seafloor; Pa) was calculated from the height of 

the overlying seawater column (h), the seawater density at 20 °C and 105 Pa (ρb = 1025 kg 
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m-3), and the acceleration due to gravity (𝑔; m s−2): 

𝑃𝑓,𝑠𝑒𝑎𝑓𝑙𝑜𝑜𝑟 = 𝜌𝑏𝑔ℎ (5.10) 

 To specify a conductive temperature distribution as the initial boundary condition, we 

used the regional geothermal gradient of 25 °C km-1 (Carbajal-Martinez, 2023), the mean 

elevation of the surface topography (0.295 km), and the mean annual temperature at sea level 

(16 °C). This resulted in a temperature of 300 °C at the lower boundary of the model (10.5 

km b.s.l.). The depth of the model corresponds to the calculated depth of the BDTZ (Carbajal-

Martinez, 2023). During the simulations, the lower and the four lateral and boundaries were 

open for conductive heat exchange and closed for fluid flow. The upper boundary, on the 

other hand, was open for both heat and fluid flow. The large dimensions of the model domain 

ensure that the simulation results for the La Jolla Beach geothermal system in the center of 

the model domain (Figure 5.2) are not affected by the definition of the boundary conditions. 

Moreover, the boundary conditions employed ensure that the temperature and pressure 

remain realistic throughout the entire model domain. 

 

5.2.3. Model zones 

The model was divided into two distinct hydraulic zones: the low-permeability host rock, 

and the permeable Agua Blanca Fault Zone. In the absence of relevant hydraulic well test 

measurements for the study area, we adopted porosity and permeability values for the host 

rock from studies conducted in similar granitic host rocks and orogenic tectonic settings 

(Stober & Bucher, 2007; Wanner et al., 2019; Alt-Epping et al., 2021). The host rock was 

assigned a porosity of 0.02 at the surface, gradually decreasing linearly to 0.01 with 

increasing depth. The permeability was fixed at 10-16 m2 within the upper 2.5 km of the crust. 

Below that depth, the permeability distribution was set as a function of depth (z) using 

Equation 5.11, which is based on hydraulic well measurements in deep wells worldwide 

(Stober & Bucher, 2007): 

log 𝑘(m2) =  −1.38 log 𝑧 (m) − 15.4 (5.11) 

 Unfortunately, the width, porosity and permeability of the fault zone are all unknown. 

Values of these parameters were therefore fitted by sensitivity studies, constrained as 

described further below and without any dependence on depth. Thus, three different fault 
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widths were simulated (15 m, 45 m, and 105 m) and porosity was assumed to be constant at 

0.02. For each fault width, multiple simulations were conducted with varying permeability 

values to assess the sensitivity of the model results. In contrast to permeability and porosity, 

the model was assigned a homogeneous distribution of bulk rock density, thermal 

conductivity, and specific heat capacity, as specified in Table 5.1. 

 

 

Figure 5.2. Large-scale model (34 × 12 × 11.5 km) of La Jolla Beach in Punta Banda, Baja 

California, Mexico, looking NNE. The figure depicts the numerical mesh (dark blue bands 

on the upper model surface are areas with very fine meshing), the onshore and seafloor 

topography of the study area, and the location of the two model domains: the Agua Blanca 

Fault Zone (red plane), and its surrounding host rock. Detailed information on the 

hydraulic and thermal properties and the boundary conditions of the model domain are 

provided in the text and in Table 5.1. 

 

5.2.4. Numerical simulation Cases 1 and 2 

In order to explore the factors influencing the formation and location of coastal amagmatic 

geothermal systems, we numerically simulated two distinct scenarios, Case 1 and Case 2, as 
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detailed in Table 5.1 and illustrated in Figure 5.3. While the general parameters described in 

subsection 5.2.3 were utilized for both cases, several modifications were introduced 

specifically for Case 2. 

 In Case 1, we assumed a homogeneous permeability and porosity within the fault 

plane, neglecting the presence of any sediment layers in the simulation (Figure 5.3a). 

However, in Case 2, we considered the detailed configurations of the offshore Bahia Todos 

Santos basin and the onshore Maneadero basin (Figure 5.1b). This involved integrating not 

only the depth of the crystalline basement but also the lateral and depth distribution of the 

cover sediments. To accurately establish the depth of the crystalline basement, we relied on 

results from joint inversion modeling of gravity and magnetic data (Figure 5.3b; Pérez-Flores 

et al., 2004). Above the basement, we included sediment data on seafloor samples collected 

in the Pacific Ocean, including sand and silt (Figure 5.3b; Emery et al., 1957), as well as the 

lithological information derived from shallow wells and geophysical measurements in the 

Maneadero basin (Cruz-Falcón & Vázquez-González, 1989; Daesslé et al., 2009).  

 Porosity and permeability values for the sediments in Case 2 were based on values 

reported for the general sediment types (Luijendijk & Gleeson, 2017; Table 5.1). The 

porosity of sediments was fixed to 20%. To account for the tectonic activity along the ABF, 

we assumed that the permeability of the sediments within the fault zone was at least one order 

of magnitude higher than that in the surrounding sediments (Table 5.1). Regarding the 

thermal properties of the sediments, we used constant values for both the thermal 

conductivity (1.50 W m-1 K-1) and the specific heat capacity (800 J kg-1 K-1) (Midttømme et 

al., 1998). 
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Figure 5.3. Maps of fault and sediment configuration considered for the various numerical 

simulations, also showing the corresponding permeability distribution and the Agua Blanca Fault 

(ABF, red line). (a) Case 1: Homogeneous fault and host rock permeability without any sediments 

above the basement. (b) Case 2: Case 1 plus additional definition of the full sedimentary cover (see 

text). For each case, the indicated permeabilities of the fault zone (kfault) are those required to match 

the ~100 °C discharge temperature at La Jolla Beach in our simulations. The permeabilities specified 

for the surrounding cover sediments (ksed) are based on literature values. 
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Table 5.1.  

Values and sources of parameters used in the numerical models (Cases 1 and 2) simulating La Jolla Beach 

geothermal system, Baja California, Mexico. These parameters reproduce the observed discharge temperature of 

ca. 100 °C at La Jolla Beach. 

Parameters and description Model and Fault width Data source 

 host rock 15 (m) 45 (m) 105 (m)  
Dimension of model 

 

N-W and S-E extent 

Base of model 

Upper boundary 

 

 

Boundary conditions 

 

Rainwater pressure on land surface 

Fluid pressure on seafloor 

Seawater density at 20 °C 

Change in land surface temperature with elevation 

a.s.l.   

Change in seafloor temperature with every 100 m 

of depth b.s.l. 

Geothermal gradient 

Fixed T at the lower boundary 

Permeability at the four lateral and  

lower boundaries 

 

 

 

34 × 12 km 

−11.5 km 

Onshore and 

offshore 

topography 

 

 

Equation 5.9 

Equation 5.10 

1025 kg m-3 

−5.5 °C km-1 

 

−3.1 °C 

 

25 °C km-1 

300 °C 

10-25 m2 

    

 

(NOAA National 

Geophysical Data Center, 

2006) 

 

 

 

 

(Cavcar, 2000) 

(Emery & Dewar, 1982) 

 

 

 

 

 

(Carbajal-Martinez et al., 

2023) 

 

Hydraulic properties of granitic host rock  

 

Vertical permeability  

 

 

Porosity (linear decrease) 

Host rock density 

 

 

Equation 5.11 

First 2.5 km fixed 

at 10-16 m2 

From 0.02 to 0.01 

2680 kg m-3 

 

    

 

(Stober & Bucher, 2007) 

 

 

(Wanner et al., 2019) 

 

Fault hydraulic properties, simulation Case 1 

 

Permeability (kfault) 

Porosity 

 

  

 

9.0-14 m2 

0.02 

 

 

3.0-14 m2 

0.02 

 

 

1.5-14 m2 

0.02 

 

 

Sensitivity analysis 

 

Fault and sediment hydraulic properties 

simulation Case 2 

 

Basin sediment permeability (ksed) 

Coarse sand  

Medium sand  

Very fine sand  

Coarse silt  

 

Sediment permeability within the fault (kfault-sed) 

Coarse sand  

Medium sand  

Very fine sand  

Coarse silt  

 

Fault (kfault) 

 

Sediment porosity 

Host-rock density  

Sediment thickness  

 

 

 

 

 

10-14 m2 

10-15 m2 

10-15 m2 

10-16 m2 

 

 

 

 

 

 

 

 

 

0.2 

2680 kg m 

< 1.5 km 

 

 

 

 

 

 

 

 

 

 

10-13 m2 

10-14 m2 

10-14 m2 

10-15 m2 

 

6.5 × 10-14 m2 

 

0.2 

2680 kg m-3 

< 1.5 km 

 

 

 

 

 

 

 

 

 

 

10-13 m2 

10-14 m2 

10-14 m2 

3 × 10-16 m2 

 

2.0 × 10-14 m2 

 

0.2 

2680 kg m-3 

< 1.5 km 

 

 

 

 

 

 

 

 

 

 

10-13 m2 

10-14 m2 

10-14 m2 

3 × 10-16 m2 

 

1.1 × 10-14 m2 

 

0.2 

2680 kg m-3 

< 1.5 km 

 

 

 

 

(Emery et al., 1957) 

(Luijendijk & Gleeson, 

2017) 

 

 

 

 

Sensitivity analysis 

 

 

 

 

 

(Luijendijk & Gleeson, 

2017) 

(Pérez-Flores et al., 2004) 

 

Thermal properties 

 

Thermal conductivity of host rock 

Specific heat capacity of host rock 

Thermal conductivity of sediments 

Specific heat capacity of sediments 

 

 

 

3.34 W m-1 K-1 

920 J kg-1 K-1 

1.50 W m-1 K-1 

800 J kg-1 K-1 

 

 

 

 

1.50 W m-1 K-1 

800 J kg-1 K-1 

 

 

 

 

1.50 W m-1 K-1 

800 J kg-1 K-1 

 

 

 

 

1.50 W m-1 K-1 

800 J kg-1 K-1 

 

 

(Wanner et al., 2019) 

 

(Midttømme et al., 1998) 
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5.3. Results 

In all the simulations, the hydraulic head gradient induced by the land topography drives an 

inexhaustible amount of meteoric water from high elevations deep into the ABF, where it is 

heated by the granitic basement rocks. The heated water rises to discharge at or near La Jolla 

Beach, and along its upflow path it mixes with an inexhaustible amount of seawater that has 

infiltrated the subseafloor extension of the fault. 

 

5.3.1. Simulation Case 1 

In this section, we present the findings from Simulation Case 1, which focused on exploring 

the sensitivity of the La Jolla geothermal system to fault permeability and fault width. 

Comparison of steady state simulations allows us to investigate the impact of these 

parameters on crucial aspects of the system, including its coastal location, temperature, and 

salinity. 

 

5.3.1.1. Sensitivity analysis: fault permeability and discharge temperature 

Simulation results for Case 1 involve varying fault-zone widths and permeabilities ranging 

from 15 to 105 m and 2 to 9 × 10-14 m2, respectively (Figure 5.4). The surface temperature in 

the simulations shows high sensitivity to both fault width and fault permeability. For instance, 

at a fault width of 15 m, thermal anomalies above 30 °C develop at the land surface if 

permeabilities are assumed to be greater than 5 × 10-14 m2 (upflow rates > 126 m yr-1). At a 

permeability of 9 × 10-14 m2, the surface temperature reaches 100 °C, close to the observed 

discharge temperature at La Jolla Beach (Figure 5.4b). However, when the fault width is 

increased to 45 or 105 m, the surface temperature remains essentially the same if the 

permeabilities calibrated to lower values of 3 and 1.5 x 10-14 m2 (Figure 5.4e). 

 This behavior occurs because the discharge temperature is predominantly determined 

by the system-wide upflow rate, which is controlled by the product of permeability and the 

3D extent of the upflow zone, in our case represented by the fault width (Wanner et al., 2019). 

Consequently, the permeability in the simulations, which matches the 100 °C discharge 

temperature, decreases as the fault width increases (9 × 10-14, 3 × 10-14 and 1.5 × 10-14 m2 at 

widths of 15, 45 and 115 m, respectively). Consequently, this also affects the corresponding 
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porewater velocities (946, 315, and 183 m yr-1). In contrast, the strong sensitivity of the 

simulated surface temperature to permeability at a constant fault width (Figure 5.4b) is 

attributed to the positive feedback on the flow rate via the temperature dependency of fluid 

density and viscosity (Eq. (5.7)).  

 

5.3.1.2. Seawater infiltration into the continental crust through the fault zone 

The permeability of the fault zone plays a crucial role not only in determining the surface 

temperature but also influencing the extent of seawater infiltration into the continental crust. 

As fault permeability increases, a larger fraction of seawater infiltrates, as depicted in Figure 

5.5, which aligns with findings of previous modeling studies (Karasaki et al. 2011; Magri et 

al. 2012). Consequently, the fractions of seawater within the center of the simulated thermal 

anomaly vary from 10 to 70% (Figure 5.4c).  

 Furthermore, the fault permeability has a significant impact on the pattern of seawater 

intrusion landward within the fault plane. In cases where the permeability is low, the contact 

between seawater and heated meteoric water exhibits a gentle slope of less than 45°, enabling 

seawater to penetrate horizontally up to 4 km inland through the ABF (Figure 5.5). This 

behavior arises due to the formation of a semi-horizontal density-driven stratification caused 

by low-permeable fault values (Figure 5.5). However, when fault permeability increases, 

seawater infiltration and water flux accelerate, leading to the intrusion occurring along a 

semi-vertical plane (~80–90°). 

 

5.3.1.3. Inland location of the thermal anomaly 

Although calibrating the permeability allows us to approximate the discharge temperature 

(~100 °C) at La Jolla Beach, it is important to note that the thermal anomaly is consistently 

situated 3−5 km inland from the coastline (Figure 5.4b, d). Additionally, the fault width does 

not influence the position of the discharge site (Figure 5.4e). As a result, these simulations 

do not fully capture the location of the observed thermal anomaly right at the coast. The main 

reason for this discrepancy lies in the high permeability of the entire fault zone, which enables 

the unrestricted infiltration of seawater until it reaches the coastline (Figure 5.4d).  
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 Consequently, under these conditions, the density contrast between seawater and 

meteoric water inhibits the upflow of meteoric water directly beneath the coast (Figure 5.4f). 

To accurately replicate the location of the thermal anomaly at the coastal zone, it is necessary 

to reduce the amount of seawater infiltrating into the ABF. Details on addressing this issue 

will be discussed further in the following chapter. 
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Figure 5.4. Steady state simulation results for Case 1 shown in a vertical section within 

the plane of the Agua Blanca Fault. In all subfigures, the location of La Jolla Beach at ~12 

km along the fault is shown as a dotted vertical line. (a) Topographic surface along the 

fault. (b) Temperature profiles along the topographic surface for a 15 m wide fault zone 

and variable fault permeabilities. (c) Profiles of seawater mass fractions at the topographic 

surface for the same fault width and permeabilities as shown in b. Fractions of meteoric 

water (not indicated) are equal to 1 minus the seawater fractions. (d) Distribution of 

seawater mass fractions (colored areas), isotherms (black contours), and flow vectors 

(colored arrows) for a fault width of 15 m and permeability of 9 × 10-14 m2. (e) Temperature 

profiles at the topographic surface for various combinations of fault width and 

permeability, which all match the discharge temperature of around 100 °C at La Jolla 

Beach. (f) Profiles of water densities at the topographic surface for the same fault width 

and permeabilities as shown in e.  
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Figure 5.5. Steady state simulation results for Case 1 for a fault width of 15 m and variable 

fault permeabilities. Colored areas show distribution of seawater mass fractions (scale 

below top-left panel applies to entire Figure). Black contours show isotherms. Flow vectors 

(arrows) have color scales that vary between subfigures. The simulation with the highest 

fault permeability (lower-right panel) closely reproduces the discharge temperature at La 

Jolla Beach (~100 °C) but not its geographical location. 

 

5.3.2. Simulation Case 2 

In this section, we delve into the details of Simulation Case 2, where we aimed to enhance 

the realism of our simulations by explicitly defining the base of the crystalline basement and 

incorporating the full distribution of sediments in the basins of Bahia Todos Santos and the 
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Maneadero valley (see Figs. 5.3b and 5.6a). This approach allowed us to consider a more 

comprehensive representation of the geological setting of the La Jolla Beach area. 

 Throughout Case 2, we explore various combinations of fault width, fault 

permeability, and permeability of the sediments. The objective is to closely approximate the 

observed discharge temperature of approximately 100 °C, salinity and location of the thermal 

anomaly at La Jolla Beach (see Figure 5.6). By incorporating the geological complexities of 

the region, we gain valuable insights into the interplay between these factors and their 

influence on the formation and behavior of the coastal amagmatic geothermal system. 

 

5.3.2.1. Coastal location and extension of the thermal anomaly 

By incorporating the detailed basement topography and the sediments above it (Figure 5.6a) 

has a notable impact on the extent of seawater infiltration through the Agua Blanca Fault 

(ABF) and the location of the thermal anomaly This comprehensive representation of the 

geological features allows us to observe how the hydrostatic pressure gradient, driven by the 

mountainous zone and the pressure distribution in the Pacific Ocean, facilitates the 

infiltration of meteoric water and seawater into the ABF, extending all the way down to the 

lower model boundary known as the BDTZ. Consequently, a thermal water upflow zone is 

formed beneath the coastal area (Figure 5.6b). Within this upflow zone, the pore water 

velocity ranges from 1.3 ×10-12 to 1.3 × 103 m yr-1, with the highest velocities concentrated 

at the center of the thermal water upflow zone. These upflow rates are consistent with 

previous studies indicating that shallow thermal anomalies tend to develop when upflow rates 

exceed  3.0 m yr-1 (López & Smith, 1995; Wanner et al., 2020; Alt-Epping et al., 2021, 2022). 

 By calibrating the permeability of the ABF based on the fault widths, our simulations 

consistently reproduce both the observed location and the discharge temperature of 

approximately 100 °C at La Jolla Beach (Figure 5.6c). The horizontal width of the generated 

shallow thermal anomaly is only about 1 km (Figure 5.6c) compared with the width of Case 

1, which spans around 4 km (Figure 5.4e). This alignment is much more consistent with the 

thermal anomaly inferred from temperature measurements in shallow domestic boreholes 

and electrical resistivity measurements in the vicinity of La Jolla Beach (Figure 5.1c). 
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5.3.2.2. Water properties: Seawater fractions and viscosity 

The thermal water upflow zone beneath the coastal area is a result of the mixing of infiltrated 

seawater and meteoric water. The discharged thermal water, with a temperature of 

approximately 100 °C, contains a seawater mass fraction ranging from 10% to 35% (Figure 

5.6d). The density and viscosity of this thermal water are approximately 957 kg/m³ and 0.3 

cP, respectively (Figure 5.6e). The density and viscosity of this thermal water are 

approximately 957 kg/m³ and 0.3 cP, respectively (Figure 5.6e). For instance, the seawater 

infiltrating into the ABF initially exhibits a maximum viscosity of around 1.6 cP, which 

progressively decreases to a minimum of 0.1 cP within the system, a reduction by 16 times. 

In contrast, the maximum density of seawater is approximately 1030 kg/m³, which decreases 

to a minimum of 820 kg/m³ within the system, a reduction by 1.3 times. Consequently, in the 

context of coastal geothermal systems, the density of seawater plays a more significant role 

than viscosity since it is less sensitive to temperature and serves as an additional force, 

alongside hydrostatic pressure, to inhibit the landward intrusion of meteoric water beyond 

the coastline. 

              Moreover, our simulations reveal the presence of a convection cell beneath the 

Pacific Ocean along the ABF plane, characterized by a seawater fraction ranging from 50% 

to 80% (Figure 5.6b). This convection cell arises from the density contrast between seawater 

and meteoric water, as well as the lateral infiltration of meteoric water from the Punta Banda 

Peninsula. (Figure 5.7). 



Research papers 

 
 

103 
 

 

Figure 5.6. Steady state simulation results for Case 2 shown for the vertical section along 

the Agua Blanca Fault. (a) Topography and bathymetry along the fault, also showing the 
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topography of the top of the crystalline basement and the distribution of seafloor sediments. 

(b) Distribution of seawater fractions (colored areas), isotherms (black contours), and flow 

vectors (colored arrows) for a fault width and permeability of 15 m and 6.5 x 10-14 m2, 

respectively. (c–g) Results for Case 3 using various combinations of fault width fault 

permeability, all matching the discharge temperature of 94 °C at La Jolla Beach. (c) 

Surface temperature profiles. (d) Profiles of seawater fractions at the surface. e) Profiles of 

water densities at the surface. (f) Profiles of water viscosity at the surface. (g) Profiles of 

water pressure at the surface, showing that the lowest pressure occurred at the coastal zone. 

In all subfigures, the location of La Jolla Beach at ~12 km along the fault is shown as 

dotted vertical line. 

 

 

Figure 5.7. 3D clip of Simulation Case 2, showing a hydraulic-thermal simulation 

perpendicular to the Agua Blanca Fault with a fault width of 15 m. The clip demonstrates 

the important role of the Punta Banda Peninsula in water flow, as there is a decrease in the 

seawater fraction along the fault plane. 
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5.4. Discussion 

5.4.1. Seawater as a hydraulic barrier: the role of density and viscosity 

In this section, we explore the crucial role of seawater as a hydraulic barrier, which plays a 

fundamental role in determining the location of coastal geothermal systems and inhibits the 

seaward circulation of meteoric water beyond the coast through the ABF. 

 During the simulations, we ran the models for up to 1,000,000 years to achieve a 

steady state. The evolution of the properties of the thermal anomaly, including temperature, 

seawater fraction, density, and viscosity, was tracked on the surface for a 15-meter-wide fault 

at 12 different time points in both Case 1 and Case 2 (Figure 5.8).  

 In Case 1, we observed the generation of a thermal anomaly of approximately 100 °C 

inland, with its center located at km 13 after 10,000 years. Over time, as the simulations 

progressed, the anomaly gradually shifted towards the inland area, reaching km 15 and 

maintaining a steady temperature of around 100 °C after 500,000 years (Figure 5.8a). In 

contrast, in Case 2, we observed the emergence of a thermal anomaly of approximately 40 

°C beneath the Pacific Ocean, positioned between km 8 and 10, after 10,000 years (Figure 

5.8e). As time elapsed and the simulations approached 500,000 years, the anomaly reached 

a steady state, with its temperature stabilizing at around 100 °C at the coastal zone (km 12). 

 These findings suggest that the age of the coastal amagmatic geothermal system at 

La Jolla Beach could be as old as 250,000 years or more, with steady-state conditions at 

around 1.0 million years ago, assuming that the fault permeability and sediment conditions 

have remained similar to the present day. This age aligns well with the estimated tectonic 

activation of the ABF approximately 1.3 million years ago (Rockwell et al., 1989; Wetmore 

et al., 2019). 

 The differences between Case 1 and Case 2 lie in the evolution of the position of the 

thermal anomaly over time and its temperature. Unlike Case 1, Case 2 replicates field 

observations, where the thermal anomaly is located in the coastal zone at a temperature of 

approximately 100 °C with a seawater fraction ranging from 10 to 35%. It is crucial to 

highlight that seawater acts as a hydraulic barrier, determining the position of the thermal 

anomaly. This process is evident in both cases, as the curves representing the seawater 

fraction (Figures 5.8b, f) are positioned ahead of the thermal water temperature curves 
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(Figure 5.8a, e). Additionally, density (Figure 5.8c, g) and viscosity (Figure 5.8d, h) evolve 

over time and with the position of the thermal anomaly. Both water properties decrease their 

values at the center of the thermal anomaly as the simulations achieve a steady state. 

 

Figure 5.8. Temporal evolution of various fluid properties of simulation Case 1 (Figure a-

d) and Case 2 (Figure e-h) at a fault width of 15 m and fault permeability of 9.0 × 10-14 m2 

and 6.5 × 10-14 m2, respectively. The plots illustrate the progression towards steady state 

conditions, which are achieved after approximately 250,000 years. 

 

5.4.2. Water infiltration, recharge limitation due to arid climate 

The study area experiences a subtropical arid climate with an average annual precipitation of 

275 mm. In our simulations, we utilize a fixed pressure upper boundary, which restricts our 

ability to control the rate of water recharge infiltrating into the simulated system. 

Interestingly, the quantification of meteoric water infiltration on the upper boundary of the 
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3D hydraulic−thermal simulations reveals a relatively low value, ranging from 4.2−12.4 mm 

yr-1. This suggests that only 1.5−4.5% of the annual precipitation infiltrates into the system 

in both simulation cases (Table 5.2). However, to gain a comprehensive understanding of the 

infiltration dynamics, it is crucial to quantify the infiltrated water through the different 

domains within the fault zone and bulk rock, as well as differentiate between seawater and 

meteoric water contributions. 

 

5.4.2.1. Water infiltration: Fault zone vs. host rock 

In both Simulation Case 1 and Case 2, meteoric water comprises a larger proportion 

(54−85%) of the infiltrated water compared to seawater (15−46%). Furthermore, a significant 

percentage of water infiltrates through the fault zone (77−98%), which is considerably higher 

than that through the host rock (2−23%). This discrepancy can be attributed to the high 

permeability of the fault zone (Table 5.2). Despite being smaller in magnitude than the 

infiltration along the fault plane (77−85%), the water infiltrating through the host rock 

(15−23%) plays a crucial role in determining the flow direction and providing the potential 

energy to drive fluids in the upper crust. Simulation Case 2 further emphasizes the importance 

of the host rock infiltration, confirming that the ABF effectively serves as a collector for 

meteoric water that has infiltrated through the host rock (Carbajal-Martinez et al., 2023). 

 

5.4.3. Pressure minima and fluid upflow at the coastal zone 

The water circulation driven by hydraulic heads from the mountainous zone and the Pacific 

Ocean occurs at significant depths, transporting heat towards the coastal zone, as illustrated 

in Figure 5.9b (e.g., at approximately 6 km depth). This flow pattern results in the formation 

of two cold thermal anomalies beneath areas with higher head gradients (Figure 5.9b). 

Conversely, heat transport from these regions generates a thermal anomaly with elevated 

temperatures beneath zones characterized by a low hydraulic gradient and pressure, such as 

the coastal zone. It is important to note that the deep thermal anomaly is more extensive, both 

in length and width, compared to the shallow subsurface anomaly shown in Figures 5.9a. 
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Table 5.2 

Comparison of rates and fractions of meteoric water infiltration versus seawater infiltration 

through the model topographic surface for the two simulation cases, as a function of model fault 

width. The table also shows the relative contributions of seawater and meteoric water, as well as 

the infiltration laterally along the fault zone versus the host rock. Additionally, cumulative 

discharge rates of waters exfiltrating through the model topographic surface at temperatures above 

50 °C at La Jolla Beach are provided. 

Fault width (m) 15 45 105 

    

CASE 1    

Seawater vs. host rock:    

Seawater (mm yr-1) 6.3 5.3 7.1 

Meteoric water (mm yr-1) 7.3 8.2 12.4 

Seawater infiltration (mass %) 46 39 36 

Meteoric water (mass %) 54 61 64 

    

Fault zone vs. host rock:    

Infiltrated via fault (mass %) 97 97 98 

Infiltrated via host rock (mass %) 3 3 2 

Discharge ≥50°C (L s-1) 0.2 0.2 0.3 

    

CASE 2    

Seawater vs. host rock:    

Seawater (mm yr-1) 0.9 1.2 1.4 

Meteoric water (mm yr-1) 4.2 4.6 8.0 

Seawater infiltration (mass %) 18 21 15 

Meteoric water (mass %) 82 79 85 

    

Fault zone vs. host rock:    

Infiltrated via fault (mass %) 77 84 85 

Infiltrated via host rock (mass %) 23 16 15 

Discharge ≥50°C (L s-1) 0.7 0.9 1.1 

 

 Furthermore, the fluid pressure along the thermal water upflow pathway exhibits the 

lowest values along the ABF, as depicted in Figures 5.6f and 5.9c. Specifically, at a depth of 

6 km beneath La Jolla Beach, the simulated fluid pressure is 58 MPa, while in the Pacific 

Ocean and the mountainous zone, the pressure reaches up to 61 MPa (Figure 5.9c). This 

effect is attributed to the fact that the coastal zone experiences minimal pressure conditions, 
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which consequently drives fluid upflow in this region. As a result, thermal water ascends 

through the permeable fault at significantly higher temperatures and velocities compared to 

the surrounding host rock. The pressure gradient created by the minimal pressure at the 

coastal zone acts as a driving force, propelling the thermal water towards the surface with 

substantial energy, leading to the formation and sustenance of the coastal geothermal system 

at La Jolla Beach. 

 

5.4.4. Water exfiltration: Shallow thermal anomaly size 

Previous studies using thermal−hydraulic simulations to study fault-hosted orogenic 

amagmatic geothermal systems have successfully reproduced the temperature and spatial 

distribution of thermal anomalies at the surface (Taillefer et al., 2018; Wanner et al., 2019; 

Alt-Epping et al., 2022). With fault permeabilities and thicknesses in the range of 10-15−10-

14 m2 and 100−300 m, respectively, these studies used similar values than those calibrated 

for our La Jolla Beach simulations. However, some of the previously published simulations 

have resulted in thermal anomalies with unusually large sizes at the surface, raising questions 

about the influence of upper boundary conditions. For example, for the Têt fault system in 

the Pyrénées, simulated thermal anomalies on valley floors reached lengths of up to ~8 km 

(Taillefer et al., 2018). Such a large extension may be attributed to the thermal boundary 

condition applied at the surface of the corresponding model. Taillefer et al. (2018) employs 

a condition that involves higher heat transfer coefficients at the specific shallow locations of 

hot springs, which leads to increased heat flow in those specific areas. As a consequence, 

when the hot deep fluid reaches the surface, it can cause significant expansions of the thermal 

anomaly. 

 In contrast, simulations for the Grimsel Pass system in Switzerland have depicted a 

small thermal anomaly of approximately 0.5 km in length by introducing a vertical conduit 

(100 × 100 m) of high permeability (10-13 m2) along the fault plane (Wanner et al., 2019; Alt-

Epping et al., 2022). which compares well with temperature measurements along a tunnel 

wall. From the comparison of the Têt Fault and the Grimsel Pass systems, it follows that the 

extent of shallow thermal anomalies caused by amagmatic orogenic geothermal system is 

poorly constrained. 
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 In this context, the large difference in the width of the thermal anomalies obtained in 

for Simulation Case 1 and Case 2 (4 vs. 1 km) are useful for providing better insights 

regarding the position and 3D extent of shallow thermal anomalies. In this study, the 

differences in length of the thermal anomalies are intricately linked to the topography of the 

crystalline basement and the distribution of sediments within the study area that are 

incorporated in simulation Case 2 (Figure 5.9a). Compared to Case 1, the thickness of the 

seafloor sediments reduces the infiltration of seawater through the fault zone (Table 5.2). 

Moreover, the specific arrangement of sediments in the Maneadero Valley basin and Bahia 

Todos Santos direct the upflow of thermal water towards the coastline, with a thermal water 

discharge ranging from 0.7 to 1.1 L s-1 over an area of 0.112 km2, and thereby significantly 

affecting the 100°C isotherm (Figure 5.6b, 5.9a). 

 The large difference of the extent of the thermal anomaly obtained for Simulation 

Case 1 and 2 thus suggests that the specific geological setting within a natural hydraulic 

upflow zone such as the coastline collectively regulates the length of the shallow thermal 

anomaly. Consequently, in other amagmatic geothermal systems lacking similar sediment or 

structural features to guide the direction of water flow, larger thermal anomalies may be 

observed at the surface. This emphasizes the significance of the topographical and 

sedimentary characteristics in controlling the extent and behavior of shallow thermal 

anomalies within these geothermal systems.  

 It is important to highlight the significant role that fault permeability plays in the 

formation of thermal anomalies at the surface. Based on the insights gained from the 

numerical simulations presented in Chapter 4 of this thesis and the current Chapter 5, we can 

infer that the size and magnitude of the La Jolla Beach anomaly may control by a local 

permeability anomaly beneath La Jolla Beach (1D vertical tube) or by the ABF intersecting 

the topography of the contact surface between unconsolidated sediments and the crystalline 

basement. It is possible that a combination of these factors contributes to the observed 

phenomena. In simpler terms, the relatively shallow depth of the crystalline basement 

beneath La Jolla could be linked to a permeable structure that acts as a preferential pathway 

for water flow. This aligns with the observation that the ABF exhibits a high degree of 

tectonic extension, indicative of elevated permeability in proximity to the coastal area. 
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Figure 5.9. Steady state temperature and pressure distributions simulated for Case 2 for 

various horizontal sections a) Temperature distribution at a depth of 30 m below sea level, 

illustrating the size of the shallow thermal anomaly forming at La Jolla Beach. b) 

Temperature distribution at a depth of 6 km, showing that the extent of the anomaly is 

much larger at depth. c) Pressure distribution at a depth of 6 km, revealing a pressure 

minimum along the ABF developed directly beneath La Jolla Beach. 

 

5.5. Conclusion  

This study has focused on investigating the formation and behavior of amagmatic orogenic 

geothermal systems, with a specific emphasis on La Jolla Beach. Our simulations examined 

the role of topography, bathymetry, fault zones, and sediments on the location and magnitude 

of these geothermal systems. Through our sensitivity analysis, we identified that seawater 

plays a crucial role as a hydraulic barrier, restricting the circulation of meteoric water beyond 
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the coastline. Additionally, fault permeability emerged as a key control factor determining 

the magnitude of the geothermal system. Higher fault permeability resulted in hotter water 

discharge and greater infiltration of seawater through the ABF. Furthermore, the topography 

and bathymetry significantly influenced the three-dimensional flow of meteoric water and 

seawater, with fluids infiltrating through the host rock being effectively collected by the ABF. 

Remarkably, the infiltration of meteoric water was found to be higher than that of seawater, 

and most of the infiltration occurred through the fault zone, rather than the host rock. In our 

simulation results for Case 1 considering a homogenous host rock, we obtained an upflow 

zone situated 5 km inland from the coastline and resulting in discharge temperatures of 100 

°C consistent with field observations. In contrast, Case 2, which incorporated basement 

topography and sediments of the study area, successfully replicated all field observations. 

Notably, the simulation accurately reproduced the location of the thermal anomaly at the 

coastal zone, with an extension of approximately 500 m, surface temperatures around 100 

°C, and a seawater fraction ranging from 10−35%. Intriguingly, we found that the thickness 

of sediments plays a crucial role in governing the amount of seawater infiltration through the 

fault zone and influencing the flow of upflow thermal water towards the coastline. Together 

with the minimum pressure conditions at the coast, these factors collectively regulated the 

length of the shallow thermal anomaly. In conclusion, our study provides valuable insights 

into the behavior of amagmatic orogenic geothermal systems, highlighting the importance of 

considering topography, bathymetry, fault zones, and sediment characteristics. 

Understanding these key factors is essential for sustainable geothermal exploration and 

utilization. 
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Abstract 

Coastal geothermal systems, characterized by discharge of thermal waters where permeable 

faults intersect coastlines, are remarkably common worldwide. Their spring temperatures 

reach up to ~100 °C and they thus have potential to supply sustainable energy for applications 

such as power production, seawater desalination, greenhouse operations, and space heating. 

Despite their prevalence, the mechanisms governing their behavior and specific location at 

the coastline remain unclear. Here we present generic, three-dimensional thermal–hydraulic 

numerical simulations to explain these phenomena. Our results show that coastal geothermal 

anomalies form by deep circulation of meteoric water through permeable fault networks, 

driven by the hydraulic head gradients from the high-elevation hinterland. Flow of the heated 

groundwater beyond the coastline is blocked within the fault plane by infiltrating, higher 

density seawater. An upflow zone spontaneously forms below the coastline, where the 

convection cells of the two water types impinge and mix, leading to discharge of hot, variably 

saline water at the surface. The discharge sites, salinities and temperatures of natural systems 

are precisely reproduced by the simulations when account is taken of seafloor sediments that 

slow down recharge of seawater into the fault plane. As well as explaining the visible features 

of the hot springs, the simulations reveal that large plume-like bodies of rock become heated 

around the deep upflow zone of the thermal water. Temperatures within these plumes 

commonly exceed the critical threshold for petrothermal electricity production at depths of 2 

km or less below the surface. 
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6.1. Introduction 

Coastal geothermal systems, characterized by thermal water discharge and elevated 

temperatures in the coastal zone, represent a global phenomenon. These intriguing systems 

are most frequently located along transform and divergent tectonic plate boundaries (Figure 

6.1a). They are visible during low tide and frequently used for recreational purposes 

(Carbajal-Martínez et al., 2020), like sand excavation to create natural thermal water pools 

(Figure 6.1). 

  In general, flow of cold groundwater is driven by elevation gradients, with water 

flowing from topographic highs to low points, including the coastal zone (Hubbert, 1940). 

However, the exfiltration of thermal water  requires a more complex mechanism involving 

deep circulation of water through permeable fracture and fault networks in crystalline 

basements (Alt-Epping et al., 2022). The depth of water penetration places limits on the 

maximum temperature of the resulting thermal anomalies including the discharge 

temperature of thermal springs at the surface (Diamond et al., 2018). Previous studies 

indicate that in coastal geothermal systems, seawater mixes with thermal water upflowing 

within fault zones (Lynn, 1978; Magri et al., 2012).  

 Coastal geothermal systems reach average temperatures of ~50 °C on the beach 

surface, a neutral pH, and on average a salinity only a third of that seawater (Carbajal-

Martínez et al., 2020).  Examples include La Jolla Beach (Mexico), Hot Water Beach (New 

Zealand), Ibusuki Beach (Japan), Rocky Point Hot Springs (United States), and Doğanbey 

Burnu (Turkey) (see Supplementary information for details). These systems share common 

characteristics, including high topographic relief (>500 m), the presence of regional strike-

slip and/or normal faults running perpendicular to the coastline and likely extending offshore 

(Figure 6.3). 

 One of the most extensively studied coastal geothermal systems is La Jolla Beach 

(Vidal et al., 1981; Arango-Galván et al., 2011; Carbajal-Martínez et al., 2020, 2023). This 

system lacks any magmatic heat source, yet temperatures as high as 94 °C have been recorded 

just 20 cm below the sand surface. The geothermal anomaly extends approximately 250 m in 

length parallel to the coastline and spans 100 m in width. However, at a depth of ~60 m, the 

anomaly expands to over 500 m from the coastline. Seawater contributes significantly to the 
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hot water discharge, accounting for 15% to 50% of the total discharge. The estimated quartz 

equilibration temperature of the thermal fluid is 160 °C suggesting an infiltration depth of 

meteoric water of at least 6 km.  

 The conceptual model for this system suggests that meteoric water from the adjacent 

mountainous region dominates the thermal water. Meteoric water infiltrates through fractures 

and circulates at significant depths along the Agua Blanca Fault. Simultaneously, seawater 

infiltrates along the fault zone giving rise to a transition zone beneath the coastal area where 

heated meteoric water and seawater ascend (Carbajal-Martínez et al., 2020, 2023). 

 While several important processes have been identified at specific coastal geothermal 

springs, such as the infiltration of meteoric water and seawater along fault zones, their 

subsequent mixing, and the heating caused by the geothermal gradient, followed by their 

rising at coastal zones (Lynn, 1978; Shalev et al., 2007; Magri et al., 2012; Carbajal-Martínez 

et al., 2020, 2023), the global distribution of these systems and the key factors governing 

their formation and behavior have not been explained. The present study employs 3D 

thermal–hydraulic simulations to investigate these factors, based on a generic geological 

model of a coastal area crosscut by a deep-reaching, permeable fault. 
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Figure 6.1. Coastal geothermal systems worldwide. (a) Map showing the multiple 

occurrences of coastal geothermal systems worldwide. Plates boundaries taken from Bird 

(2003). (b)-(f) Pictures of coastal thermal manifestations used for recreational purposes. 

(b1-b2) La Jolla Beach, Mexico; (c) Hot water Beach, New Zealand; (d) Therma Beach, 

Greece; (e) El Sargento Beach, Mexico; (f) Ibusuki Beach, Japan. 
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Figure 6.2. Topography and fault zones at coastal geothermal systems (yellow stars). 

 

6.2. Model setup  

To replicate the manifestations of coastal geothermal systems, including their location, 

temperature (~50 °C) and seawater fraction (15–50%), we built a large-scale 3D model 

(Figure 3a; see methods for more detail) with a simplified geometry (Figure 6.2a). We 

assume a vertical fault zone of 50 m width that divides the subaerial topography into two 

regions: a first one with elevations up to 1 km and a second one with lower elevations up to 

~330 m. The seafloor deepens away from the coast, reaching 1 km below sea level. Below 

these surfaces the model is composed of homogeneous bedrock, with or without a wedge of 

capping sediments. The thermal–hydraulic properties of these model rocks are given in Table 

6.1. The recharge rate of meteoric water into the mountainous hinterland is held constant, so 

that the fault plane below the land surface is saturated with water. 
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Figure 6.3. Results of 3D thermal–hydraulic simulations of coastal geothermal systems 

showing zones of seawater–meteoric water mixing below the coastline. (a) 3D model setup of 

a bedrock block (30 × 10 × 9 km) cut by a vertical fault (red trace) perpendicular to the 

coastline; (b) Vertical view of simulated fluid mixing within the fault plane showing steady-

state temperature (black isotherms), fraction of seawater (blue to red areas), and fluid flow 

velocity (coloured arrows) for a scenario without a sediment layer (kFault = 4 × 10-14 m2); (c) 

Simulated distribution of the same parameters as in panel b for a scenario including a wedge 

of submarine sediments reaching 1 km in thickness (green line marks sediment–bedrock 

contact; kSed. = 1 × 10-16 m2, kfault sed. = 3 × 10-16 m2, kfault = 4 × 10-14 m2). 



Research papers 

 
 

119 
 

Table 6.1 

Rock properties for replicating geothermal systems at ~50 °C in the coastal zone. 

Properties Fault 
Bed-

rock 

Seafloor 

sediments 

Sediments along the 

fault zone 

Permeability (m2) 4 × 10-14 10-17 10-16 3 × 10-16 

Porosity 0.02 0.01 0.25 0.25 

Thermal conductivity (W K-1 m-1) 3.34 3.34 1.5 1.5 

Heat capacity (J K-1 kg-1) 920 920 800 800 

 

Steady-state flow conditions along the model fault plane are displayed in Figure 6b. In order 

to match the observed characteristics of the coastal geothermal systems, we performed a 

sensitivity analysis by varying the fault permeability (kfault) within the range of 1 × 10-14 to 8 

× 10-14 m2. This analysis demonstrates that increasing the permeability of the fault increases 

both the spring temperatures (Figure 6.4a) and the landward incursion of seawater beyond 

the coastline (Figure 6.4b). To achieve surface temperatures ranging from 35–55 °C, as found 

in natural systems, it is necessary to set kfault within a narrow range of 4 × 10-14 to 5 × 10-14 

m2. 

 

6.3. Seawater as a hydraulic barrier  

Figure 6.3b shows that both seawater and meteoric water convect to significant depths within 

the fault plane (>4 km), allowing the waters to acquire heat from their wall rocks. An upflow 

zone develops where the two convection cells impinge and mix, bringing hot water of 

intermediate salinity to the surface. The location of the upflow zone approximately beneath 

the coastline is due to the strong contrast in density and viscosity, and hence pressure, 

between the two waters. Essentially, the seawater acts as a hydraulic barrier, stalling the deep 

seaward flow of meteoric-derived groundwater that is driven by the high elevation of its 

recharge zone in the hinterland. In this scenario the hottest waters in the upflow zone 

discharge around 2 km inland (Figure 6.4a). Thus, while this simulation reproduces the 

temperature observed in coastal geothermal springs, it does not replicate their location 

precisely. The landward incursion of seawater arises from the balance of infiltration rates of 



Research papers 

 
 

120 
 

the two waters: the resulting pressure of the convecting seawater outweighs that imposed on 

the meteoric water by the mountainous terrain.  

 
Figure 6.4. Sensitivity analysis of the fault permeability for the scenario without seafloor 

sediments. (a) Surface temperature profiles along the fault plane, showing that the thermal 

anomaly is always situated at the same location, a few kilometers inland from the coastline. 

(b) Profiles of seawater fractions in the thermal springs. 

 

6.4. Influence of seafloor sediments  

As alluded to above, the balance of water infiltration rates into the fault plane, and hence the 

precise position of the thermal upflow zone, can be shifted towards the coastline by 

preferentially slowing down recharge of seawater. Some faults that cross-cut a coastline may 

have lower permeabilities in their offshore segments than in their onshore segments. This is 

unlikely to be a global rule, however, if consolidated bedrock is considered to be the only 

wall rock of the faults. In fact, clastic sediments typically blanket the offshore segments of 

faults, and these are known to retard infiltration of seawater into the subsurface. The 

permeability of clastic sediments decreases as their particle size gets smaller and as they are 

compacted by increasing ocean depth (Dutkiewicz; et al., 2016). For instance, the 

permeability of well sorted marine sands fall within the range of 10-16 m2 to 10-11 m2, whereas 
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silt and clay-rich muds vary from about 10-17 m2 to 10-15 m2 (Snelgrove & Forster, 1996; 

Dutkiewicz; et al., 2016; Luijendijk & Gleeson, 2017). Sand–clay mixtures are typically 

found close to eroding landmasses at relatively shallow water depths, generally less than 0.5 

km (Diesing, 2020). 

 To examine the thermal–hydraulic influence of a sediment layer above the offshore 

fault trace, we incorporated into our model a wedge of isotropic, clay–sand sediment with a 

permeability of 10-16 m2 (Figure 6.3c). This wedge thickens seaward from the coastline, 

reaching 1 km thickness at a depth of 1 km below sea level. Our numerical sensitivity 

analyses have shown that seawater can still penetrate beneath the seafloor at this low 

permeability value. However, if their permeabilities are lower than 4 × 10-17 m2, the 

sediments act as effective hydraulic seals, preventing deep subseafloor circulation (Snelgrove 

& Forster, 1996). 

 With the above isotropic sediment wedge in the model, our simulations reproduce the 

observed location of the thermal springs precisely at the coastline (Figure 6.5a). However, 

they fail to reproduce the observed seawater fraction of 15–50% in the discharging water 

(Figure 6.5b). To address this issue, we conducted sensitivity simulations by varying the 

permeability of the sediments capping the fault (Figure 6.5; kfault sed. = 1 × 10-16 – 4 × 10-14 

m2), while maintaining the original sediment permeability elsewhere on the seafloor. This 

scenario reflects the possibility that the sediment cap is broken by fault scarps, thereby 

rendering the fault trace more permeable. The sensitivity analysis reveals that the sediments 

intersected by the fault plane must exhibit a permeability three times higher (≥ 3 × 10-16 m2) 

than those elsewhere in order to replicate the observed seawater fractions of 15–50% in 

coastal geothermal springs. However, the position of the surface thermal anomaly begins to 

shift inland when the permeability exceeds 4 × 10-16 m2 (Figure 6.5). 

 Comparison of Figures 6.3b and 6.3c shows that the presence of seafloor sediments 

decreases the flux of seawater into the fault plane. This reduced infiltration leads to a drop in 

hydraulic pressure compared to simulations lacking sediment layers (Figure 6.3b). This shift 

in pressure dynamics relocates the upflow zone of thermal water seaward. For the simulation 

shown in Figure 6.3c, the surface discharge zone is now precisely located at the coastline.  

 Except for the location of the upflow zone, the thermal–hydraulic features of Figure 
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6.3c, including the impinging convection cells of seawater and meteoric-derived 

groundwater, are similar to those in the sediment-free scenario (Figure 6.3b). Thus, the most 

realistic generic simulation involves seafloor permeabilities along the fault trace of ≥ 3 × 10-

16 m2, leading to springs in the littoral zone with temperatures of ~50 °C and seawater 

fractions of 15–50% (Figure 6.5). 

 

 

Figure 6.5. Sensitivity analysis of the permeability of the sediments capping the fault. (a) 

Surface temperature profile along the fault trace, showing that the thermal anomaly is 

always located at the coastline (dotted line); (b) Profiles of seawater fractions, 

demonstrating that the observed seawater fraction (15–50%) is attained when the sediment 

permeability is ≥ 3 × 10-16 m2. The permeability within the fault plane below the sediments 

is 4 × 10-14 m2. 

 

6.5. Conclusion 

The occurrence and behavior of multiple thermal water discharges along coastal zones are 

controlled by the infiltration of seawater and meteoric water, driven by both the topography 

and seawater column. This process results in three-dimensional water flow systems, which 
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are focused within regional and permeable fault zones. Such settings facilitate the deep 

infiltration of water into the subsurface. During infiltration, water is heated by the geothermal 

gradient, leading to the formation of an upflow zone that eventually discharges as thermal 

springs at the coastline. The globally systematic location of the upflow zones precisely below 

ocean beaches is due to the interplay of three main factors: (i) the permeability of the fault 

plane; (ii) the density and viscosity of ocean water, which acts as a hydraulic barrier to 

seaward flow of meteoric groundwater; and (ii) the presence of low-permeability marine 

sediments (fine-grained clay-sand mixtures) that overlie the offshore fault trace, decreasing 

the rate of seawater infiltration into the fault plane. 

 Understanding these processes is essential to improve the exploration and utilization 

of coastal geothermal systems, where upwelling thermal water carries substantial geothermal 

energy. In addition to the thermal water discharges themselves, another source of energy sits 

in the wider plumes of hot rock that surround the upflow zones. Our simulations show that, 

for high upflow rates, the temperature threshold for power production (~120 °C) can be 

attained in these plumes at less than 2 km depth (Figure 6.3c). However, the exploitation of 

these petrothermal heat reservoirs would require hydraulic stimulation, which at present is 

still technically challenging.  

 Overall, in view of their global occurrences, hot springs on ocean beaches should 

become targets for future exploration for sustainable geothermal energy production. 
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6.6. Methods 

In this section, we outline the methodology employed for our forward-coupled thermal–

hydraulic numerical simulations using TOUGHRECT V. 4.13. This software incorporates 

temperature-dependent properties of water, including viscosity, density, and enthalpy, 

utilizing steam table equations provided by the International Formulation Committee (1967). 

The code employs Newton–Raphson iterations to solve partial differential equations 

governing mass balance and heat flow (Pruess et al., 1999): 

𝜕𝑀𝑊,𝐻

𝜕𝑡
= −𝑑𝑖𝑣𝐅𝑊,𝐻+𝑞𝑊,𝐻 

(6.1) 

where 𝑀𝑊,𝐻 is the total mass accumulation term of water (W) and heat (H) within the system. 

𝐹𝑊,𝐻 is the total mass flux rate for water (kg m−2 s−1) and heat (J m−2 s−1). The equation 

balances the inflow and outflow of water and heat, accounting for any sources or sinks 

(𝑞𝑊,𝐻). 

 For the present fully saturated, single-phase flow case, the parameter FW is equal to 

the Darcy flux, denoted as 𝑢 (m s−1): 

𝑢 = −
𝑘

𝜇
(∇𝑃 − 𝜌𝑔) (6.2) 

where 𝑘 (m2) is the intrinsic permeability of the rock and 𝜇 (Pa s) is the dynamic viscosity of 

water. The term ∇𝑃 (Pa m−1) represents the hydraulic head gradient, while 𝜌 is the density of 

water (kg m−3), and 𝑔 is the gravitational acceleration vector (m s−2). 

 On other hand, the heat flux (J s-1 m−2) includes both conductive and convective heat 

components in the porous medium: 

𝐅𝐻 = 𝐶𝑀𝑇𝜌𝑀𝑢 − 𝜆∇𝑇 (6.3) 

where 𝐶𝑀 (J kg−1 K−1) and 𝜌𝑀 (kg m−3) denote the specific heat capacity and the density of 

the saturated porous medium, respectively. The variable 𝑇 (K) is the temperature of the 

porous medium, and 𝜆 corresponds to the thermal conductivity of the wet rock (J s−1 m−1 

K−1). The gradient in temperature between adjacent grid blocks is defined as ∇𝑇 (K m−1). The 

porous medium parameters 𝐶𝑀  and 𝜌𝑀 are calculated as: 

𝐶𝑀 = (1 − ∅)𝐶𝑅 + ∅𝐶𝑤 (6.4) 

𝜌𝑀 = (1 − ∅)𝜌𝑅 + ∅𝜌𝑤 (6.5) 
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where ∅ represents the porosity, 𝐶𝑅 and 𝐶𝑤 stand for the specific heat capacity of rock and 

water, respectively (J kg−1 K−1), and 𝜌𝑤 and 𝜌𝑅 denote the density of rock and water, 

respectively (kg m−3). 

 In order to accurately model the mixing of meteoric water and seawater, all 

simulations in this study utilized the EOS7 equation of state. This represents the aqueous 

phase as a mixture of pure water and brine (seawater) endmembers. The salinity of the 

mixture is represented by the mass fraction of brine (Xb). The density of the mixture (ρm) can 

then be expressed in terms of water density (ρw) and seawater density (ρb) as follows:  

1/(𝜌𝑚) =  (1 − 𝑋𝑏)/(𝜌𝑤) + (𝑋𝑏/𝜌𝑏)   (6.6) 

Values of ρm are calculated as a function of P and T via EOS7.  

 Effects of salinity on the viscosity of the aqueous phase are modeled with a 

polynomial correction to the viscosity of pure water (µw). Thus, the viscosity of the mixture 

(µm) is represented as follows: 

µ𝑚 (𝑃, 𝑇, 𝑋𝑏) = µ𝑤(𝑃, 𝑇) 𝑓(𝑋𝑏)  (6.7) 

where 

𝑓(𝑋𝑏) = 1 + 0.066𝑋𝑏 (6.8) 

 

6.6.1. Model description and initial and boundary conditions 

Our numerical model is a large 3D domain measuring 30 × 10 × 9 km (Figure 6.3a). The 

model was initially discretized a regular rectangular mesh consisting of approximately 

400,000 grid blocks. The grid block sizes vary throughout the domain, with the highest 

resolution (50 × 50 × 50 m) in the center of the model domain in the coastal zone. The model 

includes the seafloor on the left side (0–20.5 km) and the mountainous zone on the right side, 

with the coastline at 20.5 km. To represent topography (up to 1 km) and bathymetry (up to 1 

km), we used the elevation as a basis for shaping the surface of the initial regular mesh, 

creating a 3D irregular mesh using the "fit surface" method available in the PyTOUGH 

software (Croucher, 2015). 

 The model domain was assigned initial fixed boundary conditions for pressure and 

temperature to define hydrostatic pressure and conductive temperature distributions as initial 

condition within the model domain. At the upper boundary, a fixed temperature was assigned 
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based on an ambient temperature of 16 °C at the coast. Over the continent, the temperature 

according to its elevation using an adiabatic cooling rate of −5.5 °C km-1, and the temperature 

of the seafloor was set using a cooling gradient of −3.1 °C per 100 m depth below sea level 

(Emery & Dewar, 1982).  

 In all the simulations, the land surface was set to be saturated with meteoric water, 

providing unlimited infiltration. To define the fluid pressure of rainwater at the land surface 

(Pf,land surface; Pa), we utilized Equation 6.9 (Cavcar, 2000) which gives the atmospheric 

pressure as a function of elevation above sea level (𝑧): 

𝑃𝑓,𝑙𝑎𝑛𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 105[1 − (0.0065𝑧 / 289.15)]5.2561 (6.9) 

 On other hand, the fluid pressure at the seafloor (Pf,seafloor; Pa) was determined based 

on the height of the seawater column (h), the seawater density (ρb = 1025 kg m-3), and the 

acceleration due to gravity (𝑔; m s−2): 

𝑃𝑓,𝑠𝑒𝑎𝑓𝑙𝑜𝑜𝑟 = 𝜌𝑏𝑔ℎ (6.10) 

 To specify a conductive temperature distribution as initial condition, we used regional 

geothermal gradient of 25 °C km-1. At the lower model boundary this resulted in temperature 

of 225 °C. During the simulations, the four lateral and lower boundaries were open for 

conductive heat exchange and closed for fluid flow. The upper boundary, on the other hand, 

was open for both heat and fluid flow. The simulations were executed for a simulation time 

of 1,000,000 years to achieve a steady state.
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7. Conclusions 
 

The research described in this thesis was conducted via a multidisciplinary approach that 

integrates geochemical, geophysical, and geological data with quantitative 3D thermal–

hydraulic simulations using the TOUGH software. The focus was placed on the amagmatic 

geothermal systems that occur along the Agua Blanca Fault (ABF) in Baja California, Mexico. 

This short concluding Chapter summarizes the main findings and insights that enhance our 

comprehension of the key parameters governing the behavior of such amagmatic orogenic 

geothermal systems. 

 Amagmatic orogenic geothermal systems derive their heat from deep-seated bedrocks 

characterized by normal geothermal gradients (20–35 °C/km), rather than from rocks directly 

heated by magma bodies. The heat carrier is meteoric water that infiltrates deep into major fault 

systems, such as the ABF, in response to high hydraulic head gradients generated by rugged 

mountainous topography. Along the deep flow path, the meteoric water undergoes substantial 

physical and chemical changes, including an increase in temperature, salinity, and helium 

content. Residence times of the water within these flow paths are typically on the order of tens 

of thousands of years. Along the ABF, the hottest systems (94–102 °C) discharge on the Pacific 

coast, precisely where degree of tectonic fault extension and fault permeability reach their 

maximum values. This demonstrates the key role of permeability in controlling the discharge 

temperature of thermal waters as well as the magnitude of the thermal anomalies generated by 

amagmatic geothermal systems. Moreover, the hydraulic head gradient emerges as a second 

critical parameter of water flow pathways, influencing the depth of infiltration, water residence 

times, and 3He/Hetotal ratios. 

 La Jolla Beach, as the hottest system along the ABF, has been a major point of interest 

for this research. The results of our 3D thermal–hydraulic simulations reveal the interplay of a 

series of factors that influence the location, size, temperature, and salinity of this geothermal 

system. These factors are the inshore and offshore topography, fault zone geometry and 

permeability, the presence of subvertical preferentially permeable channels within the fault, and 

the topography of the contact surface between unconsolidated sediments and the crystalline 

basement. Sensitivity analyses have demonstrated the key role of the ocean as a hydraulic 

barrier, limiting the circulation of meteoric water beyond the coastline. Furthermore, the 

particular subsurface topography of the basement and the layer of sediments above it hinder the 
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infiltration of seawater, thereby controlling the precise location and extent of the La Jolla Beach 

system. The sensitivity analysis also demonstrates that higher permeability correlates with hotter 

water discharge and with higher seawater infiltration, demonstrating the importance of the local 

structural configuration in influencing fluid flow behavior.  

 The exceptionally high discharge temperature observed at La Jolla Beach –a world 

record to our knowledge– is caused by the spatial coincidence of two key features:  1) Its position 

right along the beachfront is due to an underlying upflow area created by the convergence of 

seaward-moving rainwater and landward-moving seawater; 2) the active ABF plane and the 

inferred presence of a subvertical permeable anomaly within the fault directly beneath the beach. 

This anomaly acts like a narrow 1D tube, allowing very high upflow rates. Without this 

preferential conduit, discharges temperatures would be significantly lower (e.g., ~50 °C). 

 The focus on understanding the dynamics of the ABF in Mexico prompted our literature 

search for other similar systems worldwide. This revealed that analogous hot springs on ocean 

beaches are a global phenomenon. In all the 61 cases found, steeply dipping faults cut across a 

rugged inland topography, intersecting the coastline and continuing offshore for some distance. 

Our generic modelling of these systems was inspired by the key factors that drive the La Jolla 

geothermal system. The average discharge temperatures of the worldwide occurrences are 

around 50 °C, which means that no preferentially permeable conduits need to be invoked to 

explain their dynamics. Instead, the systems can be well accounted for by the impinging 

convection cells of the type and geometry identified at La Jolla, provided offshore sediments 

dampen the recharge of seawater into the host faults.  

 The results of this thesis suggest that the most promising amagmatic systems for the 

exploitation of geothermal energy occur where strong hydraulic head gradients for meteoric 

water coincide with the traces of major fault zones. This leads to hot spring discharges at the 

low points of the gradients, for instance where the host faults intersect valley floors or the 

coastline. Under such conditions, thermal anomalies can be generated where the temperature 

threshold of approximately 120 °C for electricity production is reached in less than 2 km depth. 

Thus, the research findings described in this thesis advance our understanding of amagmatic 

orogenic geothermal systems and thereby promote their use as sustainable energy sources. 
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