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ABSTRACT 
The Hágöngur geothermal area in Central Iceland is among the larger geothermal areas 
of the country. Surface exploration studies including geology and geothermal 
manifestations mapping, Transient Electromagnetic (TEM) resistivity surveys, 
Magnetotelluric (MT) soundings and geothermometry assessments have been conducted 
in the area, along with the drilling of one deep exploration well (HG-01) near the center 
of the resistivity anomaly. The present study integrates all physical, geological and 
geochemical data available by developing conceptual and numerical models of the 
system, in order to provide insight into the reservoir’s behavior for future utilization of 
the geothermal fluid. 
 
Resistivity, lithology and stratigraphy models of the reservoir were created using the 
RockWorks16 software based on MT resistivity measurements, lithology data of the 
HG-01 borehole and geological and topographical information of the area. Two 
different versions of the conceptual model were built based on these data, plotting 
stratigraphy units, cap rock, faults, heat source, temperature gradients and flow pattern. 
Further numerical models were developed matching up stratigraphic elevation 
information, rock properties and downhole temperature and pressure values using the 
TOUGH2 simulator via the graphical user interface PetraSim. PetraSim was also 
employed to define and calibrate cell-specific data such as heat sources and initial 
conditions to create two versions of the natural state model of the reservoir. 
 
Key words: Conceptual model, numerical model, natural state. 
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ÁGRIP 

Jarðhitasvæðið Hágöngur er staðsett í miðju Íslands og er talið meðal stærri 
jarðhitasvæði á landinu. Yfirborðsrannsóknir hafa verið gerðar á svæðinu, þ.á.m. 
kortlagning jarðfræði og jarðhitaummerkja, TEM- og MT-viðnámmælingar, 
jarðefnamælingar, ásamt borun á einni djúpri rannsóknarholu (HG-01), sem boruð var 
nálægt miðju viðnámsfráviksins. Þessi rannsókn tekur tillit til allra þessara gagna við 
þróun á hugmyndalíkani og reiknilíkani fyrir jarðhita í kerfinu, í því skyni að rannsaka 
nýtingarmöguleika jarðhitaauðlindarinnar til orkuvinnslu. 
 
Gögn úr MT-viðnámsmælingum, jarðfræðikortlagning og jarðlagagreining úr holu HG-
01 voru notuð til þess að útbúa þrívítt líkan af jarðhitakerfinu í Hágöngum, með aðstoð 
hugbúnaðarins RockWorks16. Tvær mismunandi sviðsmyndir af hugmyndalíkaninu 
voru útbúnar, með hliðsjón af þessum gögnum, þar sem jarðlög, þakberg, 
sprungur/misgengi, varmagjafar, hitastigsdreifing og flæðistefnur jarðhitavökva voru 
kortlögð gróflega. Haldið var áfram með líkangerðina þar sem jarðlög, þakberg og 
viðeigandi bergeiginleikar voru settir inn í reiknilíkanið TOUGH2 með aðstoð 
viðmótsforritsins PetraSim. Reiknilíkanið var notað til þess að reikna dreifingu hita- og 
þrýstings í náttúrulega ástandi kerfisins sem passaði við mælingar úr holu HG-01, en til 
þess þurfti t.a.m. að stilla af styrk varmagjafa, jaðarskilyrði kerfisins, bergeiginleika 
o.fl., sem leiddi til tveggja mismunandi líkana fyrir jarðhitakerfið í náttúrulegu ástandi. 
 
Lykilorð: Hugmyndalíkan, reiknilíkan, náttúrulegt ástand. 
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NUMERICAL MODELING OF THE HÁGÖNGUR 
GEOTHERMAL RESERVOIR IN CENTRAL 

ICELAND 
 

1. INTRODUCTION 

The Hágöngur geothermal area in Central Iceland is among the larger geothermal areas 
of the country. In 1995, surface exploration studies were conducted in order to map 
geology features and geothermal manifestations of the area, as there were plans to 
construct a hydro dam that would partially submerge the thermal site(Jonsson, 
Gudmundsson, & Palsson, 2005). This research was followed by a resistivity survey 
using the Transient Electromagnetic (TEM) method in 1998(Karlsdóttir & 
Vilhjálmsson, Hágöngur Geothermal Area, Iceland. 3D Inversion of MT Data., 2013), 
and in the next year, submersion of the thermal area finally took place(Jonsson, 
Gudmundsson, & Palsson, 2005). 
 
In 2003, the exploration well HG-01 was drilled up to a depth of 2360 meters near the 
center of the resistivity anomaly, confirming the existence of a high temperature 
geothermal system with temperatures up to 290-300°C in accordance with previous 
geothermometry assessments. Later on, in 2007 the initial TEM survey was extended, 
revealing a high temperature geothermal system of 40 km2 of horizontal area at 800 
meters depth(Karlsdóttir & Vilhjálmsson, Hágöngur Geothermal Area, Iceland. 3D 
Inversion of MT Data., 2013). 
 
In 2011, a total of 16 Magnetotelluric (MT) soundings were performed in the same 
locations as the existing TEM soundings. A one dimension interpretation of the MT 
showed the presence of a deep seated low resistivity at depth, hence indicating the 
presence of a heat source in the geothermal system. Finally, during winter 2013, 14 MT 
soundings through ice were performed for the first time in Iceland on the Hágöngur 
Lake, followed by 6 more soundings in summer 2013. Results showed a deep seated 
low resistivity body as high as 1100 m.b.s.l. in the geothermal area(Karlsdóttir & 
Vilhjálmsson, Hágöngur Geothermal Area, Iceland. 3D Inversion of MT Data., 2013). 
 
The present study integrates all physical, geological, geochemical and downhole data 
available by developing conceptual and numerical models of the system, in order to 
provide insight into the reservoir’s behavior for future utilization of the geothermal 
fluid. In that sense, the assessment is intended to achieve the following objectives: 
 

• Create different geologically consistent conceptual models of the Hágöngur 
geothermal system. 

• Develop different numerical models which match temperature, pressure and 
resistivity measurements available, as well as the natural state of the reservoir. 

 
The intention of building more than one version of the conceptual and natural state 
models is to account for uncertainty in the structure of the reservoir, as subsurface data 
is just available for one well in the middle of it and further subsurface geology is 
unknown. 
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Topography, geology, faulting, surface manifestation and resistivity data was gathered, 
digitized and overlapped using the QGIS2.8.2 Geographic Information System (GIS) 
software from the Open Source Geospatial Foundation (OSGeo). Placement of point 
data values, as well as the extraction of specific information for each point was executed 
using the same software.  
 
On the other hand, the RockWorks16 software developed by RockWare was used to 
create resistivity, lithology and stratigraphy models of the reservoir, based on MT 
resistivity measurements, lithology data of the HG-01 borehole and geological and 
topographical information of the area extracted from QGIS2.8.2. Different stratigraphy 
profiles were created and exported as text files for the development of further natural 
state models. RockWorks16 was also used for developing two versions of the 
conceptual model of the reservoir, showing geological and geophysical features, as well 
as the proposed location of the heat source and flow patterns within the reservoir. 
 
Furthermore, Google SketchUp and AutoCAD software were employed for the creation 
of 3D triangular solid surfaces representing internal and external boundaries of the 
reservoir´s cap rock. These surfaces were exported as DXF files for their use in the 
subsequent numerical modeling. 
 
Thereafter, more than one natural state model was built matching up stratigraphy 
elevation information, rock properties and temperature and pressure values, using the 
TOUGH2 simulator via the graphical user interface PetraSim. PetraSim was employed 
to establish boundaries, structure and properties of the reservoir in grid digitized 
models. Cell-specific data was defined and calibrated such as rock properties, heat 
sources and initial conditions to create two versions of the natural state model of the 
reservoir. 
 
Finally, the assessment can be updated with data gathered during future subsurface 
exploration and during the operation and maintenance phase with real production 
values. 
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2. LITERATURE REVIEW 

2.1 HÁGÖNGUR RESERVOIR  

2.1.1 Location 

The Hágöngur reservoir is located within the central volcanic zone of Iceland, a few 
kilometers away from the western edge of Vatnajökull glacier, at an average elevation 
of 816 m.a.s.l. The area is far from habitation and very remote but it can be accessed 
through different ways like the Sprengisandur highland road, a mountain track heading 
towards Vonarskard and a new 10 km track which was built for the HG-01 well, as 
shown in Figure 1(Jonsson, Gudmundsson, & Palsson, 2005). 
 

 
Figure 1: Hágöngur geothermal area location and accessibility (Landsvirkjun, 2002). 
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2.1.2 Geological information 

2.1.2.1 Generalities 
The Hágöngur high temperature area is fairly unique among other high temperature 
areas in Iceland, as recent volcanic and tectonic activity is absent. The area is covered 
by glaciofluvial sediments, suggesting the presence of an old lake basin 
formation(Jonsson, Gudmundsson, & Palsson, 2005). 
 
It has been thought that the Hágöngur area is part of an elongated central volcano from 
Tungnafellsjökull (including Vonarskarð) from the northeast, extending southwards to 
the Hágöngur area. However, recent studies suggest that it constitutes an independent 
central volcano, due to the alignment of rhyolite domes (Syðri-Háganga and Nyrðri- 
Háganga) on a semi-circumferential line in the western part of the area. The domes are 
suggested to be intrusive and their formation could be related to the subsidence and 
caldera formation in later stages of evolution and development of the central 
volcano(Jonsson, Gudmundsson, & Palsson, 2005). 
 
All exposed volcanic formations in the area have a normal magnetization and are 
estimated to be younger than 700,000 years (G. Vilmundardóttir & Kaldal, 1995). 
Rhyolites in Sydri-Háganga and Nyrdri-Háganga are surrounded by younger basaltic 
formations of at least 200,000-300,000 years ago(Jóhannesson & Friðleifsson, 2006). 
Interglacial lava flows are visible in the area, being the most notable successions: 
Krosshnúkaólivínþóleiít (around 200,000 years ago), Hágönguþóleiít (around 100,000 
years ago) and Hágöngudílabasalt (around 100,000 years ago)(Vilmundardóttir & 
Kaldal, 1995). Extrusive volcanic activity seems to have been dormant for the last 
100,000 years in the Hágöngur central volcano (Jonsson, Gudmundsson, & Palsson, 
2005). Figure 2 shows the geological map of the area. 
 

 
Figure 2: Geological map of the Hágöngur geothermal area (Own elaboration based on: 
(Vilmundardóttir, Snorrasson, & Larsen, 1999)). 
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2.1.2.2 Brief geology history of the Hágöngur area 
It can be expected that the Hágöngur central volcano started its formation at least 
500,000 years ago, its life expectancy being in the range of 500,000 to 2,000,000 years. 
From 200,000 to 300,000 years ago, large amounts of rhyolite magma erupted under a 
glacier, piling up rhyolite material in the Nyrðri-Háganga and Syðri Háganga area, as 
well as over other rhyolite mountains near them. Andesite-tuff and Kaldakvísl lava 
could have also been formed on the same time or soon after. Some interglacial lava 
flowed up into the Hágöngur formation and then tuff formations came on top. Figure 3 
shows a simplified geological section in the East-West direction through the HG-01 
borehole. 
 
As it can be noticed, a large amount of acid rocks came into the surface and the base 
stationary magma chamber sank partly under the volcano with a subsidence of about 
300 meters (Landsvirkjun, 2006). 
 

 
Figure 3: Simplified West-East cross section of the center of the Hágöngur area with well HG-01 
and geological stratification (Landsvirkjun, 2006). 

2.1.2.3 Main geology formations 
Modern lava < 10.000 years 
This lava belongs to the Veiðivötn system. The main modern lavas in the reservoir’s 
area are Hágönguhraun (háh) and Sveðjuhraun (svh), but there is also Köldukvíslhraun 
lava which comprises two types: koa and kob. The oldest and largest lava is 
Hágönguhraun (about 8000 years old), which forms the southern edge of the reservoir. 
Sveðjuhraun and Köldukvísl lava’s ages have not been determined yet, but it is clear 
that they are younger than Hágönguhraun (G. Vilmundardóttir & Kaldal, 1995). 
 
Interglacial lava flow 
There have been identified four categories of interglacial lava flow, two of which 
belong to low spread eruptions. The first category is Hágöngudilabasalt (hd), which is 
among the youngest volcanic formation in the area and it is located under the 
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Krosshnúkaólivínþóleiít (kó) inter glacial lava flow. The next two ones are 
Krosshnúkaólivínbasalt (kó) and Þverölduþóleiítt (þþ), which are the largest lava 
formations. The former one is found in the area of Tungnafellsjökull and south Þúfuver, 
west to the Þjorsá River and along Hágöngur. 
 
Finally, there is the Líparítsöðull formation, located northwest of Syðri Háganga (G. 
Vilmundardóttir & Kaldal, 1995). 
 
Tuff 
This material belongs to the Tungnafellsjökuls-Hágöngu volcanic system. It is divided 
into two main categories: Hágöngumóberg younger (hy) and older (he). It is believed 
that they have been formed in the penultimate interglacial period of about 200 thousand 
years ago, however no direct age verification has been made within the area. Tuff with 
unknown age has been classified as Óskilgreint móberg or undifined tuff (óm) (G. 
Vilmundardóttir & Kaldal, 1995). 
 
Rhyolite 
This material belongs to the interior of the Hágöngur Central volcano, most notably to 
the Syðri-Háganga (1284 m.a.s.l) and Nyðri-Háganga (1275 m.a.s.l) domes. However, 
rhyolite can be found at lower altitudes in the country (G. Vilmundardóttir & Kaldal, 
1995). 
 
Tillite 
Tillite is a prominent unit on the area. Glacial layers of tillite are thick and prominent 
west towards Þjórsá River basin. They are made up of several glacial periods and often 
indicate clearly that the material has been applied extensively in rhyolite areas (G. 
Vilmundardóttir & Kaldal, 1995). 

2.1.2.4 Faults 
There are not so many faults in the area, but there is an eastern edge of a fracture zone 
that extends from the Tungnafellsjökuls glacier to the south of Þúfuver. The main rift 
within the area is the western edge of Vonarskarð basin northeast Nyrðri-Háganga. 
There has been observed faults with a ENE alignment which show subsidence to the 
East, however, there are also faults with a NNE and NW-SE alignment, including the 
ones in the Nyrðri-Háganga area (G. Vilmundardóttir & Kaldal, 1995). 

2.1.3 Surface manifestations 

Surface manifestations were identified during the fieldwork executed in 1995 by a team 
of scientists from Orkustofnun. There were recognized three individual clusters of steam 
and mud pools in the Hágöngur area. The first one is a small cluster located in fluvial 
sediments north of the Sveðjuhraun Holocene lava field, which comprises two patches 
of steam and mud pools. The second one is a similar cluster buried by the Sveðjuhraun 
lava field, where mineral encrustations and steam outflow are noticed only in the near 
center of the Sveðjuhraun’s lava tongue. Finally, the largest cluster is located in fluvial 
sediments west of Sveðjuhraun, comprising about five patches of steam vents and mud 
pools (Jonsson, Gudmundsson, & Palsson, 2005). 
 
Taking into account the distribution of geothermal surface manifestations, it has been 
estimated that the size of the geothermal area is at least 10 km2 and it could possibly 
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reach 40 km2. Figure 4 shows the minimum and maximum extents of the system 
predicted by (Fridleifsson, Olafsson, & Bjarnsson, 1996). 
 

 
Figure 4: Surface geothermal activity in the Hágöngur thermal area, resistivity and estimated size 
of the reservoir based on  (Karlsdottir, 2000). 

2.1.4 Geophysical information 

According to the 3D inversion model executed in 2013 that used data from the MT 
soundings of August 2011, April 2013 and August 2013, with corrections based on 
previous TEM surveys (April 1998, March 2007), the Hágöngur geothermal field has a 
resistivity structure of a conventional high temperature system on inland Iceland. 
 
It presents a low resistivity cap from 100 to 600 m depth under surface, as illustrated in 
Figure 5. This resistivity cap is underlain by a high resistivity core that starts at 800 m 
depth under surface (at sea level), as shown in Figure 6; and finally there is a deep 
seated low resistivity body that indicates the heat source of the geothermal system, 
comprising three anomalies that start being seen at 1800 m depth under surface (or 1000 
m.b.s.l), as shown in Figure 7 and that get connected at 2300 m depth under surface (or 
1500 m.b.s.l), as illustrated in Figure 8 (Karlsdóttir & Vilhjálmsson, Hágöngur 
Geothermal Area, Iceland. 3D Inversion of MT Data., 2013). 
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Figure 5: Resistivity at 100 m depth or 700 m.a.s.l.(Karlsdóttir & Vilhjálmsson, Hágöngur 
Geothermal Area, Iceland. 3D Inversion of MT Data., 2013). 

 
Figure 6: Resistivity at 800 m depth or sea level(Karlsdóttir & Vilhjálmsson, Hágöngur Geothermal 
Area, Iceland. 3D Inversion of MT Data., 2013). 

 
Figure 7: Resistivity at 1800 m depth or 1000 m.b.s.l. (Karlsdóttir & Vilhjálmsson, Hágöngur 
Geothermal Area, Iceland. 3D Inversion of MT Data., 2013). 
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Figure 8: Resistivity at 2300 m depth or 1500 m.b.s.l. (Karlsdóttir & Vilhjálmsson, 2013). 

Regarding the location of the cap rock, it is well represented in the TEM survey of 
2007. This survey shows the location of the low resistivity cap, hence of the cap rock, 
from the surface up to a depth between 800 to 100 m (at sea level). Figure 9 illustrates 
the results of the TEM survey at sea level, revealing a high resistivity core surrounded 
by the low resistivity cap at this depth. The red stars present surface manifestations and 
the red arrows indicate heat flow at 200–500 meters depth (Karlsdóttir & Vilhjálmsson, 
2013). 
 

 
Figure 9: Resistivity at sea level according to the TEM survey 2007. It reveals the high resistivity 
core surrounded by the low resistivity cap at this depth. (Karlsdóttir & Vilhjálmsson, 2013). 
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2.1.5 Geochemical information 

Results from geochemical analysis of steam and water samples collected in 1995 in the 
Hágöngur area showed very high concentrations of methane, nitrogen and mercury in 
comparison with the Vonarskarð high temperature area, located northeast of the 
Hágöngur site. However, with respect to hydrogen and hydrogen sulfide, the Hágöngur 
samples had much lower concentrations than the sample taken in the Vonarskarð 
area(Fridleifsson, Olafsson, & Bjarnsson, 1996). In order to infer the temperature of the 
reservoir, several geothermometers were applied to the samples, obtaining the results 
shown in Table 1. As it can be noticed, the temperature of the reservoir is estimated to 
be in the range of 287-299 °C. 
 
Table 1: Results of gas chemical thermometers in the Hágöngur geothermal area (Jonsson, 
Gudmundsson, & Palsson, 2005). 

Sample Location CO2 
(°C) 

H2S 
(°C) 

H2 
(°C) 

CO2/H2 
(°C) 

H2S/H2 
(°C) 

Average 
(°C) 

95-0127 Hágöngur 281 293 288 292 283 287±5 
95-0128 Hágöngur 286 297 294 298 291 293±5 
95-0129 Hágöngur 303 311 298 295 286 299±5 
95-0130 Hágöngur 282 297 287 290 277 287±6 
95-0133 Hágöngur 310 299 294 288 290 296±7 
95-0135 Vonarskard 284 324 311 321 299 308±17 

2.1.6 Data from Well HG-01 

The first exploration borehole in the Hágöngur geothermal area, well HG-01, was 
drilled on the northern flank of the Sveðjuhraun lava flow, in the central part of the 
resistivity anomaly, up to a depth of 2360 m. 
 
Figure 10 shows a simplified lithology structure of the well. As it can be noticed, there 
are intercalated tuffacious hyaloclastites and interglacial lava successions in the 
uppermost 330 m, but intrusives are barely notable. From 330 meters down to about 
760 m depth, there is a thick acidic rock formation, which is intersected by a roughly 
100 meters thick coarse-grained basaltic layer. A fairly homogeneous hyaloclastite 
formation, mostly of highly altered tuffs, underlies the acidic intrusion and reaches a 
depth of about 940 m. From that point an almost uniform succession of basaltic 
extrusive and intrusive formations reaches a depth of about 2200 m, where an acid 
intrusion extends to down to the bottom of the well, intersected by a 60 m thick 
gabbroic intrusion(Jonsson, Gudmundsson, & Palsson, 2005). 
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Figure 10: Simplified lithology and distribution of alteration minerals in well HG-01(Jonsson, 
Gudmundsson, & Palsson, 2005). 

The alteration minerals identified during the borehole drilling indicate that the alteration 
temperature of the reservoir is confined inside the boundaries of the boiling point curve, 
as shown in Figure 11. An explanation for this could be the notable deposition of 
calcite. On the other hand, fast heating is observed in the upper 800 meters than near the 
bottom, where a uniformly increasing temperature is expected 0(Jonsson, 
Gudmundsson, & Palsson, 2005). 
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Figure 11: Formation temperature indicated by alteration minerals, with boiling curve and two 
measured temperature logs from HG-01 (Jonsson, Gudmundsson, & Palsson, 2005). 

2.2 CONCEPTUAL MODELING 

A conceptual model is a concise and consistent descriptive interpretation of a 
geothermal system in terms of its structure, processes involved and its response to 
production and reinjection scenarios. It brings together all geological, geophysical and 
geochemical data available in addition to temperature and pressure data analysis, 
requiring the participation of multiple geoscientific disciplines(Grant & Bixley, 2011). 
Furthermore, it gives an insight of the location of heat sources, up flows, recharge areas 
and size of the reservoir (Mutugi Mwarania, 2014), providing a clearer rationale for 
well targeting and field development (Grant & Bixley, 2011). 

2.3 NUMERICAL MODELING 

Numerical modeling is a fundamental and strongly interacting instrument in geothermal 
reservoir engineering, that studies the geothermal reservoir behavior by solving the 
balance equations of mass, momentum and energy in the particular volume in which 
hydrothermal circulation of fluid occurs. As a consequence, this tool is very important 
for the definition of a geothermal reservoir potential, and for understanding the 
hydrogeological behavior and heat transport in the reservoir under a certain utilization 
rate, allowing us to define and progressively modify the management strategy of the 
geothermal field, an optimal location of production and reinjection wells and the best 
reinjection strategy (Franco & Vaccaro, 2013). 
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3. METHODOLOGY 

The present study involved an initial processing of all geological, geophysical, 
geochemical and downhole data available for the reservoir, through the usage of 
Geographic Information System (GIS) tools and 3D visualization software like 
RockWorks16, Google SketchUp and AutoCAD. In addition, stratigraphy models, 
resistivity data and estimated temperatures were used to create a few versions of the 
conceptual model of the reservoir in RockWorks16. Finally, there were developed two 
different versions of the natural state model of the reservoir using the TOUGH2 
simulator and its interface PetraSim. A simplified diagram of the methodology is shown 
in Figure 12, whereas a detailed explanation of the different steps carried out is 
presented in Sections 3.1, 3.2 and 3.3. 
 

 
Figure 12: Methodology diagram. 

3.1 INITIAL INFORMATION PROCESSING 

3.1.1 Geographic Information System (GIS) analysis 

The QGIS2.8.2 Software was used to visualize and overlap the information available in 
the Hágöngur geothermal area in terms of topography, geology, faults, fractures and 
surface manifestations. The whole data was restricted and clipped into the same 
extensions, having the HG-01 borehole as a central point, as it is expected to be located 
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in the middle of the resistivity anomaly of the reservoir. The coordinates of the study 
area are presented in Table 2, covering a total surface of 71 km2. 
 

Table 2: Extension of the study area in QGIS. 

Coordinate 
Datum: WGS84 
UTM Zone: 27 N 

mE mN 
1 637139.0 7169535.3 
2 643606.1 7165787.7 
3 638885.3 7157526.2 
4 632317.8 7161309.3 

 
Faults, hyaloclastite ridges and the proposed caldera rim were digitized over the base of 
the “Map of Geothermal Surface Manifestations and Tectonics”(Jóhanesson & 
Friðleifsson, 2006), in conjunction with topographic isolines and faults shape files 
provided by Landsvirkjun. 
 
Topographic isolines with 5m intervals where used to create a rasterized Digital 
Elevation Model (DEM) using the Triangulate Irregular Network (TIN). With this 
model it was possible to assign an elevation value to the whole reservoir area. 
 
On the other hand, resistivity coordinates used in the 3D Inversion of MT Data were 
plotted in QGIS2.8.2 and clipped to the reservoir extensions. There were selected 1138 
points for representing 1138 imaginary boreholes, assigning geological and 
topographical features to them through the “Point sampling tool” plugin. Names, 
coordinates and geological features of each imaginary borehole were exported from 
QGIS2.8.2 through Coma Separated Value (CSV) files, and they were further organized 
and processed in Excel using Macros, in order to utilize them in Rockworks16. 
 
Furthermore, the low resistivity cap representing the cap rock of the reservoir, was 
digitized over the maps generated after the TEM modeling of 2007(Karlsdóttir, 
Vilhjálmsson, Eysteinsson, & Árnason, 2007). Internal and external contours of the low 
resistivity cap (with resistivity under 10 Ωm) were digitized at depths ranging from 0 to 
750 m.a.s.l. with an interval of 50 meters. The created shape files were exported as DXF 
files for the development of 3D surfaces of the top and bottom layers of the cap rock 
using Google SketchUp and AutoCAD2015. 
 
Finally, the nodes of all faults and hyaloclastite ridges in the reservoir were extracted 
from QGIS2.8.2 and exported as CSV files for their use in PetraSim. 

3.1.2 RockWorks 16 

The Software RockWorks16 was used to develop resistivity, lithology and stratigraphy 
models of the reservoir based on MT resistivity measurements, lithology information of 
the HG-01 borehole and geological information of the area extracted from QGIS2.8.2. 
 
The models were created in a new project under the WGS84 System and UTM Zone 
27 N. A location file elaborated in Excel was used to import the location of the 1138 
imaginary boreholes, including their elevation and total depth. Once imported, the 
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project’s extension was restricted to the boreholes values, giving the dimensions and 
nodes spacing presented in Table 3 for the X, Y and Z directions. 
 
Table 3: Project’s extension in RockWorks 16. 

Dimension 
Datum WGS84 / UTM Zone: 27 N 

Spacing of nodes Unit 
Minimum value Maximum Value 

X 632,600 643,600 50 m 
Y 7,157,600 7,169,400 50 m 
Z -2,920 1,060 20 m.a.s.l 

 
The first goal from the use of the RockWorks 16 Software to create a 3D solid model of 
the resistivity data obtained from the MT measurements executed in the area. Resistivity 
values of the 1138 imaginary boreholes from 8 to 3696 m depth were imported from an 
Excel file into the P-Data borehole manager and then processed in an Inverse-Distance 
Anisotropic model. This model uses the Inverse-Distance algorithm, where a voxel node 
value is assigned based on the weighted average of neighboring data points, and the 
value of each data point is weighted according the inverse of its distance from the voxel 
node, taken to a power (an exponent of "2" = Inverse-Distance squared, "3" = Inverse-
Distance cubed, etc.)(RockWare, 2015). 
 
Two different models were built using the Inverse-Distance algorithm; one with filtered 
values under 1000 Ωm and another one with filtered values 600 Ωm, to avoid 
processing measurement errors that result in higher resistivity values. There were also 
developed Resistivity Fence Diagrams and horizontal planes for both models, in order 
to have a better visualization of the resistivity anomalies in different directions of the 
reservoir. 
 
On the other hand, the second goal of the RockWorks16 usage was developing a 3D 
lithology model, which summarizes geology features of the reservoir and lithology 
information of the HG-01 borehole. There were identified 17 different lithology 
formations (as shown in Figure 13) and 75 different arrangements of them for the 1138 
boreholes. Each lithology arrangement started with a rock type consistent with the 
geology feature found on each borehole location. The stratification was intended to be 
similar to the one of borehole HG-01, but changing the depths of the different layers 
according to the caldera rim’s location and the subsidence of the base stationary magma 
chamber (around 300 m). 
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Figure 13: Formations inserted in the lithology model. 

Finally, another goal to achieve in the RockWorks16 project was to create different set 
of layers or boundaries for their use in PetraSim. This was done by using stratigraphy 
models that summarized the lithology stratification of the area. The first step in order to 
make these stratigraphy models, was grouping the 14 lithology types into 7 stratigraphy 
formations (as shown in Figure 14), avoiding repeating them along each structure and 
keeping a consistent order in all cases. 
 

 
Figure 14: Formations used in the stratigraphy model. 

Once having proper stratigraphy distributions for the 1138 boreholes, it was ran the 3D 
Stratigraphy Structural Model option which allowed to generate grids for the upper and 
bottom layers of each stratigraphy unit. At the end, there were produced 2 different 
stratigraphy arrangements, whose grid layers were exported as text files (ASCII format) 
for their use in the PetraSim Software. Figure 15 shows of the stratigraphy grids 
generated for the first stratigraphy model structure. 
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Figure 15: Generated grids for the first stratigraphy model structure. 

3.1.3 Google SketchUp and AutoCAD 

The reservoir’s cap rock was digitized in 3D using the Google SketchUp software. DXF 
files with internal and external contours representing the bottom and top layers of the 
low resistivity cap were imported in the program assigning its corresponding depth. 
Contours were exploded and linked together using the Sandbox tool, in order to make 
solid surfaces of the internal and external boundaries of the cap rock. These solid 
surfaces were exploded again in AutoCAD for the creation of triangular faces, as shown 
in Figure 16. 
 

 
Figure 16: Bottom surface of the cap rock in Google SketchUp (left) and AutcoCAD (right). 
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The resulting cap rock surfaces were exported again as DXF files for their use in 
PetraSim as internal boundaries. It is important to mention that the cap rock surfaces 
had to be expanded to the PetraSim model extensions, in order to allow the program 
generating new regions among the layers. 
 
Similarly, DXF files containing faults locations were exported from QGIS2.8.2 to 
Google SketUp, where they were transformed into 3D solid surfaces for their use in 
RockWorks 16 in the developing of conceptual models. Figure 17 shows the 3D 
surfaces created in Google SketchUp. 
 

 
Figure 17: 3D faults surfaces created in Google SketchUp. 

 

3.2 CONCEPTUAL MODELING 

In the present study, two versions of the reservoir’s conceptual model were created 
using the PetraSim Software. Text files of the top and bottom stratigraphy units created 
previously in RockWorks16 were imported into PetraSim as layers divisions of the 
model, whereas 3D DXF files of faults and surfaces of the cap rock were imported as 
internal boundaries. 
 
On the other hand, predicted temperature isosurfaces, location of the heat source and 
fluid flow patterns were placed manually over the base of the previous inputs. 
Temperature isosurfaces were based on downhole data of well HG-01 and its design 
followed the elevation of the different stratigraphy layers. Moreover, the heat source 
location was set based on previous resistivity assessments and the flow patterns were 
defined based on the heat source and cap rock´s location as well as the expected low 
permeability areas near faults.  
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3.3 NUMERICAL MODELING 

Two numerical models of the reservoir´s natural state were created, matching up 
stratigraphy elevation information, resistivity data, heat sources and rock properties of 
the reservoir, using the TOUGH2 numerical simulator via the graphical user interface 
PetraSim. Boundaries, layers, rock properties, cap rock, heat sources, well and faults 
were established in order to develop the numerical models. The set up of each one of 
them is explained in the following paragraphs. 

3.3.1 Boundary definition 

For each model, a different file was created in PetraSim specifying the simulator, 
equation of state (EOS) module and extents of the model. The simulator mode in all 
cases was set as TOUGH2. In the case of the EOS, PetraSim supports many EOS 
options for defining the possible phase condition of the reservoir. Each EOS has a 
different set of primary variables (such as pressure, temperature, and mass fractions), as 
presented in Table 4. 
 

Table 4: States corresponding to initial condition options (Thunder Head Engineering, 2015). 
EOS Description 

1 Water, water with tracer 
2 Water and CO2 
3 Water and air 
5 Water and hydrogen 
7 Water, brine, and air 

7R Water, brine, two radionuclides, and air 
9 Saturated-unsaturated flow (used for vadose zone) 

EWASG Water, NaCl, non-condensable gas 
ECO2 Water, brine, and CO2 for sequestration studies 

 
For the purposes of the study, the EOS1 type was selected for all the models, assuming 
that the geothermal fluid is pure water along the reservoir. Finally, the extents of the 
models were set identical to the extents of the RockWorks16 project for the X and Y 
directions, but having a minimum value in the Z direction of -2140 m, as shown in 
Figure 18.  

 
Figure 18: Specification defined in the new model dialog. 
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3.3.2 Layers creation 

Text files in the ASCII format containing X, Y and Z data, were used to create the top 
and base surfaces of the model layers. As PetraSim does not allow overlapping 
stratigraphy layers, only Dacite, Basalt and Rhyolite layers could be set identically as 
the stratigraphy grids created in RockWorks16. In the case of the grids that represent 
Tuff, Tillite, Glaciofluvial deposits and Modern lava, they had to be summarized in a 
single Tuff layer whose base was the Rhyolite top layer and whose top was a planar 
surface set at 1060 m.a.s.l (maximum elevation in the model extents). 
 
Each layer was assigned a unique color and material property. Figure 19 shows the final 
layer distribution for the first stratigraphy structure created in RockWorks16. 
 

 
Figure 19: Layer distribution for Stratigraphy model 1. 

3.3.3 Solution mesh 

Defining a solution mesh required two steps. The first one was specifying divisions in 
the Z dimension per layer in the Layer Manager dialog. Then a mesh for the X and Y 
dimensions was created using the Create Mesh dialog (Thunder Head Engineering, 
2015).  
 
In the case of the Z dimension, divisions were set up using the “Regular” function 
where a fraction of each layer was divided into a specified number of cells(Thunder 
Head Engineering, 2015). The number of cells specified per layer area for all the models 
is summarized in Table 5, whereas a graphical example of the creation of Z divisions is 
provided in Table 5. 
 

Table 5: Vertical number of cells per layer. 

Layer Vertical number of cells 
Tuff 3 

Rhyolite 3 
Basalt 5 
Dacite 5 
Total 16 
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Figure 20: Custom layer in the Z dimension. 

As for the X and Y dimensions, PetraSim provides three types of solution meshes 
(Thunder Head Engineering, 2015): 
 

• Regular – cells are rectangular hexahedrons.  
• Polygonal – uses extruded Voronoi cells to conform to any boundary and 

support refinement around wells.  
• Radial – represents a slice of an axisymmetric cylindrical mesh. 

 
For the present study a polygonal mesh was selected, entering the maximum area of the 
mesh elements, adjacent wells and boundaries of the model. It was decided to use this 
type of mesh among the others, for its fewer requirements of model elements and its 
shorter run times. 
 
The maximum cell area was calculated expecting a theoretical maximum number of 
cells of 5000. In that sense, an area of 415360 m2 was estimated and typed into the mesh 
dialog. Table 6 summarizes the calculations made for the maximum cell area 
calculation. 
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Table 6: Estimation of maximum cell area based on model extents. 

Description Value Unit 
Length of the model (X direction) 11000 m 
Length of the model (Y direction) 11800 m 
Total depth of the model (Z direction) 3200 m 
Total volume 4.1536E+11 m3 
Total N° cells Z direction (set) 16 - 
Expected N° of cells in the model 5000 - 
Expected N° of cells in X and Y direction 313 - 
Expected N° of cells in the X direction 18 - 
Expected N° of cells in the Y direction 18 - 
Length of cell X direction 622 m 
Length of cell Y direction 668 m 
Length of cell Z direction 200 m 
Maximum cell area in the X and Y direction 415360 m2 

 
The minimum refinement angle was set as default in 30°, whereas the maximum area 
near wells was set as 1000 m2. Moreover, the location of faults and hyaloclastite ridges 
nodes obtained from QGIS2.8.2 were placed in the additional refinement dialog, with 
their X and Y coordinates and a cell area of 40000 m2 around them, defining a final 
number of cells of 13312 for both models. 

3.3.4 Materials and rock properties 

Materials are used to define permeability and other properties of the different geological 
formations to be modeled. They can be assigned by layer, region or to individual 
cells(Thunder Head Engineering, 2015). In the case of the study, materials were 
specified by layer. 
 
The basic material data includes the following (Thunder Head Engineering, 2015): 
 

• Name - The material name that will be written to the TOUGH input file. 
• Description - A longer description for user clarity.  
• Color – The color that will be used in the 3D and Results Views to color cells 

and regions when the cell or region color option is set to “Material.”  
• Rock Density 
• Porosity 
• X, Y, and Z Permeability 
• Wet Heat Conductivity 
• Specific Heat 

 
Table 7 shows the material properties used for the Tuff, Rhyolite, Basalt and Dacite 
layers. 
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Table 7: Material properties specified in the models (Sources 1, 2, 3, 4, 5, 6 and 7). 

Name Rock 
Density(kg/m3) 

Porosity 
(%) 

X, Y, Z 
Permeability 

(mD) 

Wet heat 
conductivity 
(W/m*°C) 

Specific 
heat 

(J/kg*°C) 
Tuff 27501 27.81 367 1 0.30 2,5 11003 

Rhyolite 26501 11.61 0.028 1 3.00 2 10602 

Basalt 28601 7.11 3.75 1 1.7 4 840 5 

Dacite 1950 6 107 1.017 0.69 2 11702 

Note: 
1(Stefánsson, et al.., 1997) 

2(Wohletz & Heiken, 1992) 

3(Heiken, 2006) 

4(Hjartarson, 2015) 
5 (Eppelbaum, Kutasov, & Pilchin, 2014) 
6(Ágústsdóttir, 2009)(Heiken, 2006) 
7 (Zou, 2013) 

3.3.5 Cap rock 

The top and bottom layers of the reservoir’s cap rock were introduced in the model as 
internal boundaries, uploading the DXF files created previously in Google SketchUp 
and AutoCAD. Internal boundaries representing the cap rock structure are shown in 
Figure 21. 
 

 
Figure 21: Cap rock internal boundaries. 

Uploading the cap rock internal boundaries over the layers introduced previously, 
several regions were formed. These new regions (contoured by green lines in Figure 
21), allowed the modification of the permeability in specific parts of the layers, which 
was set as 0.0001 mD (very low permeability). 
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3.3.6 Initial conditions 

The numerical model was assumed to have pure water as a fluid. All water properties 
into the TOUGH2 model simulations were obtained from equation-of-state module 
EOS1, which contains steam table equations as given by the International Formulation 
Committee (1967)(Pruess, Oldenburg, & Moridis, 2012). 
 
In order to create initial pressure and temperature conditions for the models, separate 
PetraSim files with the same solution mesh established previously were created. Under 
these files, material properties of all the layers were maintained uniform, with the 
following values: 
 

• Rock density: 2600 kg/m3 

• Porosity: 0.1 
• X, Y, Z Permeability: 101.325 mD 
• Wet heat conductivity 2 W/m*°C 
• Specific heat: 1000 J/kg*°C 

 
The first row cells were set to a fixed state with a temperature of 10°C and pressure of 
8.85x104 Pa or 0.8 Bar-a, which represents the pressure at the top elevation of the 
model. Other cells were assigned to have regional boundary conditions with constant 
pressure of 8.85x104 Pa and temperature gradient of 100°C/km. The temperature 
gradient was established in the boundary conditions using Equation (1): 
 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(°𝐶) = 116 − 0.1𝑍    (1) 
 
After a first simulation of 1000 years, there were created SAVE files that were loaded 
again as initial conditions into new Petrasim files. In the last files, pressure conditions 
were modified manually per layer, assigning hydrostatic pressure values to each one of 
them as a function of depth. Hydrostatic pressures per mesh layer row were calculated 
based on saturated liquid densities and saturation temperatures at different depths using 
Steam Tables. 
 
Pressure in the top layer (with an average elevation of 1006.4 m), was estimated using 
Equation (2): 
 

𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑒𝑒𝑎𝑒𝑎𝑎ℎ𝑒𝑒𝑒𝑒 − 𝜌𝑒𝑒𝑒(0℃) × 𝑔 × 𝑇𝑒𝑇𝑒𝑇𝑇𝑒𝑒𝑒  (2) 
 
Where: 
 

• 𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the pressure at certain elevation 
• 𝑇𝑒𝑒𝑎𝑒𝑎𝑎ℎ𝑒𝑒𝑒𝑒 is the atmospheric pressure, equal to 101300 𝑘𝑘

𝑎×𝑎2
 or 101300 Pa 

• 𝜌𝑒𝑒𝑒(0℃) is the air density at 0°C or 1.293 𝑘𝑘
𝑎3 

• 𝑔 is the gravity, equal to 9.81 𝑎
𝑎2

 
 
Subsequent pressures were computed using Equation (3): 
 

𝑇𝑒+1 = 𝑇𝑒 + 𝜌𝑒 × 𝑔 × (𝑧𝑒+1 − 𝑧𝑒)    (3) 
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Where: 
• 𝑇𝑒 is the pressure at elevation i 
• 𝑇𝑒+1 is the pressure at elevation i+1 
• 𝜌𝑒 is the saturated liquid density at the elevation i 
• 𝑔 is the gravity, equal to 9.81 𝑎

𝑎2
 

• 𝑧𝑒 is the elevation i 
• 𝑧𝑒+1 is the elevation i+1 

 
Table 8 shows the calculated pressures, densities and saturation temperatures of the 
fluid per mesh layer row using the Steam Tables. 
 
Table 8: Pressure values calculation per mesh row layer (Own elaboration using Steam tables by 
Magnus Holmgren according to IAPWS IF-97). 

Row Elevation Depth Pressure Pressure Density Saturation Temperature 
N° (m) (m) (Pa) (Ba) (kg/m3) (°C) 
1 1006.395 0.0 88534.6 0.9 961.0 96.2 
2 899.185 107.2 1099272.4 11.0 882.7 184.0 
3 791.97 214.4 2027626.1 20.3 848.9 213.1 
4 673.38 333.0 3015254.2 30.2 821.5 234.1 
5 543.415 463.0 4062643.4 40.6 797.0 251.3 
6 413.445 593.0 5078798.1 50.8 775.8 264.9 
7 224.445 782.0 6517169.8 65.2 748.4 281.0 
8 -24.07 1030.5 8341798.9 83.4 716.3 297.9 
9 -272.595 1279.0 10088230.9 100.9 686.9 311.6 
10 -521.12 1527.5 11763016.9 117.6 659.1 323.2 
11 -769.645 1776.0 13369962.8 133.7 632.1 333.0 
12 -1018.52 2024.9 14913133.1 149.1 605.1 341.7 
13 -1267.74 2274.1 16392467.0 163.9 577.4 349.3 
14 -1516.95 2523.3 17804030.3 178.0 548.0 356.1 
15 -1766.17 2772.6 19143867.4 191.4 515.6 362.1 
16 -2015.39 3021.8 20404323.9 204.0 476.7 367.4 

 
Pressure and temperature values were modified manually in order to have a first 
approximation to measured values in the Well HG-01 and a coherent distribution with 
depth. After the proper setting of pressures per mesh layer row, TOUGH2 was ran again 
for 1000 years and the new SAVE files were loaded as initial conditions in the main 
simulation files, where temperature and pressure values in some cells were adjusted 
manually as guided by the conceptual model. 

3.3.7 Heat sources 

Heat sources with a constant flux of 0.5 J/(s*m2) or 0.5 W/m2 were added into selected 
group of cells around the middle of the resistivity anomaly. Additionally, the bottom 
layer was set with a constant heat flux of 0.25 J/(s*m2) or 0.25 W/m2, which is the 
maximum heat flux value for the Hágöngur area according to the Iceland Heat Flow 
map(Hjartarson, 2015). 
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3.3.8 Faults 

Faults were represented in the model by smaller cells with high permeability. In that 
sense, the cells refined during the mesh were selected vertically and edited with a 
permeability factor of 103, as shown in Figure 22. It is important to mention that it was 
not assigned any permeability factor to cells within below the cap rock and in the 
bottom layer of the model, to avoid fluid infiltration. 
 

 
Figure 22: Faults settings. 

3.3.9 Well HG-01 

Well HG-01 was added into the models in order to be able to compare simulation results 
with real measured data; however, no production rates were assigned to it. The well was 
added by inserting X, Y and Z values in the “Add well” dialog, as shown in Figure 23. 
 

 
Figure 23: Add well dialog. 
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4. RESULTS 

4.1 INITIAL INFORMATION ANALYSIS 

4.1.1 GIS results 

A map summarizing geology formations and location of faults, surface manifestations, 
caldera rim and other surface exploration features was developed for the Hágöngur area 
and is presented in Figure 24. A TIN map created for the elevation interpolation of the 
area is shown in Appendix 1 
 

 
Figure 24: Surface exploration features of the Hágöngur area. 

As seen in Figure 24, the reservoir is delimited by a caldera rim with faults and 
hyaloclastite ridges mostly on its North-East flank. Superficial geology in the eastern 
side of the caldera rim is composed mainly by glaciofluvial deposits, modern lava, tuff 
and hyaloclastite formations. On the other hand, the western side of the caldera rim is 
composed mainly by interglacial lava flows, rhyolite in the Nyðri and Syðry Háganga 
domes, surrounded by tillite and tuff ridges. 

4.1.2 Resistivity models 

The 3D solid models for resistivity created in RockWorks16 using resistivity values 
under 600 and 1000 Ωm, are shown in Figure 25 and Figure 26 respectively. Fence 
diagrams of the models and horizontal slices at 100, 800 and 2300 meters depth, are 
shown in Appendix 2. 
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Figure 25: Isosurface resistivity model for values under 600 Ωm. 

 
Figure 26: Isosurface resistivity model for values under 1000 Ωm. 
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As seen in Figure 25 and Figure 26 and in accordance to the 3D Inversion of MT Data 
developed for the reservoir, there is a low resistivity cap near surface, followed by a 
high resistivity core that denotes the area where the system has reached or/and exceeded 
temperature of 250°C(Karlsdóttir & Vilhjálmsson, 2013). Fractions of the low 
resistivity body are seen at depth, indicating the heat source of the geothermal system.  
 
In spite of the proper resistivity structure along the models, not well defined low 
resistivity areas could be find, so conceptual and natural state models were developed 
on the basis of the resistivity results of the TEM survey of 2007 and the 3D Inversion of 
MT Data. 

4.1.3 Lithology model 

A solid lithology model for the Hágöngur area is given in Figure 27, whereas the 
striplog’s information used as an input for its creation is shown in Appendix 3. 
Moreover, a West-East cross section in the axis of Well HG-01, is displayed in 
Appendix 4 for a better visualization of the lithology distribution. 
 

 
Figure 27: 3D lithology model of the Hágöngur area. 

As shown in Figure 27, the upper layer of the Hágöngur reservoir is composed mainly 
by rhyolite, glaciofluvial deposits, modern lava and tuff ridges in the surface, followed 
by a thin basalt layer and then by a rhyolite layer that extends its edges to the highest 
elevation areas on top of the reservoir. Below these shallow layers, it is notable the 
presence of a thick basalt layer and finally a dacite layer in the bottom. 
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4.1.4 Stratigraphy models 

The two stratigraphy solid models developed for the Hágöngur area are presented in 
Figure 28 and Figure 29, whereas the striplog’s information used as an input for their 
creation is shown in Appendix 3. As in the case of the lithology model, a West-East 
cross section in the axis of Well HG-01 is displayed for the two stratigraphy models in 
Appendix 4. On the other hand, the grid surfaces of the stratigraphy layers which were 
later exported as text files for their use in PetraSim, are given in Appendix 5. 
 

 
Figure 28: 3D stratigraphy solid Model 1. 

 
Figure 29: 3D stratigraphy solid Model 2. 

The first stratigraphy model shown in Figure 28, follows the most probable pattern for 
the layers shape within the reservoir, where layers follow a gradual sinking of the 
stationary magma chamber in a V shape alignment. In contrast, the second stratigraphy 
model presented in Figure 29, shows planar shape layers in the middle of the magma 
chamber, with more pronounced slopes on the edges. 
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4.2 CONCEPTUAL MODELING 

Conceptual models per type of stratigraphy structure are shown in Figure 30 and Figure 
31. In both cases, faults and their greater permeability allow the recharge of fluid in the 
reservoir. In contrast, the cap rock situated near the surface and its low permeability 
reduces the cold fluid infiltration from the top and the upwelling of hot fluid from the 
bottom. 
 

 
Figure 30: Conceptual model 1. 

 
Figure 31: Conceptual model 2. 
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As illustrated in Figure 30 and Figure 31, a deep seated heat source allows the 
increment of temperature in the middle of the reservoir and the upwelling of hot fluid 
with less density. As the fluid ascends, it gets mixed with colder denser fluid near the 
cap rock zone and descends again, forming convection cells between the heat source 
and the cap rock area. 
 
The first model has higher pressure and temperature values within a thin zone in the 
middle of the reservoir, following the materials structure. In contrast, the second model 
has wide and planar temperature isosurfaces in the middle of the reservoir in accordance 
to the stratigraphy structure. 
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4.3 NUMERICAL MODELING 

4.3.1 Natural State Model for Stratigraphy structure 1 

4.3.1.1 Initial conditions 
Initial temperature and pressure conditions achieved in the first stratigraphy model after 
1000 years of simulation for a homogeneous media (same layer properties) are shown in 
Figure 32 and Figure 33 respectively, whereas a correlation graph between the 
simulated results and the measured values for Well HG-01 are illustrated in Appendix 6. 
 

 
Figure 32: Initial temperature conditions in stratigraphy model 1. 

 
Figure 33: Initial pressure conditions in stratigraphy model 1. 
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As shown in Figure 32, initial conditions in a uniform media have a temperature range 
of 9.87°C to 312 °C, with higher temperatures in the bottom of the reservoir in 
accordance to the temperature gradient. Higher temperatures in the middle of the 
reservoir are explained by the lower elevation of that part of the system. 
 
In the case of pressure, it can be noticed from Figure 33 that initial conditions have a 
linear distribution with depth, however pressure at the borders of the model are slightly 
higher than in the middle of the system, allowing cold fluid coming from the borders 
into the center, where it warms and ascends. Pressure ranges from 0.0879 MPa in the 
surface to 26.5 MPa in the bottom layer. 
 
After a time period of 1000 years, initial temperature and pressure simulated values 
have quite high discrepancy distributions with depth as downhole measured data in 
Well HG-01, as shown in Appendix 6.  

4.3.1.2 Results after layers setup 
After the initial conditions setting, rock properties for the different layers were 
introduced in the model without assigning lower permeability in the cap rock and 
without including neither heat sources nor faults, in order to see the models response to 
the first changes. Temperature and pressure distributions achieved in the model after the 
layers setup are shown in Figure 34 and Figure 35 respectively, whereas a correlation 
graph between the simulated results and the measured values for Well HG-01 are 
illustrated in Appendix 6. 
 

 
Figure 34: Temperature distribution after layers setup in stratigraphy model 1. 

As illustrated in Figure 34, rock properties of the different materials make the 
temperature decrease in the system. This could be explained for the less hot fluid 
upflow due to lower permeabilities of Basalt and Dacite layers. 
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Figure 35: Pressure distribution after layers setup in stratigraphy model 1. 

In contrast, there is a more homogeneous pressure distribution within the system, as 
shown in Figure 35. At the same time, it is seen a decrease in fluid inflow from the top. 

4.3.1.3 Results after cap rock setup 
The introduction of the cap rock permeability (0.0001 mD) into the system, results in 
the temperature and pressure distributions shown in Figure 36 and Figure 37 
respectively. A correlation graph between simulated results and measured values in the 
Well HG-01 are illustrated in Appendix 6. 
 

 
Figure 36:Temperature distribution after cap rock setup in stratigraphy model 1. 
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Figure 37:Pressure distribution after cap rock setup in stratigraphy model 1. 

As shown in Figure 36 and Figure 37, the cap rock represents a barrier for fluid 
transport, making the fluid direction being upwards above it and downwards below it. It 
also represents an increase in temperature, mostly in the upper part of the system; and 
an increase in pressure from the bottom of the cap rock to the bottom of the system, as 
illustrated in the correlation graph between simulated results and measured values of 
Well HG-01 in Appendix 6. 

4.3.1.4 Results after faults placement 
Temperature and pressure distributions achieved after assigning a permeability factor of 
1.0E3 in faults locations are shown in Figure 38 and Figure 39 respectively, whereas a 
correlation graph between the simulated results and the measured values for in the well 
are illustrated in Appendix 6. 
 
As shown in Figure 39, the placement of faults relieves the increase of pressure above 
the cap rock and increases the pressure below it by regulating the fluid outflow. The 
pressure curve therefore returned to a normal distribution as shown in Appendix 6. 
However, the temperature distribution increases as shown in Figure 38 and in Appendix 
6. 
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Figure 38: Temperature distribution after faults placement in stratigraphy model 1. 

 
Figure 39: Pressure distribution after faults placement in stratigraphy model 1. 

4.3.1.5 Results after heat source introduction 
A constant heat flux of 0.25 J/(s*m2) in the bottom layer along with punctual heat 
sources with a constant flux of 0.5 J/(s*m2) in the deepest middle part of the reservoir, 
result in the temperature and pressure distributions shown in Figure 40 and Figure 41 
respectively. A correlation graph between the simulated results and the measured values 
for Well HG-01 are illustrated in Appendix 6. 
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Figure 40: Temperature distribution after heat source introduction in stratigraphy model 1. 

 

 
Figure 41: Pressure distribution after heat source introduction in stratigraphy model 1. 

As shown in Figure 40 and Figure 41, the heat source placement does not seem to have 
much impact on the pressure and temperature distributions.  

4.3.1.6 Final natural state model 
After analyzing the different stages results in comparison to the conceptual models and 
the downhole data of Well HG-01, there were necessary some changes in temperature 
and pressure values in the layers mesh and in the Z direction permeability of Dacite. 
 
Temperature and pressure values were changed manually having as a reference 
downhole data of Well HG-01. Temperatures on the bottom layers can be considered as 
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a heat source. On the other hand, Z permeability of the last two bottom layers was 
decreased by a factor of 102 to avoid fluid infiltration. Additionally, it was added a high 
constant heat flux of 1.0 J/(s*m2) in the middle of the bottom layers. 
 
The final temperature distribution reached in the natural state model for the first 
stratigraphy structure is shown in Figure 42, whereas pressure results are illustrated in 
Figure 43. 
 

 
Figure 42: Natural state temperature distribution for model 1. 

 
Figure 43: Natural state pressure distribution for model 1. 
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According to the natural state model temperature distribution shown in Figure 42, 
temperatures vary from 9.7 °C in the surface to 322°C in the heat source location. 
 
A relatively uniform pressure distribution with depth is observed in the natural state 
model as shown in Figure 43. Pressure values vary from 0.038 MPa in the surface up to 
22.7 MPa in the bottom of the model (-2140 m depth). 
 
On the other hand, it is observed fluid upflow from high to low temperature areas next 
to the heat source zone, which is conditioned by the presence of the cap rock; therefore, 
slightly convection is noticed in both sides of the heat source. 
 
Finally, comparison graphs between observed and model simulated downhole pressure 
and temperature data are shown in Figure 44and in Appendix 6. Temperature values 
show a better match with depth than pressure values, which can be explained by the 
high grade of correlation between pressure and permeability. As the permeability in the 
Z direction of the bottom layer had to be decreased, pressure values on the layers above 
it increased due to more fluid upflow. 
 

 
Figure 44: Comparison between observed and model simulated downhole pressure (left) and 
temperature (right) for the natural state model 1. 
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4.3.2 Natural State Model for Stratigraphy structure 2 

4.3.2.1 Initial conditions 
The initial temperature and pressure conditions achieved in the second stratigraphy 
model after 1000 years of simulation for a homogeneous media are shown in Figure 45 
and Figure 46 respectively, whereas a correlation graph between the simulated results 
and the measured values for Well HG-01 are illustrated in Appendix 7. 
 

 
Figure 45: Initial temperature conditions in stratigraphy model 2. 

 
Figure 46: Initial pressure conditions in stratigraphy model 2. 

As shown in Figure 45, initial conditions in a uniform media have a temperature range 
of 10°C to 323 °C, with higher temperatures in the center of the reservoir.  
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As for the pressure, it can be noticed from Figure 46 that initial conditions have almost 
the same distribution with depth than the temperature, allowing fluid upflow from high 
to low pressure zones. Pressure ranges from 0.0879 MPa in the surface to 21 MPa in the 
bottom layer. 
 
Finally, initial conditions for the second model have a better pressure and temperature 
matching with well data than the first model, as shown in Appendix 7. 
 

4.3.2.2 Results after layers setup 
Temperature and pressure distributions achieved in the model after the layers setup are 
shown in Figure 47 and Figure 48 respectively, whereas a correlation graph between the 
simulated results and the measured values for Well HG-01 are illustrated in Appendix 7. 
 

 
Figure 47: Temperature distribution after layers setup in stratigraphy model 2. 

As shown in Figure 47, Figure 48 and in the correlation graphs of Appendix 7, 
temperature distribution decreases from the initial conditions, whereas the pressure 
shows a decrease in rhyolite, basalt and dacite layers. 



43 
 

 
Figure 48: Pressure distribution after layers setup in stratigraphy model 2. 

4.3.2.1 Results after cap rock setup 
After the introduction of cap rock properties, temperature values with depth increase as 
shown in Figure 49 and in Appendix 7.  
 

 
Figure 49: Temperature distribution after cap rock setup in stratigraphy model 2. 

On the other hand, the pressure profile increases but following the same trend as in the 
previous stage as shown in Figure 50 and Appendix 7. 
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Figure 50: Pressure distribution after cap rock setup in stratigraphy model 2. 

4.3.2.1 Results after faults placement 
The placement of faults does not make a huge impact on the model, however lower 
temperatures are observed near fault areas due to more fluid upflow, as shown in Figure 
51 and Appendix 7.  
 
On the other hand, pressure values have a better linear distribution with depth due to the 
relief of the pressure caused previously by the cap rock. Pressure results are shown in 
Figure 52 and Appendix 7. 
 

 
Figure 51: Temperature distribution after faults placement in stratigraphy model 2. 
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Figure 52: Pressure distribution after faults placement in stratigraphy model 2. 

4.3.2.1 Results after heat source introduction 
As noticed from Figure 53, Figure 54 and the graphs of Appendix 7 temperature and 
pressure distributions do not change after the heat source introduction in the bottom 
layers. 
 

 
Figure 53: Temperature distribution after heat source introduction in stratigraphy model 2. 
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Figure 54: Pressure distribution after heat source introduction in stratigraphy model 2. 

4.3.2.1 Final natural state model 
In order to achieve a proper natural state of the second stratigraphy model, temperature 
and pressure values of the cells were changed manually having as a reference downhole 
data of Well HG-01. Temperature value of 325 °C in the bottom layer can be considered 
as a heat source. On the other hand, Z permeability of the last two bottom layers was 
decreased by a factor of 102 to avoid fluid infiltration. It was added also a high constant 
heat flux of 1.0 J/(s*m2) in the middle of the bottom layers. The final temperature 
distribution under these conditions is shown in Figure 55, whereas pressure results are 
illustrated in Figure 56. 

 

 
Figure 55: Natural state temperature distribution for model 2. 
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Figure 56: Natural state pressure distribution for model 2. 

According to the natural state model, temperatures vary from 9.78 °C in the surface to 
325°C in the heat source location, as shown in Figure 55. 
 
A relatively uniform pressure distribution with depth is observed with the exception of 
higher pressures on the west side of the system, as shown in Figure 56. Pressure values 
vary from 0.0879 MPa in the surface up to 22.9 MPa in the bottom of the model (-
2140 m depth). 
 
On the other hand, it is observed fluid upflow from high to low temperature areas next 
and within the heat source zone, which is conditioned by the presence of the cap rock; 
therefore, slightly convection is noticed in both sides of the heat source. 
 
Finally, comparison graphs between observed and simulated downhole pressure and 
temperature data are shown in Figure 57 and in Appendix 7. Both, temperature and 
pressure values show a better match from 1000 meters depth in the well, which 
represents an elevation of 181 m.b.s.l. 
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Figure 57: Comparison between observed and model simulated downhole pressure (left) and 
temperature (right) for the natural state model 2. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

Two versions of conceptual and natural state models were developed for the Hágöngur 
geothermal system over the basis of two different stratigraphy structures. These models 
cover a superficial area of 129.8 km2 and a total thickness of 3.2 km, and they have the 
deep well HG-01 in the middle of the boundary in accordance with previous resistivity 
surveys. 
 
The natural state model for the first stratigraphy structure has a better correlation of 
pressure and temperature values with available downhole data of Well HG-01 than the 
model for the second stratigraphy structure. 
 
Parameters that affect the models the most are: Permeability in the Z direction, which 
represents an increase in pressure due to the increase in fluid inflow into the system; 
placement of the cap rock, that leads an increase in pressure on top of it and a 
disturbance in temperature values; and finally the initial pressure conditions set for the 
boundaries of the system, which conditions the direction of the fluid inflow into the 
system and the formation of convection cells on both sides of the high temperature area 
of the system. 
 
It is recommended updating both, conceptual and natural state models when more 
downhole information is available. It is recommended also the usage of these numerical 
models to assess the uncertainty in the production capacity of the reservoir, and the 
location of potential drilling targets. 
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Appendix 1: Triangulate Irregular Network Map of the Hágöngur area 

 
Figure 58: Triangulate Irregular Network Map of the Hágöngur area. 
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Appendix 2: Resistivity Fence Diagrams and Horizontal Planes 

 
Figure 59: Resistivity Fence diagram for values under 600 Ωm. 

 
Figure 60: Resistivity Fence diagram for values under 1000 Ωm. 
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Figure 61: Resistivity horizontal plane at 100 m depth for values under 600 Ωm. 

 
Figure 62: Resistivity horizontal plane at 800 m depth for values under 600 Ωm. 
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Figure 63: Resistivity horizontal plane at 2300 m depth for values under 600 Ωm. 

 
Figure 64: Resistivity horizontal plane at 100 m depth for values under 1000 Ωm. 
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Figure 65: Resistivity horizontal plane at 800 m depth for values under 1000 Ωm. 

 
Figure 66: Resistivity horizontal plane at 2300 m depth for values under 1000 Ωm. 
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Appendix 3: Lithology and stratigraphy striplogs 

 
Figure 67: 3D lithology striplogs of the Hágöngur area. 

 
Figure 68: 3D stratigraphy striplogs of the Hágöngur area-Model 1. 
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Figure 69: 3D stratigraphy striplogs of the Hágöngur area-Model 2. 
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Appendix 4: Lithology and Stratigraphy cross sections 

 
Figure 70: Lithology cross section. 
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Figure 71: Stratigraphy cross section Model 1. 
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Figure 72: Stratigraphy cross section Model 2. 
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Appendix 5: Stratigraphy grid surfaces 

 
Figure 73: Stratigraphy layers Model 1. 

 
Figure 74: Stratigraphy layers Model 2. 
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Appendix 6: Comparison between observed and model simulated downhole pressure and temperature for 
Stratigraphy Model 1 

 
Figure 75: Comparison between observed and model simulated downhole pressure (left) and temperature (right) at initial conditions. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 76: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after layers setup. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 77: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after cap rock setup. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 78: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after faults placement. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 79: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after heat source introduction. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 80: Comparison between observed and model simulated downhole pressure (left) and temperature (right) for the natural state model 1. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Appendix 7: Comparison between observed and model simulated downhole pressure and temperature for 
Stratigraphy Model 2 

 
Figure 81: Comparison between observed and model simulated downhole pressure (left) and temperature (right) at initial conditions. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 82: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after layers setup. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 83: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after cap rock setup. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 84: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after faults placement. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 85: Comparison between observed and model simulated downhole pressure (left) and temperature (right) after heat source introduction. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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Figure 86: Comparison between observed and model simulated downhole pressure (left) and temperature (right) for the natural state model 1. 

Note: Depth 0 is the top of the well, located at an elevation of 819 m. 
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