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Abstract 

Assessing a Modeling Standard in Volcanic-Geothermal Systems: the Effects of the Lower 

System Boundary  

Shelly Mardhia Faizy 

Geothermal energy consumption is projected to increase along with other renewable energy in the future. 

Therefore, it is important to have a better understanding on the evolution of geothermal systems to 

optimize the exploitation of such resources. Generally, numerical models are used as a fundamental tool 

to study a potential geothermal field. However, current modeling practices tend to focus on the shallow 

area around the heat source, while ignoring the deeper part below the heat source.  

The purpose of this project is to observe the influence of lower boundary at the bottom of intrusion 

towards the evolution of geothermal system, while changing the permeability and topography of host 

rock systematically, using a software from USGS called HYDROTHERM. Simulations differed in three 

main aspects: 1) having a layer below, or having the bottom boundary directly below intrusion, 2) 

different topographies with volcanic significance, and 3) varying permeabilities of the host rock. The 

study is based on a fossil geothermal system, the Cerro Bayo laccolith in Chachahuén volcanic complex 

(Neuquén Basin), Argentina.  

The input parameters were obtained in several ways. ILMAT Geothermometry analysis provide the 

temperature value related to the intrusion. The whole rock data is used to determined density of the 

intrusion by calculating partial molar volume of the oxides. The other parameters, e.g. densities of the 

host rock and the impermeable layer, permeability, porosity, and thermal conductivity were obtained 

from literature.  

The result from numerical modeling shows that the bottom boundary below intrusion strongly affect 

the entire system evolution. The added layer (with constant permeability) has strong influence on the 

life-span of the system. Additionally, while taking into account on the variation of topography and 

permeabilities, the models show two temperature anomalies: 1) A caldera volcano’s geometry “traps” 

heat below the caldera, whereas shield and strato-volcano geometries “push” heat away from below the 

volcanic edifice, and 2) a low temperature anomaly develops beneath the intrusion in all high 

permeability models with an added layer. Finally, this assessment could prove to be useful as prior 

knowledge for optimizing the extraction of heat from a given geothermal field, as well as future 

investigations towards geological applicability of numerical models of geothermal systems, 

hydrothermal alteration, and ore formation processes. 
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Popular Science Summary 

Assessing a Modeling Standard in Volcanic-Geothermal Systems: the Effects of the Lower 

System Boundary  

Shelly Mardhia Faizy 

Recently, the awareness towards sustainability has been raising in all aspects of human life. In relation 

to that, the United Nations has set 17 goals on the development of sustainability known as Sustainable 

Development Goals (SDG). One of these goals (goal 7) is affordable and clean energy. Clean energy is 

obtained from renewable natural resources including, wind, solar, hydro, and geothermal energy.  

In this project, numerical modelling is used to study the change in geothermal system toward the 

effect of lower boundary below the heat source by compare it to previous work of other researchers. The 

variation of permeability and topography also implemented on the simulation. The modelling was done 

in HYDROTHERM, an open-source software from U.S Geological Survey, often used to simulate the 

heat transfer within hydrothermal system. 

The results indicated that behavior of geothermal system is strongly affected by the changes in added 

layer below the heat source as well as the permeability, topography. Another finding is related to two 

temperature changes in the host rock. Regarding the topography significance, it shows that the heat 

remains longer in caldera compare to strato and shield volcano type. While referring to permeability and 

additional layer below the intrusion, there is generation of low temperature area directly at the bottom 

of the intrusion. The findings from this study could be use as pilot knowledge on extracting heat from 

geothermal system, ore formation and hydrothermal alteration. 
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1  Introduction 

Energy has important contribution to enhance every aspect of human life as well as the development of 

social and economy sector in a country. According to U.S Energy Information and Administration 

(EIA), the demand of energy use is expected to increase globally in the future by approximately 50%. 

This condition has led the attention on the needs of increasing the utilization of sustainable energy, 

including geothermal energy. Since, as compared with fossil fuel, it is considered as clean and 

environmentally friendly energy source that produce close to no emissions (Rybach, 2003). Also, the 

United Nations has included clean energy as part of the agent to reach the Sustainable Development 

Goal (SDG) in the future. Geothermal energy is listed as one of the clean energies with low emission of 

greenhouse effect.   

In the past geothermal energy has been used directly as a thermal spring, building heating and 

agriculture, and the heat energy also converted to generate electricity. To acquire the data from 

geothermal field could be laborious and expensive, due to its difficult access on some locations. 

Therefore, geoscientist have used numerical modelling as one of the primary tools to constrain 

geothermal systems both prior to and after the exploration phase. Modeling is fundamental for successful 

utilization of geothermal energy, because it has pivotal roles in the reservoir management prior and after 

the heat extraction (Driesner, et. al., 2015). The first study of numerical modeling of fluid flow around 

the bodies of magma were reported in the late 1970s (Norton and Knight, 1977) and it has been continue 

until now. However, most current model which has been applied is most likely focus on the shallow part 

around the heat source, without considering the effects of the boundary at the bottom part of the heat 

source. For instance, in a model generate by Hayba and Ingebritsen (1997) and Árnason (2020) where 

they cut the layer below the heat source. 

The main research question of this work is: what influence does the bottom boundary have on the 

evolution of the geothermal system? To answer this question, we modeled a shallow magmatic intrusion, 

based on the Cerro Bayo laccolith a fossil geothermal system in the Chachahuén volcanic complex, 

Argentina, while systematically changing the conditions of the models. The first condition is setting a 

layer at the bottom of the intrusion or setting the bottom boundary directly below heat source. Second, 

creating different topography scenarios, each with volcanic significance, and the third is varying 

permeabilities of the host rock.   

The models use values from both thermobarometry and literature. The thermobarometry analysis; in 

particular, Ilmenite-Magnetite Geothermometry (ILMAT) is used to obtain the initial temperature of the 

intrusion. For the modelling, an open-source numerical modelling software from U.S. Geological 

Society (USGS) called HYDROTHERM is applied to simulate the physical geothermal system which 

represent as a domain. Our results indicate that the bottom boundary has stronger impact on the evolution 

of geothermal system, along with the variation in permeability and topography of the system, by creating 

specific thermal structure for each scenario. 
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2  Background 

2.1 Geological Background 

The Cerro Bayo Laccolith is a shallow magmatic intrusion located at the Chachahuén volcanic complex, 

Argentina (figure 1). The Chachahuén volcano is part of the Miocene volcanic complex which 

discovered in the northern part of Neuquén Basin, (Burchardt et al., 2019). The sedimentary deposit of 

Neuquén Basin has the characteristic of Late Triassic Early Cenozoic deposit. It’s evolution can be 

divided into the following episodes; (1) The Early Triassic development of the rift which also related to 

the breakup of Pangea, (2) The thermal subsidence on early Triassic to Early Cretaceous, and (3) The 

sedimentary basin uplift which related to Andes on Late Cretaceous (Burchardt et al., 2019).  

Figure 1. Location map of Chachahuén volcano and Geological map of Cerro Bayo (Burchardt et al., 2019) 

The Chachahuén volcano together with the volcanoes El Novado, Payún Matrú, Auca Mahuida, 

Tromen and Damuyo, forms the Payenia province, it is part of the Andes retro-arc foreland (Stern, 2004; 

Llambías et al., 2010). Among those volcanoes, the Chachahuén is the largest in Payenia province with 

andesite as the main lithology (Ramos and Folguera, 2011). 

The eruption of Matancilla Basalts was the beginning of various phases of the Chachahuén volcanic 

activity on the Early Miocene. It is followed by the development of the Vizcachaz formation during Late 

Miocene (Burchardt et al., 2019). The volcanic activity continued until Quaternary, after that erosion 

removed most of Chachahuén’s main parts. Consequently multiple intrusions including Cerro Bayo got 

exposed to the surface (Burchardt et al., 2019). 

Cerro Bayo is shallow magmatic intrusion that has been emplaced with long axis orientation NE-SW 

at Chachahuén volcano. It was part of an active magmatic plumbing system which is now has been 

crystallized. It is surrounded by the weathered Vizcachaz formation and having contact with altered 



3 

Matancilla basalts in the north, west, and southern area (Burchardt et al., 2019), figure 1). The outcrop 

that is exposed at the surface has an egg-like shape, whereas the root is still not discovered (Burchardt, 

2019). Cerro Bayo intruded at 6.7 ± 0.3 Ma (Kay et al., 2006) and its current exposed dimensions are 

1.3 km in length, 1 km in width, and 350 m in height, with a volume of about 0.3 km3. Meanwhile, the 

Cerro Bayo root is estimated about a hundred meters below the surface (Burchardt et al., 2019). 

The emplacement of Cerro Bayo occurred in several phases (Burchardt et al., 2019).The first phase 

started with the doming of the host rock with a low slope and the expansion of a sill due to the continuous 

rise of magma. In the second phase includes the growth of the intrusion, followed by faulting around 

the host rock, and brecciation mainly at the western part of Cerro Bayo. Two magma lobes developed 

in the third phase. These magmas caused the ductile and brittle deformation on the previous emplaced 

magma (Burchardt et al., 2019). 

Based on the result of XRF analysis, the rock in Cerro Bayo is categorized as trachyandesite with 

high SiO2 content about 60-61 wt.% (Burchardt et al., 2019). The mineral composition is dominated by 

plagioclase glomerocrysts and amphibole, along with a small amount of magnetite and pyroxene. The 

history of magmatic flow was tracked by various colored bands (flow bands) and grooves which appear 

distinctly over most of the Cerro Bayo area, except around the eastern part with low elevation (Burchardt 

et al., 2019). The area with the most distinct flow banding is called “banana” and is exposed in the 

southern part of Cerro Bayo (Burchardt et al., 2019), figure 1). 

2.2 Shallow Magmatic Intrusion 

The study of the interaction among host rock and shallow intrusion has been done by scientist as it gives 

a lot of insight towards geothermal system, volcanology (Mordensky et al., 2018), hydrocarbon system 

(e.g. Schofield et al., 2017; Holford et al., 2013) ore formation (e.g. Petronis et al., 2004; Redmond et 

al., 2004) and hydrothermal venting (e.g. Iyer et al., 2017; Kjoberg et al., 2017). Shallow magmatic 

intrusion such as sills, dikes, and laccoliths are common features in volcanic areas (Burchardt et al., 

2019). The intrusions form as a result of magma rising and cooling on a shallow depth after it reaches 

the upper crust. The shallow magmatic intrusion in this study is a laccolith known as Cerro Bayo.  

In general, most laccoliths have a concordant, and dome-like shape. They have a flat floor and convex 

roof with diameter from approximately hundred meters to several kilometers (Corry, 1988). Moreover 

there are other types of laccoliths: including piston-shape type, christmas tree-like type, as well as a 

group of laccolith emplaced around the same level known as multi-feeder laccolith (Corry, 1988; Rocchi 

and Breitkreuz, 2017).  
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2.3 Geothermal Systems 

Geothermal energy is most accessible in regions with high volcanic and tectonic activity such as the 

“Ring of Fire” (e.g Alhamid et al., 2016) or Iceland (e.g Arnórsson, 1995). In order to harness the heat 

from geothermal reservoir efficiently, it is important to study the nature of geothermal systems. To 

examine the heat source of a geothermal reservoir the following intrusion properties are vital (Wohletz 

and Heiken, 1992): depth, type, size and age. 

Geothermal systems can be categorized as several types, based on their geological settings: 

convective system, geo-pressured system, hot dry rock system, shallow resource systems, and 

sedimentary system (Saemundsson, Axelsson and Steingrímsson, 2009). Another classification of 

geothermal system is based on the temperature, enthalpy, and physical state. In Iceland for the example, 

the geothermal system is classified in different category; when it has low (reservoir at 1 km depth, <150 

°C) and intermediate (reservoir at 1 km depth, 150 °C - 200 °C) temperature anomalies, usually it 

produces low enthalpy of reservoir fluid (<800 kJ/kg) with liquid-dominated system. Meanwhile when 

it has high temperature (reservoir 1 km depth, >200 °C), it generates high enthalpy of reservoir fluid 

(>800 kJ/kg), with two-phase and vapor dominated system. The low temperature system defined by 

boiling springs, whereas the high temperature system defined by the appearance of vents, fumaroles, 

strong altered ground and mud pools (Saemundsson, Axelsson and Steingrímsson, 2009). Accordingly, 

it is fundamental to have better understanding on the type of the system for the success of future 

geothermal utilization.  

This project solely focused on the fossil geothermal system with shallow magmatic intrusion as the 

heat source. Over the past few years, commercial heat extraction from active geothermal system has 

been a common practice in geothermal industry. However, beside active geothermal system, the study 

and exploration on fossil geothermal systems also seen to gradually growth. It is due to its large and 

significance contribution on deeper knowledge on the geothermal system (Kühn, 2001), as the 

information regarding the structure and the development of fossil geothermal system can be 

implemented to have better understanding for active geothermal system. To add, study on the ancient 

fluid and heat transport  of geothermal system can help to track  the hydrothermal alteration along with 

ore formation process (Kühn, 2001) .  

 

2.4 Numerical Modelling 

When studying a fossil geothermal system, the paleo-fluid flow and fracture connectivity are 

reconstructed through numerical modelling analysis to examine geothermal reservoir (Volland et al., 

2010). However, in the past, heat and fluid flow simulation have been limited to a single phase (Norton 

and Knight, 1977) or a two-phase system (Pruess, 1991). Nowadays, there are several computational 

tools which allow multi-phase simulation of heat flow in a geothermal system (Ingebritsen et al., 2010), 

for  example COMSOL Multhiphysics (COMSOL Multhiphysics, 2015), the Complex System 
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Modelling Platform (CSMP++) (Driesner et. al., 2015), THOUGH2, iTOUGH2-EOS1sc (Magnusdottir 

and Finsterle, 2015) and HYDROTHERM (Hayba and Ingebritsen, 1997; Kipp et al. 2008).  

In particular, HYDROTHERM was used to evaluate the geothermal potential in case of a 

hydrothermal system around a cooling pluton by Hayba and Ingebritsen, (1997). These authors 

investigated the effect of permeability, topography, size, number of plutons (intrusions), and depth of 

their emplacement on the evolution of a geothermal system. In addition, most recently e.g. Árnason 

(2020) simulated a conceptual magma-hydrothermal-tectonic system by employing HYDROTHERM 

as well. The similarity on the work of Hayba and Ingebritsen, (1997) and Árnason, (2020)  is  when the 

lower boundary in both of the models is placed at the bottom contact of the intrusion, thereby leaving 

out any effects in the evolution of the shallow geothermal system due to deeper-rooted parts. This way 

will reduce the computational cost needed during the simulation. As mentioned in Hobé et al., (2018), 

any software involving solving partial differential equations, such as HYDROTHERM, is 

computationally expensive. 

 

.. 

 

 

 

 

(I) (II) 

Figure 2. Standard models show the bottom layer get cut with the intrusion set in the left corner of the domain. 

(I) a model from Hayba and Ingebritsen, (1997). Solid arrows show the liquid and supercritical water’s flow 

vector. Black contour shows temperature (°C); (II) a model from Árnason, (2020). Black and yellow contour 

represent temperature (°C) and pressure (bars) respectively. Light blue and dark red color represent phase 

conditions either water or steam. The arrows represent the mass flow (kg/m2/year) in the water phase (blue arrow) 

and steam phase (red arrow). The graph represents the profile of temperature. The thick green and yellow lines 

are used to divide the area of superheated steam and supercritical conditions respectively. 
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3  Methods 

This chapter presents the methods applied to observe the influence of lower boundary below the heat 

source, permeability, and topography on geothermal systems evolution. First the intrusion temperature 

is acquired using thermobarometry analysis, particularly Ilmenite-Magnetite Geothermometry 

(ILMAT). After the remaining input parameters are obtained from literature, we run the simulations 

using a software called HYDROTHERM (USGS).  

3.1 Ilmenite-Magnetite Geothermometry (ILMAT) 

The idea of utilizing iron-titanium (Fe-Ti) oxide minerals for Geothermometry began in the early 1960’s. 

Buddington and Lindsley (1964) studied the use of Fe-Ti oxide as a geothermometer and for Oxygen 

fugacities (fO2). They also mentioned that the paragenesis of the host rock could be revealed by studying 

Fe-Ti oxide minerals. Moreover, the development of ILMAT was inspired by Ghiorso and Carmichael’s 

(1981) work on Fe-Ti oxide temperature and fO2. Then, following that Rao et al (1991) produced, 

ITHERM, for magnetite-ilmenite thermometry, later Lepage (2003) created ILMAT.  

ILMAT (Lepage, 2003) uses the Powell and Powell (1977) geothermometer to get equilibrium 

temperature value. Additionally, the geothermometers of Spencer and Lindsay (1981) and Andersen and 

Lindsay (1985) are employed to obtain the equilibrium temperature along with fO2 value.  

3.2 Numerical Modelling, HYDROTHERM (USGS) 

In this project, the software used to run the simulation is HYDROTHERM version 3.0 from the US 

Geological Survey’s (USGS). HYDROTHERM enables us to run the multi-phase flow of pure water 

and thermal simulation in porous media using the finite difference method (Mazumder, 2016). In order 

to run the HYDROTHERM the temperature range should be set between 0 °C and 1200 °C. At the same 

time, the pressure is set within intervals of 0.05 to 1000 MPa. The numerical models involve two partial 

differential equations, (1) the equation for water-component flow, combining liquid and gas phase mass 

conservation with Darcy’s law on the flow in porous media; (2) the equation for thermal-energy 

transport, combining both water component and the porous medium enthalpy conservation. The 

combination of these two equations depends on pressure and temperature saturation, density and 

viscosity of the fluid and advective heat transport towards the interstitial fluid-velocity (Kipp et. al., 

2008). 

3.2.1 Boundary and Initial Conditions 

The geometry of the model was set based on different topography scenarios. The topography scenarios 

were created based on the history of erosion, derived from field observations (Burchardt et al., 2019), 

which has removed parts of the flanks and interiors of the Chachahuén volcano. Hence, four different 
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topography scenarios were built (figure 3): (1) no topography, i.e. a flat surface, (2) strato-volcano type, 

(3) caldera-volcano type, (4) shield-volcano type. Every topography scenario has 3 versions of model.

The first version is the model with an intrusion and an additional layer at the bottom of the intrusion, 

the second version is an intrusion and an impermeable layer just below the intrusion. and the third 

version, in order to have direct comparison on the effect of lower boundary, a model with a bottom layer 

removed below the intrusion was built. 

Figure 3. The geometry of the models with four different topography scenarios, 1a) Flat topography; 1b) Flat 

topography with intrusion and impermeable layer below the intrusion, 2) Strato-volacano type, 3) Caldera-volcano 

type, 4) Shield-volcano type. Both intrusion and impermeable layer will be added to every topography scenario. 

The initial model (flat topography case) has height (z) of 2 km and width (x) of 8 km. Moreover, 

topography adds maximum 1 km, whereas when the layer below the intrusion was cut the overall height 

for strato-volcano, caldera-volcano and shield-volcano types is 1 km. The top boundary of the model 

has constant pressure and temperature at 1 Atm and 15 °C respectively (see figure 3), represent the 

surface condition of the water table. The bottom of the boundary has a heat flux value of 200 mW/m2, 

while the right and left of the boundary has no flow. The initial conditions of host rock have hydrostatic 

pressure and thermal gradient 30 °C/km. This thermal gradient value was used for the initial model 

during the sensitivity test on the permeability and topography. Later, when the intrusion is added into 

the domain, the thermal gradient is created by placing isotherms around the intrusion (figure 4A). 

The added intrusion in the model is Cerro Bayo laccolith which is computed at 500 m depth below 

the surface and it has 0.5 km height and 1 km width. The intrusion is set on the left side of the system. 

An impermeable layer with a thickness of 50 m was placed at the bottom of the intrusion, as it can be 

seen in one of the models (figure 3, model 1b). In HYDROTHERM, the size and spacing of model grid 



8 

 

needs to be set manually and accordingly to fit the used parameters, to avoid potential crashing of the 

software while running the simulation and to aid convergence (Kipp et al., 2008). In this model, the 

grid has 117 columns and number of raw ranging from 20 to 26. Grid spacing is finer around the 

intrusion and it get coarser further from the intrusion (figure 4B). To add, numerous trial and error was 

done during the simulation in order to create a better fit for temperature isolines and gridding for the 

domain, particularly in the model with added layer. 

 

Figure 4. Model Geometry. (A) Model shows temperature gradient (°C/Km) defined by the isotherms (grey lines) 

inside the domain; (B) Model shows grid in grey line, domain in blue is host rock unit, domain in pink is intrusion. 

 

3.2.2 Limitations 

One of the challenges associated with modelling using HYDROTHERM is the limitation of 

using the grid. The finite element method used in this software has limitation regarding its grid 

shape, since the method solely needs spatial discretization. The grid has rectangular shape and 

it prevents the modelling on a narrow feature, including faults and fractures. In addition, 

modelling the geometry which related to the nature of volcanic areas itself, will be challenging 

Finer Coarser 
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as well. The volcanic area might have several structures, such as mud-pools and multiple 

intrusions. The shape of intrusions itself are vary depend on the type, for instance piston-shape 

type and christmas tree-like type. Therefore, some of considerations need to be assessed using 

a broad systematic analysis. The foundation of such an analysis was built in this work, while it 

also provides the reasons for including the geological applicability of the boundaries in future 

investigations. 

In another case, the software has difficulties on handling larger complexity of the system 

which requires uncertainty quantification. For the example, when the domain set with high 

permeability, having additional layer below the intrusion. As it needs expensive computational 

cost, that makes the simulation crashed. It has happened on running one of the models in this 

project where it was unable to finish the computation completely, for the example model A3 in 

figure 5. The model was unable to finish the computation step, hence it only runs until 3500 

years. 

 

3.2.3 Input Parameters 

In this study, the input parameters were acquired using several approaches. The initial temperature of 

the intrusion is set at 900 °C. It is a result from ILMAT geothermometry analysis, the details of which 

are presented in chapter 4. In addition, 2400 kg/m3 density of the intrusion was determined by calculating 

partial molar volume of the oxides from whole rock data of Cerro Bayo Laccolith (Philpotts and Ague, 

2009). While density for host rock and impermeable layer is 2700 kg/m3 (Olhoeft and Johnson, 1989). 

The rest of basic parameters such as, permeability, porosity, and thermal conductivity, were taken 

from literature (table 1). All parameters, aside from host rock permeability are the same for all models. 

Magmatic intrusion is considered to have low permeability at high temperature (Hayba and Ingebritsen, 

1997). Therefore, permeability of the intrusion is set as impermeable at 10-17 m2. The permeability of 

host rock ranging from 10-11 m2 to 10-17 m2 ((Heap et al., 2018, 2019). However, in order to get suitable 

host rock permeability value for further analysis, multiple simulation was done on the initial model (flat 

topography case). Then, the permeability at 10-14 m2 and 10-16 was chosen, since it represents both cases 

on conductive and convective systems. Meanwhile, the impermeable layer has permeability at 10-22  m2. 

The porosity for both intrusion and host rock as well as thermal conductivity is set at similar range as 

Hayba and Ingetbritsen (1997), since it has been simulated without crashing. The porosity value for the 

laccolith, host rock and impermeable layer are 5% ,10% and 10%, respectively. This value is also fit 

within the porosity range of andesitic rock from the references (Heap et al., 2015). Thermal conductivity 

is used 2 W/(m-K) for all rocks. Details on parameters used for all simulation is present in the table 1.  

 



10 

 

Table 1. Parameters used in the numerical modelling of fossil geothermal system Cerro Bayo Laccolith. 

Properties Laccolith Host Rock Impermeable Layer 

Initial Temperature (°C) 900 - - 

Permeability (m2) 10-17 10-14, 10-16 10-22 

Density (kg/m3) 2400 2700 2700 

Porosity 5% 10% 10% 

Thermal Conductivity (W/(m-K)) 2 2 2 

 

4  Results 

4.1 Ilmenite-Magnetite Geothermometry (ILMAT) 

There are two suitable thin sections from Cerro Bayo rock samples in which ilmenite-magnetite mineral 

pairs were found (CB 48 and CB 28). The estimate value for the temperature of crystallization from 

Powell and Powell (1977) ranges from 843 °C to 1034 °C (mean of 943 °C). Meanwhile, Spencer and 

Lindsay (1981) and Andersen and Lindsay (1981) have slightly lower temperature range, which is 

around 794 °C - 906 °C (mean of 855 °C) and 799 °C - 922 °C (mean of 863 °C) respectively. Overall, 

the average of all data from all methods (n) is calculated as 887 °C (n = 6). The ILMAT data are 

complemented by the temperature values from Sun (2018) which are 973 °C - 1002 °C (clinopyroxene 

thermobarometry), 898 °C - 1013 °C (amphibole thermobarometry) and 883 °C - 910 °C (plagioclase 

thermobarometry).  

To run the simulation in HYDROTHERM, initial temperature of the laccolith is required instead of 

the temperature of crystallization. Therefore, I decided to use 900 °C as the initial temperature of the 

intrusion, which is similar to the value used by Hayba & Ingetbritsen, (1997). This value is very close 

to the temperature of crystallization calculated from ILMAT (887 °C) and it is still within the range of 

temperature value from Sun, (2018).   

 

4.2 Numerical heat transfer 

The results of the numerical modelling are divided into several sub sections. Most of the models show 

the temperature distribution 50 years, 250 years, 500 years, 1500 years, 2000 years, and 4000 years. 

However, due to the heavy computational cost, one of the models (with an impermeable layer placed 

directly below the intrusion) only shows up to 3500 years. This time period was chosen considering the 

significant features that is show up during the simulation. 

 

4.2.1 Simulations with Flat Topography  

This section presents simulations on flat topography scenario in 3 different versions; 1) a model with an 

additional layer below the intrusion, 2) a model without an additional layer below the intrusion, and 3) 
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a model with an impermeable layer directly below the intrusion. There are two sets of models based on 

the variation of host rock permeability. 

 

Figure 5. Simulation on comparing effect of lower boundary on the system with host rock permeability 10-14 m2 

in a flat topography. Black dots represent the movement of the vectors. (A1) Model with additional layer below 

the intrusion; (A2) Model without additional layer below the intrusion; (A3) Model with impermeable layer 

directly below the intrusion.  

The first setup is the three models with host rock permeability at 10-14 m2 (figure 5). In an early stage 

(50 years) of the modelling, all the three models show almost a similar dynamic, in which they first 

converge a small upwelling plume at the top right corner of the intrusion. Then, another small plume 

rises from the top of the intrusion within 500 years. In figure 5 (500 years), a cold patch (blue color) 

surrounded by warm areas begins to develop at about 100 m below the intrusion in model A1 and A3, 

but it does not appear on model A2. At 2000 years, multiple upwelling plumes are formed at the right 

side of the intrusion in model A1, yet there is only a broad upwelling plume formed in the other two 

models. In another observation, the intrusion in model A2 keeps the high thermal area (orange/yellow 

color) longer compared to the other models. 

The second setup is the three models with host rock permeability at 10-16 m2 (figure 6). Once the 

permeability changes, the model shows different behavior compared to the model in figure 5. These 

models do not show an upwelling plume converging from top of intrusion or bottom boundary, and the 

colder area does not appear below the intrusion. However, they show a similar pattern inside the 

intrusion where the size of high thermal area (orange/yellow color) in model B2 stays longer than in 

model B1 and B3. 
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Figure 6. Simulation on comparing effect of lower boundary on the system with host rock permeability 10 -16 m2 

in a flat topography. Black dots represent the movement of the vectors. (B1) Model with additional layer below 

the intrusion; (B2) Model without additional layer below the intrusion; (B3) Model with impermeable layer 

directly below the intrusion. 

 

4.2.3 Simulation on Volcanic Type Topography 

This section displays further results on the simulation of models with an added layer below the intrusion 

in 3 different volcanic topography scenarios; 1) model with stratovolcano, 2) model with caldera 

volcano, and 3) model with shield volcano, by varying the values of permeability. Figure 7 and 8 

presents the behavior of the system with host rock permeability of 10-14 m2 and 10-16 m2 respectively. 

Model C2 forms more plumes compared to model C1 and C3 (figure 7). After the intrusion is 

emplaced in the system, the first plume develops in all models, at the top right corner of the intrusion 

within 50 years. In this time period, the highest temperature of the host rock hit 300 °C - 500 °C around 

the intrusion. Over time, the small plumes shift forward to the right side of the system and multiple 

plumes develops in 1500 years, during which the cold spot below the intrusion is generated. After 4000 

years, as the plume merges and wanes, the temperature of the host rock decreases as well. Regarding 

the intrusion, the size of hot (orange/yellow color) area in the caldera type decreases faster compared to 

the strato (C1) and shield (C2) type that stay longer. Moreover, the height of the plume tends to change 

along with the topography which the peak only reaches certain low points of the topography (figure 7).  
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Figure 7. Simulation results on three different volcanic topographic scenarios. Black dots represent the movement 

of the vectors.  (C1) a Strato-volcano; (C2) a Caldera; (C3) a Shield-volcano. The parameters and host rock 

properties for whole scenario are the same, with a permeability of 10-14 m2 for the host rock. 

 

Model D with low permeability cases (figure 8) does not show any sign of upwelling plumes 

nor the development of a cold spot (blue color). The temperature at the top of the intrusion 

remains low in the early stage of simulation. Meanwhile, the hot (orange/yellow color) area 

from the intrusion decreases almost at the same time as the whole three topography scenarios. 
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Figure 8. Simulation results on three different volcanic topographic scenarios. Black dots represent the movement 

of the vectors.  (D1) a Strato volcano; (D2) a Caldera; (D3) a Shield volcano. The parameters and host rock 

properties for whole scenario are the same, with a permeability of 10-16 m2 for the host rock. 

 

4.2.4 Simulation on Volcanic Type Topography and Impermeable Layer 

In model E (figure 9) the same conditions were applied for the domain and intrusion with models in 

figure 7. In addition, a horizontal, impermeable layer (10-22 m2) was added with 50 m thickness, right 

below the intrusion (over the full width of the model). In the early stage of simulation for all cases in 

figure 8, a small plume rises at the top right corner of the intrusion within 50 years. This plume starts to 

shift away from the intrusion towards the right side of the system within 250 years and its size becomes 

broader, as it is shown in 1500 years up to 4000 years. The temperature of the system peaked about 

300°C at the top of the intrusion and 600 °C below the intrusion-impermeable layer pairs. The cold area 

(blue color) below intrusion also develops in every case of this simulation. Additionally, below the 

impermeable layer there is also a formation of small multiple plumes which can be seen starting from 

1500 years. As an immediate comparison, the volcanic topographic model with bottom boundary cut is 

also simulated in this project (figure 10). The results from the simulation are quite similar, particularly 

in the thermal structure above impermeable layer in figure 8. It develops only a broad upwelling plume. 
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Figure 9. Simulation results on three different volcanic topographic scenarios with impermeable layer. The 

parameters and host rock properties for whole scenario are the same, with a permeability of 10-14 m2 for the host 

rock. Black dots represent the movement of the vectors.  (E1) a Strato volcano; (E2) a Caldera; (E3) a Shield 

volcano. 

 

Figure 10. Simulation results on three different volcanic topographic scenarios without added layer below 

intrusion. The parameters and host rock properties for whole scenario are the same, with a permeability of 10 -14 

m2 for the host rock. Black dots represent the movement of the vectors.  (F1) a Strato volcano; (F2) a Caldera; (F3) 

a Shield volcano. 
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5  Discussion 

5.1 Influence of Lower Boundary Below the Intrusion, Permeability and 

Topography on the Geothermal System 

This project set out to explore whether the bottom boundary below intrusion has influence in the 

evolution of geothermal system by considering the permeability and volcanic topography of host rock. 

In figure 5, the comparison between the models in flat topography, which are set in three different 

versions, has host rock permeabilities at 10-14 m2. This allows me to interpret a significant contrast on 

thermal structure which is potentially caused by the changes in the bottom boundary.  

The models with added layer below intrusion (model A1) generate more plumes compared to the 

ones without added layer below intrusion (model A2). This occurs within the same period of time. The 

formation of plumes indicates that the heat transfers in the system are dominated mainly by convection. 

When the amount of plume converging towards the surface increases, the strength or intensity of thermal 

convection increases as well. As a result, the geothermal system cools prematurely which later causes 

the life-span of the system to be shorter. In model A2, the system shows a contrasting nature since the 

cutting off of the layer below the intrusion limits the ability of the system in transferring more heat from 

the intrusion to the surface domain; thus, the thermal convection becomes weaker. Another observation 

which complements the previous interpretation is when the temperature of the intrusion in model A1 

decreases faster, unlike in model A2. This happened because the size of geothermal system in model A1 

is bigger than in model A2. Naturally more heat gets discharged from the intrusion when the volume of 

fluid flow escalates extensively. Moreover, the existence of lower thermal anomaly, in a form of cold 

spot gives another feature which is only found in a system with an added layer below intrusion. 

Interestingly, model A3 holds both of thermal characteristic shown in model A1 and A2. Impermeable 

layer acts as a barrier which limits the heat transfer from the intrusion towards the domain. Thus, there 

is only one broad plume converges in the right part of the host rock, which is similar to model A2. Since 

the layer below intrusion still gets extended, the cold spot naturally appears. Overall, this observation 

from three models demonstrate that the evolution of the system is strongly affected by the 

implementation of the lower boundary below the intrusion. This is in agreement with the works from 

Hayba and Ingebritsen, (1997); Raguenel, Driesner and Bonneau, (2019); Árnason, (2020) where they 

do not considered the layer below intrusion which lead to similar system evolution with model A2. 

Furthermore, the patterns of thermal structure including the formation of multiple plumes, shorter 

life-span of the system, and development of cold spot are present even when different types of volcanic 

topography scenarios is added to the top of the host rock domain in a model with added layer (figure 7). 

However, details of behavior in the number of plumes and heat longevity vary among strato-volcano, 

caldera-volcano, and shield-volcano type. As displayed in figure 7, the topography scenario in model 

C2 which represents the caldera type of volcano, keeps multiple high temperature of thermal plume until 

2000 years. During this period the number of plume and its temperature already starts to decline in the 
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other two models, strato-volcano, and shield-volcano. This condition results from the emplacement 

depth of the intrusion from the surface. Compared to strato-volcano and shield volcano which intrusion 

is located about 1,5 km below the surface, caldera volcano is slightly more shallow with about 1 km 

depth. This finding matches with the work of (Hayba and Ingebritsen, 1997) who did simulation to 

monitor the effect emplacement depth of the pluton toward hydrothermal system. They mentioned that, 

the development of deeper based geothermal system is slowed and will have lower temperature than 

more shallow system. Since, the volume of overlying rock that needs to be heated by the intrusion itself 

increases as well. Therefore, deeper system tends to cool down prematurely compared to the more 

shallow system. From this part of discussion, it is clear that type of topography also has roles on the 

evolution of geothermal system.  

Another evidence on the effect of topography is related to the peak level of upwelling plumes (figure 

7). The peak level of the plume in every type of volcanic topography significance only reaches certain 

low level of topography, instead of ascending more to its highest part. This situation is assumed to 

happen due to the hydraulic head effect in the domain. Hydraulic head is the type of potential energy in 

the groundwater where its value depends on the elevation and pressure energy. The movement of the 

groundwater under the topographical area always occurs from high to low hydraulic head (e.g. Ge and 

Gorelick, 2015). Therefore, high elevation relates to an increased hydraulic head in the highest part of 

the domain, and this has caused the plume to only reach the low level of topography areas which have 

lower hydraulic head. Besides, the temperature at the top area with the high hydraulic head remains low. 

This observation similar with Titarenko and McCaig (2016) did in their research on the effect of 

topography to the heat flow. 

As it is mentioned earlier, the permeability of host rock in this project is changed systematically. It 

is set as high permeability (10-14 m2) and low permeability (10-16 m2) host rock. In the simulation, the 

formation of upwelling and downwelling plume on the system exhibits a contrast on the temperature 

development and fluid flow of the permeable and impermeable host rock. The heat transport in the 

system with permeability of 10-14 is mainly driven by the thermal convection marked by the appearance 

of one or multiple thermal plumes (figure 5, 7, 9 and 10). In contrast, the heat transfer behavior for 

permeability of 10-16 m2 is dominated by thermal conduction as there is no fluid movement on the 

system, represented by the absent of plumes in the system. It also can be seen from the lack of visible 

moving vectors in figure 6 and 8. Overall, the comparison between the models with an added layer and 

those without one shows that there is a problem with putting the boundary just below the intrusion when 

assuming a constant host-rock permeability. The bottom of the convective geothermal systems is bound 

by the bottom boundary in these models, and thus the entire system evolution changes in its specifics, 

particularly on the thermal structure. This is also the case when a low impermeable layer is placed just 

below the intrusion. Nevertheless, our models confirm that both permeability and topography have 

influential impacts on the dynamic (life-span) and lateral distribution of geothermal systems. Therefore, 
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the overall conclusions on the strong impacts on varying permeability and topography from e.g. Hayba 

& Ingebritsen (1997) are still compelling. 

Equally important, another volcanic topography simulation is run with two versions; model with 

impermeable layer below intrusion and model without additional layer below intrusion (figure 9 and 

10). Generally, in relation to upwelling plume, these models display an equivalent behavior with model 

A2 and A3 (figure 4) but not with model C1, C2 and C3 (figure 6). Notably, all models in figure 9 

present the formation of a broad upwelling plume above the impermeable layer which is identical with 

model A3. This impermeable layer still acts as a barrier on the whole process of heat transfer within the 

system. Meanwhile, all models in figure 10 shows similar behavior with model A2 and this model does 

not show any formation of cold spot since the bottom boundary is cut. To summarize, models using an 

impermeable layer below the intrusion (figure 5, model A3; figure 9) show similar evolution to those 

where the bottom boundary is placed there (figure 5, model A2; figure 10). In general, the results in this 

study suggests that the modeling standard of cutting the model below the intrusion did by previous 

researcher; which is done to reduce computational cost and to prevent modelling issues is valid for 

certain geological cases. Although, the applicability of this models in each a given setting has to be 

investigated on a case-by-case basis. 

 

5.2 Implications of the Cold Spot below the Intrusion 

Another significant feature that needs to analyze further on the simulation is the formation of cold spot 

below the intrusion. The occurrence of cold spot strongly depends on the consideration of adding another 

layer right below the intrusion. The cold spot in the system has average temperature that ranges from 

150 °C to 250 °C. Such low temperature is still present even though it is surrounded by a high 

temperature area.  

To understand this anomaly, we can make an analogy based on the boiling process of water. When 

the water is heated, the heat from the bottom boundary is going to move upward through convection as 

the density of the molecule becomes less. Then it transfers the heat to other molecules when it reaches 

the top part and later the cooler and denser water moves down. In our case, the cold water at the top 

encounters the bottom of the intrusion. At the bottom of the intrusion, it can be seen that there is an 

accumulated heat source which is formed through thermal conduction. By transferring the heat, the fluid 

has cooled; this makes it denser, causing it to move downward and create the cold patch around the 

bottom of the boundary (Velarde and Normand, 1980). It can be observed from the down movement of 

the vectors below the intrusion in figure 11. 
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Figure 11. The development of cold area below the intrusion, shows by the movement of the vectors (black arrow). 

 

In real field of geothermal systems, the observed thermal anomalies would be accompanied with 

thermal alteration. According to Guilbert and Park (1986), the information regarding alteration 

assemblages can lead to identification of temperature on the interaction of intrusion and hydrothermal 

fluid. Hence, it might also work the other way around, estimating the type of alteration by interpreting 

the influence of temperature. The main type of alteration including potassic alteration, propylitic 

alteration, argillic alteration, etc. Potassic alteration usually occurs at temperature ranging from 450 to 

600 °C (Pirajno, 2009). Propylitic alteration falls at a slightly lower temperature which is at 250 °C – 

350 °C (Hedenquist et. al., 2000). As for Argillic alteration, the temperature value is even lower, which 

is at 100 °C - 350 °C (Pirajno, 2009). When we try to correlate it with lower thermal anomalies occurring 

in this study (150 °C - 250 °C), it is within the range of temperature which influences the Argillic 

alteration. 

When we try to correlate it with lower thermal anomaly occurring in this study (150 °C - 250 °C), it 

is within the range of temperature which influences the Argillic alteration. This interpretation consistent 

with what Olivares (2017) did in his research. He connected the influence of temperature from heat flow 

modelling to confirm the alteration type in Linga Complex. The only difference is, he did stable isotope 

analysis to find out the alteration assemblages in the samples prior to the modelling, which gave him 

strong evidence toward the alteration type. Argillic alteration is quite common in porphyry systems. It 

is divided into two types: intermediate argillic alteration and advance argillic alteration. This type of 

alteration is characterized by the formation of clay minerals assemblages including kaolinite, 

montmorillonite and illite (Pirajno, 2009).  

It is also worth to mention, about the hot area generated just below the intrusion (figure 11). It has 

average temperature ranging from 465 °C to 615 °C, which is closer to the temperature value of Potassic 

alteration. This Potassic alteration, commonly form in high temperature zones. It is form due to the 

enrichment in potassium and characterized by the occurrence of minerals, such as K-feldspar, biotite 

and sericite (Damian, 2003). Also, the area underneath the intrusion within the temperature range about 

250 °C to 300 °C could be interpret as a sign of Propylitic alteration. Moreover, this kind of information 

that identifies and tracings the type of alteration based on temperature influence on the specific zone in 
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hydrothermal systems could be important knowledge to understand the ore formation related to shallow 

magmatic intrusion.  

 

5.3 Geothermal Implications 

Studying the fossil geothermal system through numerical heat modeling, provide us access towards 

remnants of a geothermal system. It helps us to reconstruct the behavior of the system during its active 

state. The information regarding the effect of topography and permeability on the heat transfer can be 

used for basic knowledge on exploring the potential location for heat extraction on the shallow system. 

According to the findings in this project, the bottom boundary has key role on thermal distribution 

in geothermal system. It can be seen after we did several simulation scenarios in different type of 

topography while changing the standard position of the bottom boundary. Turn out, it caused the life-

span of the system changes drastically, the number of upwelling plumes differs through the time as well 

as formation of lower thermal anomaly such as cold spot. Therefore, careful examination of the 

geological applicability and relevant uncertainties should be explored further, prior to geothermal 

exploration to optimize the utilization of geothermal energy. 

The system with permeability 10-14 m2 has heat transfer by thermal convection, would simplify the 

heat extraction from geothermal system. As it mentioned by Zarrouk and McLean (2019) permeable 

rocks, high temperatures and depths of the system are the three substantial aspects which govern the 

advancement of economic geothermal energy production. On the other hand, in some geothermal fields, 

the system with relatively low permeability 10-16 m2, still stored potential heat for geothermal reservoir. 

Nowadays, the engineers found several ways to enhance the low permeability system: (1) thermal 

stimulation methods inject the cold fluid into the system to establish fractures (e.g. Siratovich et al., 

2011); (2) chemical stimulation methods which insert acid into the system to increase the porosity and 

permeability (e.g. Luo et al., 2018); and (3) hydraulic stimulation methods inject fluid into the system 

with high pressure to initiate fractures (e.g. Hofmann et al., 2016). These processes are widely known 

as Enhanced Geothermal System or Engineer Geothermal System (EGS) (e.g. Hofmann et al., 2014).  

In this study, the majority of the heat, generated from the intrusion, is gathered along the low level 

of topography as discussed in section (5.1). Therefore, logically having a well at the shallow topography 

is more efficient in extracting the heat. The information about extinct geothermal system obtained 

through modelling is useful for the planning and preliminary survey on the development of geothermal 

energy. 

 

6  Conclusion 

In this project, the numerical models are produced to investigate the effect of the lower boundary at the 

bottom of intrusion towards the evolution of fossil geothermal system in Cerro Bayo, while changing 
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the permeability and topography of host rock systematically. Overall, from the results of this work, it 

can be concluded that: 

• The comparison between the models with and without an added layer show that the bottom 

boundary fundamentally and strongly affects the entire system's evolution. This is the case, even 

when using a low impermeable layer just below the intrusion. 

• An added layer (with constant permeability) increases the size of the hydrothermal system. This 

allows for stronger convection, which reduces the system’s estimated life-span. 

• Consistent with the result defined by Hayba & Ingetbritsen (1997), systematically changing 

permeability and topography has influenced the dynamic (life-span) and lateral distribution of 

geothermal systems, though the specifics of this strongly differ when the layer is added below the 

intrusion.  

• Models using an impermeable layer below the intrusion show similar evolution to those where 

the bottom boundary is placed there. This suggests that the modeling standard of cutting the model 

below the intrusion (done to reduce computational cost and to prevent modelling issues) is valid 

for certain geological cases. Whether it is applicable in each a given setting has to be assessed on 

a case-by-case basis. 

• There are two temperature anomalies on geothermal system; 1) A caldera volcano’s geometry 

“traps” heat below the caldera, whereas shield and stratovolcano topography ”push” heat away 

from below the topography, and 2) a low temperature anomaly develops on permeable system 

below the intrusion in all models with an added layer.  

The findings of this study can be implemented as future investigations, particularly in assessing the 

geological applicability of numerical models in a geothermal system. Moreover, the knowledge in the 

evolution of the geothermal system as a function of permeability, topography and the lower boundary 

can be applied to optimize heat extraction from geothermal fields. Equally important, the described 

formation of thermal anomalies, could lead the search for the identification of hydrothermal alteration 

in the field, which in turn could lead to a better understanding of ore formation due to intrusions like 

Cerro Bayo laccolith. 
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