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Abstract 

The Nesjavellir geothermal power plant is the second largest in Iceland, with a district 
heating capacity of 300 MW and electrical generation of 120 MW. Reinjection of the 
excess water from the Nesjavellir geothermal plant, derived from separated water from 
high enthalpy wells and condensed steam, has affected the temperature of the shallow 
groundwater in the area. These discharges of warm water present a risk to cold water 
production for the power plant as well as the ecosystem in Lake Thingvellir, which is a 
UNESCO World Heritage Site. This study investigates the flow path of reinjected liquid 
and temperature of impacted groundwater for a better management of the discharge and 
injection in the area. A numerical model of the Nesjavellir warm wastewater re-
injection zone was developed using the TOUGH2 non-isothermal flow simulator 
program and incorporates a 3D geological model developed with Leapfrog Geothermal 
modeling software.  The model was calibrated against underground water temperature 
data measured between 1998 - 2018 from several monitoring stations located to the 
north of the power plant. Hydrological parameters such as porosity and permeability 
were further calibrated against data from a tracer test carried out in the area between 
2018-2019. Both models use the Multiple Interactive Continuum (MINC) method, 
which is a generalization of the dual-porosity method. Compared to the single-porosity 
model, the MINC method better replicates the fast and strong recovery of tracers found 
in the monitoring stations. The temperature model showed acceptable results that match 
the temperature field. While the tracer model closely matches the overall tracer return 
in some wells, the model underestimates tracer returns in others. However, the model 
reproduces the overall trend, with similar tracer arrival and concentration peaks for 
monitoring stations located over main structures acting as permeable channels. Two 
future scenarios were simulated for a period of 20 years, one in which injection 
continues and another in which the injection is completely stopped. The numerical 
model in this study improves understanding of the connections between injection wells 
and monitoring stations, along with better characterization of the fracture matrix 
interface and the porosity of postglacial lava flows. Therefore, it can be useful in 
providing a basis for sustainable management of the geothermal resource and the 
surrounding environment. 

 
  



    

 

Reiknilíkan af grunnri niðurdælingu og flutning ferilefna í 
Nesjavallavirkjun, Íslandi. Mat á hitaflutningi og vökvaflæði 

Esteban Gómez Díaz 

Ágúst 2020 

 
Útdráttur 
 
Jarðvarmavirkjunin á Nesjavöllum er sú næststærsta á Íslandi, þar sem hún framleiðir 300 
MW af varmaorku og 120 MW rafmagns. Niðurdæling umframvatns frá 
Nesjavallavirkjun, unnið úr skiljuvatni úr háhitaholum og þéttaðrar gufu, hefur haft áhrif 
á hitastig þess grunnvatns sem liggur grunnt á svæðinu. Þessi losun á heitu vatni hefur í 
för með sér áhættu gagnvart framleiðslu kalds vatns fyrir virkjunina sem og vistkerfið á 
Þingvallavatni, sem er á heimsminjaskrá UNESCO. Því leitar þessi rannsókn eftir því að 
kanna flæðisleið niðurdælds vökva ásamt hitastigi grunnvatnsins sem varð fyrir áhrifum 
af umframvatninu, til að betrumbæta stjórnun losunar og niðurdælingar á svæðinu. 
Tölulegt líkan af niðurdælingarsvæði heits fráveituvatns Nesjavalla var þróað með 
TOUGH2 forritinu sem er (m.a.) jarðhitaflæðishermir og inniheldur þrívítt jarðfræðilegt 
líkan þróað af Leapfrog Geothermal líkanahugbúnaðinum. Líkanið var kvarðað með 
gögnum af hitastigi grunnvatnsins neðanjarðar, mælt á árunum 1998 til 2018 frá nokkrum 
eftirlitsstöðvum sem staðsettar eru norðan virkjunarinnar. Vatnsfræðilegir þættir eins og 
holrýmd og gegndræpi voru kvarðaðir frekar fyrir tilstilli gagna úr ferilprófi sem 
framkvæmt var á svæðinu 2018-2019. Bæði líkönin nota Multiple Interactive Continuum 
(MINC) aðferðina (eða fjölgagnvirk samfelld aðferð) sem er alhæfing á tví-holrýmdu 
aðferðinni. Í samanburði við ein-holrýmda líkanið þá gerir MINC ¬aðferðin betri 
eftirmynd af þeirri öru og öflugu endurheimt ferlanna sem finnast í eftirlitsstöðvunum. 
Hitalíkanið gaf viðunandi niðurstöður sem jafnast á við hitastigssviðið. Þó að ferillíkanið 
sé í nánu samræmi við mælingar ferilprófananna í sumum borholum þá vanmetur líkanið 
mælingarnar í öðrum. Samt sem áður endurspeglar líkanið heildarþróunina, með 
sambærilegum endurkomutíma ferlanna og hámarksstyrk þeirra fyrir eftirlitsstöðvar 
staðsettar yfir helstu burðarvirkjum sem virka sem gegndræpar rásir. Tvær mögulegar 
framtíðarspár voru hermdar fyrir 20 ára tímabil, önnur þar sem niðurdæling heldur áfram 
og hin þar sem niðurdæling er stöðvuð að fullu. Tölulega líkanið í þessari rannsókn bætir 
skilning á tengingum milli vinnsluholna og vöktunarstöðva, ásamt betri einkennandi á 
viðmóti grunnmassinn beinbrot og holrýmd hraunflæðis eftir síðustu ísöld. Af þeim 
sökum yrði það gagnlegt til að skapa grunn fyrir sjálfbærar stjórnunarlausnir. 
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Chapter 1 

1Introduction 

The Nesjavellir Geothermal Field (NGF) is a high-enthalpy geothermal system within the 
Hengill area of SW-Iceland, located to 25 km east of Reykjavik in the Western Volcanic Zone 
(Figure 1.1). Nesjavellir Geothermal Power Station (NGPS) is located to the south of Lake 
Thingvellir and to the north of Hengill and is the second-largest geothermal power station in the 
country. The power plant itself is a combined cycle plant, wherein a mixture of steam and 
geothermal brine is transported from the wells to a central separation station at 200 °C and 14 
bars, generating 120 MW of electricity and 290 MW as district heating supply to Reykjavik. 
The electricity is generated by four steam turbines, requiring 240 kg/s of steam in total, where 
the steam is condensed in a tubular condenser and cooled to approximately 55 °C with cold 
groundwater. The cold water is provided of pumping from a shallow fresh-water aquifer 
(Grámelur) in the lava field 6 km away from the power plant very close to the Lake Thingvellir. 
  

 
Figure 1.1 Location of Nesjavellir geothermal field. Yellow box is the study zone and the main 
area of interest is within the white border line. NGPS: Nesjavellir Geothermal Power Station. 
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When the cooling water is heated, it is piped through heat exchangers, for final heating to 
87 °C, using the 192 °C hot geothermal water from the separators (Gíslason, 2000). The excess 
water product of steam and brine is discharged either into shallow reinjection wells close to the 
power plant or discharged into a surface stream nearby. In both cases, warm water percolates 
underground and, therefore, increases groundwater temperatures. In recent years, there is 
evidence of thermal pollution of Lake Thingvellir, which is United Nation heritage site and a 
sensitive ecosystem with substantial populations of brown trout. To understand and mitigate 
this problem, a monitoring campaign has been carried out to gain a better understanding of 
subsurface fluid flow. Tracer tests were performed in recent years to characterize connectivity 
and flow paths. 

This research uses numerical simulation to understand and characterize the fluid flow 
paths of warm water injected into the Nesjavellir geothermal field. The result of the research 
will help improve reinjection management and avoid chemical and thermal pollution. The 
model is constrained mainly with geological and temperature data, and tracer tests conducted at 
the site from August 2018 to September 2019 and groundwater temperature data from 1998 
until 2018. 

This thesis is divided in to five chapters including this introduction. Chapter 2 presents a 
general background of the geothermal field and conceptual description of reinjection in 
geothermal fields, tracer testing, and the hydrodynamics of geothermal system. Chapter 3 
describes the methodology, including the geologic and thermal model developed in Leapfrog 
Geothermal, the tracer test data acquired in 2018, and TOUGH2 numerical model. Chapter 4 
describes the calibration results of numerical modelling and forecast models. Chapter 5 presents 
the interpretation and discussion of the results from the numerical models with the conclusion. 



 

Chapter 2 

2Background   

2.1 Nesjavellir geothermal field 

Nesjavellir is situated in the Hengill area near the southern shore of Lake Thingvellir in 
southwestern Iceland (Figure 2.1). The geothermal field is a high-enthalpy geothermal system 
related to the one of the largest high temperature areas of the country, where the geothermal 
activity is closely connected to three active volcanic systems. The geothermal field is situated 
in a rift valley extending from Hengill to Lake Thingvellir in the northeast. 

 

 
Figure 2.1 Location map of Hengill area showed in the Geological map of Iceland modified from 
(Ratouis et al., 2019).WVZ = Western Volcanic Zone, RPR = Reykjanes Peninsula Ridge, MVZ 
= Middle Volcanic Zone, EVZ = Eastern Volcanic Zone, NVZ = Northern Volcanic Zone, SISZ 
= South Iceland Seismic Zone, TFZ = Tjörnes Fracture Zone. The black box shows the location 
of the Hengill area. 
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The Hengill area is almost entirely built up of volcanic rocks of late Quaternary and 
postglacial age (Árnason et al., 1969). The area mainly consists of hyaloclastite1 formations 
erupted during glacial periods. Intermediate and felsic rocks have been found in many drill holes 
in the field, as well as crystalline lava formations and intrusions, which contribute substantially 
to the permeability in the geothermal system (Franzson 1988; Franzson et al., 2010).  The 
approximate age of the volcano is about 300 ka (Franzson, 1998) and the depth to the crystalline 
basement, consisting of intrusions, is found at approximately 600-800 m in boreholes at 
Nesjavellir (Franzson et al., 2010). Analysis of drill cuttings show that hyaloclastite formations 
are dominant down to around 500 m depth, below which crystalline basaltic formations become 
dominant. Intrusions are observed from around 1000 m, and below 2000 m depth intrusions 
become very common (up to 100 %) (Franzson et al., 2005).  

There are two major faults sets in Nesjavellir associated with a graben structure about 10 
km broad that runs NE-SW, parallel to the hyaloclastite ridges (Franzson, 1988). One fault 
system is parallel to the NE-SW graben. The other system is oblique to the graben structure, 
with a strike of N-S that cuts through the valley (Franzson, 1988). These faults have an 
important role in permeability within the geothermal system, as the N-S trending faults appear 
to act as partial barriers to northeastward flow crossing the NE-SW structures (Figure 2.2) and 
the geothermal system is mainly isolated from the upper groundwater layers by a cap rock layer 
of low permeability at around 500 – 600 mbsl. depth, which limits flow between the 
groundwater and the geothermal system. 

 

 
Figure 2.2 Geological map of Nesjavellir field modified from Hafstad et al. (2007). Inside the 
red oval is the main permeability structure identified by Franzson, 2000. 

 
1 Hyaloclastite is a pyroclastic rock consisting of glassy juvenile clasts contained in a fine-grained matrix dominated 
by glassy shards. Hyaloclastite breccias are typically products of phreatomagmatic eruptions in particular associated 
with the eruption of magmas into bodies of water. 
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2.1.1 Nesjavellir Geothermal Power Station 

Exploration for geothermal resources started in 1940s with mainly geological research in the 
region. Drilling began in 1946, and initially the hot water extracted from the field was used to 
supply heat for houses and greenhouses (Gunnarsson et al., 1992). In the 1980s, an intensive 
phase of drilling and testing was carried out. A model was constructed in 1986, calibrated on 
production data for 1 to 3 years (Bodvarsson et al. 1988, 1990, 1991). The results were evaluated 
by Bodvarsson et al., (1993) for the following 6 years. Power generation began in 1987, with a 
first stage of the thermal plant commissioned in 1990 generating about 100 MWth, producing 
about 560 l/s of 82 °C hot water for district heating. In 1995 the capacity was expanded to 150 
MWth and in 1998 to 200 MWth, along with the production of 60 MWe. In 2001 the plant 
enlarged to a capacity of 90 MWe, and to 120 MWe in 2005. The total electrical generation of 
the NGPS in 2008 was 976 GWh (Björnsson et al., 2010). The model it has been re-calibrated 
using production data (Björnsson 2007, Gunnarsson et al., 2011) and a modern conceptual 
model supported by numerical calculations for the area was developed by Gunnarsson et al., 
(2011). Currently, the installed capacity of NGPS is 120MWe along with 290 MWth for hot 
water for Reykjavík. There are about 31 deep drilled wells ranging between 1,000-2,200 meters 
depth, where 21 wells connected to the steam gathering system and 1 being tested as a deep 
injection well.  

2.1.2 Lake Thingvellir and Nesjavellir geothermal wastewater 

Lake Thingvellir is situated in the north of the NGF at about 100 masl. and is part of the Hengill 
rift zone It is the largest natural lake in Iceland with a surface area of approximately 84 km2, a 
mean depth of 34 m and maximum depth of 114 meters (Jónson, 1992; Jónasson, 2002). The 
lake has a high conservation value and is a UNESCO world heritage site. The average 
temperature in the lake ranges from 0.8 to 13.1 °C, increasing to 20.7–22.8 °C in late summer, 
with values of 12–13 °C in the topmost 12–20 m. During the winter (December–March), the 
temperature drops to 0.8–2.0 °C (Hilmar et al., 2010). The lake is fed by water that has 
percolated through the postglacial lava shields of Eldborgir and Skjalbreiður (Saemundsson, 
1992) and it hosts a diverse ecosystem due to the high nutrient content of the water. It is 
particularly fertile and rich in vegetation, despite the very cold temperatures (UNESCO, 2020).  

When the Nesjavellir geothermal power plant began generating electricity 1990 using four 
wells, most of the condensate water was released into a shallow well close to the power station 
and the separated water was discharged into a surface stream slightly further upstream. As the 
geothermal plant increased its production and more wells were put into use, more wells were 
required to compensate the increased hot water production. well (SV-3) of 25 m deep was drilled 
in 1997 close to the present cooling tower. Excess hot water has since then been injected into 
this shallow well. When SV-3 overflows (at around 400 to 500 l/s), the excess water goes into 
the surface stream (Zarandi and Ivarsson, 2010).  After a reinjection campaign was started in 
2004, almost all the separated water was injected in the higher levels of groundwater, and excess 
separated water was diverted to the stream. Currently, nine shallow reinjection wells are in use 
with around 250 – 300 l/s of separated water and 100 – 150 l/s of condensate water going into 
the reinjection wells. 

The extensive development of geothermal resources at Nesjavellir on the southwest shore 
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of Lake Thingvellir brings to the surface geothermal wastewater and gas including potentially 
toxic or harmful elements (Jónasson, 2002). According to reg. no. 650/2006 concerning the 
protection of water quality and biota of Lake Thingvellir and its catchment, the lake and water 
within the catchment is defined as a sensitive receptor and water quality shall comply with the 
most stringent standards, i.e. class A (reg. no. 796/1999). Since that time, more efforts have 
been made to prevent contamination. In 2007, a monitoring programme began to assess 
chemical and biological quality of Lake Thingvellir (Hilmar et al., 2010), run by the 
Environment Agency of Iceland (Umhverfisstofnun), Landsvirkjun (the national power 
company), Reykjavík Energy (Orkuveita Reykjavíkur) and Thingvellir National Park 
(Þjóðgarðurinn á Þingvöllum).  

The subsurface flow of geothermal water through the shallow lavas in Nesjavellir area 
has been investigated by tracer tests and others subsurface experiments. Using a sodium 
fluorescein tracer, the geothermal water has been traced from Lækjarhvarf down to some 
lakeshore springs (Kjaran and Egilsson, 1986, 1987). According to these studies, the flow was 
confined to a rather narrow area between Markagjá in the north and Stapavík in the south, the 
core of the flow being situated upwards of the Varmagjá area (Kjaran and Egilsson, 1986, 1987; 
Ólafsson, 1992). Temperature profiles from experimental drillholes in Nesjahraun show that the 
flow of the geothermal water is also confined vertically to a narrow zone a few meters above 
the cooler ground water table (Wetang’ula, 2004). Since 2000 Iceland Geosurvey (ISOR) has 
been monitoring excess water flow of the power plant. The monitoring consists of annual 
groundwater temperature logging in wells NK-1, NK-2, NL-2, NL-3, NL-4, NL-7, NL-8, NL-
9, NL-10, NL-11 and NL-12. Data has been visualized with 2D map showing temperature 
isotherms at 1 m depth below groundwater table (Hafstað, 2000a, b, c, 2001a, b, 2003, 2006; 
Hafstað and Kristjánsson, 2006; Hafstað et al., 2007; Þorbjörnsson et al., 2009; Kristinsson and 
Hafstað, 2011; Kristinsson and Níelsson, 2012; Hafstað and Níelsson, 2013; Hafstað, 2014; 
Ingimarsson and Hafstað, 2015; Ingimarsson et al, 2016; Čypaitė and Ingimarsson, 2017, 
Čypaitė, 2018). Information concerning injection, production and monitoring wells, and springs 
is provided in Table 2.1 and visualized in the Figure 2.3. 

Table 2.1 Data for injection, production and monitoring wells, and natural outflows. The 
location of the wellhead is given in the ISN93 coordinate system. Abbreviations; W: wellhead; 
BW: botttom well depth; MD: measure depth. 

ID 
Coordinates  

(x, y) 
Data 

Average flow 
(L/s) 

W 
(masl.) 

BW 
 (masl.) 

MD  
(m) 

NK-1 391696.31   404539.41 Monitoring - 141.7 86.6 55.1 

NK-2 392223.00   405660.00 Monitoring - 130.8 61.8 69 

NL-7 392159.00   404477.00 Monitoring - 146.5 68.5 78 

NL-8 394074.00   406505.00 Monitoring - 117.9 16.9 101 

NL-9 393285.00   405971.00 Monitoring - 126.9 142 -15.1 

NL-10 391038.00   404531.00 Monitoring - 142 39 103 

NL-11 391556.00   406001.00 Monitoring - 126.3 36.3 90 

NL-12 390792.00   403867.00 Monitoring - 146.3 -121.7 268 

NL-4 391463.00   403914.00 Monitoring - 141.1 93.1 48 

NL-3 392982.00   405489.00 Monitoring - 127.3 95.3 32 

NL-2 393662.00   406418.00 Monitoring - 122.3 97.3 25 

Markagjá 392749.00   407439.00 Spring - 108 108 0 
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Figure 2.3 Distribution of injection, production, monitoring wells, and springs used considered 
in the study. 

Varmagjá 392916.00   407136.00 Spring - 103.5 103.5 0 

Eldvík 393419.00   407065.00 Spring - 106 106 0 

SV3 390197.00 402475.00 Injection 200 175 - - 

Lk 391445.00   403752.00 Injection 200 145 - - 

NS 390056.00 402670.00 Injection 160 170 - - 

NN-1 389994.59   402110.59 Injection 125 187 -124 311 

NN-2 390119.31   402298.09 Injection 125 180 -247 427 

NN-3 390105.09   402777.31 Injection 15 166 -397 563 

NN-4 390311.00   403200.31 Injection 60 159 -263 422 

NN-5 390460.00   403090.00 Injection 20 160 -500 660 

NN-6 390450.00   403081.00 Injection 115 160 -435 595 

NN-7 390241.00   403242.00 Injection 125 160 -446 606 

NN-9 389979.00   402471.00 Injection 40 178 -240 418 

NK-3 394084.30   406444.20 Production 100 110 78 32 

NK-4 394076.70   406447.60 Production 320 110 76 34 

NK-5 394074.00   406448.00 Production 320 110 78 32 

NK-6 394080.00   406448.00 Production 320 110 77.4 32.6 

NK-7 394086.00   406448.00 Production 320 110 78.1 31.9 

NK-8 394092.00   406448.00 Production 320 110 78.6 31.4 

NK-9 394098.00   406448.00 Production 320 110 79 31 
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2.2 Reinjection in geothermal fields and tracer testing 

Reinjection of geothermal fluids plays a key role in the management of geothermal resources. 
The main role of reinjection is to ensure the long-term energy extraction and longevity of a 
geothermal resource by providing pressure support, improving heat recovery from the 
subsurface rock and reducing the risk of subsidence (Axelsson, 2008; Kaya et al., 2011; 
Stefansson, 1997). Also, the injection is frequently used to dispose of wastewater from power 
plants and return water from direct applications, and to enhance or revitalize surface features 
such as hot springs and fumaroles (Axelsson, 2012), and recently the reinjection is being used 
for injection of CO2 and H2S emissions as the case of CarbFix-Sulfix project in Hellisheiði 
Geothermal Power Plant, SW-Iceland (Sigfusson et al., 2015, 2018; Ratouis, et al., 2019). 
Nevertheless, reinjection can cause problems such as thermal and chemical breakthrough into 
production wells and can other undesirable effects such as ground subsidence (due to rock 
cooling and contraction) and induced seismicity (Diaz et al., 2016). Therefore, injection 
strategies must be carefully planned for all geothermal energy operations.  

One of the main ways to assess the effect of a reinjection strategy is tracer testing. Tracer 
tests can be applied for both liquid and gas phase reservoirs. The technique uses existing or 
introduced variations in fluid chemistry or properties to obtain information about groundwater 
flow rates and directions, aquifer hydraulic and transport properties, and fluid–rock interactions 
(Axelsson, 2012; Maliva, 2016). In the geothermal application, it provides information 
concerning the nature and properties of hydraulic connections, or flow-paths, between 
reinjection and production wells and the rate of cooling of the production wells during long-
term reinjection of colder fluid (Axelsson, 2012). There is a great variety of tracers, but those 
commonly used in geothermal reservoir are fluorescein, benzoic acid and naphthalene 
sulfonates (Axelsson, 2012). These tracers have proven to be excellent tracers for high 
temperature geothermal systems as they are thermally stable at temperatures in excess of 310 
°C (Rose et al, 2001). One example of tracer is from Húsmúli reinjection zone, located in 
Hengill area in Iceland. There, have been shown to be useful for development of models to 
investigate the flow-paths of the injected fluid, the depth to which the injected fluid circulates, 
and geochemical reactions between the injected acidic fluid and the basaltic host-rock along the 
flow path through naphthalene sulfonates tracer experiments (Snæbjörnsdóttir et al., 2018; 
Ratouis et al., 2019). 

2.3 Numerical modelling with TOUGH2 

TOUGH2 is a numerical simulator for nonisothermal flows of multicomponent, multiphase 
fluids in one, two, and three-dimensional porous and fractured media (Pruess et al., 1999). This 
program is frequently used in different areas such as in reservoir engineering, nuclear waste 
disposal, environmental assessment and remediation, and unsaturated and saturated zone 
hydrology among others. In particular, the TOUGH2 simulator in the geothermal area has a 
long history of supporting the understanding, exploration, design, and exploitation of 
geothermal resources in diverse geological settings. 

The laws of conservation of mass, energy and momentum are the governing equations 
behind TOUGH2, which implements the integrated finite difference (IFD) method. It requires 
the partitioning of the reservoir into sub-volumes commonly called blocks or elements. Inflow, 
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outflow and production and injection wells are represented as sinks and sources. The basic mass 
conservation equations governing this kind of flow can be written in the form: 

  
 ! " #$ �%&%

=  " (⃗$ •
+%

 ,⃗% + " .$ �%&%
 (2.1) 

 
 

Integration is over an arbitrary subdomain �% of the flow system under study, which is 

bounded by closed surface ,⃗% The quantity M represents the mass or energy per unit volume, 
with κ = 1, …, NK labeling the mass components (like water or dissolved tracer ) and κ = /0 +
1 for the heat component. (⃗ denotes the mass or heat flux, q denotes sinks and sources, and n 

is a normal vector on the surface element ,⃗% , pointing inwards into �%. The last term expresses 
that the rate of change of fluid mass in �% is equal to the net inflow across the surface of �% plus 
net gain from the fluid sources. 

For a mass component (κ = 1, …, NK), the accumulation term is derived by summing 
over all the fluid phases for all the component as given by the following equation: 

 

#к = ∅ 4 56�676$
6

 (2.2) 

 
where the total mass of the component κ is obtained by summing over the fluid phases β (liquid, 
vapor, etc.), ∅ is the porosity, 56 is the saturation or volume fraction of the phase β (the fraction 
of pore volume occupied by that phase), �6 is the density of phase β, and 76$ is the mass fraction 

of component к present in phase β. On the other hand, the heat accumulation (κ = NK + 1) in 
the multi-phase multi-component system is defined as the sum of the heat contained in the rock 
and fluid given by: 

 

#89:; = <1 − ∅>�?�?@ +  ∅ 4 56�6�6$
6

 (2.3) 

 
where �? and �A are the density and specific heat of the rock, respectively, T is temperature and  �6  is the specific internal energy in phase β. Heat transfer can occur through radiation, 
conduction, and convection. For most geothermal applications, the heat transfer is controlled by 
conduction and convection, as expressed in the following equation: 
 

(⃗89:; =  −BC@ + 4 ℎ6(⃗6
6

 (2.4) 

 
with λ as thermal conductivity and ℎ6 is the specific enthalpy in phase β.  

2.3.1 Tracer transport as implemented in TOUGH2 

As explained in the previous section, the migration of tracer in porous and fractured media is 
through advection, diffusion, and hydrodynamic dispersion. For advective flow, TOUGH2 uses 
the multiphase version of Darcy’s Law, which expresses conservation of momentum for flow 
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in porous medium. 
  In a multiphase system, the advective flux of a mass component k is given by:  

 

(⃗$DEFG = 4 76$(⃗6
6

 (2.5) 

 
and individual phase flux is given by a multiple version of the Darcy's law: 
 

(⃗6 =  �6�HH⃗ 6  = −I I?6�6�6  <CJ6 − �6K⃗> (2.6) 

 
where �H⃗ 6 is the Darcy velocity (volume flux) in phase β, I is absolute permeability I?6 is the 
relative permeability of phase β, �6 is the viscosity, J6 is the fluid pressure in phase β, normally 
obtained by summing the pressure of a reference gas phase and the capillary pressure of that 
phase, and K⃗ is the vector of gravitational acceleration. This advection process follows the heat 
flux given in Equation 2.4 presented in the last subsection. 

Mass transport also can occur by diffusion and hydrodynamic dispersion. The molecular 
diffusion is the flux usually written as being proportional to the gradient in the concentration of 
the diffusing component (Fick’s law). For single-phase conditions, diffusive flux is given by 
(Bird et al., 1960): 

 
L⃗ =  − ∇C (2.7) 

 
where d is an effective diffusivity, which in general depends on properties of the diffusing 
species, the pore fluid, and the porous medium. The concentration variable C may be chosen in 
a number of different ways such as mass per unit volume, moles per unit volume, mass or mole 
fraction, etc. (Bird et al., 1960; de Marsily, 1986). The hydrodynamic dispersion occurs when 
there is interplay between non-uniform advection and molecular diffusion in porous media that 
have heterogeneities. A standard approach to hydrodynamic dispersion, with appropriate 
generalization to multiphase flow systems, has been incorporated in TOUGH2. The dispersive 
mass flux is given by: 

 

(⃗$DFNO =  − 4 �6PQ6
6

∇76$  =  − 4 �6 RS6,U$ V̅ − S6,X$ − S6,U$
�6Y

�⃗6�⃗6Z
6

∇76$   (2.8) 

 
where S6,U[  and  S6,X[  are the transverse and longitudinal dispersion coefficients, and ∇769  is the 

mass fraction gradient expressing the driving force for diffusion. These coefficients are 
functions of the molecular diffusion coefficient, tortuosity, and dispersivities. Mass flux from 
molecular diffusion alone is obtained by setting \] = \U = 0 in the hyrodynamic dispersion 
tensor. Fickian diffusive mass flux is given by: 

 
L⃗6$ =  −∅�_�6�6$ �$∇76$ (2.9) 

 
where ∇6$  is the molecular diffusion coefficient “diffusivity” for component κ in phase �, ∅ is 

porosity, �_�6 , is the tortuosity which includes a porous medium dependent factor �_ and a 
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coefficient that depends on phase saturation �6 , �6  is phase density,  6$ is the diffusion 

coefficient of component ` in bulk fluid phase �, and 76$ is the mass fraction of component ` 

in phase �. 

2.3.2 MINC method concept  

Multiple Interacting Continua (MINC) is a widely used method for modeling fluid and heat 
flow in fractured media presented by Pruess and Narasimhan (1982, 1985). This approach is a 
method adopted from the model dual-porosity originally developed by Barenblatt (1960) and 
Warren and Root (1963), in order to provide options to define the rock matrix/fracture flow 
connections and use sub-gridding to resolve gradients in the matrix blocks. This method is ideal 
for geological conditions with low primary permeability but highly fractured rocks, where the 
mesh is divided into two computational volumes. The first one is the primary porosity 
represented by the small pores in the rock matrix, whereas the second is an extra mesh based on 
the original (primary) solution mesh and specified fracture parameters such as fractures and 
joints presented in the system.  

The difference between MINC method and double-porosity model is in the matrix-
fracture exchange known also by “inter-porosity flow”. The double porosity method assumes 
rock matrix and fractures may exchange fluid (or heat) locally by means of “interporosity flow,” 
which is assumed to be “quasi-steady” and driven by the difference in pressures (or 
temperatures) between matrix and fractures. Therefore, the inter-porosity flow is “quasi-
steady,” which breaks down for non-isothermal and multi-phase flows. While MINC method 
treats inter-porosity flow in a fully transient way by computing the gradients which drive inter-
porosity flow at the matrix-fracture interface (Pruess, 1992). Figure 2.4 illustrates the classical 
double-porosity concept for modeling flow in fractured porous media as developed by Warren 
and Root (1963).  

 

 

Figure 2.4 Realistic and idealized naturally fractured rocks (Warren and Root, 1963). 

The MINC concept is based on the notion that changes in fluid pressures, temperatures, 
or/and phase compositions due to the presence of sinks and sources (production and injection 
wells) will propagate rapidly through the fracture system, while invading the tight matrix blocks 
only slowly (Pruess, 1992). For each matrix block is discretized in a nested way in order to 



12  CHAPTER 2: BACKGROUND 

 

 

model the gradients into the matrix. Moving from the boundary to the center of the matrix block, 
different matrix regions are crossed, which are functions of the distance from the fractures and 
allows a transient exchange between fractures and matrix. Therefore, The MINC method 
presents a solution concerning the matrix–fracture flow exchange, which seems suitable and 
more accurate than a standard dual-porosity model.  

The partitioning matrix blocks into a sequence of nested volume elements as is shown in 
the Figure 2.5. All fractures will be lumped into continuum # 1, all matrix material within a 
certain distance from the fractures will be lumped into continuum # 2, matrix media at larger 
distance becomes continuum # 3, and so on (4, 5 & 6). The MINC approach is not applicable to 
systems in which the fracturing is so sparse that the fractures cannot be approximated as a 
continuum.  

 

 
Figure 2.5 Subgridding in the method of "multiple interacting continua" (MINC), (Pruess, 
1992). 

 
TOUGH2 implements the MINC option activating a preprocessor that generates a 

secondary mesh used for the analysis. This secondary mesh is based on the original (primary) 
solution mesh and specified fracture parameters. The MINC approach provides several options 
to define the rock matrix/fracture flow connections and uses subgridding to resolve gradients in 
the matrix blocks as was seen above (Figure 2.5). PyTOUGH, which is explained in the 
subsection 2.3.4, has the capacity to create a “Multiple Interacting Continua” (MINC) blocks 
and connections in the grid, for simulating fracture flow with matrix blocks attached to each 
fracture block. This has capability similar to that of the GMINC program (Pruess, 1983), or of 
the MINC part of TOUGH2’s MESHMAKER section (except that matrix-matrix flow is not 
supported) (Croucher, 2015). Mesh generation and/or MINC processing can be performed as 
part of a simulation run. A detailed discussion of MINC can be found in Pruess (1983, 1992). 

2.3.3 AUTOUGH2 

AUTOUGH2 is a modified version of TOUGH2 developed at the University of Auckland that 
contains some enhanced features for modelling geothermal reservoirs (Croucher and 
O’Sullivan, 2008). One of the main changes with AUTOUGH2 is that all EOS modules are 
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compiled with other subroutines into one executable, and the user specifies appropriate EOS 
flags in the input file along with the addition of many new generator (sink and source) types. 
Other internal data array sizes, such as the number of rock types, have been increased. More 
recently, dynamic allocation of most of the major arrays has been implemented to improve the 
efficiency of memory use (Yeh et al, 2012). For more details and recent advances of 
AUTOUGH2, see O’Sullivan et al. (2016). 

2.3.4 PyTOUGH 

PyTOUGH is a library that uses the open source scripting language Python to interact with 
TOUGH2 models (Croucher, 2011 and Croucher, 2015). PyTOUGH simplifies the creation and 
editing of TOUGH2 or/ and AUTOUGH2 model grids and data files, as well as the analysis and 
display of model simulation results (Croucher, 2011).



 

Chapter 3 

3Methods 

The following sections describe the process to develop and calibrate the numerical simulations. 
The first and second section introduces the steps carried out to build the geological conceptual 
model and a groundwater temperature model using Leapfrog Geothermal. The third section 
illustrates the tracer test between 2018-2019. The following sections describe the development of 
the numerical model and calibration procedure. 

3.1 Conceptual model development 

Leapfrog Geothermal 4.0 modelling software (Seequent, 2019) was used as the platform for the 
3D geologic/conceptual model of the survey area.  Leapfrog’s geological modelling software 
builds 3D surfaces from a variety of datatypes such as geology, geophysics, hydrothermal 
alteration, temperature data, among others. The program is a tool for model visualization of 
complex three-dimensional systems and be integrated with other spatial data such as GIS data 
to build conceptual models of geothermal model is systems that are consistent with all available 
data (Seequent, 2020). The data incorporated in the Leapfrog were derived from different types 
of sources described in the Table 3.1. Certain preparation and data manipulation methods were 
applied in the process of constructing the 3D geological/conceptual model.  

Table 3.1 Overview of different types of data imported into Leapfrog Geothermal 

 
The lithological model was set up with the geological map by Hafstad et al. (2007) and 

borehole data from wells NK-1, NK-2, NL-4, NL-7, NL-8, NL-9, NL-10, NL-11 and, NL-12. 
The boundary to the bottom of the model was limited by the depth of the deepest injection well, 
NK-5(-500 masl.). The bedrock lithology according this well is hyaloclastite is also observed 
in other shallow wells, such as NL- 2, NL -10, NL-11, NL-7, NL-8 and NL-9. The northern 
boundary of the study area is limited by Lake Thingvellir. Hyaloclastite ridges determine the 
eastern and western model extents and location of the power plant defines the southern 
periphery. Figure 3.1 shows the DEM of total area used in the boundary with a zoom up of main 
interest zone and wells used for building the model. 

 

GEODATABASE TYPE OF DATA 
Surface and spatial data DEM, Surface geology map, aerial image 

Well data Lithology/stratigraphy, collar, location, depth 

Well logging Groundwater temperature data, wellhead data 
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Figure 3.1 DEM model visualization in Geothermal Leapfrog with zoom up of main interest 
area showing wells used to develop the geological model. 
 
The geology of the study area consists of four main rock formations:  
 

• Hyaloclastite unit interspersed with pillow lavas that erupted during glacial periods 
defined as Grunnberg (GRU), which is the bedrock considering in the model. 
 

• Post-glacial lavas flows erupted dated from 6.1-4.5 ka (HAG).  
 

• Second younger lavas dated between 1.9-2.4 ka (NES). 
 

• Rootless cone fragments in Grámelur area (GRA). 
 

 
Figure 3.2 shows the geological model made in Leapfrog. The contact zone between the lavas 
is CON1 and the lava and cone fragments with bedrock is CON2. The area is strongly influenced 
by several NE-SW-trending faults and fissures as shown in Figure 3.2 a, c. 
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Figure 3.2 Geological model for Nesiavellir area. a) Geological map of the survey area. b) 
Cross-section shows stratigraphic units; Nesjahraun lava flow (NES), Hagavíkurhraun lava flow 
(HAG), Grámelur cone fragments (GRA) and Grunnberg composite hyaloclastite and lavas 
(GRU). c) Lava flows overlying Grámelur and fault planes. 
 

Injection of warm water takes place into deeper injection wells NN-01, NN-02, NN-03, 
NN-04, NN-05, NN-06, NN-07 and NN-09 and shallow injection wells SV3, LK and NS. The 
fluid is assumed to enter the system predominantly through the feedzones in each well. Depth 
of each feedzone localized for all the wells are shown in Table 3.2 and projected in the Figure 
3.3. (Table 3.2). 

Table 3.2 Depth of the feedzones from each wells. 

 
 

Well Coordinates (x, y) Feedzone depths (m) Flow Ratio 
NN-01 389994.59   402110.59 295 1 
NN-02 390119.31   402298.09 415 1 
NN-03 390105.09   402777.31 390, 445, 535 1/3 
NN-04 390311.00   403200.31 280, 300, 330, 388 1/4 
NN-05 390460.00   403090.00 220, 320, 520 1/3 
NN-06 390450.00   403081.00 246, 280, 325, 425, 510 1/5 
NN-07 390241.00   403242.00 200, 220, 255, 280, 400, 440 1/6 
NN-09 389979.00   402471.00 310 1 
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Figure 3.3 Illustration of the feedzones (blue spheres) and injection wells in red. The initial 
pressure distribution in the model is shown with transparent colors. 

3.2 Groundwater temperature model 2018-2019 

Isotherms for the conceptual model were generated using groundwater temperature data acquired 
between 2018-2019. This model will be used as calibration data for numerical model. The model 
was generated with Leapfrog-Geothermal using an RBF interpolant method, which describes a 
physical quantity that varies continuously in space, such as a temperature distribution. 

 
Figure 3.4 Groundwater temperature model 2018-2019 created with Leapfrog. a) Illustration 
of station points and temperature logs used for the model. b) Superposition of terrain faults, 
wells, subsurface temperature, measuring points, and surface measurements. c) 2-D slice 
showing map view of temperature model at 1 meter below of the of the ground water table. 
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3.3 Tracer tests and analysis 

The tracer tests considered in this study performed during November 2018 to September 2019. 
Tracer was injected in wells NN-1, NN-3, NN-4, NN-5, NN-6, NN-7 and Lk. The average rates 
for each injection varied from 40 to 200 L/s. For each well, 100 kg of tracer was injected. During 
the period 2018-2019, tracer was detected in NK-1, NK-2, NL-3, NL-4, NL-8 NL-9, NL-11, 
NL-12, Grámelur monitoring wells (Dælur 1-6), and the natural outflows Varmagjá, Sigguvík, 
Markagjá, Stapavík and Eldvík, see location of injection wells and monitoring points in Figure 
3.5. The different NDS (Naphthalenedisulfonic acid disodium salt) tracer used in the tes, mass 
and average flow are showed in Table 3.3. 

 

  
Figure 3.5 Location of injection wells and monitoring points for the tracer test performed in 
2018 – 2019.  The map illustrates the trajectory and days since the first tracer was detected for 
NN-06 injection test (blue start). Orange marks are rootless cone fragments associated recent 
vulcanism (GRA). 
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Table 3.3 Liquid phase tracers injected, and tracer test selected for the model. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
The test showed a variety of behaviors in the recovery for each injection well, as seen 

Appendix A. In general, there is an arrival in the second month after the injection, mainly in 
NK-1 and NK-2, followed by a second arrival in the third month to Varmagjá, Sigguvík, 
Markagjá, Grámelur, Stapavík and Eldvík. The monitoring wells that showed weak recovery 
were wells NL-7, NL-8, NL-9, NL-10, NL-11, NL-12, NL-4, NL-3 and NL-2. 

As the tracer is injected in relatively shallow groundwaters and not the deeper geothermal 
reservoir, it is assumed the molecular diffusion plays a minor role, no phase changes occur in 
the flow channel and the mass of the tracer is conserved. Thermal degradation and chemical 
reaction with fluids and rocks in the reservoir does not occur and the density of the fluid within 
of the flow channel is nearly constant. Nevertheless, not all the injected tracer is recovered, most 
likely because some of the tracer is adsorbed in the rock matrix or travels/diffuses outside the 
main flow-paths.  

For this modelling study one tracer test was selected, the test using 2,7-NDS tracer 
injected in NN-6 well was selected for special focus. This tracer injection was considered for 
the simulation about the others because it shows the clear arrival of the tracer in more 
monitoring stations. After 30 days of the injection, there is a recovery detected in NK-1, NK-2, 
NL-4, and NL-12 wells, with the largest concentration peaks detected in NK-1 and NK-2 
(Figure 3.6). There is a second recovery between 70-80 days for the natural outflows and NL-2 
and possibly a third arrival after 150 days. This recovery data will be used to calibrate the 
simulation model. 

 
 

Well Tracer 
Mass injected 

(kg/l) 
Average flow  

(L/s) 

LK 
1,6-Naphthalenedisulfonic 

acid disodium salt 
100 200 

NN-1 
1,5-Naphthalenedisulfonic 

acid disodium salt 
100 125 

NN-3 
1,3,6-Naphthalenetrisulfonic 

acid trisodium salt 
100 15 

NN-4 
2,6-Naphthalenedisulfonic 

acid disodium salt 
100 60 

NN-5 
1,3,5-Naphthalenetrisulfonic 

acid trisodium salt 
100 20 

NN-6 
2,7-Naphthalenedisulfonic 

acid disodium salt 
100 115 

NN-7 
1-Naphthalenesulfonic acid 

sodium salt 
100 125 

NN-9 
2-Naphthalenesulfonic acid 

sodium salt 
100 40 
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Figure 3.6 The measured recovery of the of 2,7-NDS tracer injected in NN-6 well in the chosen 
monitoring wells and outflows in Nesjavellir geothermal field. 

3.4 Numerical model 

3.4.1 Grid generation 

The numerical model was expanded relative to the geologic model, covering a total area of 7880 
m2 and considering the same bedrock for the extended zone. Model grid was originally set up 
using Leapfrog Geothermal 4.0 software and the generated grid was refined and optimized using 
PyTOUGH (Croucher, 2011). Visualization of the grid and model results were performed using 
TIM (Yeh et al., 2013) and Leapfrog.  

The grid was made initially coarser for the newly expanded area and rotated by 31° 
degrees to northeast with the purpose of orientating the grid along an NNE direction parallel to 
the rift and some of the large NNE-SSW faults. The alignment of the grid with the structure 
orientation enhances the influences of to improve calibration model. Parameters, such as using 
one fault-parallel horizontal permeability to be higher than the horizontal permeability 
perpendicular to the fault. The grid and layer structure were refined in the conceptual model 
area. Triangular columns are used to join the smaller blocks in the refined zone. The shape of 
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the triangular columns has been optimized in order to reduce the skewness, which in turn 
reduces the numerical errors associated with the model mesh; in addition, the optimization 
process also tries to make the connections perpendicular to column faces (Croucher and 
O’Sullivan, 2013). The mesh consists of 22133 elements and 2396 connections. Figure 3.7 
shows a general view of main steps used to build the model grid. 

 

Figure 3.7 a) Grid generated with Leapfrog program. b) Grid visualization in TIM. c) Grid 
refined and optimized with PyTOUGH. d) Final grid with the conceptual model visualized in 
TIM. 

The thickness of the model is about 618 m, ranging between 119.69 masl. to -500 masl. 
with 19 layers of 45 meters. However, near surface layers are thinner with values of 5 and 20 
meters are used to represent the shallow flow better accurately (Figure 3.8). The groundwater 
table data defining the top surface was obtained from Reykjavik Energy. 
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Figure 3.8 (a) Layer structure of the model. (b) Top surface elevation. (c) Cross section with 
values of the initial pressure. White points are monitoring recovery stations and white starts are 
the injections wells. 

3.4.2 Model setup, boundary, and initial conditions 

Rock properties such as density, porosity, permeability, thermal conductivity, and specific heat 
capacity was assigned using data from similar rocks in the Hengill area. The thermal 
conductivity was assigned to be 2.1 W/(mK) (Clauser & Huenges 1995), heat capacity 1.5e103 
J/(kgK) (Bouhifd et al., 2007), density of 2650 kg/m3 and porosity of 10% (Gunnarsson & 
Aradóttir, 2014). The initial permeability for hyaloclastite formation (GRU0) and postglacial 
lavas (HAG0 & NES0) were based on the study of (Bodvarsson et al., 1990), Zakharova and 
Spichak (2012), and Snæbjörnsdóttir et al., (2014) (Table 3.4).  

Constant atmospheric conditions are applied over most of the top surface of the model, 
where the pressure is 1.013 bar and temperature of 10 °C. For the columns lying under the lake 
(WETB0), a hydrostatic pressure corresponding to the depth of the lake and a constant 
temperature of 10 °C were assigned as a top boundary condition. The bathymetry of the lake 
was retrieved from Stevenson et al. (2011). The bottom boundary is defined as the upper part 
of the layer that limits the flow between the groundwater and the geothermal system (BOUN0). 
According to the conceptual model and tracer test, the flow paths for this (modelled) part of the 
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upper groundwater are confined to a narrow SW-NE trending zone. In the TOUGH2 model, this 
zone is enclosed by very low permeability rocks on the NW and SE margins, and below around 
50 m depth. These low permeability zones extend to the close boundaries of the numerical 
model.  

Table 3.4 Initial permeability values obtained by (Bodvarsson et al., 1990), Zakharova and 
Spichak (2012), and Snæbjörnsdóttir et al., (2014). 

ROCK TYPE  Permeability  
 kx (m2) ky (m2) kz (m2) 

GRA0 5e10-10 5e10-10 1.e10-11 
GRU0 1.e10-14  1.e10-14 1.e10-15 
HAG0 1.e10-13 1.e10-13 1.e10-15 
NES0 1.e10-13 1.e10-13 1.e10-15 

BOUN0 1.e10-16 1.e10-16 1.e10-16 
 

The injection history from all shallow reinjection wells in the Nesjavellir area is 
incorporated in the model, since it is the total amount of injected and produced fluid that drives 
the flow in the system. The injection and the discharge rates over the simulation time as well as 
the temperature of the discharge water is shown on Figure 3.9. 

 

 
Figure 3.9 Total injection rates and temperature of injected water during the simulation time. 
Dark shades are winter season and light shades are summer season. 
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3.4.3 Simulation procedure 

The equation-of-state module for the simulation is EOS1, which means fluid in the numerical 
model is assumed to be pure water. The EOS1 module is suitable to simulate tracer transport 
with AUTOUGH2 (Yeh et al., 2012). The EOS1 module provides the option to use two fluid 
phases or two mass components. All water properties for EOS1 correspond to the equation of 
state IAPWS-95 (Wagner, W., Pruß, 2002). 

Model manual calibration was carried out: 1) obtaining an acceptable temperature 
distribution that agrees with temperature data from the Reykjavik Energy and ISOR data reports 
(1998 until 2018) prior to the time the tracer was injected, 2) obtain a return profile that closely 
agrees with the actual tracer data. Both steps were performed simultaneously as the model is 
sensitive to setup changes. Therefore, the simulations use the same properties and structures of 
rocks in order to not to modify the results obtained for each calibration. With the model defined 
is proceed to perfmon a forecasting the field response in two future scenarios: i) long term 
reinjection and ii) stopping the injection and disposal of wastewater. 

The first simulation considers single water component flow simulation from the 1st of 
January 1998 until 5th of November 2018.This model uses the initial conditions described above 
as well as the injection and production data for all wells along with the reinterpretation of the 
structures based on the tracer recovery test from 2018 to 2019. The model permeability is 
adjusted is until there is an acceptable match with measured formation temperature. This 
provides the initial conditions at the beginning of the tracer injection. 

The tracer calibration consists in a two-component simulation that simulates the tracer 
injection. The tracer was injected around two hours for into appropriate model wells. The model 
simulates tracer injection was from the 15th of November 2018 until midnight on the 20th of 
September 2019. Geothermal fluid injection and monitoring wells takes place in the other wells 
in the system during this simulation. In order to keep the steady tracer background value and 
prevent heavy dilution in all injection elements, an amount of tracer ( 1x10-10 kg/kg  times the 
normal injection) were co-injected within of the injections wells NN-01, NN-02, NN-03, NN-
04, NN-06, NN-07, NN-09 and surface injection point Lk during the simulation. 

For the future scenarios were considered two simulations. In the first, injection and 
shallow injection continues using average values of mass injected running for 20 years more. 
The second scenario considers the amount of time to achieve a steady-state after stopping all 
the reinjection and production in the shallow groundwater field. 

 
 
 



 

Chapter 4 

4Results 

The following sections present the model results. The first section presents the results of the 
changes of the temperature in resulting from 20 years of the injection and comparison of results 
with field data along with a comparison made in Leapfrog model between 2018 to 2019. The 
second section consists of the tracer calibration, observing the contrast between single porosity 
and double porosity model. The final section involves forecasting the field response of two 
future cases. 

4.1 Temperature model 

The hydrological parameters and structure of the model that had to be adjusted to obtain optimal 
results. Four rock types were added as high permeability rocks to the conceptual model: CHN10, 
CHN20, CHN30 and FEED0. The rock types CHN10, CHN20 and CHN30 corresponding to 
permeability channels over the lava field, as determined mainly by the recovery curve of the 
monitoring and trend of rise temperature from field data. FEED0 represents permeable zone 
(layers 10 - 15 and 17) into the bedrock determined by the feedzones. Dual-porosity is used in 
this model (details are in the next section). The calibrated permeability values for the initial and 
added rock type are shown in Table 4.1. Figure 4.1 shows the top of surface of calibrated model 
structure, and other layers are presented in Appendix B.  

Table 4.1 Calibrated permeability values for each rock type. 

ROCK TYPE  Permeability  
 kx (m2) ky (m2) kz (m2) 

GRA0 1e10-09 1e10-09 1e10-11 
GRU0 1e10-14 1e10-14 1e10-15 
HAG0 1e10-09 1e10-09 1e10-15 
NES0 1e10-09 1e10-09 1e10-15 

FAUH0 1e10-16 1e10-16 1e10-16 
FAU10 3e10-11 5e10-10 5e10-13 
FAU20 3e10-12 5e10-11 5e10-13 
FAU30 3e10-12 5e10-12 5e10-13 
BOUN0 1e10-16 1e10-16 1e10-16 
CHN10 9e10-09 9e10-09 1e10-15 
CHN20 8e10-09 8e10-09 1e10-15 
CHN30 9e10-09 9e10-09 1e10-15 
FEED0 1e10-11 1e10-11 5e10-14 
QDTP0 1e10-16 1e10-16 5e10-16 
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Figure 4.1 Calibrated model structure, top surface. White starts injection wells, blue star NN-
6 well and white points monitoring points. including the element wells and monitoring points. 
White points are monitoring points, white starts are injection wells and blue start NN-6. 
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The result from the temperature simulation can be seen in Figure 4.2 and 4.3, where the 
model temperature variation is plotted versus time. The simulation results show a reasonable 
match with the monitoring well temperature data over the time. The best results were obtained 
for NK-1, NK-2, NL-10, and NL-4 (Figure 4.2). Modest results are seen for wells NL-2, NL-7, 
NL-8 and NL-9, whereas NL-11 show a modelled temperature significantly lower than field 
data (Appendix B). 

 

 
(a) Temperature changes from 1998 to 2018 at 100 masl. (layer 1) in monitoring well NK-1. 
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(b) Temperature changes from 1998 to 2018 at 100 masl. (layer 1) in monitoring well NK-2. 

 
(c) Temperature changes from 1998 to 2018 at 101 masl. (layer 1) in monitoring well NL-4. 
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(d) Temperature changes from 1998 to 2018 at 100 masl. (layer 1) in monitoring well NL-10.  
 
Figure 4.2 Evolution of temperature from 1998 to 2018 at one meter of groundwater in NK-1, 
NK-2, NL-4 and NL-10. Field data in blue and model results in red. 

 
The change of temperature for natural outflows show positive results for two of them 

(Figure 4.3). Eldvík reflects a very good trend with field data throughout the year, while 
Markagjá has a slight increase in the beginning of the 2000s, but there is a fall in the curve after 
the injection of the well. The last one is Varmagjá, where there is a 10-13 °C discrepancy 
between the model with the field data. 
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(a) Temperature changes from 1998 to 2018 at 100 masl. (layer 1) in Eldvik spring. 

 

 
(b) Temperature changes from 1998 to 2018 at 100 masl. (layer 1) in Markagjá spring. 
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(c) Temperature changes from 1998 to 2018 at 100 masl. (layer 1) in Varmagjá spring. 

Figure 4.3 Evolution of temperature from 1998 to 2018 for springs. Field data in blue and 
model results in red. 

 
Although the results in the upper part of the model were reliable over the simulated time, 

at depth, detail is lost for some of the data as seen in Figure 4.4. The figure shows the 
temperature-depth profiles at different dates for NK-1, NK-2, NL-4, NL-7, NL-10 and NL-12. 
Some temperatures have a good match and trend towards field data with a slight difference and 
discrepancy on certain dates, especially NL-7 and NL-12. Nevertheless, the general trend is 
captured for the most of wells shown. See Appendix D for NL-7 and NL-12 profile plots. 
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(a) Temperature profiles from 1998 to 2018 for NK-1. 
 

 
 

(b) Temperature profiles from 1998 to 2018 for NK-2. 
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(c) Temperature profiles from 1998 to 2018 for NL-4. 

 

 
(d) Temperature profiles from 1998 to 2018 for NL-10. 

 
Figure 4.4 Temperature profiles field data and simulation comparison for NK-1, NK-2, NL4 



34 
 

 

and NL-10. Left side is the simulated data and right side is the monitoring station data. 
The temperature distribution obtained from the simulation is presented in Figures 4.5, 4.6 

and 4.7. The figures show the simulated temperature distribution over 20 years projected in the 
lava field at ~100 masl. (layer 1) and illustrate isotherms interpreted by ISOR for September 
2000, October 2006 and May 2017 for comparison. In turn, the temperature cross-section 
profiles along the most permeable fault (FAU10) in the model are added to observe the 
temperature-depth relations. See Appendix E for original ISOR maps.   

For September 2000, there are high temperatures within the lava field (Figure 4.5). The 
simulation illustrates that temperature increases most rapidly in the NE-SW including toward 
NK-10 and NK-1, reaching 30 °C in the center of the field and 15-20 °C close to the lake, which 
is a good overall match to the field data. At the deeper levels, the temperature remains 
unchanged since the injection of warm water at deep levels has not yet started. 

 

 
Figure 4. 5 a) Comparison between measured temperature at one meter the below groundwater 
table for September 2000.  The contours lines represent the temperature registered from ISOR 
data. White dots are the monitoring station, white stars are the injection wells and blue star is 
well NN-6. b) Cross section along the most permeable fault (FAU10). 
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In October 2006, the temperature increased to ~20 °C in most of the lava field with the 
area between 20 °C and 30 °C isotherms being much more widespread and extending to the 
lake. The simulation shows a low temperature area (15 °C) between Nk-2 and NL-11. The 
underground temperature has increased to 60 °C since the injection in the deeper wells (NN-3, 
NN-4 & NN-5) has started (Figure 4.6). 

 

 
Figure 4.6 a) Comparison between temperature ISOR map and simulation for October 2006. 
White dots are the monitoring station, yellow surface injection and gray injection at depth. 
Groundwater temperature one meter the below groundwater table. b) Cross section along the 
most permeable fault (FAU10). 
 

For May 2017 (Figure 4.7), the temperature rises to ~35 °C in the center of the area, 
especially along the injection well to NK-2 and along the edge of the lake, where it maintains a 
similar temperature as 2006. However, the temperature has increased over a significant area of 
the lava field, mainly with a northeast trend seen in the field data as well as simulation results. 
At deeper levels temperature has increased significantly, even rising to a shallow level below 
the Nk-1 and Nk-2. The temperature is around 30 - 40 °Cover a large vertical interval in the 
subsurface. 
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Figure 4.7 a) Comparison between temperature ISOR map and simulation for May 2017. White 
dot monitoring station, yellow surface injection and gray injection at depth. Groundwater 
temperature one meter the below groundwater table. b) Cross section along the most permeable 
fault (FAU10). 

 
Finally, a temperature comparison with the temperature model made in Leapfrog based 

on data collected in 2018-2019 is compared with temperature data from end of simulation. 
Figure 4.8 illustrates in four cross-sections the temperature distribution in the field. At first 
glance, the simulated temperature distribution fits well with the model made in Leapfrog. 
However, the simulation has the area of increased temperature more horizontally spread out to 
the southeast (Figure 4.8b). 
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Figure 4.8 Comparison between Leapfrog temperature model and the simulation generated with 
AUTOUGH2. a) Map with showing the locations of the cross-sections. b) Comparison shown 
for each respective cross section; Left Leapfrog model and right Simulation results. 

4.2 Tracer calibration 

As mentioned above, the model uses the same configuration and permeability of the rock types in 
order to preserve the hydrological properties that control the fluid used the temperature model. 
During tracer calibration two approach were considered: single and doble porosity model. 

4.2.1 Single porosity approach 

The first calibration approach tested whether realistic recovery curves could be reproduced in 
simulations by adjusting the geological parameters described in Chapter 3.4. The layers 3 and 
13 are chosen to show the flow of the tracer in order to visualize the flow trend in upped levels 
and deeper levels in the feedzones (Figure 4.9). The maps for show in upper levels (86 masl.) 
there is not presence of tracer during the 126 days. At deeper levels (-180 masl.) the tracers flow 
through fault zone but it amounts of tracer flowing in the structure is slow during the time of 
the tracer test. It can be seen in the tracer recovery curves (Figure 4.10), where single porosity 
model shows poor results in terms of matching the tracer recovery curves. The tracers appear 
only in NK-1, NK-2 and NL-4, and arrival time nor recovery concentration match those 
observed in the field, except for NL-4 which is the only result that show a slight recovery in the 
simulation.  
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Figure 4.9 Single porosity model results - Tracer content in 2018 to 2019 at an elevation of 86 
masl. (layer 3) and -180 masl. (layer 13).  
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Figure 4.10 Single porosity model results - Tracer recovery curves for 2,7-NDS tracer injection. 
The field data is represented by the dots and the dotted line, and the model results by the plus sign 
symbol and the solid line. 
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4.2.2 Dual-porosity approach 

The dual-porosity model of Nesjavellir used three interacting continua (one fracture and two 
matrix blocks) with corresponding volume fractions of 10% - 20% - 70% and a fracture spacing 
of 100 m. The fracture was assigned a very high porosity fixed at 90%. The initial matrix 
porosity was chosen such that effective porosity of the dual-porosity model is the same as the 
porosity of the single porosity model. The MINC grid was applied only to the grid blocks within 
the central area limited by faults.  

Unlike single porosity model, the dual-porosity the tracer distribution is perceptible in 
upper levels (86 masl.) across the lavaflow and controlled by the NE fault at deeper levels (-180 
masl.) as seen in the Figure 4.11. The match is significantly better than for the single porosity 
model for most of the monitoring station, although the match is still not good for natural outflow 
Varmagjá, Eldvík and Markagjá (Figure 4.12). The best results are for NK-1, NK-2, where the 
shape, peak and time is close to the tracer test data. The simulation is not capturing the tracer 
time arrival for the springs, where there is a slow recovery time than field data, but the 
concentration peak are right. In the wells NL-2 and NL-4 concentration peak is acceptable but 
they showed long and constant period of recovery in the simulation, being not accurate 
compared the faster recovery of the field, whereas NL-12 not detected any tracer in the 
simulation. 

 

 

Figure 4.11 Dual-porosity model results - Tracer content in 2018 to 2019 at an elevation of 
86.2 masl (layer 3) and -180 masl (layers 13). 
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Figure 4.12 Dual-porosity model results - Tracer recovery curves for 2,7-NDS tracer injection. The 
field data is represented by the dots and the dotted line, and the model results by the plus sign 
symbol and the solid line. 
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4.3 Future scenarios 

For the future scenario, two cases were evaluated. In the first, the injection continues for 20 
years with the same injection rate and temperature as during the period 2018-2019. In the other 
case, the injection is stopped across the field. 

Figure 4.13 considers the first case and shows the temperature distribution at 10 and 20 
years into in one meter below the groundwater table (Layer 1), at 86 masl. (layer 3), where the 
best match tracer recovery was captured and at -180 masl. (layer 13). After 10 years, the 
temperature rises close to the edge of the lake, but relatively little change at the surface. 
However, at 86 masl. and -180 masl. there is a rise of temperature across the field. At 86 masl. 
the temperature increase reaches up to 45 °C along the center channel and at -180 masl. hot fluid 
is spreading through the fault reaching up to 60 °C. After 20 years, most of the lava field is up 
to 25 °C with values close to 35 – 40 °C in the main channels and 30 °C close to the lake. At 86 
masl. the maximum temperature is around 60 °C, where the main channels is around 50 °C and 
the Grámelur area rises until 40 °C, and deeper level around -180 masl., the zone of elevated 
temperature (60 °C) reaches below to the edge of land and lake. The vertical cross sections 
along the most permeable fault show the spread of temperature. 
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Figure 4.13 Evolution of temperature in 2020, 2030 and 2040 if injection and production 
continue at the same average flow rate and temperature from 2018-2020. Cross section along 
the most permeable fault (FAU10). 
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In the second scenario (Figure 4.14), the injection and production in the field were 
stopped. The temperature drops drastically on surface less than two year but a little more slowly 
in the subsurface. After 10 years, the shallow temperature is almost initial condition state close 
the lake, where the temperature is between 12 -13 °C. After 20 years, the surface temperature 
is between 10-12° C and close to the lake is around 10 °C. At deep levels around injection zone 
the rocks are a little warm, with temperatures around 40 – 50 °C after 10 years, and 30 – 40 °C 
20 years after generation is stopped. 
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Figure 4.14 Evolution of temperature for 2020, 2030 and 2040 if all generations are stopped. 
Cross section along the most permeable fault (FAU10).



 

Chapter 5 

5Discussion and Conclusion 

5.1 Model results 

Numerical models are a simplified way of representing reality and in this first attempt at 
matching temperature and tracer data, it is unsurprising that there is some discrepancy in the 
model. The model is sensitive to even but the slight changes in model configuration parameters 
or structures. 

In general, there is a good approach of temperature changes over time with the data from 
1998 to 2018, with some mismatch observed in the wells but a general the trend is captured for 
most of them. It is important to note that some data may be seasonally affected. Getting a perfect 
match is a challenge considering that the simulation did not consider variations that may affect 
some field monitoring data. 

Geological data used to build the Leapfrog model (and hence the initial permeability 
model) is limited. There was also limited data for deep temperature. The biggest drawback was 
calibrating the temperature for deeper levels where it drops dramatically after 50 masl. The only 
reference temperature at such levels is NL-12, where simulation shows a good approximation 
over time in the bottom of the well but not at intermediate layers.  

The tracer test observed in the field data suggest presence of a flow channel mainly 
connecting the wells NK-1, NK-2 and, Varmagjá, Eldvík and Markajía springs with the injection 
well NN-6. The flow channeling dominates the spatial distribution of fluid flow paths due to the 
presence of NNE trending faults that imply fracture connectivity with monitoring points and the 
injection. Based on the tracer calibration values, an acceptable match between the simulated 
tracer return curve with dual-porosity model and the actual tracer return profile for NK-1 and 
NK-2 is achieved, a less accurate match for natural outflow recovery curve. Further refinement 
of permeability values is needed to improve the match for the peak concentration mainly for the 
outflow springs. Although a connection between the well and springs is seen in the field data, 
modelled tracer test and simulation is not well matched, and the detail of the permeability 
structures near the lake is not well understood.  

The results from this modeling study show that the Nesjavellir reinjection field system is 
heterogeneous and controlled mainly by a structure in the along the center of the model with 
minor permeable structures connecting depth to shallower levels. In the model the fault zone 
flow paths quickly channel the fluid from the injection zone to the monitoring station Nk-1 and 
Nk-2. The flow paths are controlled by interconnected fractures that focus the fluid flow through 
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the larger volumes of lava rock field. The simulation shows that at deep levels between -100 and 
-400 masl. the injected hot fluid flows mainly vertically through a fault damage zone. Therefore, 
other intervening horizontal lithologies are not zones of large scale of vertical flow. While at 
shallows levels, the fluid flows much more easily both vertically and horizontally where a 
narrow flow channel dominates the fluid flow between the injection and NK-1 and Nk-2 wells. 
The high thermal rise in the rock matrix above the direct path between the two wells suggests 
that the flow was concentrated in a narrow path between the injection and the monitoring wells 
as seen in the tracer test.  

The simulation shows if the injection continues for 20 years more with the average flow 
mass used during the period 2018-2020, the temperature at one meter below the groundwater 
table in the most lava area will be over 25 °C, increasing to  over 35 °C at -90 masl., reaching 
to 50 °C for areas below the permeable channel and around it. Below the edge of the lake the 
deep temperature (-180 masl.) will increase around 50 °C. 

In the case if all activity suddenly ceasing, the temperature will decrease rapidly on the 
surface, reaching values close to the initial conditions in less than 2 year and after 10 years will 
almost as the initial conditions for the top surface. However, given the temperature rise by 
injection in recent years the cooling process will take a little longer for deep levels.  

5.2 Further studies 

Quality of data is essential to create and calibrate a numerical simulation model.  A new 
monitoring station between NL-11 and NK-2 may be useful to understand the fluid flow between 
those wells. Laboratory test of permeability of rocks around the interest zone, especially for 
deepest levels could give valuable data for the parameter’s selection along with field pressure 
response data and pressure transient test. 

This modeling study focused solely on the recovery of the injection 2,7-NDS tracer that 
was injected into well NN-6. The grid generation and model setup mainly focused on the shallow 
lava field. Therefore, it may be limited at deep levels. Unfortunately, there is no data on the 
pressure at the deep levels, which makes it difficult to interpret and model deeper injection. 

Further refinement of permeability values is needed to improve the match time recovery for 
springs. Additionally, there are seven other tracer injections in the system. Performing the 
models for each tracer as was done in this one, would improve the understanding of the flow 
path especially the part near the lake over the lava Nesjahraun  that it was not possible to 
characterize the traces of the tracks very well . The numerical dispersion, during solving of the 
advection equation, is a function of grid block size and time step size. Therefore, further refining 
the grid could help increase the permeability and thus improve the numerical model. In addition, 
revisited bottom boundary conditions to improve deep temperature match is suggested. 

Finally, experimentation with other matrix fraction and porosity values in the rock could 
give best approach and application of inverse modelling may be a tool to improve parameter 
selection since this study used only the manual calibration. 
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5.3 Conclusion 

Thermal spread for postglacial lava flow at Nesjavellir geothermal field was captured in the 
numerical model. The model shows an acceptable match for most monitoring stations which 
reflected a representation of the temperature spread from 1998 to 2018. There are two main 
channels where the flow travel faster and flow is largely confined within these permeable 
features found between the Nesjavellir reinjection zone to Lake Thingvellir. The recovery and 
peak for the main interest station fit well with the simulation. However, the tracer arrival time 
for springs could be improve. Use of Multiple Interacting Continua (MINC) to enhance the 
resolution of spatial discretization in the narrow flow channel showed clearly better results than 
single porosity, where flow within the fractured rock seems to be accurately captured. In this 
case, MINC partition of the grid reduces the effective volume of the block that the fluid flows 
through (fractures), causing the tracer travel time between the injection well and the production 
wells to be significantly faster. 

The medium at deep levels appears to be strongly anisotropic, where extensive faults act 
as a preferential pathway for the re-injected fluid. Through the fault zone, flow easily flows 
where fractures interconnect with shallow permeable channels at shallow levels, allowing some 
of the fluid to reach the surface layers. However, the area near the lake has complex technical 
characteristics, being somewhat unclear as to the transport of flows in that area. 

Given that the temperature and the tracer simulation match the field data with the selected 
hydrological parameters, the model shows that it is possible to make a forecast on the possible 
behavior of the system. With continuous injection, the temperature after 20 years will be around 
35 °C for shallow levels (-90 masl.) and higher than 50 °C for intermediate and deeper levels 
below lava flow limited with the Lake Thingvellir. In the event that the injection is interrupted 
and is not resumed, the temperature will be close to initial condition shallow levels around all 
the lava flow field, especially near Lake Thingvellir. However, the area around the deepest 
injection zone it will take more than 20 years to cool down until be close to the steady state 
temperature according to the model.  

Although the model can be recalibrated to get closer to more realistic values, under its 
current conditions, it shows the potential to be used for shallow injection management. 
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Tracer test plots 
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Measured recovery for tracer test injected in NN-1, NN-4, NN-5, NN-6, NN-7 wells, and Lk from 
November 2018 to September 2019 provided by Reykjavik Energy. 

 



 

Appendix B 

Structure of the numerical model 
 

                                     
(A)Rock Type Key                                       (b) Layer 1 (120 masl.) 
 

 
(c) Layer 2 (92.1 masl.)                             (d) Layer 3 (86.2 masl.) 
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(e) Layer 4 (80.4 masl.)                                (f) Layer 5 (74.6 masl.) 

 
 

 
(g) Layer 6 (68.8 masl.)                               (h) Layer 3 (62.9 masl.) 
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i) Layer 2 (92.1 masl.)                                (j) Layer 3 (86.2 masl.) 

 
 

 
(k) Layer 10 (-33.3 masl.)                            (l) Layer 11 (-80 masl.) 

 
 



61  APPENDIX B 

 

 
(m) Layer 12 (126.7 masl.)                          (n) Layer 13 (-173.3 masl.) 

 

 
(o) Layer 14 (-220 masl.)                             (p) Layer 15 (-266.7 masl.) 
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(r) Layer 16 (-31.1 masl.)                             (s) Layer 17 (-360 masl.) 

 
 

 
(t) Layer 18 (406.7 masl.)                           (u) Layer 19 (-453.3 masl) 

 
 
 

 



 

Appendix C 

Comparing temperature vs time simulation 
and data field 1998 to 2018. 
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Appendix D 

Comparing temperature profiles simulation 
and data field 1998 to 2018 
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Appendix E 

Isothermal maps in the Nesjahraun lava for 
2000, 2006 and 2017. 
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Isothermal maps from ISOR reports (Hafstad et al., 2007; Čypaitė and Ingimarsson, 2017). 


