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ABSTRACT 

The Þeistareykir high-temperature geothermal field is located in northern Iceland. Seven 
deep boreholes have been drilled there since 2002.  

Temperature and pressure logs, measured during different operational stages of the wells, 
were analyzed to estimate formation temperature and initial pressure, as well as the 
possible location of feed zones in the wells. A new interpretation supports the hypothesis 
of an up-flow around well ÞG-1. It is possible that the up-flow does not spread as far to the 
west as was previously assumed. 

The highest temperatures measured in the new wells ÞG-5B and ÞG-6 were 300°C and 
311°C, respectively. The discharge enthalpy for well ÞG-5B is higher than it is for well 
ÞG-5. Discharge from well ÞG-6 will possibly have similar characteristics as the discharge 
from wells ÞG-1 and ÞG-3, i.e. high temperature steam. 

Pressure recovery measurements in wells, which were shut in during the summer of 2008, 
have been evaluated using conventional well test analysis methods. The results obtained 
were compared with results of the interpretation of step-rate injection test data. 
Transmissivities evaluated in this work for wells ÞG-1 and ÞG-3 are lower than previous 
estimates while skin factor estimates have become more negative. 

Transmissivity, estimated by the analysis of injection test data for well ÞG-5B is close to 
the transmissivity estimated for well ÞG-5, or in the order of 7x10-8 m3/Pa-s; 
transmissivity, estimated for well ÞG-6 is close to the transmissivity for well ÞG-3, and in 
the order of 1.3 x10-8 m3/Pa-s. 

There are indications of interference between well ÞG-2 and wells ÞG-3, ÞG-5, ÞG-5B, 
and ÞG-6, as well as between ÞG-3 and ÞG-5. Well ÞG-1 has a limited communication 
with wells ÞG-2 and ÞG-3, however. 
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PREFACE 

This thesis is the final work of my M.Sc.degree study at RES The School for Renewable 
Energy Science, geothermal specialization. It contains work carried out from October 2008 
to February 2009. The workload of the project represents 30 ECTS, and it was completed 
under the supervision Dr. Guðni Axelsson, ÍSOR – Iceland GeoSurvey, and Mr. Ásgrímur 
Guðmundsson, Landsvirkjun Power. The thesis was devised solely by the author; most of 
the text in the theoretical background sections, however, is based on the research of others, 
and I have done my best to provide references to these sources.  

The choice of the project for this thesis was inspired by my admiration for the Earth’s 
power and by curiosity about the mystery of something that is hidden deep down in the 
Earth. I live in Iceland, which is blessed with geothermal resources, and it would be nice to 
help the country to make the most of this gift in the least harmful way. In addition I like 
puzzles, and the process of research for me is very similar to solving this important puzzle.   

This thesis is divided into three parts. Part one contains general information about the 
Þeistareykir high-temperature geothermal area and the field wells. Part two presents the 
analysis and interpretation of the most recent set of temperature and pressure logs from the 
Þeistareykir area and updated pictures of the formation temperature and initial pressure 
distribution. Part three deals with the interpretation and analysis of the results of well tests, 
which were conducted in the Þeistareykir geothermal field upon completion of the drilling 
and during further exploration. Estimations for the injectivity index, transmissivity, 
formation storage coefficient and skin factor for the wells are also presented. 

The author gives her overall synthesis of the various issues in the conclusion. 

Appendix A presents additional figures and tables, which are used or referred to in part two 
of the thesis. 

Appendix B consists of the plots, which represent the results of well test analysis for some 
of the Þeistareykir wells, as well as some additional figures and tables which are referred to 
in part three of the thesis. 

The intent of the author has been to make this thesis a useful project with an emphasis on 
the practical application of the results obtained. My sincere hope is that it will be used for 
updating the existing conceptual model of the Þeistareykir geothermal area and 
consequently for further development of numerical models, which is critical for efficient 
exploitation of the Þeistareykir geothermal system and reservoir management. 
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1 INTRODUCTION 

The Þeistareykir high-temperature geothermal field is located in the Þingeyjarsýsla region 
about 32 km from the coast of northern Iceland. It has been a well-known geothermal area 
for a long time and thermal activity is obvious when looking at the landscape and surface 
manifestation. 

According to legend, 12 polar bears once visited the Þeistareykir farm and the surrounding 
area with the same name and killed the people who were living here. The farmer’s son 
chased the animals and killed them all. There is also some talk about a ghost - a brown, 
monster-like dog, which haunted the farm. The farm was finally abandoned in 1874, and 
now a shelter for the farmers for the period of sheep round up stands there. For centuries, 
sulphur was mined there and processed before it was shipped to Copenhagen, providing the 
Danish king with raw material for gunpowder. 

Today, however, Þeistareykir is one of the high temperature geothermal areas feasible for 
exploitation in the near future. There is no energy surplus in the power system to meet the 
power requirement for the new power intensive industry in Iceland. During the summer of 
2002, a few experimental boreholes were sunk in the area to test the capacity of the high 
temperature area for future exploitation. The boreholes are part of a survey of the extent of 
this geothermal area, and were drilled with energy supply for a possible heavy industrial 
unit in the Þingeyjarsýsla region in mind. Researchers suggest that it is realistic to expect 
the possibility of building a 150 MWe electrical power plant in the area.  

Thorough studies of a geothermal resource are the foundations of successful resource 
development. Orkustofnun conducted detailed research in the Þeistareykir area during the 
1972-1974 and 1981-1983 periods. Ármannsson (2001) has put together an overview of 
this work. A whole range of extensive surface (geological, geophysical, geochemical etc.) 
research has been carried out in the Þeistareykir area in recent years and 7 deep boreholes 
have been drilled there since 2002. A large amount of data have been obtained regarding 
pressure and temperature conditions in the geothermal system as well as pressure transient 
data, which can be used to estimate permeability, in the part of the area that already has 
been drilled into. Nevertheless, the data sets cannot be considered complete. The 
conceptual model of the geothermal system should be constantly re-evaluated and updated 
as research and data collection will continue with further exploratory drilling. This also 
applies to numerical models of the system. 

Well testing is considered to be one of the most powerful tools for determining complex 
reservoir characteristics. In addition to the surface research, a series of pressure transient 
tests have been conducted upon the completion of drilling operations and during further 
exploration of the Þeistareykir geothermal field. Step-rate injection tests have been 
performed at the end of drilling deep boreholes in the area. Following discharge testing of 
4 out of 5 wells during the winter of 2007/2008 a program of multi-well interference and 
pressure recovery measurements were carried out in the summer of 2008. Comprehensive 
interpretation of acquired data is critical for efficient development of the area and reservoir 
management because it can quantify parameters, such as permeability, storage capacity and 
well characteristics that determine the dynamic response of the reservoir to future 
production. 
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The objective of this project is estimation of the initial pressure and temperature 
distribution in the high temperature geothermal reservoir at Þeistareykir and updating the 
existing temperature/pressure distribution pictures. In addition, the project seeks to 
compare the interpretation of step-rate injection test data from the wells in the Þeistareykir 
geothermal field drilled up to 2007, with the results of pressure build-up analysis for the 
wells, which were shut in the summer of 2008, as well as to interpret step-rate injection test 
data from the new wells drilled in 2008, using conventional well test analysis methods 
(Kjaran and Elíasson, 1983). The evaluation of pressure recovery and interference between 
6 exploration (production) wells based on pressure recovery measurements obtained during 
multi-well interference tests performed in the Þeistareykir area in the summer of 2008, for 
the purpose of estimating the reservoir permeability, will also be conducted. 
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2 THE ÞEISTAREYKIR HIGH TEMPERATURE GEOTHERMAL 
FIELD 

The Þeistareykir high-temperature geothermal field is located in the Þingeyjarsýsla region 
about 32 km from the coast of north-east Iceland. It has been a well-known geothermal 
area for a long time and thermal activity is obvious when looking at the landscape and 
surface manifestation. The first geothermal exploration was carried out in 1972-1974 
(Grönvold and Karlsdóttir, 1975), and a major geothermal assessment was made in 1981-
1984 (Layugan 1981, Gíslason et al. 1984, Ármannsson et al. 1986, Darling and 
Ármannsson 1989). In 1991-2000 the area was monitored sporadically (Ármannsson et al. 
2000). Exploratory drilling started in the area in 2002 by Þeistareykir ehf. company. 

Ármannsson et al. (1986) divided the active surface area into five sub-areas (Figure 2.1), 
three of which (A, C and D) are expected to be productive. 

 

  

 

New resistivity surveying from 2004 – 2007 shows that the Þeistareykir system is possibly 
quite a vast geothermal system (Karlsdóttir et al., 2006; Yu et al., 2008a; 2008b). 
However, so far, research drilling has only verified geothermal resources in the region 
where obvious surface manifestation can be seen. 

2.1 Location and geological setting 

Iceland is located on the Mid Atlantic ridge at the diverging plate boundaries of the 
American and European plates. The plate boundary in Iceland is located inside the 

 

Figure 2.1 Þeistareykir. Division into five sub-areas (Darling 
and Ármannasson, 1989) 
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neovolcanic zone, which is composed of central volcanoes and fissure swarms. A tectonic 
and volcanic active zone crosses the country from southwest to northeast. The high 
temperature areas are confined to the active zones of rifting and volcanism.  

Iceland is widely accepted to be underlain by a plume of upwelling hot mantle (Morgan, 
1971; Schilling et al., 1982). The high-temperature geothermal area of Þeistareykir lies on 
the northern side of the proposed plume location. The Þeistareykir fissure swarm forms the 
northernmost segment of the Northern Rift Zone (NRZ), a mature rift undergoing active 
spreading (Figure 2.2). In this northern region of the neovolcanic zone, the tectonic regime 
is relatively simple, with rifts running north-south, orthogonal to the spreading direction 
(Slater et al., 1994). 

The Þeistareykir area is the centre of a volcanic and tectonic system that stretches from 
Öxarfjörður in the north to Lake Mývatn in the south. The area shows most of the 
characteristics of a central volcano except for the landscape (Sæmundsson, 2007). Most of 
the area is flat and about 320-370 m a.s.l. The shield volcano Þeistareykjabunga rises only 
564 m above mean sea level and has very gradual slopes. Two volcanic craters, Stóra- and 
Lítla Víti, are south of the shield volcano. The surrounding area is mostly covered by old 
and new grown lava fields. The geothermal activity is all in the eastern part of the rift zone 
of the system. 

 

 

 

Figure 2.2 Tectonic map of Iceland (Sæmundsson, 1979) 
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2.2 Geological overview  

Sæmundsson (2007) has thoroughly studied the geology of the Þeistareykir area and the 
following is based on his writing. The Ice Age glacier retreated from Þeistareykir well 
before the end of the Ice Age. At that time the area became mostly covered in lava. The 
lava fields in the Þeistareykir area are from the end of the Ice Age, or 10,000 to 14,000 
years old, except for Þeistareykjahraun, which is the most recent lava at around 2500 years 
old. All lavas are from shield volcanoes, of variable size and with petrological differences. 
The geology of the area is dominated by basaltic lava, hyaloclastite and intrusives. 
Lambafjöll and Þeistareykir mountains consist of hyaloclastite, palagonite and pillow lava. 
Bæjarfjall and Kvíhólafjöll are hyaloclastite (tuff) mountains created in a subglacial 
eruption during the latest (glacier) stage of the Ice Age. North of Baejarfjall is Ketilfjall 
that is a tuff ridge from the second to last glacier phase of the Ice Age. 

The main features in the geology of the Þeistareykir area are a heat source trending east-
west across an N-S tectonic structure connected to an active central volcano. A fissure 
swarm of 4-5 km in width runs in south-north direction and stretches from Lake Mývatn to 
the sea in Öxarfjörður (Ármannsson, 2008). 

Strata observed in wells in the area show thick palagonite layers (tuff, breccia and pillow 
lavas) in the top part. The number of intrusions increases with depth. At a depth of about 
1150-1300 m a change occurs and lava layers with intermediate layers become prominent. 
The alteration pattern suggests a steadily increasing temperature with depth (Ármannsson, 
2008). 

2.3  Geophysical surveying overview  

In 2004-2006 resistivity surveying was conducted in the Þeistareykir area, using the TEM-
method, which senses subsurface resistivity down to 800-1000 m. The results are presented 
by Karlsdóttir et al. (2006).  

In the Þeistareykir area, a high-resistivity core, below a low-resistivity layer, indicating a 
high-temperature geothermal resource is detected at depths as shallow as 200 m. The first 
borehole in the area, ÞG-1, was drilled approximately 300-400 m from the Þeistareykir hut, 
where surface alteration is immense. Comparing the results of sample analysis from well 
ÞG-1 (Guðmundsson et al., 2002) with the resistivity measurements near the well shows 
that smectite is dominant down to 200 m. Below 230 m there is a mixed smectite-chlorite 
layer with chlorite being dominant. The resistivity value is very low, 2-3 Ωm, down to 
around 200 m, and then it becomes considerably higher. Thus, there is a strong correlation 
between resistivity values and surface alteration. 

The size of the geothermal area is usually estimated from the size of the region, delineated 
by low-resistivity zone found at a depth of 800-1000 m (Figure A.2). The low-resistivity 
zone in the Þeistareykir geothermal field is assumed to surround an area with a temperature 
of 230 C° now, or that once was at that temperature. Based on that, the Þeistareykir high 
temperature area is approximately 45 km2.  

The low-resistivity body encircles the geothermal high temperature area and delineates it 
down to 800 – 1000 m. The MT resistivity surveying method measures deeper and can 
indicate where the main up-flow areas of the system can be found. 



6 

MT measurements were carried out in the Þeistareykir geothermal area in the summer of 
2007 to map the geothermal reservoir at depths ranging from the surface down to 5000 m 
and more. The results were published by Yu et al. (2008a; 2008b). 

The MT measurements confirmed the results of previous TEM surveying in the 
Þeistareykir field, at 800-1000 m depth, regarding the existence of a high temperature 
reservoir under the area (Figure A.3). However, the MT survey is better suited for use at 
much farther depths than the TEM survey. It allowed the mapping of the rough boundaries 
of the geothermal reservoir along long 2-D MT survey lines.  

MT measurements gave the following results (Yu et al., 2008a; 2008b; Guðmundsson et 
al., 2008): 

 

• The main up-flow in the Þeistareykir area is found along NNE-SSW rift zone that 
lies beneath Þeistareykjagrundir and stretches down and under Bæjarfjall to the 
south-west and in the direction of Ketilfjall in the north-east. 

• Another up-flow area seems to be in a fracture system that runs parallel to the 
above rift zone but is located further to the west. The up-flow does not seem to be 
continuous, but is following smaller, oblique channels. The one farthest to the south 
is by Stórihver and the rift zone stretches from there to the north-east. 

• The farther south one goes, the deeper the low-resistivity layer is detected. This can 
indicate the boundaries of the geothermal area in that direction. 
 

The main difference in the results of the MT and TEM surveys is that, according to the MT 
measurements, the geothermal area does not stretch as far to the south-west as had been 
estimated by the TEM measurements. However, the MT survey results suggest that the 
geothermal area probably extends further to the north and the east. 

2.4 Geochemical overview and surface manifestations  

In the central Þeistareykir area clear and obvious signs of geothermal activity, such as hot 
springs and mud pots, can be seen on the surface. The thermal alteration in layers, where 
smectite is dominant, reaches the surface. Surface manifestations have been estimated to 
cover about 11 km2 (Gíslason et al., 1984). 

Results, collected for more than 50 years, regarding the gas composition of steam from 
steam vents at Þeistareykir are available (Hermannsson and Líndal, 1951; Grönvold and 
Karlsdóttir, 1975; Gíslason et al., 1984; Ármannsson, 2004). The results were interpreted 
with regard to hydrogen and oxygen isotopes (Darling and Ármannsson 1989). They 
suggest that the temperature in the system has been stable since the 1950s. Based on the 
gas geothermometer values, the area has been split up into 5 sub-areas (Figure 2.1) and 
areas A, C and D are estimated as the most promising for steam production. Monitoring 
surface changes and chemical content from three fumaroles, one from each of the sub- 
areas, suggests that activity is moving from Tjarnarás (area D) in the west to 
Þeistareykjagrundir (area C) further to the east. Steam flow in areas C and D seems to be 
disturbed by colder currents at greater depths, but by Ketilfjall, far to the north east, the 
steam flow does not seem to be affected at all.  

Results from hydrogen and oxygen isotope testing of wellbore fluid led to the conclusion 
that the reservoir fluids originate from the far south, the water is relatively old, as could be 
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seen in steam from the fumaroles and most likely fell as a rain there a long time ago. Some 
movement of oxygen isotopes can be detected, and point to interaction between water and 
rock on the way, and also that the water had prolonged interaction with surrounding rock. 

The chemistry of geothermal fluid in the Þeistareykir area is favourable for hot fluid 
production. Dissolved chemicals are about 1000 ppm and gas content is less than 1% by 
weight. 
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3 WELLS 

As a result of extensive surface exploration and research in the Þeistareykir geothermal 
area Gautason et al. (2000) suggested locations for drilling exploration wells (future 
production wells if productive) in the area. 

Drilling started in 2002 with well ÞG-1 located in area C (Figure 2.1) and now there are 7 
exploration wells in the Þeistareykir geothermal field. Five of these wells – ÞG-1, ÞG-2, 
ÞG-3, ÞG-5 and ÞG-5B - lie on an approximately 2km long east-west line (Figure 3.1). 
Well ÞG-2 is at the west end, well ÞG-3 is at the east end and well ÞG-1 is in the middle. 
Wells ÞG-4 and ÞG-5 were both drilled directionally from the same platform as well ÞG-1. 
ÞG-4 goes beneath Mount Bæjarfjall in a south-south-easterly direction and well ÞG-5 
goes west towards well ÞG-2. In August 2008, well ÞG-5B was drilled as a sidetrack from 
well ÞG-5 under a smaller angle in the same direction. Well ÞG-6 was drilled directionally 
from the same platform as well ÞG-3, in a west-north-west direction and was the last one 
of the wells to be drilled. The location and main characteristics of the wells in the 
Þeistareykir geothermal field are shown in Table 3-1 and Figure 3.1.   

  

Table 3-1 Characteristics of the Þeistareykir wells 

  ÞG-1 ÞG-2 ÞG-3 ÞG-4 ÞG-5 ÞG-5B ÞG-6 

Type vertical vertical vertical directional directional directional directional 

Start of 
drilling 19.06.02 01.10.03 06.08.06 07.07.07 30.08.07 31.07.08 29.06.08 

Completion 
date 11.09.02 13.12.03 30.09.06 29.08.07 06.10.07 14.08.08 17.09.08 

Location (m 
ISNET93) 

592990; 
599033 

592145; 
598963 

594146; 
599539 

593013; 
599041 

593014; 
599053 

593014; 
599053 

594138; 
599534 

Absolute 
elevation, m 350.1 330.0 400.0 350.1 350.1 350.1 400.0 

Measured 
depth, m 1953.2 1723.0 2659.0 2239.5 1909.7 2499.0 2798.9 

True vertical 
depth, m 1603.1 1393.0 2259.0 1875.0 1647.0 2368.0 2455.8 

Casing, m 617 617 757 839 847 812 841 
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Figure 3.1 Location of wells in the Þeistareykir geothermal field (Mortensen and 
Gautason, 2008) 
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4 ANALYSIS OF THE FORMATION TEMPERATURE AND INITIAL  
PRESSURE DISTRIBUTION 

Predictions of geothermal reservoir behaviour are largely based on knowledge of the 
macroscopic material properties of the reservoir, as well as physical conditions determined 
by temperature and pressure, which govern the distribution and migration of the reservoir 
fluids. Formation temperature and initial pressure are among the most important 
parameters of geothermal resources. They serve as a base for conceptual and numerical 
models, and therefore should be thoroughly analysed in order to construct a realistic 
model. Utilizing as much data from the geothermal system as possible will permit a more 
detailed understanding of the geothermal system under investigation. 

One of the objectives of this thesis is to analyze and interpret the most recent set of 
temperature and pressure logs from the Þeistareykir area and to update the formation 
temperature and initial pressure distribution pictures. These can be used for further 
development of the existing conceptual model and consequently for updating a numerical 
model which will more precisely determine the production capacity of the Þeistareykir 
system and its response to the production process. 

4.1 Theoretical background 

Downhole temperature and pressure logs are most important in quantifying geothermal 
reservoirs. Information obtained by means of these logs has proven to be of great value in 
determining the heat flow, thermal gradient, physical state of the reservoir, location of 
aquifers and flow patterns. Downhole temperature and pressure are used in the subsurface 
heat and mass flux equations as primary variables. Temperature (T) and pressure (p) logs 
obtained during drilling, various well tests, warm-up period, and discharge are used to give 
information on the structure, physical properties, and performance of the geothermal 
system, which the wells are drilled through, as well as vital information on well 
performance and design. The main problem is that the conditions in the wells during 
logging usually differ from the conditions in the undisturbed geothermal reservoir before 
the drilling. T and p measured in the wells are often affected by: 

 

• inter-zonal flow within the wells; 

• cooling of the formation during drilling; 

• cooling due to boiling during well discharge. 

 

Shallow cold groundwater may also penetrate through the casing annulus and cool the 
well. It is well known that during the process of drilling, the natural temperature 
distribution along the borehole axis is distorted due to convection caused by circulating 
drilling fluid. Therefore, the temperature and pressure measured in the wellbore do not 
match those of an undisturbed reservoir. These data should be analysed and interpreted in 
order to get some estimation of true formation temperature and initial reservoir pressure 
(Stefánsson and Steingrímsson, 1980).  
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4.1.1 Temperature log interpretation 

The optimum data for any geothermal investigation are densely sampled, high precision 
temperature logs from boreholes. They should represent the formation temperature as 
accurately as possible. In most cases, temperature measurements are influenced by the 
drilling process (drilling fluid circulation) and do not have the quality which is required for 
accurate geothermal analysis methods. It is not possible to measure the formation 
temperature directly until a long period of time has passed – months or years. There are 
many ways of determining the formation temperature. The most logical way would be to 
wait for the system to stabilize. In reality, it is not possible because the formation 
temperature can be masked by fluid flow or boiling in the well. Therefore, some correction 
methods are necessary in the analysis of thermal data during estimation of the undisturbed 
initial thermal state of the field in question. 

Temperature recovery after drilling can be evaluated by the Horner (Dowdle and Cobb, 
1975; Takai et al., 1994) and Albright (Albright, 1976) methods. The Horner-plot method 
of estimating temperature recovery is usually applied to longer recovery periods – weeks to 
months, while the Albright method is used for shorter recovery periods – a few days. 

The Horner- plot method 

The Horner-plot method was originally developed for pressure build-up predictions in 
reservoir analysis, but was modified by Parasnis (1971) and Dowdle and Cobb (1975) to 
model temperature build-up. It is based on an empirical analysis method founded on the 
fact that that the phenomenon of temperature recovery, after circulation has stopped in a 
conductively heated geothermal well, is similar to the pressure build-up behaviour of 
geothermal reservoir. It permits the determination of the static formation temperature from 
temperature data (BHT (t,z)) obtained during all routine logging operations. The technique 
requires the use of BHT (t,z) data on each logging run, including information on mud 
circulating time and the time that the logging device was last in the wellbore (Dowdle and 
Cobb, 1975). The basic concept is the straight-line relationship on semi logarithmic paper 
of logged temperature, at fixed depth, vs. the ratio of ∆t/ (t + ∆t), where ∆t - time after 
circulation stopped, t - circulating time for the specific depth being studied. Then, 
extrapolation of this straight line to a ratio of ∆t/ (t + ∆t) = 1.0 will provide an estimate of 
the true static formation temperature. This is based on the assumption that the rate of heat 
removed from rock, at the depth in question, should be constant during drilling. 

The Horner-plot method gives a reliable static formation temperature in a region of low 
geothermal gradient, and can be expressed in the following formula: 

 

                         BHT(t,z) =Tf +C log{ (t + ∆ t ) / ∆ t }      (4.1) 

 
where BHT(t,z) - maximum recorded temperature in the well, °C; 

Tf    - true formation temperature, °C;  
t   - circulation time;  
z  - depth, m; 
∆t   - elapsed time after circulation has stopped; 
C   - a constant. 
 

The Horner-plot method has been commonly used for estimating formation temperature. 
This method is easy to utilize even in the field, yet it requires a relatively long period of 
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temperature recovery data to estimate it correctly. According to Dowdle and Cobb, 
comparative and analytical studies of the temperature build-up and pressure build-up using 
the diffusion equation showed that the two methods are not completely analogous and 
Eq.(4.1) is not correct theoretically. Therefore, the method requires a long period of 
temperature recovery time. It is also pointed out that the fluid circulation time is very 
critical for the estimated result; therefore, the Horner-time must be decided carefully. A 
main cause for error in the estimated temperatures by the Horner-plot method is 
insufficient temperature recovery log data and inexact circulation time information (Hyodo 
and Takasugi, 1995). 

The Albright method 

The Albright method is the method used for the direct determination of bottom-hole 
formation temperatures during economically acceptable interruptions in drilling operations: 
12 to 24 hours. It was developed by James N. Albright during the drilling of a geothermal 
test hole in the Los Alamos Scientific Laboratory’s Dry Hot Rock Geothermal Energy 
Project (Albright, 1976). 

The recovery of bottom-hole temperature is assumed to depend only on the difference 
between the borehole temperature and the formation temperature, which is assumed to be a 
logarithmic function of time. For the an arbitrary time interval, the i-th interval, which is 
short in comparison with the time of total temperature recovery, the temperature recovery 
curve can be described by the equation (Stefánsson and Steingrímsson, 1980):   
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i  – the temperature at the beginning of the time interval i; 
   Tt

i  – the temperature at the time t later in time interval i; 
T∞

i  – the estimated equilibrium temperature for the time interval i 
ci  – a constant. 

 
Solving the equation gives a pair (T∞

i, ci) for each interval considered. When the 
temperature recovery is complete, ci = 0. As usually only a small part of the recovery curve 
is usually known, it has been suggested by Albright to consider the relation between T∞

i 
and ci to be linear and in this case the true rock temperature can be obtained by inferring a 
straight line on a (T∞

i; ci) plot and then extrapolating it for the x-axis intersection. 

The BERGHITI program from the ICEBOX software package (Arason et al., 1994) can be 
used for analysing thermal recovery after drilling and for estimation of formation 
temperatures by the Horner and Albright methods. It uses a semi-analytical method to 
estimate true rock temperature from a time series of temperature logs taken during the 
warm-up period. The resulting data can then be used to estimate the formation pressure 
using the PREDYP program, also from the ICEBOX package. 

Temperature recovery estimation by the Horner and Albright methods assumes that 
conduction is the major mode of heating. It is not possible to apply these methods when 
there is boiling or internal flow in the well. In this case, it is necessary to check the 
temperature and pressure logs for boiling conditions in comparison with the boiling point 
for depth curve and the enthalpy of the discharged fluid.  
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The use of numerical modelling programs to predict the behaviour of geothermal systems 
and to explain the presence of thermal anomalies is advisable for a geothermal study; 
however, preliminary results can be obtained from a qualitative analysis. Data from 
downhole time dependant temperature logs are useful in determining the location of 
possible feed zones, high permeability zones and the physical state of the reservoir. 

As the well and surrounding rock are cooled down during drilling, impermeable layers cool 
down with conduction, while the permeable layers are cooled down by drilling fluid in 
accordance with their fluid acceptance capacity. The transfer of drilling fluid into the 
permeable layers results in cold spots in these zones. If the well does not produce after 
drilling, the aquifers will warm-up slower compared to impermeable layers, because this 
penetration of circulating fluid has caused more effective cooling. Assuming that the cold 
water does not flow back into the well, it will require some time for the heat from the 
surrounding rock to warm up the cold water. The opposite is observed in the case of 
production from the well or existence of boiling in the well (Stefánsson and Steingrímsson, 
1980). Temperature measurements during fluid injection or production can indicate the 
feed or loss zones under the test conditions. 

Boiling conditions in temperature logs 

The temperature in a well will usually reach equilibrium with the surrounding rock if there 
is no inter-zonal flow. However, boiling can disturb the temperature profile in the well.  

Due to the fact that high temperature wells tap reservoirs at temperatures higher than 
150°C, there is always some boiling and steam accumulation in these wells during 
discharge and sometimes even after well shut-in. It is common practice to compare 
temperature logs measured in closed wells with a boiling-point-for-depth (BPD) curve. The 
comparison shows where in the well boiling can possibly occur. 

Negative gradient 

A negative temperature gradient means that the temperature decreases with depth in some 
part of the well. The reversal in temperature is usually interpreted as the existence of lateral 
flow of geothermal fluid in the reservoir. A negative gradient should also be present if the 
mushroom-shaped model is correct for the reservoir. (Grant et al., 1982). Combining the 
data of temperature logs from different wells in the geothermal field, it is possible to 
determine the direction of horizontal flow in the field. 

Lateral flow 

In geothermal reservoirs, heated fluid rises up through high permeability fracture fault 
zones toward the surface. If it is blocked by an impermeable layer on its way up, the fluid 
is forced to flow laterally down the gradient along available flow paths, which have 
adequate permeability to enable the flow. The same mechanism works for the cold fluid, 
which is flowing from the surface down to the reservoir through the system of fractures 
and fissures. 

The lateral fluid flow creates a thermal anomaly, which can be detected on temperature 
logs. 

Two-phase flow 

In the case of boiling in the reservoir, i.e. when the undisturbed reservoir is in a two-phase, 
wells tap two-phase flow. In this case, as well as if the well penetrates a steam pocket or if 
the inflow into the well is pure vapour, or vapour phase from one aquifer and liquid phase 
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from another, the presence of steam or two-phase flow can be seen in temperature logs 
from flowing wells. This is marked by much lower equilibrium temperature inside the well 
during discharge in comparison with reservoir temperature (Stefánsson and Steingrímsson, 
1980). This information is very important for further analysis of the well and reservoir 
properties.  

4.1.2 Pressure log interpretation 

Pressure is another essential parameter for geothermal systems. It gives information on the 
whole system. It is a parameter, which controls all reservoir fluid movement. Distribution 
of reservoir pressure reflects fluid flow patterns and permeability variations. 

As with the temperature logs, pressure data obtained during warm-up periods gives 
valuable information. From these warm-up pressure logs it can be seen that water level 
rises during warm-up but at some depth point the pressure may stay constant. This point, 
the so-called pivot point, usually indicates the location of the strongest feed zone of the 
well, and the pressure at the pivot point is the undisturbed pressure of this feed zone 
(aquifer).  

The pressure pivot or pressure control point concept is essential for understanding well 
behaviour during the warm-up period. When a well is filled with liquid, the pressure 
gradient is hydrostatic, i.e. it is controlled by the fluid density. In the ideal case of a well 
with a single main feed zone, pressure in the well at the depth of this feed zone will be 
controlled by and be equal to the formation pressure. The determination of the pressure 
during the warm-up period is the best determination of the initial pressure at this place in 
the field, which is difficult to determine later during the well operation phase. 

Thus, as the wellbore fluid changes temperature during the heating period, the density of 
fluid also changes, but pressure at the feed zone is fixed by the formation pressure, so the 
pressure profile observed in the well pivots about the feed depth. For this type of well the 
pivot uniquely identifies this depth. However, for multiple feeds the wellbore and reservoir 
pressures do not match even at the feed points. When a well has multiple feed zones, the 
pivot point will normally appear between the extremes of these, at a depth that is weighted 
by their flow characteristics (permeability). For these wells, an associated internal wellbore 
flow between zones, resulting from the pressure differences, may be expected (as opposed 
to the ideal single zone case, where there is no internal flow) (Stefánsson and 
Steingrímsson, 1980). Thus, pressure logs of geothermal wells need to be transformed 
from well pressures to reservoir pressures. 

By analysing pressure profiles it can be determined which parts of the geothermal field are 
overpressured due to fluid expansion as a result of temperature increase. It may suggest the 
existence of an up-flow there. Combining temperature and pressure logs data, the 
information about flow directions at some levels of the geothermal area can be deduced. 

Pressure logs from flowing wells give information regarding drawdown in the reservoir, 
which is essential for geothermal resource operation, management, and forecasting. It will 
be shown later that the information obtained from time dependent pressure logs can be 
used to determine reservoir properties such as transmissivity and the formation storage 
coefficient, as well as to get valuable information regarding well interference in the 
geothermal field.  
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Figure 4.1 Formation temperature and initial reservoir pressure in the Þeistareykir 
geothermal field. Contour plot developed in March 2008 (Guðmundsson et al., 2008) 

4.2 Previous temperature and pressure data interpre tation. 
Existing conceptual model 

Formation temperature and initial reservoir pressure 

True rock temperature and initial pressure have been estimated by scientists of ISOR and 
Mannvit Engineering based on all available measurements of temperature and pressure in 
boreholes ÞG-1, ÞG-2, ÞG-3, ÞG-4, and ÞG-5 during 2002-2007 (Guðmundsson et al., 
2008). The evaluation of the data from ÞG-5 was considered provisional at that time.  

Based on the aforementioned estimation, formation 
temperature and initial pressure cross-sections were 
constructed (see Figure 4.1, Figure A.4). The cross-
sections show the temperature and pressure 
distribution along cross-sections through wells ÞG-2 
- ÞG-1 - ÞG-5 - ÞG-3 in the east-west direction and 
through ÞG-1 – ÞG-4 in the north-north-west – 
south-south-east direction. According to the picture 
developed for the former cross-section, the 

temperature is increasing towards well ÞG-1, but at the depth of approximately 2000 m the 
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temperatures for boreholes ÞG-1 and ÞG-3 are similar. Areas around ÞG-2 and the lower 
part of ÞG-5 are considerably colder than around other wells and presumably it is due to 
cooling from the surface through the fissure system, which is visible in Figure A.1. The 
pressure distribution picture shows a drop in pressure below 1000 m b.s.l. depth towards 
the centre of the cross section in Figure 4.1, where the well ÞG-1 is located, suggesting a 
flow below this depth. The integrated interpretation of temperature and pressure 
measurements suggests that there is an up-flow of hot water around the centre of the 
section, or just east of well ÞG-1. 

The cross section in Figure A.4 demonstrates that the temperature rises in the direction of 
ÞG-4 above 1000 m b.s.l. depth, but below that mark the temperatures are similar for both 
wells. The obvious pressure increase towards ÞG-4 is noticeable; it can be explained 
mostly by the location of ÞG-4 under Mt. Baejarfjall (Guðmundsson et al., 2008). 

Existing conceptual model 

A conceptual model is a qualitative representation of the distribution of fluid, temperature 
and pressure that may occur within a geothermal reservoir, forming a necessary basis for 
all reservoir calculations. 

The development of a conceptual model of a geothermal reservoir consists of assembling 
all available data, and the results of data analysis and interpretation, into one picture where 
all elements are not in contradiction with each other and which is consistent with the 
observable characteristics of the system. The accuracy of this picture depends to a great 
degree on the available data and on the interpretation of the data. The construction of a 
conceptual model of a reservoir is a challenging task since the location of the reservoir, far 
beneath the surface of the earth, makes it difficult to obtain good measurements that can be 
used as information sources. Although in some sections of some geothermal systems there 
may be sufficient data to quantify a conceptual model, on a greater scale, it is only possible 
to generalize and base the conceptual model on theoretical and experimental studies, 
background knowledge, and experience from the field. 

Some of the main features of a good conceptual model include (Grant et al., 1982): 

• A model should not be unnecessarily simple. The essential characteristics of the 
system should not be missed. 

• A model should not be too complicated. The simplest model that fits all the 
available data is the best. 

• A model should not be biased. A model that fits with accuracy to some specific 
data set at the expense of any other is unlikely valid. 

• A model should, as much as possible, to fit observed data rather than interpreted 
data.  

It is extremely difficult to create a conceptual model that will meet all of these 
requirements. Ultimately, the model that best matches the characteristics of the reservoir in 
the long term is the best. Long-term observation of the field and constant re-evaluation and 
updating of the model in accordance with data collected during ongoing research and 
further drilling are essential conditions of developing a good conceptual model. 

Conceptual reservoir models are not used for calculation purposes. Their main functions 
are (Axelsson, 2008): 

• To provide an estimate of the reservoir size 
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• To explain the reservoir heat source 

• To include the location up-flow zones 

• To describe the general flow patterns in the reservoir 

• To incorporate the location of recharge zones 

• To show the location of boiling zones, main flow channels and flow barriers 

The existing conceptual model (Figure 4.2), created at ÍSOR and Mannvit Engineering, 
was based on the analysis of the data collected before the middle of March 2008.  

 

The conceptual model of the Þeistareykir geothermal area is based on the data obtained in 
the part of the geothermal field represented by the west-east cross section from ÞG-2 to 
ÞG-3. A reasonably good correlation between different types of data, i.e. temperature and 
pressure measurements, resistivity (shallow in accordance with TEM and deeper in 
accordance with MT survey), mineral and surface alteration, has been established. 
However, most of the information used came from temperature and pressure distribution 
pictures (Figures 4.1, A.4). The conceptual model suggests powerful up-flow close to well 
ÞG-1, a weaker one further to the west from well ÞG-2 and possibly another up-flow east 
of ÞG-3. The model shows horizontal shallow flow both to the east and to the west from 
the centre of the area, and down-flow after cooling. It is assumed that down-flow into the 
fissure system near well ÞG-2 is rather powerful. There is a possibility of another down-
flow east of ÞG-3 (Guðmundsson et al., 2008).  

Since March 2008 a considerable amount of new data has been collected. One of the 
objectives of this thesis is to analyze and interpret the most recent set of temperature and 
pressure logs from the Þeistareykir area and to update the formation temperature and initial 
pressure distribution pictures that can be used for further development of the existing 

 

Figure 4.2 Main features of the existing conceptual model of the Þeistareykir geothermal 
area. (Guðmundsson et al., 2008) 
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Figure 4.3 Temperature profiles in well ÞG-1 
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conceptual model. Consequently, the results can be used for updating a numerical model, 
which will more precisely determine the production capacity of the Þeistareykir 
geothermal field and the response of the system to the production process. 

4.3 Temperature and pressure distribution in the Þe istareykir 
geothermal field. Updated data presentation and ana lysis 

Well ÞG-2 has been closed for a long time and ÞG-4 could not be logged due to extremely 
high pressure. Therefore, there were not any new temperature and pressure data to interpret 
from these wells. The data from these wells were not under consideration in this study. The 
older estimation of temperature and pressure in well ÞG-2 (Figure A.5) has been used for 
creating contour plots of the formation temperature and initial pressure, however. 

Temperature and pressure logs in wells ÞG-1, ÞG-3, ÞG-5, and the newly drilled ÞG-5B 
and ÞG-6, have been measured during different operational stages of the wells: drilling, 
injection testing, warm-up, discharge, and post-discharge recovery period. These data were 
then plotted and analyzed to estimate formation temperature and initial pressure, as well as 
possible location of feed zones in the wells.  

Well ÞG-1 

 When analyzing dynamic profiles from well ÞG-1 (Figure 4.3), the location of some feed 
zones can be seen at around 600, 720 and 1600 m depth. A changing pressure gradient 
(Figure 4.4) indicates a changing steam fraction in the flow. The fact that both temperature 
and pressure are relatively constant along the well during discharge, and temperature 
values are lower than those measured at static well condition, indicates that there is a 

boiling outside the well and that 
the well taps steam or two-phase 
flow. There can be two 
explanations – either there is a 
boiling in the reservoir or the 
inflow into the well combines a 
liquid phase from one aquifer 
and steam or two-phase mixture 
from another (Stefánsson and 
Steingrímsson, 1980). For well 
ÞG-1 the latter possibility is in 
agreement with the model 
resulting from geothermometer 
temperature analysis (Figure 
A.6). In accordance with this 
model the main inflow at depth 
620-640 m is in the liquid phase 
and the deeper feed zone at 
1620-1640 m depth is boiling 
and inflow is mostly vapour. An 
analysis of the discharged fluid 
enthalpy (see Figure A.7) 
supports the assumption of two 
separate single-phase water and 
steam inflows in to the well. It 
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Figure 4.5 Temperature profiles in well ÞG-3 
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Figure 4.4 Pressure profiles in well ÞG-1 
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can be seen that the enthalpy of 
the fluid from well ÞG-1 was 
increasing within the first month 
after the well started to flow, 
demonstrating the increase of 
enthalpy with a decreasing flow 
rate, which is one of the 
characteristics of this type of feed 
zone system (Grant, 1979).  

Temperature and pressure profiles 
from the closed well show an 
indication of boiling in the well 
and the presence of a steam 
column. The boiling level is rising 
with pressure build-up in the 
reservoir after shutting the wells. 
Temperature and pressure profiles 
are approaching the boiling curve 
and the previous estimation for 
formation temperature and initial   
pressure. 

Well ÞG-3 

Temperature and pressure logs 
from well ÞG-3 (Figures 4.5, 4.6) 
include one profile logged during 
dynamic well conditions and a 
series of profiles after the well has 
been shut.  

There was boiling in the well 
during discharge – the profiles are 
hydrostatic up to 1530 m depth, 
but then the profile indicates the 
presence of a water-steam mixture 
up-flow to the top. It can possibly 
indicate that well ÞG-3 taps, at this 
depth, the same aquifer as well 
ÞG-1 does at a depth of 1250-1300 
m b.s.l. This assumption is in 
agreement with the flow model 
constructed for the Þeistareykir 
geothermal system earlier, based 
on information from ÞG-1 and 
ÞG-2 (Figure A.6). Boiling 
continued in well ÞG-3 after shut-
in and a steam column was present 
in the upper part of the well, 
creating a so-called steam cap 
profile (Grant et al., 1982). The 
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         Figure 4.6 Pressure profiles in well ÞG-3 
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          Figure 4.7 Temperature profiles in well ÞG-5 
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boiling level moves up the well 
indicating pressure build-up in the 
reservoir as a consequence of the 
well’s shut-in. The formation 
temperature and initial pressure 
have not been re-estimated 
because the new data did not 
contradict the previous 
estimation.  

Well ÞG-5 

For the estimation of formation 
temperature and initial pressure in 
well ÞG-5 two profiles in the 
flowing well, and five profiles for 
the well in static condition, have 
been used (Figures 4.7, 4.8). In 
addition, three profiles during 
warm-up from well ÞG-5B have 
been used due to the fact that 
wells ÞG-5 and ÞG-5B are the 

same until 812.7 m of 
measured depth. 
Oscillation of the 
temperature in the upper 
part of the well, where 
the well is cased, 
indicates the presence of 
water movement in that 
part of the reservoir. 

All temperature profiles 
in the upper part of the 
well - up to 800 m 
drilled depth – follow 
the boiling-with-depth 
curve and the previous 
estimation for formation 
temperature. Taking into 
account the temperature 
logs obtained after the 
previous estimation was 
done and profiles from 
the warm-up of well ÞG-
5B, the previous 
formation temperature 
curve can be corrected 
by shifting the profile a 
little down, although this 
correction is not major. 
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             Figure 4.8 Pressure profiles in well ÞG-5 

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

0 50 100 150

M
e

a
su

tr
e

d
 d

e
p

th
, 

m

ÞG-5, pressure, bar

11-6-08 discharge

30-6-08 discharge

30-6-08 5h.after shut-in

1-7-08 23h.after shut-in

1-7-08 29h.after shut-in

3-7-08 3d.after shut-in

9-7-08 9d.after shut-in

28-8-08 warm-up 9d.(5B)

25-9-08 warm-up 37d.(5B)

13-10-08 warm-up 55d.(5B)

Initial p-previous est.(Po 8bar)

boiling curve (Po 8bar)

new initial P-calculated

new initial P-adjusted

Analyzing the dynamic 
temperature profiles, it is 
possible to estimate the 
downhole temperature 
more accurately, because 
there is no fluid down-
flow in the well during 
discharge, and the 
dynamic temperature 
profile reflects the 
formation temperature at 
the bottom of the well (it 
must be noted that it is 
not the case when the 
well taps a two-phase or 
pure vapour aquifer). The 
estimated value is around 
240°C and does not differ 
from the value obtained 
earlier. 

The new temperature 
profiles, acquired after 
the well had been shut, 
show the existence of 
cooling down the well 
and are in agreement with 
the hypothesis of cold 
flow from the west, 
where the intensive 
cooling is likely to be due 
to penetration of cold water from the surface through the fissure system around well ÞG-2. 
Because the temperature recovery is not a uniform process and is more intensive in the 
beginning, logs from well ÞG-5, measured from 5 hours to 9 days after the well shut-in, 
can reflect fairly accurately the rate of stabilization. However, no changes in temperature 
can be seen in the logs. Therefore, one can assume that the temperatures from these 
profiles are possibly very close to the formation temperatures. The previous formation 
temperature curve can consequently be corrected by slight shifting to the lower 
temperatures in the middle part of the log.  

The newly evaluated formation temperature has been used in the program PREDYP 
(Björnsson, 1993), from the ICEBOX package, to evaluate the initial pressure conditions 
of the well. The program computes pressure in a static water column from the temperature 
in the column and wellhead pressure. Because well ÞG-5 is directionally drilled, the 
measured depth had to be corrected to true vertical depth. The pivot point depth is not very 
clear for well ÞG-5; it is probably 91 bar at around 1250 m measured depth. Wellhead 
pressure is assumed to be 8 bar, in accordance with data used for the first estimation. The 
calculated initial pressure and the evaluated initial pressure, adjusted to the control pivot-
point, are shown in Figure 4.8. The formation temperature correction and analysis of new 
pressure logs did not change the previous initial pressure estimation radically, as can be 
seen. 



22 

Well ÞG-5B 

The evaluation of formation temperature and initial pressure for well ÞG-5B was based on 
pressure and temperature logs measured during injection testing after completion of the 
well and the consequent warm-up period (Figures 4.9, 4.10).  

Analysis of the injection temperature profiles points out the possible feed zones located at 
850-900 m and at around 2350 m measured depth. The temperature profiles demonstrate 
step change at these depths. Circulation loss data, collected during drilling, which indicates 
a loss at 863 m measured depth corroborates this assumption. The aquifer at the bottom of 
the well is probably the main feed zone of the well, although reduced circulation loss was 
detected below 2300 m measured depth. It is probably due to clogging of the near-wellbore 
area by drill cuttings. The inflow at 850 m measured depth is possibly relatively weak 
because it manifests itself only when the injection rate is low (~ 10 l/s).  

Temperature logs measured during the warm-up period after well completion can be 
considered some of the most important sources of information about the part of the system 
that has not been altered by discharge yet. Three warm-up temperature and pressure logs 
were available for the analysis of well ÞG-5B. This amount of data was not enough to use 
the Horner or Albright methods for temperature recovery estimation. In addition, 
temperature profiles indicate the presence of internal flow in the well. 

 

The formation temperature for the upper part of the well – down to 812.7 m depth - has 
been evaluated together with data from well ÞG-5 and the curve constructed is identical to 
the formation temperature curve for this part of well ÞG-5.  

 

Figure 4.9 Temperature profiles in well ÞG-5B 
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             Figure 4.10 Pressure profiles in well ÞG-5B 
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Examination of the warm-up profiles shows the location of several feed points. Feed zones 
above 812 m drilled depth are cased off and, therefore, do not flow into the well but show 
up in the logs as “cold spots”. Below the casing four aquifers can be seen – at 850-900 m, a 
minor one at 1260-1280 m, at 1550 m and at the bottom of the well at 2300 m drilled 
depth. Drilling progress reports indicate a total circulation loss at 863 m depth and at 1550-
2277 m (ÍSOR, 2008). In addition, from 1550 m to 1900 m the pressure of drilling fluid 
was relatively stable despite the further deepening of the well, which can indicate opening 
of more mini-feedpoints in the well. It can, furthermore, indicate a high permeability feed 
zone and inflow to the well.  

Analysis of the behaviour of the warm-up temperature profiles displays the inconsistency 
of the temperature recovery process. After a rapid warming-up during the first 10 days, the 
process slowed down. It can be noticed from comparing profiles after 37 days of warm-up 
and after 55 days that the curves are converging and the temperature increase is not big. 
This could indicate that the temperature is approaching the equilibrium temperature that 
can possibly be estimated as the formation temperature. In summarizing all available data, 
the final estimation for formation temperature has been obtained based on the 
aforementioned assumptions. It is plotted with temperature logs in Figure 4.9. It clearly 
shows the cooling in the lower part of the well that can possibly be explained by the same 
mechanism as in well ÞG-5, i.e. by the presence of cold flow from the west, where the 
intensive cooling can be caused by the penetration of cold water from the surface through 
the fissure system around well ÞG-2. 

The highest 
temperature measured 
in well ÞG-5B was 
300°C at the very 
bottom of the well, at 
2499 m drilled depth. 

As the well warms up, 
the pressure gradient 
decreases. Pressure 
profiles revolve 
around a pivot-point 
that can indicate the 
location of either a 
single feed point or 
the main feed point of 
the well. In the case of 
many feed points in 
the well, the pivot-
point will appear 
between them in 
accordance with their 

weighted 
productivities, or 
permeabilities. For 
well ÞG-5B the pivot 
point (from three 

warm-up profiles) is located somewhere between 1367 m (100.6 bar) and 1450 m (107.5 
bar) drilled depth. The curves do not meet all at the same spot. Program PREDYP 
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      Figure 4.11 Temperature profiles in well ÞG-6 
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(Björnsson, 1993) has been used for the estimation of initial reservoir pressure based on 
evaluated formation temperature. Well ÞG-5B is directionally drilled, therefore the 
measured depth was corrected to true vertical depth. Wellhead pressure was assumed to be 
2.37 bar in accordance with measurements before the discharge started. The calculated 
initial pressure and the evaluated initial pressure adjusted to the control pivot-point, is 
shown in Figure 4.10. 

The well started to discharge on 3.11.2008 and demonstrates low discharge enthalpy and 
large liquid flow (Figure A.8). However, it is possible that the well taps the same deep 
steam or two-phase aquifer as wells ÞG-1, ÞG-3 and probably ÞG-6. 

Well ÞG-6 

Pressure and temperature logs recorded during injection testing after completion of the 
well and during the following warm-up period (Figures 4.11, 4.12) were analyzed for 
evaluation of the formation temperature and initial pressure for well ÞG-6. 

The formation temperature in the upper part of the well – down to 780 m measured depth - 
has been evaluated as approaching the boiling-with-depth curve and it was assumed that 
the curve representing the formation temperature in this part of the well coincides with the 
boiling-point-with-depth profile. Oscillation of the temperature in the upper part of the 
well, where the well is cased, indicates a presence of water movement in that part of the 
reservoir. “Cold spots” indicate possible feed points behind the production casing, which 
do not flow into the well. The temperature oscillation can also indicate a presence of 
permeable layers, which may heat up more rapidly than impermeable ones due to 
advection. 

The temperature logs in the production part of the well below 800 m show few points of 
inflow down the well and the presence of inter-zonal flow. Feed zone indications can be 
seen in the logs at 850-
900 m, 1200 m and at 
2600 m drilled depth. 
The maximum 
temperature measured 
in this well was 311°C 
at 2780 m measured 
depth (13.10.2008). 
The amount of data 
was not enough to use 
the Horner or Albright 
methods for formation 
temperature 
estimation. In addition, 
temperature profiles 
suggest the presence 
of internal flow in the 
well. Therefore, the 
formation temperature 
has been evaluated 
from the temperature 
profiles and their 
behaviour. The 
assumption has been 
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made that the temperature in the well reaches the boiling curve close to the bottom with 
some temperature reversal in the middle part of the well. The estimated formation 
temperature has been obtained based on aforementioned assumptions. It is plotted with 
measured temperature logs in Figure 4.11. 

The apparent cooling from 850 m measured depth down the well can be explained by a 
colder inflow from the aquifers at 850 m and 1200 m depth. Well ÞG-6 was drilled 
directionally from the same platform as well ÞG-3. The temperature in well ÞG-3 
demonstrates a similar pattern (Figure 4.5). This can indicate that both wells tap the same 
relatively cold aquifer at 950 - 1000 m TVD, as can be more clearly seen on the cross-
section in Figure 4.14. 

Pressure logs obtained during injection tests and the warm-up are shown in Figure 4.12. 
The pivot point (from three warm-up profiles) is located at 1461 m measured depth, where 
the pressure is 107.3 bar. PREDYP has been used for estimation of the initial reservoir 
pressure for well ÞG-6 based on the evaluated formation temperature. Well ÞG-6 is 
directionally drilled, therefore the measured depth was corrected to true vertical depth. 
Wellhead pressure was 2 bar in accordance with measurements before discharge started on 
03.11.2008. The calculated initial pressure is shown in Figure 4.12. 

 

 

 

 

      Figure 4.12 Pressure profiles in well ÞG-6 
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The conditions down well ÞG-6 are similar to those of wells ÞG-1 and ÞG-3. This indicates 
that discharge from well ÞG-6 will possibly have characteristics similar to that from wells 
ÞG-1 and ÞG-3, i.e. high temperature steam. The well started to discharge on 3.11.2008. 
The analysis of the discharged fluid enthalpy (Figure A.9) shows that the enthalpy 
increased within the first month after the well started to flow, which is one of the 
characteristics of a two-phase reservoir or two separate feed zones: one water dominated, 
and the other steam dominated.  

Formation temperature and initial reservoir pressure – updated pictures 

Based on the above estimation of temperature and pressure in wells ÞG-1, ÞG-3, ÞG-5, 
ÞG-5B, ÞG-6 and previous estimation for well ÞG-2, the formation temperature and initial 
reservoir pressure have been evaluated and cross-sectional pictures of the temperature and 
pressure distribution in parts of the Þeistareykir geothermal field have been constructed.  

They show the temperature and pressure distribution along the cross-sections ÞG-2 - ÞG-
5B - ÞG-5 – ÞG-1 - ÞG-3 in the east-west direction (Figure 4.13) and ÞG-3 – ÞG-6 in the 
north-west – south-east direction (Figure 4.14). Data from well ÞG-6 was also taken into 
consideration during the creation of the contour plot for the first cross-section.  

According to the former cross-section, the temperature is increasing in the direction of ÞG-
1 and that supports the suggestion of the existence of a hot up-flow zone in this part of the 
geothermal field rather than elsewhere. The pressure distribution picture shows a rise in 
pressure towards the centre of the cross-section where well ÞG-1 is located. Such an 
“overpressure” in this part of the Þeistareykir geothermal field also indicates the existence 
of hot up-flow. As a result, combined interpretation of new temperature and pressure 
measurements supports the hypothesis of an up-flow of hot water around the centre of the 
section, or just east of well ÞG-1. 

At a depth of approximately 2000 m b.s.l. the temperatures for boreholes ÞG-1, ÞG-3 and 
ÞG-6 are similar. Analysis of data from well ÞG-5B allowed more accurate definition of 
the up-flow area. In comparison with the cross-section of Guðmundsson et al. (2008) 
(Figure 4.1), the up-flow possibly does not spread as far to the west as was assumed based 
on earlier data. Including the data from well ÞG-6 gives a rough estimation of how far the 
up-flow area stretches to the north-east.  

Wells ÞG-1, ÞG-4, ÞG-5B, ÞG-3, and ÞG-6 are all productive and all except ÞG-5B 
produce high enthalpy fluid, in spite of the up-flow being relatively tightly confined. The 
enthalpy of the discharge from well ÞG-5B is higher than it was for well ÞG-5, and it is 
still rising. This shows that the production does not have to be confined to the up-flow, 
which indicates that there is some source of fluid and heat down in the reservoir covering a 
fairly large area, and this correlates with the model of flow in the Þeistareykir geothermal 
area (Figure A.6), offered by Ármannsson (2008).  

Areas around ÞG-2 and the lower parts of ÞG-5 and ÞG-5B are considerably colder than 
around other wells. This is likely a result of cooling from the surface through the fissure 
system south and south-west of well ÞG-2 (Figure A.1). 

The cross section ÞG-3 – Þ-6 in Figure 4.14 demonstrates the temperature increase in the 
direction of ÞG-3 above 1500 m b.s.l. depth, but below that mark, the temperature is 
similar for both wells.  
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Figure 4.13 Formation temperature and initial reservoir pressure in the 
Þeistareykir geothermal field. ÞG-2 – ÞG-3 cross section. 
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Figure 4.14 Formation temperature and initial reservoir pressure in the Þeistareykir 
geothermal field. ÞG-3 – ÞG-6 cross-section. 
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5 WELL TESTING 

The primary target of geothermal resource exploration is to get information regarding 
temperature conditions, reservoir volume, the flow-field and production capacity of the 
resource.  

Well testing can be considered one of the most powerful tools in geothermal exploration 
programs and in fact it is the primary means of gaining information on the reservoir fluid 
conductivity and storativity, as well as for determining complex reservoir characteristics 
such as the presence of barriers, leaky boundaries and prominent fractures close to the 
well, as well as well bore damage. 

A series of well tests were conducted in the Þeistareykir geothermal field upon completion 
of the drilling and during further exploration, in addition to the surface research. The 
results of these tests have been interpreted and analysed with the aim of estimating the 
injectivity index, transmissivity, formation storage coefficient and skin factor for the wells. 

This project seeks to compare interpretation of well test analysis data from the wells in the 
Þeistareykir geothermal field drilled up to 2007 with the results of pressure build-up after 
the wells were shut in the summer of 2008, as well as to interpret data from the new wells 
drilled in 2008, using conventional well test analysis methods (Kjaran and Elíasson, 1983). 

5.1 Theoretical background on well test analysis 

Well testing consists of monitoring the response of a reservoir to production from or 
injection into one or more wells over a wide range of time periods – from a few hours to 
weeks or even months. Changes in pressure are recorded within the producing well or in 
observation wells. Since the response is, to a greater or lesser degree, controlled by the 
properties of the reservoir, it is possible in many cases to infer reservoir properties from the 
pressure changes. Well test analysis offers a way to perform an initial assessment of 
geothermal systems. Results that can be obtained from well testing are a function of the 
range and the quality of the pressure and flow rate data available, and of the approach used 
for their analysis. 

Geothermal reservoir engineering has inherited well test analysis from ground-water 
hydrology and the oil industry. In the beginning, most analysis techniques came from 
ground-water hydrology, in which they have been used for many years. Examples include 
“semi-log” straight-line analysis, suggested by Theis (1935) and applied by Cooper and 
Jacob (1946), and type-curve matching, also introduced by Theis (1935). Geothermal well 
testing and analysis is more difficult than those conventional well testing techniques and 
methods because the flow in geothermal reservoirs is generally two-phase flow under non-
isothermal conditions (Kjaran and Elíasson, 1983).  

Information obtained from well testing 

Well test responses reflect the ability of the fluid to flow through a reservoir and to the 
well involved. The tests provide information on the state of the reservoir in dynamic 
conditions, as opposed to geological and log data. As the investigated reservoir volume is 
relatively large, the estimated parameters are average values. From pressure response 
analysis, it is possible to determine the following properties (Bourdet, 2002): 
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Reservoir description: 

• Permeability 
• Reservoir heterogeneities (natural fractures, layering, change of characteristics) 
• Boundaries (distance, size and shape) 
• Pressures (initial p; and average p ) 

Well characteristics: 

• Production potential (productivity index PI and skin factor S) 
• Well location geometry 

 

Given the many uncertainties remaining about geothermal reservoirs, and in particular the 
problems involved with the fractured nature of the permeability, theoretical conclusions are 
best checked against observations as frequently as possible. 
  

The different kinds of well tests include (Bourdet, 2002): 
 
Production test: during such tests, the well is completed as a production well with a cased 
hole and a permanent completion. The flowing bottom hole pressure is used for analysis. 
Pressure decline at the well is monitored and analyzed.  The well is monitored at the 
surface from the wellhead. A constant rate of fluid production from the well is usually 
difficult to achieve, therefore the analysis of flowing periods is frequently inaccurate.   

Build-up test: the increase of bottom hole pressure after shut-in is used for analysis. Before 
the build-up test, the well must have been flowing long enough to reach a stabilized rate. 
During shut-in periods, the flow rate is accurately controlled (zero). 

Injection test: when fluid is injected into the reservoir, the bottom hole pressure increases. 
The properties of the injected fluid are in general different from that of the reservoir fluid, 
and for this reason, interpretation of injection tests requires more attention to details. 

Interference test: the bottom hole pressure is monitored in a shut-in observation well some 
distance away from the discharging well or well under injection. Interference tests are 
designed to evaluate communication between wells. 

5.1.1 Pressure transient analysis 

During a well test, a transient pressure response is created by a temporary change in the 
production/injection rate. Well test interpretation usually focuses on the transient pressure 
response because after passing the time-span where near wellbore conditions are seen the 
pressure response is controlled by the reservoir properties. A transient response is observed 
before constant pressure or closed boundary effects are reached (then the flow regime 
changes to a pseudo steady or steady state). 

Hence, in most cases, well test analysis is synonymous with pressure transient analysis. 
The flow rate is treated as transient input and the pressure as transient output. The pressure 
variation with time is a function of the well geometry and the reservoir properties, such as 
permeability and heterogeneity. 

The theory of pressure test analysis has been developed in groundwater literature starting 
with the work of Theis (1935). Almost independently, pressure transient theory was 
developing in the petroleum industry. A review of groundwater techniques is given in 
Walton (1970). A comprehensive overview of methods and techniques used in the 
petroleum industry can be found in Matthews and Russell (1967) and Earlougher (1977). 
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Basic equations (Grant et al., 1982; Kjaran and Eliasson, 1983) 

In the case of a geothermal reservoir, the present flow is usually non-isothermal two-phase 
flow. Flow with heat transfer is a non-linear process that depends on both pressure and 
temperature. Consequently, the methods of complete data interpretation are rather 
complicated. The complexities of data interpretation for geothermal reservoirs also relate 
to spatial variations in reservoir parameters and the variations in the fluid thermodynamic 
state. However, under certain circumstances, it is possible to use an isothermal approach to 
a non-isothermal state and explore the spatial variations of the reservoir (pressure 
transients). Simple models based on the pressure diffusion equation can then be used for 
the interpretation of well testing data. Most of the fundamental theory of well testing 
considers the case of a well situated in a porous medium of constant thickness and infinite 
radial extent — the infinite-acting radial model. The basic aquifer model for pressure 
transients implies the following assumptions: 

 
• The flow is isothermal, horizontal and radial; 
• The fluid is uniform and of constant compressibility; 
• The reservoir is homogeneous, isotropic, has infinite horizontal extent and uniform 

  thickness; 
• The well penetrates the entire formation thickness; 
• The formation is completely saturated with a single-phase fluid. 

 

The radial pressure diffusion equation is a partial differential equation. It is the basic 
differential equation for isothermal, radial flow of any single-phase fluid in porous media, 
which can be derived in radial form to simulate the fluid flow in the vicinity of the well by 
taking into account the following three governing laws: 

1) Law of conservation of mass (in radial form): 

                                                  ( )

( ) 1
( ) 0rru

t r r

φρ∂ ∂+ =
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                                      (5.1) 

2) Law of conservation of momentum – Darcy’s law (in radial form): 
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      (5.2) 

3) Equation of state for waters (single phase): 
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      (5.3) 

 

Combining equations (5.1), (5.2) and (5.3) and defining tc as (1 )t w rc c cφ φ= + − : 

1
t

p pk
c r

t r r r
ρ ρ

µ
 ∂ ∂∂=  ∂ ∂ ∂ 

    (5.4) 

 

Eq. (5.4) is non-linear because density, viscosity, and compressibility, appearing in the 
equation, depend on pressure. Assuming that the compressibility is constant and that 
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changes in kinematic viscosity ν can be considered negligible compared to changes in 
pressure, we obtain 

1tc p p
r

k t r r r

µ ∂ ∂ ∂ =  ∂ ∂ ∂ 
        (5.5) 

 

Eq. (5.5) is the diffusion equation that describes isothermal flow of fluid in porous media 
and how the pressure p diffuses through the reservoir where coefficient   

t

k

c
κ

µ
=  - hydraulic diffusivity. 

Different well testing methods correspond to its solutions for various boundary and initial 
conditions. Some corrections and approximations need to be made for well testing methods 
for vapour-dominated reservoir. 

Initial and boundary conditions are required to solve the radial pressure diffusion equation 
(5.5) for p(r,t) – reservoir pressure at distance r and time t. For an infinite acting reservoir, 
these conditions are: 

a) Initial condition – pressure is the same all over the reservoir and is equal to the initial 
pressure: 

p(r,t) = p0  for t = 0, r > 0     (5.6) 

where p0 - initial reservoir pressure (Pa); 

b) Outer-boundary condition – pressure is equal to the initial pressure at infinity: 

       p(r,t) = p0  for  r → ∞ and t > 0    (5.7) 

c) Inner-boundary condition – well begins discharge at t=0 at constant rate q (m3/s) or 
W=ρtq (kg/s): 

2

wr

kh p
q r

r

π
µ

∂ =  ∂ 
      (5.8)

 

 

Then the pressure p(r,t) in the reservoir is given by the solution of eq. (5.5) with 
aforementioned initial and boundary conditions: 

2

0 4 4
t

i

c rq
p p E

kh kt

µµ
π

 
− = −  

 
     (5.9) 

or 

2

0 4 4
t

i

c rW
p p E

kh kt

µν
π

 
− = −  

 
     (5.10) 

 

where Ei is the exponential integral defined as: 

1
( ) y

i

x

E x e dy
y

∞
−= ∫       (5.11) 
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For small values of x, which is equivalent to long time, 

Ei(x) ~ -ln(x) – γ       (5.12) 

where γ = 0.5772 is Euler’s constant. This is known as the logarithmic approximation. 

If we use this asymptotic form in Eq. (5.9)  

0 2

4
ln( ) ln

4 t

q k
p p t

kh c r

µ γ
π µ

   − = − + −  
   

     (5.13) 

The pressure at any point changes linearly with the logarithm of the time. 

In the above equations, the parameters of the fluid and the aquifer enter in two groups: 

4 kh

µ
π

  and   
( / )

t tc c h

k kh

µ
µ

=  

In principal if the well radius is known, two parameters are identifiable:  

tS c h=   - reservoir storage coefficient – medium’s capacity to store fluid in      

response to pressure   change; 

kh
T

µ
=   -  transmissivity – controls the ability of the reservoir to deliver fluid. 

Only these combinations are identifiable, not the separate parameters k, h, µ, φ and ct. This 
is one of the characteristic problems of geothermal well test analysis. The thickness of a 
geothermal aquifer is not known a priori. The porosity could be total porosity, just the 
matrix porosity, or the fracture porosity. In addition, the fluid properties are sometimes not 
clear because of uncertainties regarding state of the fluid (single- or two-phase) or 
temperature variations (Grant et al., 1982).  

If one uses ln x = 2.303 lg x, then the solution for the radial pressure diffusion equation can 
be simplified as: 

2

0

2.303
lg

4 4 2.303
tc rq

p p
kh kt

µµ γ
π

  
− = +  

   
    (5.14) 

This solution for the radial pressure diffusion equation is called the Theis solution or line 
source solution.  

5.1.2 Semi-logarithmic well test analysis 

The Theis solution can be written as: 

0 2

2.303 4
( , ) lg( ) lg 0.251

4 t

q k
p p p r t t

kh c r

µ
π µ

  
−∆ = − = + −  

   
 (5.15) 

 

The above equation is in the form -∆p = A + m lg(t), where: 

2.303

4

q
m

kh

µ
π

=       (5.16) 

is measured as pressure change per log cycle and 
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    Figure 5.1 Principle of semi-log analysis  
                  (Bourdet, 2002) 

 

      
2

2.303 4
lg 0.251

4 t

q k
A

kh c r

µ
π µ

  
= −  

   
                 (5.17) 

 

If pressure change is plotted against time on semi-logarithmic scale, an asymptotic straight 
line should be obtained. The slope of this straight line is m. Assuming that the volume flow 

q is known, the formation 
transmissivity, T, can be 
estimated from the slope m by: 

2.303

4

kh q
T

mµ π
= =    (5.18) 

If the temperature is known, 
then the dynamic viscosity, µ, 
can be inferred from steam 
tables, thus, the permeability 
thickness, kh, may be estimated 
as follows: 

2.303

4

q
kh

m

µ
π

=      (5.19) 

The formation storage 
coefficient, S = cth, can then be 

obtained using the value of drawdown ∆p at some time t. The Theis solution can then be 
written as: 

 

  
2

4 1
lg 0.251

t

p kh t

m c hrµ
  ∆ = − +  
  

    (5.20) 

or 

( / )
2

2.25 10 p m
t

kh t
c h

rµ
−∆   =    

  
    (5.21) 

 

Since, the transmissivity, T = kh / µ, then 

( / )
2

2.25 10 p m
t

t
c h T

r
−∆ =  

 
     (5.22) 

Thus, a plot of ∆p vs. lg t gives a semi-log straight-line response for the infinite acting 
radial flow period of a well, and is referred to as semi-log analysis. The semi-log analysis 
is based on the location and interpretation of the semi-log straight-line response that 
represents the infinite acting radial flow behaviour of the well. However, as the wellbore 
has finite volume, it becomes necessary to determine the duration of the wellbore storage 
effect or the time at which the semi-log straight line begins. 
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Wellbore storage and skin 

Two effects - wellbore storage and skin - often occur near or in a well and can affect 
pressure data measured in the well. The Theis solution for the constant rate drawdown test 
is based on the assumption that the down-hole production rate or injection rate changes 
instantaneously from zero to its constant value. However, due to the wellbore storage 
effect, the fluid flow out of the wellhead is not always the same as the flow from the 
reservoir into the well. Wellbore storage is the capacity of a well to store fluid. When a 
well is opened, the production at the surface is initially due to the expansion of the fluid 
stored in the wellbore, and the reservoir contribution is initially negligible. This 
characteristic flow regime, called the pure wellbore storage effect, can last from a few 
seconds to a few minutes. Similarly, if a well is shut at the wellhead, inflow into the well 
continues until the well fills sufficiently to transmit the effect of closing-in to the 
formation; the fluid stored in the wellbore will be recompressed. The effect of wellbore 
storage affects well pressure responses during the first instants of each test period 
(Bourdet, 2002). During the period of the well fill up effect, the basic pressure build-up 
plot is nonlinear. Deviation from the straight-line behaviour of the pressure build-up plot 
also occurs at later times after the effects of boundaries have been felt in the well. 

When flow from the reservoir becomes equal to the flow at the surface, the wellbore 
storage has no more effect on the bottom hole pressure response, the data describes the 
reservoir behaviour and it can be used for transient analysis and the standard semi-log 
straight line technique can be applied. Therefore, it is important to find the beginning of 
the semi-log straight line correctly. In this case, the method of Garcia-Rivera and 
Raghavan (1979) can be used to analyze the semi-log plot. The wellbore storage shows up 
as a straight line with a unit slope on a log-log plot of ∆p vs. t. As a working rule, there are 
about 1.5 log cycles between the end of the unit slope straight line, representing wellbore 
storage, and the start of the purely infinite acting reservoir response. This rule provides a 
useful method of identifying the start of the semi-log straight line. 

Skin refers to the phenomenon of a zone in the immediate vicinity of a well with 
permeability different from the actual reservoir permeability. In the case of a damaged 
well, a flow restriction is present at the interface between the reservoir and the wellbore, 
producing an additional pressure drop ∆ps when the fluid enters into the well. This is 
mostly because this zone is invaded by drilling mud filtrate, cement, or cuttings during 
drilling and completion of the well. Other factors affecting the interface are: hydraulic 
fracturing, thermal stress cracking, chemical interactions between the injected fluid, pore 
fluid and reservoir rock, as well as fracture dilation. 

The same skin can describe a small or very great damage, depending on the flow rate and 
the reservoir permeability, therefore for the comparison between wells the magnitude of 
the pressure drop near the wellbore has to be normalized. The skin factor S is a 
dimensionless parameter (van Everdingen 1953), and it characterizes the well condition: 
for a damaged well the permeability in the skin zone is less than reservoir permeability and 
S > 0, and for a stimulated one S < 0, meaning that the permeability of the skin zone is 
greater than the reservoir permeability. 

Skin, representing an additional pressure drop in wellface, can be written as 

2s

q
p s

kh

µ
π

∆ = ×         (5.23) 

where s – dimensionless skin factor. 

In a well with skin, the total pressure change (drawdown or build-up) is given by: 
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     ( , )t o w sp p p r t p∆ = − + ∆      (5.24)  

 and Eq. (5.9) becomes  

     
2

2
4 4

t
i

c rq
p E s

kh kt

µµ
π

  
∆ = +  

   
     (5.25) 

 

It should be noted that the pressure change ∆p is the difference between the pressure 
immediately before the flow change and pressure at time t, i.e.  

for drawdown 0 ( )p p p t∆ = − ;  

for build-up       ( ) wfp p t p∆ = − , where pwf  is the flowing pressure directly before shut-in. 

The presence of skin does not affect the evaluation of transmissivity in semi-log analysis 
but it does have an effect on formation storage coefficient estimates. Therefore, in the case 
of a well with skin Eq. (5.22) can be rewritten as (Grant et al., 1982):  

2 ( / )
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1
2.25 10s p m
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kh
c he

rµ
− −∆  

=   
       (5.26) 

or in terms of skin factor: 

     2
1.151 lg 0.251

t w

p kt
s

m c rµ
  ∆= − +  
   

   (5.27) 

  
If φ, h and ct are known, then skin factor s can be estimated uniquely. It is possible in 
ground-water hydrology and the oil industry but unfortunately, in geothermal practice none 
of these may be known (q.v. p.19). Groups kh/µ – the mobility thickness, and cthe-2s – the 
formation storage coefficient, combine unknowns together because only these 
combinations can be estimated.  

It should be mentioned that equations with skin present are used only for drawdown or 
build-up in a single well, because skin affects flow only in the wellface. In the case of 
interference test, Eq. (5.22) should be used.  

Traditional well tests have to be sufficiently long to overcome the wellbore storage effect 
so that a straight line would plot on a semi-log scale. 

Typically, a semi-log analysis procedure includes the following steps: 

 

• Draw a log-log plot of ∆p vs. ∆t to determine the end of unit slope line which 
represents the end of the wellbore storage effect; 

• Note the time of 1.5 log cycles after that end point, which is the time at which the 
semi-log straight line can be expected to start; 

• Draw a semi-log plot of ∆p vs. ∆t; 
• Look for the straight line, starting at the suggested time point and estimate the slope 

of the line; 
• Estimate the transmissivity and formation storage coefficient; 
• Estimate the skin factor if enough data are available. 
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5.1.3 Type-curve analysis. Match point method. 

The semi-logarithmic approach in well test analysis has some drawbacks. More than one 
apparently straight line can appear, and it can be difficult to decide which to use. In 
addition, the choice of plotting scales may make some portions of the pressure response 
appear straight when, in reality, they are curved. To overcome these difficulties, analysts in 
the petroleum industry developed another method of analysis – type-curve matching. The 
essence of this method is comparing the log-log data plot to a set of theoretical curves and 
defining the model that describes the pressure response best. Usually, the theoretical curves 
represent the exponential integral solution and they are expressed in dimensionless terms to 
make the pressure responses become independent of the physical parameters magnitude 
(such as flow rate, fluid or rock properties) (Grant et al., 1982). 

Well test analysis makes use of dimensionless variables in order to simplify the reservoir 
models. By defining some variables that include the reservoir parameters affecting the 
pressure change, it is possible to generalize the pressure equations and solutions. They 
have the advantage of providing model solutions that are independent of any particular unit 
system. Different reservoir models may have different boundary conditions leading to 
different solutions of the pressure diffusivity equation. Some of the solutions are 
mathematically complicated and therefore are expressed as type curves that are 
dimensionless solutions associated with a specific reservoir model.  

The following dimensionless variables are introduced: 

 
• Dimensionless pressure, pD 

       
2

D

kh
p p

q

π
µ

= ∆       (5.28) 

 
• Dimensionless time, tD 

2D
t

kt
t

c rµ
=       (5.29) 

 
• Dimensionless radius or distance, rD 

D
w

r
r

r
=

      (5.30) 

 

The procedure for type-curve analysis can be outlined as follows: 

 

• Draw a log-log plot of ∆p vs. ∆t on the same scale as that of type curve (in 
geothermal well test analysis exponential integral solution curve q.v. Figure B.1 are 
most often used);  

• Plots ∆p vs. ∆t and pD vs. tD are shifted relative to each other along the pressure and 
time axes in a parallel way until the best match is found; 

• After best match are chosen the pressure and time values ∆pM, pDM, ∆tM, and tDM are 
read from fixed points on both graphs; 
 



38 

 

Figure 5.2 Principle of match point 
method (Kjaran and Eliasson, 1980) 

• For an infinite acting system, the transmissivity, T, is evaluated from: 
 

2
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pqkh
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pµ π
= =

∆
     (5.31) 

 

• And the formation storage coefficient, S, is calculated as: 
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M

t
DM

tkh
S c h

trµ
∆

= =      (5.32) 

 

Using the type-curve matching method, skin 
can be estimated. The pressure response log-
log plot matches not a single exponential 
integral solution curve, but a series of curves 
generated for different values of CD 
(dimensionless wellbore storage coefficient) 
and s skin factor. Such curves have been 
calculated by Agarwal et al. (1970) and 
Earlougher and Kersch (1974). 

 

The objective of well test analysis is to 
describe an unknown system well + reservoir 

by indirect measurements - the pressure response (output of the system) to a change of rate 
(input into the system). This is a typical inverse problem (Bourdet, 2002). The solution of 
the inverse problem is usually not unique. It implies an identification process, and the 
interpretation provides the model whose behaviour is identical to the behaviour of the 
actual reservoir. Analytical solutions or numerical models are used to generate pressure 
responses to the specific production rate history of the well, and the model parameters are 
adjusted until the model behaviour is identical to the behaviour of the system in the 
question. 

Today, the computerized inverse fitting method has replaced the type-curve technique. 

5.2 Well tests performed in the Þeistareykir geothe rmal field 

In addition to the surface research, a series of well tests was conducted upon completion of 
the drilling and during further testing of the Þeistareykir geothermal field. Step-rate 
injection tests have been performed at the end of drilling of deep boreholes in the area. 
Following discharge testing of 4 out of 5 wells during the winter of 2007/2008 a program 
of multi-well interference and pressure recovery measurements was carried out in the 
summer of 2008. Comprehensive interpretation of the acquired data is critical for efficient 
reservoir development and management. In this work the match point method using the 
exponential integral solution and the straight line method using the logarithmic 
approximation were applied in the analysis of the test data. 



39 

5.2.1 Step-rate injection tests 

Step-rate injection tests have been performed at the end of drilling of deep boreholes in the 
Þeistareykir area with the aim to estimate the reservoir permeability around the wells and 
their connection to the geothermal system. 

The values of the injectivity index, transmissivity, formation storage coefficient and skin 
factor have previously been estimated for three boreholes – ÞG-1, ÞG-3, ÞG-4, on the basis 
of step-rate injection data (Egilsson, 2008; Table B.3). For various reasons data for the 
other two boreholes could not be interpreted. Two new wells were drilled in 2008 and this 
thesis presents the results of the first analysis of step-rate data from these wells.   

This project seeks to compare the interpretation of step-rate injection test data from the 
wells drilled up to 2007 with the results of pressure build-up measurements after the wells 
had been shut in the summer of 2008. In addition, the aim is to interpret data obtained 
during step-rate injection tests in the new wells drilled in 2008, using conventional well 
test analysis methods (Kjaran and Elíasson, 1983). 

Theoretical background 

A step-rate injection test consists of a series of periods of constant-rate injection into a well 
with rates usually increasing from low to high in a step-like fashion. Injection of cold water 
is frequently used as a testing procedure for geothermal wells, as. for example, in 
completion tests at the end of drilling. It is predominantly used for determining geothermal 
reservoir properties and for estimating the future productivity of newly drilled wells. 
During such tests, the pressure changes in the well involved are monitored accurately. 
Consequently, the pressure response data are analysed based on different models, which 
yields estimates of reservoir properties such as transmissivity (permeability) and storage 
capacity as well as information on well characteristics. 

Injection tests are typically conducted as a series of constant rate steps, followed by a 
complete shut-in, or a drastic reduction in injection. Since the duration of each step is often 
not very long, usually a few hours, stabilized conditions are usually not reached. The 
observed pressure is therefore transient and methods of pressure transient analysis can be 
applied for the estimation of reservoir properties and well parameters. 

In the case of injecting water into a groundwater reservoir, the pressure build-up curve will 
follow the form of a Theis curve. The Theis curve analysis assumes that the flow is 
isothermal and, therefore, the properties of the injected fluid are the same as those of the 
reservoir fluid. However, in the case of geothermal reservoirs, generally the physical 
properties (viscosity, compressibility, etc.) of the injected fluid differ significantly from 
those of the reservoir fluid. But the area of reservoir where pressure is disturbed by the 
injection stretches much further than the cold water area adjacent to the wellbore. Thus, 
pressure changes during injection can be considered as a result of an expanding/contracting 
volume of hot reservoir fluid and therefore one can assume the flow to be isothermal and 
the parameters of the undisturbed reservoir should be used in interpreting transient pressure 
changes (Grant et al., 1982). This has been checked by comparing the results of injection 
and discharge tests in Iceland (Sigurdsson and Stefansson, 1977) and in New Zealand 
(Bixley and Grant, 1979; Grant, 1980). 
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Figure 5.3 Step-rate injection test for well ÞG-5B. 
15.08.2008. 

 

 

Figure 5.4 Step-rate injection test for well ÞG-5B. 
18.08.2008. 
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 Injectivity 

The ease with which a fluid can 
be pumped into a well is often 
measured as the ratio of a given 
volume flow-rate entering the 
formation during a specific 
period to the resulting pressure 
differential as measured in the 
well bore. This ratio is called the 
injectivity index, II: 

 
Q

II
p

∆=
∆

  (5.33)

    

The injectivity index reflects the 
success of the well. The bigger 
the value of the injectivity index, 
the better the connection between 
the well and the reservoir, as well 
as the reservoir permeability. 
Because of the short test time and 
pressure being transient, the 
injectivity obtained is only an 
approximation. 

After the completion of drilling 
wells ÞG-5B and ÞG-6 in 
Þeistareykir geothermal field,  
step-rate injection tests were 
conducted and the resulting data 
were analysed as part of this 
study. 

Well ÞG-5B 

The well was completed on 
14.08.2008 and cleaned by water 
circulation for 1.5 hours after that 
to reverse the effect of drill 
cuttings clogging feed-zones 
during drilling (ÍSOR, 2008). 
Two injection tests were 
performed on 15.08.2008 and 
18.08.2008. 

Before the first injection test, 
well ÞG-5B was initially injected 
with 15 l/s to clean the well and 
achieve a stable flow before the 
injection test; the exact timing of 
this injection step was not 
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available. Thereafter, the injection flow rate was increased to 34 l/s and then reduced to 20 
l/s.  

In the second test, 18.08.2008, the initial injection flow rate was 21 l/s and then three steps 
followed for the purpose of injection testing: 30 l/s, 42 l/s and 10 l/s. The duration of the 
steps and depth of the pressure gauge location are presented in Table 5-1.   

The value of the injectivity index II  can be obtained by plotting the pressure change due to 
injection, ∆p, versus the change in injection flow rate, ∆Q, and finding the slope a of the 
best fitting straight line. Then  

          
1

II
a

=        (5.34) 

Calculations for well ÞG-5B (Table 5-1) give a value for the injectivity index of around 6.0 
(l/s)/bar for the depth of 1600 m and 5.2 (l/s)/bar for the depth of 1850 m. The difference 
can be the result of different test conditions at different days, measurement and calculation 
uncertainties. 

           Table 5-1 Injection test parameters for well ÞG-5B. 

Date 
Gauge 

depth, m 
Injection 
rate, l/s 

Duration, 
min a, bar/(l/s) 

II, 
(l/s)/bar 

15.08.08 1600 35 57 0.17 6.0 

15.08.08 1600 20 61 0.17 6.0 

18.08.08 1850 30 240 0.19 5.2 

18.08.08 1850 42 300 0.19 5.2 

18.08.08 1850 10 240 0.19 5.2 

 

The step-rate injection test data from well ÞG-5B (Figure 5.5) were analyzed using 
conventional well test analysis methods – the semi-log straight line method and the match 
point method. Thus the transmissivity and formation storage coefficient were estimated. 

 

 

Figure 5.5 Step-rate injection test for well ÞG-5B. Lin-lin plot 
of pressure response.  
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Figure 5.7 Step-rate injection test for well ÞG-5B.  
Semi-log plot of pressure response. 
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For the estimation of formation properties, using the semi-log straight line method, it is 
important to find the beginning of the semi-log straight line correctly. Therefore, a log-log 
plot of ∆p vs. ∆t has been constructed for different injection flow rates (Figure 5.6) to 
determine the end of the unit slope, which represents the end of the wellbore storage effect. 
Then pressure change ∆p has been plotted versus ∆t on a semi-logarithmic scale (Figure 
5.7) and the straight line, starting at a point in time approximately 1.5 log cycles after the 
end of unit slope line on the log-log plot, was inferred. The slope of this semi-log straight 
line has consequently been used for estimating the transmissivity and the formation storage 
coefficient, using Eq.(5.18) and (5.26). The results of estimation are presented in Table 5-2. 

                                                            It should be noted that for the first test (15.08.08), the 
estimated time for 
establishing infinite-
acting radial flow was 
close to the test 
duration time. 
Therefore, the semi-
log straight lines 
drawn for 35 l/s and 
20 l/s plots can be 
doubtful. As a result, 
the transmissivity and 
storage coefficient 
estimated from the 
second test data 
(18.08.08) should be 
considered more 
reliable. 

 

Figure 5.6 Step-rate injection test for well ÞG-5B. Log-log plot 
of pressure response. 

0,1

1,0

10,0

0,1 1,0 10,0 100,0 1000,0

∆
p

, 
b

a
r

∆t, min.

15.8.08 35 l/s

15.8.08 20 l/s

18.8.08 30 l/s

18.8.08 42 l/s

18.8.08 10 l/s



43 

 

Figure 5.8 Type-curve matching plot for ÞG-5B. Injection flow rate 35 l/s (blue curve) 

Table 5-2 Results of semi-log analysis for well ÞG-5B 

 

It should be noted that the storage coefficient and skin factor cannot be determined 
independently using the semi-logarithmic method (see Eq.5.23). Therefore, the formation 
storage results in Table 5-2 are presented as Se-2s. By using type-curve matching, formation 
storage and skin can, to some extent, be separated even though they are still correlated. 

For analysing data from well ÞG-5B by type-curve matching, a log-log plot of ∆p vs. ∆t 
was drawn on the same scale as that of the exponential integral solution curve calculated 
by Agarwal et al. (1970) (Figure B.1). After the best match had been chosen, the pressure 
and time values ∆pM, pDM, ∆tM, and tDM were read from fixed points on both graphs and the 
transmissivity and formation storage coefficient were evaluated, using formulae (5.31) and 
(5.32). The resulting best fit of curves for the flow rate 35 l/s (blue curve) is shown below 
(Figure 5.8). For the type-curve matching plots for other injection flow rates for well ÞG-
5B see Appendix B. The estimated values for transmissivity and formation storage 
coefficient are shown in Table 5-3.  

 

Date 
Gauge 
depth, 

m 

Injection 
flow rate 

q,  l/s 
 ∆q, l/s 

Semi-
log 

slope m, 
bar/~ 

Transmissivity 
T, m3/Pa-s ∆p, bar ∆t, sec. 

Storage 
coefficient 
Se-2s, m/Pa 

15.08.08 1600 35 20 0.47 9.49E-08 4.1 1800 6.23E-11 

15.08.08 1600 20 15 0.33 10.1E-08 3.1 2400 1.89E-11 

18.08.08 1850 30 9 0.42 4.80E-08 1.25 3600 3.52E-05 

18.08.08 1850 42 12 0.53 5.07E-08 1.8 5400 2.12E-05 

18.08.08 1850 10 32 1.8 3.98E-08 0 13.2 1.01E-04 
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In the type-curve matching method the formation storage coefficient and skin effect are 
separated, therefore it is possible to get another estimate for the skin factor by using values 
for Se-2s, obtained by the semi-log method, and the storage coefficient from type-curve 
matching. We can define the “semi-log” storage coefficient as: 

       2s
sl tS c h e−= ×        (5.35) 

and use the fact that “type-curve” storage coefficient is given by:  

tc tS c h=        (5.36) 

 

By combining the above equations, one gets the following expression for the skin factor: 

      
1

ln
2

sl

tc

S
s

S
= −        (5.37) 

 

Table 5-3 Results of the type-curve method for well ÞG-5B 

Date 
Gauge 
depth, 

m 

Injection 
flow rate 

q, l/s 
∆q, l/s Transmissivity 

T, m3/Pa-s 

Storage 
coefficient  
S, m/Pa 

Type-curve 
parameters skin 

factor, 
calculatedskin 

factor 
CD 

15.08.08 1600 35 20 6.59E-08 1.69E-08 0 1.0E+04 2.80 

15.08.08 1600 20 15 6.97E-08 1.35E-08 0 1.0E+04 3.28 

18.08.08 1850 30 9 5.47E-08 1.21E-09 -5 1.0E+05 -5.14 

18.08.08 1850 42 12 5.14E-08 1.23E-09 -5 1.0E+05 -4.88 

18.08.08 1850 10 32 4.15E-08 3.56E-09 -5 1.0E+04 -5.13 

 

It is apparent that the different type curves are very similar and, therefore, it is often 
difficult to select the best type curve and any particular match is inaccurate. For this 
reason, the semi-logarithmic method is expected to give more reliable results than the type-
curve matching technique. However, the latter method can yield some additional 
information, which may not be noticeable in the semi-log plot. For example, it can be seen 
in Figure 5.8 for injection flow rate 35 l/s that data for the first minute of the test diverges 
from the later data. Apart from that, the type-curve matching approach can be combined 
with the semi-log straight line method for evaluation of the skin factor as shown above. 

The estimated skin factors differ considerably between the two ÞG-5B step-rate injection 
tests. The first test (15.08.08) was performed shortly after well completion and the region 
near the wellbore was possibly “damaged” during drilling, e.g. by clogging with drill 
cuttings. This resulted in a positive skin factor. The second test (18.08.08) took place three 
days later and by that time the well had possibly been stimulated during further well 
operations. This resulted in a negative skin.  
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Figure 5.9 Step-rate injection test for well ÞG-6. 
Pressure response and injectivity index plot. 
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Apart from the time difference between the two ÞG-5B tests, the slight difference between 
transmissivity values might be due to different depth of testing and different well 
conditions. 

Well ÞG-6 

A step-rate injection test was performed in well ÞG-6 after the completion of drilling on 
16.09.2008. In the test the well was initially injected with 20.4 l/s for cleaning the well and 
stabilization of the flow rate before the injection test. Data of the timespan for this injection 
step was not available. After that, a three-step injection test was performed – the flow rate 
was changed to 30.7 l/s, then increased to 41 l/s and finally reduced to 20.7 l/s. 

 

 

 

 

 

 

 

 

 

 

 

Following the procedure that has 
been described for well ÞG-5B, 
a value for the ÞG-6 injectivity 
index has been obtained. The 
parameters of the injection test 
and the results of calculations 
are shown in Table 5-4. 

   

 

 

 

 

       Table 5-4 Injection test parameters for well ÞG-6 

Date Gauge depth, m Injection rate, l/s Duration, min  a, bar/(l/s) II, (l/s)/bar  

16.09.08 1875 30.7 181 0.375 2.67 

16.09.09 1875 41.0 180 0.375 2.67 

16.09.10 1875 20.7 180 0.375 2.67 
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Figure 5.10 Step-rate injection test for well ÞG-6. Lin-
lin plot of pressure response. 
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Comparing the injectivity index values obtained for the two newly-drilled wells one can 
probably expect that the transmissivity of the formation in the vicinity of well ÞG-5B will 
be higher than the transmissivity around well ÞG-6 due, arguably, to the direct relation 
between transmissivity and injectivity. This will be seen below. 
The data from the step-rate 
injection test of well ÞG-6 
(Figure 5.10) was analyzed 
using conventional well test 
analysis methods, following 
the procedure described above 
for well ÞG-5B. The relevant 
plots are shown in Figure 5.11 
and Figure 5.12. The 
transmissivity and the 
formation storage coefficient 
have been estimated. The 
resulting best fit of curves for 
the flow rate 30.7 l/s is 
presented in Figure 5.13. For 
type-curve matching plots for 
other injection flow rates for 
well ÞG-6 see Appendix B. 
The results of the semi-log analysis are presented in Table 5-5 and the results from the 
type-curve method are shown in Table 5-6. 

On the log-log plot for well ÞG-6 (Figure 5.11) the initial slope for all pressure transients is 
not a unity, although in standard analysis it should not exceed it. The possible explanation 
might be connected with wellbore thermal storage effects. 

During the analysis of downhole data from geothermal wells, some of the problems can be 
caused by the variable density of the fluid in the wellbore. The thermal changes in the well 
can change liquid density sufficiently to create a false storage effect lasting much longer 

than simple fluid 
compression. Apart from 
that, the transmissivity 
for a geothermal well 
can be large enough to 
provide a significant 
pressure change over the 
time a pressure pulse is 
travelling along the well. 
Consequently, the fluid 
in the well may not be in 
vertical equilibrium, 
which can create a 
pressure transient that 
will have an initial slope 
greater than the unity on 
the log-log plot (Grant et 
al., 1982). 

 

 

Figure 5.11 Step-rate injection test for well ÞG-6. Log-log 
plot of pressure response. 
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Figure 5.12 Step-rate injection test for well ÞG-6. Semi-log plot of pressure 
response. 
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Table 5-5 Results of semi-log analysis for well ÞG-6 

Gauge 
depth, 

m 

Injection 
flow rate 

q, l/s 
∆q, l/s

Semi-log 
slope m, 

bar/~ 

Transmissivity T, 
m3/Pa-s 

∆p, 
bar 

∆t, sec. 
Storage 

coefficient 
Se-2s, m/Pa 

1875 30.7 10.3 1.45 1.79E-08 0 54 1.87E-04 

1875 41.0 10.3 2.1 1.24E-08 0 110 2.63E-04 

1875 20.7 20.3 3.3 1.35E-08 0 68 2.08E-04 
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Figure 5.13 Type-curve matching plot for ÞG-6. Injection flow rate 30.7 l/s 
(blue curve) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5-6 Results of the type-curve matching method for well ÞG-6 

Date 
Gauge 
depth, 

m 

Injection 
flow rate 

q, l/s 
∆q, l/s Transmissivity 

T, m3/Pa-s 

Storage 
coefficient  

S, m/Pa 

Type-curve 
parameters Skin 

factor, 
calculated skin 

factor 
CD 

16.09.08 1875 30.7 10.3 2.26E-08 1.94E-09 -5 1.0E+05 -5.74 

16.09.08 1875 41.0 10.3 1.29E-08 1.23E-08 -5 1.0E+04 -4.98 

16.09.08 1875 20.7 20.3 1.48E-08 1.15E-08 -5 1.0E+04 -4.90 

 

5.2.2 Shut-in period and pressure recovery (build-u p) 

In the period from December 2007 to the summer of 2008, wells ÞG-1, ÞG-3, and ÞG-5 in 
the Þeistareykir geothermal field were discharge tested. Then the wells were closed one 
after another (two weeks apart) and the resulting pressure changes in the reservoir have 
been monitored by measuring the subsequent pressure responses at the other wells. This 
was done by temperature and pressure loggings in the wells weeks (and in some cases 
some days) apart. In addition, the pressure recovery was monitored continuously for a few 
hours at a fixed depth in the well being closed at the time. 
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Figure 5.14 Pressure build-up 
test (Mattar, 2004) 

 

 

Figure 5.15 Superposition principle (Mattar, 
2004). 

Theoretical introduction 

The analysis of bottom-hole pressure build-up behaviour in closed-in wells is probably the 
most common well test technique (Kjaran and Eliasson, 1983). Drawdown periods are in 
general not suitable for analysis because it is difficult to establish a constant flow rate. The 
response is distorted, especially with the log-log scales that expand the response at an early 
time. Preferably, build-up periods are used where the flow rate is zero; therefore, the well 
is controlled. The well is discharged at a constant rate for some period (usually from a few 
days to several months), followed by shutting in to record the build-up of pressure in the 
well with time. The duration of a build-up period can vary depending on the reservoir 
characteristics and test objectives. The rate of pressure build-up is the highest at the initial 

stage of shut-in, followed by a gradual slowdown 
until some sort of stabilized state is attained. With 
time during the test, the observed pressure response 
is more and more influenced by rock and fluid 
properties further away from the well (Sattar et al., 
2007). 

During the build-up, the well is shut-in and has far 
fewer operational problems in comparison to the 
drawdown period. The pressure behaviour of a shut-
in well can normally be measured with a reasonably 
high degree of accuracy so that good data for 
analysis can be obtained (Mattar, 2004).  

The theory upon which the analysis of shut-in 
pressure build-up data is derived from the solution of 
the radial flow equation for a slightly compressible 
fluid for constant-rate conditions, i.e. the same as for 

analysis of pressure drawdown.  

However, build-up responses do not 
show the same behaviour as the first 
drawdown in an undisturbed reservoir at 
initial pressure, and the shape of 
pressure build-up curves depends upon 
the previous rate history (Bourdet, 
2002). 

The diffusion equation used to generate 
the well test analysis solutions is a 
second order linear differential equation. 
Any sum of individual solutions of a 
second order differential equation is also 
a solution of the equation. This is the 
superposition principle (van Everdingen 
and Hurst, 1949). It means that it is 
possible to add several pressure 
responses, and therefore to describe the 
well behaviour after any rate change. 
Build-up can be considered as a 
superposition of flow q and injection -q, 
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Figure 5.16 Horner plot for pressure 
recovery (Mattar,2004) 

 

and the superposition principle then provides a way to analyze a pressure response during a 
build-up test using the simple constant rate solutions obtained for drawdown tests (Grant et 
al., 1982): 

   
2 2

4 4 ( ) 4 4
t t

i i

c r c rq q
p E E

kh k t t kh k t

µ µµ µ
π π

   
∆ = − +   + ∆ ∆   

   (5.38) 

where t is time flowing and ∆t is shut-in time. If the logarithmic approximation is valid for 
the both exponential integral functions, then 

2.303
lg

4

q t t
p

kh t

µ
π

+ ∆ ∆ = −  ∆ 
      (5.39) 

  A semi-log plot ∆p against 
t t

t

+ ∆
∆

is known 

as “Horner” plot, and 
t t

t

+ ∆
∆

- Horner time. 

This method was first used by Theis in the 
water industry. 

If the well has been shut in for a sufficient 
period of time to obtain a clearly defined 
linear portion on the Horner plot, then from 
the slope of the plot and using formulae 
(5.18) and (5.22), the formation 
transmissivity, storage coefficient and skin 
factor can be estimated. The successful 
application of this procedure depends on 
being able to recognize the straight-line section on the basic pressure build-up plot. 

The actual measured time since the well shut-in ∆t can be used for build-up analysis only 
when shut-in has been preceded by a long duration flow (greater than time to stabilization). 
If this is the case, then for the analysis of pressure build-up the same methods of pressure 
transient analysis that are used for pressure drawdown can be applied, e.g. the semi-log 
straight line method and the match point technique. 

Pressure build-up analysis for the Þeistareykir geothermal field 

The data of pressure build-up in the wells ÞG-1, ÞG-3, and ÞG-5 in the Þeistareykir 
geothermal field were analyzed using simple shut-in time as a time function due to the 
discharge time being much longer than the build-up time. In addition, for the data from 
well ÞG-3 the Horner plot method has been used. 

The build-up data were analyzed using conventional well test analysis methods – the semi-
logarithmic straight-line method and the type-curve matching technique, following the 
procedure described above for well ÞG-5B. Then the transmissivity and the formation 
storage coefficient were estimated. For the plots, which have been used for the build-up 
analysis, see Appendix B. The results of the analysis are presented in tables 5-7 – 5-9. 
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Well ÞG-1 

 

Table 5-7 Results of pressure recovery analysis for well ÞG-1 

Method 
Gauge 
depth, 

m 

Flow 
rate 
q, l/s 

Semi-
log 

slope 
m, 

bar/~ 

Transmissivity 
T, m3/Pa-s 

Storage 
coefficient 

S, m/Pa 

Type-curve 
parameters Skin 

factor, 
calculatedskin 

factor
CD 

Semi-log 1300 24.3 8.1 0.55E-08 4.92E-05* − − − 

Type-curve 1300 24.3 − 0.74E-08 2.18E-08 -5 1.00E+04 -3.86 

      *Se-2s     
 

Well ÞG-3 

Well ÞG-3 was shut-in first and pressure recovery in the well is therefore free of a possible 
interference effect from the shut-in of other wells in the Þeistareykir geothermal field. 
Flowing time tf for the well is 5544.6 hours and it is considerably longer than shut-in time 
∆t, which is 1370 hours. However, the data from well ÞG-3 have also been analyzed using 
the Horner plot method, with the purpose of seeing if the use of a simple shut-in time in the 
analysis was not valid. 

Based on the slope of the straight line inferred for the pressure response curve on the 
Horner plot (Figure 5.17) and the last flow rate before the shut-in, the formation 
transmissivity and storage coefficient for well ÞG-3 have been estimated (Table 5.8), using 
formulae (5.18) and (5.22). 

 

 

          Figure 5.17 Horner plot of pressure build-up in well ÞG-3 

 

20

30

40

50

60

70

80

1 10 100 1000 10000 100000 1000000 10000000

p
, 

b
a

r

tf+∆t/∆t



52 

 

As it can be noticed, the values for formation transmissivity obtained by different analysis 
methods for well ÞG-3 do not differ much. Comparing the results from the semi-log 
analysis and those obtained by the Horner plot method, one can conclude that in the case 
under consideration the usage of simple shut-in time as a time function instead of Horner 
time did not influence the result radically and therefore was valid for the pressure build-up 
analysis for well ÞG-3.   

The Horner plot method results may also be used for evaluation of the skin factor since the 
storage coefficient obtained does not include the skin effect. The formula used for the 
estimation is similar to Eq. (5.37), but with the “Horner” formation storage coefficient in 
the denominator, hence 

1
ln

2
sl

H

S
s

S
= −

                (5.40)
 

The skin factor, estimated by using the Horner plot method, is slightly negative while the 
type-curve method gives a slightly positive value. Because of the imprecision of the curve 
match, the skin factor estimated by using the Horner plot method can be considered more 
reliable.  

 

Table 5-8 Results of pressure recovery analysis for well ÞG-3 

Method 
Gauge 
depth, 

m 

Flow 
rate 
q, l/s 

Semi-
log 

slope 
m, 

bar/~ 

Transmissivity 
T, m3/Pa-s 

Storage 
coefficient 

S, m/Pa 

Type-curve 
parameters Skin 

factor, 
calculatedskin 

factor CD 

Semi-log 1200 17.4 2.7 1.18E-08 5.29E-10* − − − 

Type-curve 1200 17.4 − 1.04E-08 3.56E-09 0 1.00E+04 0.95 

Horner plot 1200 16.3 2.25 1.33E-08 3.96E-11 − − -1.30 

       *Se-2s
     

Well ÞG-5 

 

Table 5-9 Results of pressure recovery analysis for well ÞG-5 

Method 
Gauge 
depth, 

m 

Flow 
rate 
q, l/s 

Semi-
log 

slope 
m, 

bar/~ 

Transmissivity 
T, m3/Pa-s 

Storage 
coefficient 

S, m/Pa 

Type-curve 
parameters Skin 

factor, 
calculatedskin 

factor CD 

Semi-log 1300 42.3 1.0 7.75E-08 5.12E-08* − − − 

Type-curve 1300 42.3 − 7.41E-08 1.34E-07 0 1.00E+03 0.48 

       * Se-2s     
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If the temperature and pressure in the reservoir are known (hence the dynamic viscosity of 
reservoir fluid, µ, can be inferred), then the permeability-thickness, kh, may be estimated, 
using Eq. (5.19). The results of the estimation are presented in Table 5-10. 

 

Table 5-10 Estimated permeability-thickness of the Þeistareykir geothermal reservoir 

  
Average 

transmissivity T, 
m3/Pa-s 

Reservoir fluid 
viscosity µ, 

Permeability-
thickness 

Well (µPa-s) kh, d-m 

ÞG-1 5.49E-09 81.1 0.45 

ÞG-3 1.25E-08 96.1 1.20 

ÞG-5 7.75E-08 119.1 9.23 

ÞG-5B 6.70E-08 111.8 7.49 

ÞG-6 1.46E-08 88.3 1.29 

 

Permeability-thickness has been estimated from well test data and long-term pressure 
decline for many geothermal fields in the world. The average values of the determined 
permeability-thickness are shown in Table 5-11 for comparison.  

  

Table 5-11 Permeability-thickness of geothermal reservoirs 

Geothermal field 
Permeability-

thickness Comments Reference 
kh, d-m 

Krafla 1.5 - 2.5   Bödvarsson et al., 1984 

Nesjavellir 2 - 8   Bödvarsson et al., 1990 

Svartsengi 68   Brock and Gudmundsson, 1989 

Wairakei 85   Brock and Gudmundsson, 1989 

Ahuachapan 44   Brock and Gudmundsson, 1989 

Olkaria 1.1 / 0.075 steam zone/liquid zone Grant et al., 1982 

Kamojang 0.52 
 

Grant et al., 1982 

Kawerau 0.96 / 33 
fracture flow/Corey      

relative permeabilities 
Grant et al., 1982 

Broadlands 8-15 / 34-50 
fracture flow/Corey      

relative permeabilities 
Grant et al., 1982 
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5.3 Multi-well interference and analysis of pressur e recovery 
measurements 

During the period from December 2007 until the summer of 2008 wells ÞG-1, ÞG-3, ÞG-4, 
and ÞG-5 in the Þeistareykir geothermal field were discharge tested. Then the wells were 
closed one after another (two weeks apart) and the resulting pressure changes in the 
reservoir were monitored by measuring the subsequent pressure responses of the wells. 
This was done by temperature- and pressure loggings in the wells a few weeks (in some 
cases some days) apart. In addition, the pressure recovery was monitored continuously for 
a few hours at a fixed depth in the well being closed at the time. One of the objectives of 
this project is to interpret these pressure interference data. 

Theoretical introduction 

Interference tests are conducted in geothermal fields in order to establish communication 
between wells, and estimate the interwell reservoir properties such as permeability and 
storage (average reservoir properties in the area separating the wells) (Leaver et al., 1988). 
These parameters have a vital influence on reservoir performance upon exploitation of the 
field, its recovery potential, and potential success of well-stimulation procedures. In multi-
well testing, a pressure response at an “observation” well as a result of production and/or 
injection of fluid at an “active” well is monitored. 

If single-phase conditions prevail within the investigated region of the reservoir, the 
pressure response can be analyzed to estimate interwell reservoir properties. The analysis 
technique uses the same type-curve matching approach as for drawdown tests, but with a 
different type curve because the pressure response is observed at some distance from the 
location where the perturbation was originally created. The exponential integral solution, 
which expresses the dimensionless pressure PD versus the dimensionless time-distance 
group tD/rD

2 on a log-log scale (Figure B.2), is generally used for the analysis of well 
interference in geothermal systems in the case of a homogeneous reservoir.  

In the case of heterogeneous systems, the log-log analysis of the response provides a 
diagnosis of the reservoir behaviour, and defines the choice of the appropriate 
interpretation model (Bourdet, 2002).  

With interference test data, the log-log match is adjusted on a unique theoretical response 
curve, not a family of curves as for producing wells, and practical type-curve analysis of 
interference tests is frequently difficult. 

Multiple-well tests are more sensitive to reservoir heterogeneity than single-well tests. 
When several observation wells are located in different directions, the results of multi-well 
tests data analysis can be used to describe the reservoir anisotropy based on directional 
permeability. 

Well interference in the Þeistareykir geothermal field. Well ÞG-2 

In the Þeistareykir geothermal field three wells, which had been discharging during winter-
spring 2007-2008, were shut-in in the summer of 2008 and the consequent pressure build-
up was measured. There has also been constant monitoring of pressure in well ÞG-2, which 
was closed on 11.10.2006. Data obtained for the period from 17.04.2008 – 25.11.2008 has 
been plotted (Figure 5.18) and then analysed to determine the well interference in the 
geothermal field.  
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Figure 5.18 Pressure changes in well ÞG-2 from 17.04.08 to 25.11.08 

 

As it can be seen from the plot in Figure 5.18, there is some correlation between changes in 
the water level in well ÞG-2 and the time when the other wells have been shut-in or started 
to discharge. The time schedule for the well operations is shown in Table 5-12 below. 

 

Table 5-12 Well operations in the Þeistareykir geothermal field  
in the summer-autumn of 2008 

 

ÞG-3 shut-in 11.06.08 

ÞG-6 start drilling 29.06.08 

ÞG-5 shut-in 30.06.08 

ÞG-1 shut-in 09.07.08 

ÞG-6 stop drilling 23.07.08 

ÞG-5B start drilling 31.07.08 

ÞG-5B stop drilling 14.08.08 

ÞG-5B injection test 15.08.08 

ÞG-5B injection test 18.08.08 

ÞG-6 start drilling 20.08.08 

ÞG-6 stop drilling 17.09.08 

ÞG-6 injection test 16.09.08 

ÞG-5B, ÞG-6 started to discharge 3.11.08 
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For thorough investigation, the response function in well ÞG-2 has been plotted against the 
total mass flow in the wells of the reservoir (Figure 5.19).  

 

The influence of drilling operations as well as injection tests in wells ÞG-5B and ÞG-6 on 
pressure in well ÞG-2 is not evident. However, one can see a clear decline of the pressure 
response curve after wells ÞG-5B and ÞG-6 started to discharge. It is not possible to 
separate the influence of the two wells but it can be assumed that the interference between 
well ÞG-2 and wells ÞG-5B and ÞG-6 exists. At the same time, the decline could also be 
due to seasonal fluctuations in reservoir pressure. Further tests are required to isolate this 
influence. 

It is apparent that there was a downward trend in water level behaviour until early June when 
the first well, ÞG-3, was shut-in. Although there is no noticeable pressure change, the fact that 
the pressure drawdown stopped after ÞG-3 had stopped discharging, can be an indicator of 
possible interference between wells ÞG-2 and ÞG-3. 

After the second well, ÞG-5, had been closed, the pressure response curve started to move 
upward. It is very difficult to distinguish between the influences of ÞG-5 and ÞG-3 on the 
water level in well ÞG-2 at this stage. Apparently, the pressure build-up in well ÞG-3 would 
reach well ÞG-2 with some delay depending on the distance between the wells, and cause the 
pressure in ÞG-2 to rise. At the same time, the communication between ÞG-2 and ÞG-5 could 
also invest in the steep increase of pressure trend in well ÞG-2. 

Well ÞG-1 was the last well to be closed. The pressure response curve continued to climb 
without apparent changes in slope. It is difficult to see if the further increase of the water level 
in well ÞG-2 includes the influence of pressure build-up in well ÞG-1.  

 

Figure 5.19 Total mass-flow in the reservoir and pressure response in well ÞG-2. 
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Figure 5.20 Pressure in wells ÞG-1, ÞG-3 and ÞG-5 
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Interference between wells ÞG-3, ÞG-1 and ÞG-5  

Pressure recovery data from the Þeistareykir geothermal field have been analyzed with the 
aim of establishing the presence of communication between the wells in the field. 
Available pressure data from wells ÞG-1, ÞG-3, and ÞG-5 have been plotted together and 
compared. Figure 5.20 represents the data being analyzed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After examining the plot in Figure 5.20, a correlation between pressure changes can be 
established. After closing well ÞG-3 the pressure build-ups in wells ÞG-3 and ÞG-5 are 
nearly identical. A pressure increase in flowing well ÞG-5 was 10.95 bar at 1300 m of 
measured depth, which is close to the pivot-point (Figure 4.8). This increase might be due 
to interference between well ÞG-3 and well ÞG-5. There were some data missing regarding 
discharge flow at well ÞG-5 at that time, therefore it is not possible to categorically 
associate this pressure increase with shut-in of well ÞG-3. Well ÞG-1 gives, at the same 
time, very weak response.  

Because well ÞG-3 was shut first, it was used primarily for the analysis of the possible 
interference. However, the plot in Figure 5.20 cannot give enough information for the 
analysis. Therefore, the semi-log plot of pressure response vs. shut-in time in well ÞG-3 
has been used (Figure 5.21). 
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Figure 5.21 Typical pressure responses for 
different reservoir models (Bodvarsson and 
Witherspoon, 1989) 

After analyzing the behaviour of the semi-log pressure response graph for ÞG-3, some 
guesses regarding the type of reservoir can be made. The S-shape of the curve during the 
middle time period can indicate double 
porosity behaviour, due to fractured 
reservoir behaviour. It is often the case 
when dealing with geothermal 
reservoirs. The increase of the curve 
slope at a late time may indicate the 
presence of an impermeable boundary 
(Figure 5.22). An impermeable 
boundary occurs where the reservoir is 
sealed and no inflow occurs. The 
interference between wells can manifest 
itself in the curve behaviour similar to 
the presence of no flow boundaries.  

Deviation of the curve after the closing 
of well ÞG-5 can be because of interference between well ÞG-3 and well ÞG-5. 

Further pressure build-up in ÞG-3 cannot be interpreted with enough certainty to make any 
assumptions regarding the interference between ÞG-3 and ÞG-1. The pressure build-up in 
well ÞG-1 was approximately 68 bar; however, for roughly the same period of time the 
pressure in well ÞG-3 increased by only 6 bar. There was no evidence of change in the 
flowing pressure in well ÞG-1 after shutting wells ÞG-3 and ÞG-5. Enthalpy and steam 
mass-fraction of the discharge from ÞG-1 did not show any indication of a rise in the 
reservoir pressure. For the period from 12.96.2008 to 26.06.2008 the enthalpy increased 
from 2187 kJ/kg till 2212 kJ/kg, and steam mass flow increased from 11.3 kg/s to 12.1 kg/s 
with the decrease of total mass-flow from 15.8 kg/s to 15 kg/s. These changes are very 
small and can reflect usual oscillations of discharge flow and measurement uncertainties. 

Summarizing the above information and results of the analysis, the following conclusions 
can be drawn. There are some indications of the interference between well ÞG-2 and wells 
ÞG-3, ÞG-5, ÞG-5B, and ÞG-6, as well as between wells ÞG-3 and ÞG-5. Analysis of the 
data available implies that well ÞG-1 has a limited communication with wells ÞG-2 and 
ÞG-3.    

 

Figure 5.22 Pressure response semi-log plot for well ÞG-3 
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6 RESULTS AND CONCLUSIONS 

Analysis of the temperature and pressure logs from the wells in the Þeistareykir high 
temperature geothermal field for the estimation of the initial pressure and temperature 
distribution in the geothermal reservoir led to the following results and conclusions:  

 

• The formation temperature and initial pressure for wells ÞG-1 and ÞG-3 have 
not been reestimated because new data did not contradict the previous 
estimation. 

• New interpretation supports the hypothesis of an up-flow of hot water around 
the centre of the east-west cross-section or just east from well ÞG-1. The hottest 
part of the reservoir seems to be penetrated by well ÞG-1.  

• The up-flow area is defined more accurately in this work. The up-flow possibly 
does not spread so far to the west as was assumed based on earlier data. Data 
from well ÞG-6 gives a rough estimation of how far the up-flow area stretches 
to the north-east.  

• Wells ÞG-1, ÞG-4, ÞG-5B, ÞG-3 and ÞG-6 are all productive and all except 
well ÞG-5B produce high enthalpy fluid, in spite of the up-flow being relatively 
tightly confined. The enthalpy of the discharge from well ÞG-5B is higher than 
it was for well ÞG-5. This shows that the production does not have to be 
confined to the up-flow. 

• Feed-zones can be seen in well ÞG-5B at 850-900 m, a minor one at 1260-1280 
m, at 1550 m and at 2300 m drilled depth. The well demonstrates low discharge 
enthalpy and large liquid flow. It is possible that the well taps at 2300 m depth 
the same steam or two-phase aquifer as wells ÞG-1, ÞG-3 and probably ÞG-6. 

• Feed zone indications can be seen in well ÞG-6 at 850-900 m, 1200 m and at 
2600 m drilled depth. 

• The formation temperature estimated for well ÞG-6 are similar to those of well 
ÞG-1 and ÞG-3. This can indicate that discharge from well ÞG-6 will possibly 
have characteristics similar to that from wells ÞG-1 and ÞG-3, i.e. high 
temperature steam. It is possible that the well taps the same steam or two-phase 
aquifer as wells ÞG-1 and ÞG-3. 

It should be noted that the formation temperature estimation for well ÞG-6 is 
rather a pessimistic assumption. Later measurements will verify the 
justifiability of this approach. 

 

One of the goals of this project was comparing the results of the interpretation of step-rate 
injection test data from the wells in the Þeistareykir geothermal field drilled up to 2007 – 
ÞG-1, ÞG-3, ÞG-5 (Table B-1) – with the results of the analysis of new data gained during 
pressure recovery measurements after the wells had been shut in during the summer of 
2008 (Tables 5-7, 5-8).  
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Table 6-1 Transmissivity and skin factor for wells ÞG-1 and ÞG-3. Previous and present 
estimations 

  Previous estimation 
Present project 

estimation 

well T, m3/Pa-s s T, m3/Pa-s s 

ÞG-1 2.5 x 10-8 -1 0.55 x 10-8 -3.86  

ÞG-3 4.3 x 10-8  -0.2 1.25 x 10-8  -1.3 

 

Based on this comparison (Table 6-1), some conclusions can be drawn: 

 

• Transmissivities for wells ÞG-1 and ÞG-3, evaluated by the analysis of the 
pressure recovery measurements in the wells, are lower than previous values, 
estimated by the analysis of step-rate injection test data, by a factor of 
approximately 3-4. As Grant (1982) has pointed out, the injection transmissivity 
is in many cases observed to be several times greater than that for discharge 
(build-up). This might be due to the increase in permeability with the injection 
of cold water as a result of hydraulic fracturing and/or thermal contraction of 
rock and opening of fissures. 

• Skin factor values, estimated as part of this project, differ from the values of 
previous estimation. The skin factor estimates are more negative for wells ÞG-1 
and ÞG-3, although not by much. This can indicate that the interconnection 
between the wells and the formation has improved, probably due to stimulation 
of the wells during discharge and other well operations. 

 

The transmissivity, evaluated for well ÞG-1 in this work, is the lowest of the transmissivity 
estimates for the wells in Þeistareykir. The low transmissivity value for well ÞG-1 in spite 
of the well being located in the “up-flow” requires further investigation. 

 

The interpretation of step-rate injection test data from the new wells drilled in 2008, gave 
the results presented in Table 6-2: 

 

      Table 6-2 Results of the step-rate injection tests for wells ÞG-5B and ÞG-6 

Well Injectivity index  
II, (l/s)/bar 

Average 
transmissivity T, 

m3/Pa-s 

Storage 
coefficient S, 

m/Pa 
Skin factor 

ÞG-5B 5.6 6.70E-08 2.00E-09 -5.05 

ÞG-6 2.67 1.46E-08 8.57E-09 -5.21 
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• The transmissivity, estimated by the analysis of step-rate injection test data for 
well ÞG-5B, is close to the transmissivity, estimated by pressure build-up 
analysis for well ÞG-5.  
 

• The transmissivity, estimated by the analysis of step-rate injection test data for 
well ÞG-6, is close to the transmissivity estimated by pressure build-up analysis 
for well ÞG-3;  
 

Pressure recovery data from the Þeistareykir geothermal field have been analyzed with the 
aim of establishing the presence of communication between the wells in the field. 
Summarizing the results of the analysis, the following conclusions can be drawn: 

 
• There are indications of interference between well ÞG-2 and wells ÞG-3, ÞG-5, 

ÞG-5B and ÞG-6, as well as between wells ÞG-3 and ÞG-5. Analysis of the data 
available implies that well ÞG-1 has a limited communication with wells ÞG-2 
and ÞG-3. Further research and analysis are required for quantifying the well 
interference in the Þeistareykir geothermal field.  

 

Complete analysis of the pressure transient data interpreted here requires the application of 
detailed numerical modelling techniques in conjunction with the results of the analysis of 
information from other disciplines (seismic, geology and geophysics). Such numerical 
model of the Þeistareykir field is being developed and the results presented here can 
provide important input for that work. 
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NOMENCLATURE 

Symbols used in only one section and defined there are not included in this list. 

Variables  

p – pressure (Pa) 

ct – compressibility of water saturated reservoir (Pa-1)  

cw – compressibility of water (Pa-1) 

h – aquifer, formation thickness (m) 

k – formation permeability(m2) 

r – radial distance (m) 

q – volume flow (m3/s)  

s – skin; 

S – formation storage coefficient (m/Pa) 

t – time (sec) 

T – temperature (°C) 

u – mass flux density (kg/m2s) 

W – mass flow (kg/s) 

∆ - change in 

∆t – shut-in time 

κ – hydrolic diffusivity (m2/s) 

µ – dynamic viscosity (Pa-s) 

ν – kinematic viscosity (m2/s)  

ρ – density (kg/m3) 

φ – porosity 

Subscripts 

0 – initial  

f – formation; flowing 

r – reservoir 

t – total 

T – at constant temperature  

w – water; well 

wf – well flowing 
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APPENDIX A  

 

 

 

Figure A.1 Thermal activity in the Þeistareykir area (Guðmundsson et al., 2008) 



  

Figure A.2 Resistivity at 500 m b.s.l. at the Þeistareykir (top left) and Gjástykki 
(bottom right) areas. TEM
cores are surrounded by low resistivity.

 

 

 

 

 

 

 

 

 

 

A- 2 

Resistivity at 500 m b.s.l. at the Þeistareykir (top left) and Gjástykki 
(bottom right) areas. TEM-method. (Karlsdóttir et al., 2006). High resistivity 
cores are surrounded by low resistivity. 

Resistivity at 500 m b.s.l. at the Þeistareykir (top left) and Gjástykki 
High resistivity 
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Figure A.3 Resistivity at 500 m b.s.l. at the Þeistareykir area. MT-method. (Yu et al. 
2008b). 
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Figure A.4 Formation temperature and initial pressure distribution in ÞG-1- ÞG-4 
cross-section of the Þeistareykir geothermal field. Contour plot developed in March 
2008 (Guðmundsson et al., 2008) 
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              Figure A.5 Formation temperature and initial pressure in well ÞG-2 
(Guðmundsson et al., 2008) 

 

 

 

    

 Figure A.6 The most important aspects of fluid flow in the Þeistareykir geothermal    
system based on surface exploration and results of drilling wells ÞG-1 and ÞG-2 
(Ármannsson 2008). 
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Figure A.8 Discharge enthalpy and mass-flow in well ÞG-5B 

 

 

Figure A.9 Discharge enthalpy and mass-flow in well ÞG-6 
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Figure A.7 Discharge enthalpy and mass-flow in well ÞG-1 
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APPENDIX B 

 

Figure B.1 Dimensionless pressure for a single well in an infinite system, wellbore storage 
and skin included (Agarwal et.al., 1970) 

 

 

Figure B.2 Dimensionless pressure for a single well in an infinite system, no wellbore 
storage, no skin. Exponential-integral solution (Earlougher, 1977) 
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Table B-1 Interpretation of step-rate injection test data for wells ÞG-1 – ÞG-5 (Egilsson, 
2008; Guðmundsson et al., 2008) 

  ÞG-1 ÞG-2 ÞG-3 ÞG-4 ÞG-5 

Injectivity Index  II (l/s)/bar) 4.0 11.0 3.2-4.8 8.0 6.5 

Transmissivity T (10-8 m3/Pa.s) 2.5 ~ 4.3 6.1 ~ 

Storage coefficient S (10-8 m/Pa) 2.0 ~ 30.0 19.0 ~ 

Skin factor -1.0 ~ -0.2 -1.4 ~ 

 

 

 

 

Figure B.3 Pressure and flow rate of drilling fluid during drilling of well ÞG-5B (ÍSOR, 
2008). 
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Figure B.4 Well ÞG-1. Semi-logarithmic and type-curve matching methods.  
                  Pressure response plots. 
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Figure B.5 Well ÞG-3. Semi-logarithmic and type-curve matching methods.  
                  Pressure response plots. 
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Figure B.6 Well ÞG-5. Semi-logarithmic and type-curve matching methods.  
                  Pressure response plots. 
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