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A B S T R A C T

Permeability in the Þeistareykir geothermal system of Iceland is structurally controlled. Natural fracture net
works are abundant in Þeistareykir and contribute significantly to fluid flow. Understanding which features 
enhance permeability and hydraulic conductivity, and how their properties interact with lithology and reservoir 
structure, is key to predicting reservoir behaviour. To address this, we utilise a range of borehole data to 
characterise natural fractures in terms of their occurrence, orientation, relative distribution, their relationship 
with the major lithological units and permeable flow zones in the subsurface. Results show systematic variations 
in fracture density, thickness, and distribution pattern across different lithologies and depths, with orientations 
ranging from NNW-SSE, N-S, NNE-SSW to NE-SW. Fractures exhibit the highest intensity in the deeper acidic 
intrusive units or coarser grained basalt with a predominant N-S-trend and bimodal dip distribution. However, 
permeability is controlled by a complex interplay of fracture geometry, openness and connectivity rather than 
simply high fracture abundance or a preferential set of fractures. Permeable feed zones show diverse structural 
expressions, ranging from high-density fracture clusters and large-aperture fractures to intensely fractured 
damage zones and multiple intersecting fracture sets. These findings demonstrate that the structural character of 
the potential fluid-flow channels is highly variable in Þeistareykir. The results of this study can be incorporated 
into fracture and flow models to enhance our understanding of the permeability distribution and fluid pathways 
in the Þeistareykir geothermal system.

1. Introduction

Structures such as fractures and faults play an important role in heat 
extraction from geothermal reservoirs located in active tectonic regions, 
as they regulate geothermal fluid movement in the subsurface (Rowland 
and Sibson, 2004). Depending on their characteristics, fracture networks 
can act as either pathways or barriers to fluid flow and can directly 
impact permeability distribution and reservoir productivity (e.g., Chen 
et al., 2021; Narr et al., 2006; Pérez-Flores et al., 2017). Other factors 
being equal, interconnected, permeable structural networks can provide 
sustainable routes for geothermal fluid extraction and recharge (Bense 
et al., 2013; Brogi, 2008; Caine et al., 1996; Faulds and Hinz, 2015; 
Rowland and Sibson, 2004; Sibson, 1996). A proper understanding of 
the distribution, structural complexity, and physical and hydraulic 
properties of fractures is therefore often essential for sustainable use of 
the resource.

High-temperature geothermal systems with temperatures exceeding 
200 ◦C are found on the active plate boundaries of the Northern Volcanic 
Zone (NVZ), which represents the surface extension of the Mid-Atlantic 
Ridge in the northern part of Iceland (Arnórsson, 1995). The NVZ is 
characterized by extensional structures, eruptive fissures and transform 
faults, creating seven volcanic systems and their fissure swarms 
(Einarsson, 2008; Hjartardóttir et al., 2016; Pedersen et al., 2009). This 
study focusses on the Þeistareykir fissure swarm of the NVZ in NE Ice
land. The Þeistareykir geothermal system spans approximately 25–30 
km2 on the surface (Ármannsson, 2016) and is characterised by exten
sive fracturing throughout the area. Many wells have been drilled in this 
field, and despite the small field size, the temperature and permeability 
distribution are found to be highly variable in the geothermal system 
(Guðmundsdóttir et al., 2018). Temperature reversal is observed in 
some wells drilled within the main fault and fissure system (Jóhannsson, 
2011; Kajugus, 2012). It is critical to understand the mechanism 
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constraining heat and fluid flow in this structurally-controlled 
geothermal system.

This paper presents the results of a fracture characterisation study in 
Þeistareykir, through a close integration of geological, geophysical, 
petrophysical, and dynamic data from six production wells and a cored 
shallow exploration well in the Þeistareykir geothermal field. Cores, and 
acoustic image logs are analysed to document natural fracture charac
teristics, including the types of natural fractures occurring in the reser
voir, their distribution, orientation, density and thickness. Drill cuttings 
and geophysical logging data aid in the interpretation of the major 
lithological units. This leads to an understanding of the regional fracture 
patterns, their spatial and vertical heterogeneity and the variations in 
fracture characteristics in different geologic units. This is then correlated 
with the permeable feed zones identified in the wells based on tem
perature logs, circulation losses and spinner logging. We establish the 
structural character of these permeable feed zones, which represent the 
subsurface fluid flow channels in the reservoir.

2. Geological and structural context

The Þeistareykir fissure swarm is N–S-trending, 7–8 km wide and 
70–80 km long, located within the N–S-oriented Northern Volcanic Zone 
(NVZ), and intersected by the WNW-ESE oriented Tjörnes Fracture Zone 
(TFZ) (Figure 1; Khodayar et al., 2018; Sæmundsson, 2007, 1974; 
Sveinbjornsdóttir et al., 2013). Þeistareykir is the westernmost of the 
seven volcanic systems in the NVZ. The area is characterized by large 
normal faults along its western rim, with displacements of up to 
200–300 m in the Lambafjöll and Tjörnes mountains, along with 

numerous rift fissures (Magnúsdóttir and Brandsdóttir, 2011). Although 
the volcanic system exhibits features of a central volcano, a true caldera 
structure has not formed (Einarsson, 2008). The central volcanic for
mations are dominated by Holocene lava fields, while the surrounding 
mountains are older, with the southern Tjörnes mountains being less 
than 900,000 years old (Camps et al., 2011; Magnúsdóttir and 
Brandsdóttir, 2011). Lava flows, mainly shield lavas, cover the surface, 
dating from shortly before and after the termination of the last glaciation 
period (Óskarsson, 2016). Notable lava formations include 
Stóravítishraun (11–12,000 yr), Skildingahraun (>14,500 yr), Bor
garhraun (8–10,000 yr), and the most recent Þeistareykjahraun lava 
(2400 yr) (Gíslason et al., 1984; Sæmundsson et al., 2012).

The Þeistareykir geothermal field at the intersection of the NVZ and 
TFZ is subject to the tectonics of both rift and transform plate bound
aries, leading to a highly fractured-reservoir (Liotta et al., 2021; 
Pasquarè Mariotto et al., 2015). Previous surface structural studies are 
reported in the area, mainly based on aerial photographs and satellite 
images, to understand the overall tectonic configuration of the 
Þeistareykir field. Part of the Þeistareykir fissure swarm was mapped by 
Magnúsdóttir and Brandsdóttir (2011) while Hjartardóttir (2013) pro
vides an in-depth study of the orientations and characteristics of frac
tures and eruptive fissures in the Northern Volcanic Rift Zone (NVZ). 
The area is characterised by normal faults, extension fractures and 
eruptive fissures with an overall N-, NE- and NNE-strike, however, 
changes in fracture orientations are more prominent in the central and 
northern part of the fissure swarm, where it connects with the Húsa
vík-Flatley Fault (Hjartardóttir, 2013). Bonali et al. (2019) studied in 
detail the rift-transform development in the northern part of the fissure 

Fig. 1. (a) A simplified map of northern Iceland showing the major tectonic structures of the Northern Volcanic Zone and Tjörnes Fracture Zone. Outlines of the 
volcanic centres and fissure swarms of NVZ are from Hjartardóttir (2013). (b) Geological map of the Þeistareykir geothermal area (from Sæmundsson et al., 2012) 
showing locations of the studied wells.
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swarm. 1537 post-Late Glacial Maximum structures were mapped in an 
area of 85 km2 between the Húsavík-Flatley Fault (HFF) and Grimsey 
Volcanic Zone (GVZ). The variations in the fracture patterns are sug
gested to be a combination of the possible interaction with transform 
faults of the TFZ that create local diversions in the regional fracture 
trend and the presence of substrate faults that may have guided later 
fracture propagation upwards (Bonali et al., 2019; Tibaldi et al., 2016) .

The Þeistareykir high-temperature geothermal area in the eastern 
part of the fissure swarm spans approximately 25–30 km2, primarily in 
the area northwest and north of Mt. Bæjarfjall (Fig. 1). It is subdivided 
into five N–S-oriented sub-areas, each with varying reservoir tempera
tures estimated by gas geochemistry of fumaroles (Ármannsson, 2016; 
Saby et al., 2020). A notable low-resistivity anomaly spanning the centre 
of the system encompasses surface geothermal activity and is indicative 
of the geothermal heat source (Karlsdóttir et al., 2012; Magnúsdóttir and 
Brandsdóttir, 2011). Geothermal drilling operations began in 2002, 
resulting in the development of the geothermal field with 20 wells 
ranging in depth from 1723 m to 2799 m and reaching temperatures of 
347 ◦C. Exploitation commenced in 2017, with the installation of two 
generating units producing 45 MWe, making Þeistareykir the 
fourth-largest geothermal station in Iceland.

3. Data and methods

3.1. Drilling and geophysical logging data

This study incorporates drilling and wireline logging data from six 
production wells in the Þeistareykir geothermal field, namely ÞG-11, ÞG- 
12, ÞG-13, ÞG-14, ÞG-15 and ÞG-17 (Fig. 1b). A conventional basic suite 
of well-logs is available in all of these wells, including XY caliper log, 
gamma ray, resistivity (16″ and 64″) and neutron-neutron, along with 
the description and interpretation of lithology, alteration, intrusions and 
circulation losses. Indications of feed zones are provided based on 
temperature logging, losses in circulation and flow measurements with 
spinner (Guðmundsdóttir et al., 2018).

3.2. Acoustic borehole televiewer (BHTV) imaging

The six wells were imaged by acoustic borehole televiewer using the 
ABI-43 (Acoustic Borehole Imaging, 43 mm diameter) logging probe, 
deployed by ÍSOR (Fig. 1, Table 1). Acoustic borehole televiewer 
(BHTV) logging generates images of the inside of a borehole by using 
ultrasonic pulses. These logs provide detailed, 360◦ unwrapped oriented 
images of borehole walls over sections extending up to several kilo
metres (Poppelreiter et al., 2010; Zemanek et al., 1970). The BHTV tool 
emits and receives ultrasonic signals that reflect off the borehole walls, 
capturing two types of information: the travel time of the sonic wave, 
which depends on the borehole's shape and diameter, and the returning 
amplitude of the sonic wave, which relates to the acoustic impedance of 
the borehole wall (Hurley, 2004). Both of these parameters, the ultra
sonic travel time and acoustic amplitude are recorded and processed 
into image logs along the borehole. These logs can therefore detect 
fractures with sufficient acoustic impedance contrast and provide details 

on their orientation and apparent thickness. Planar features intersecting 
the borehole appear as sinusoids on these image logs (Hurley, 2004; 
Kraal et al., 2021; Lai et al., 2018).

Image interpretation is performed using Techlog wellbore software 
platform with approximately 9900 m of BHTV images analysed for 
fracture picking. The fractures are classified based on a combination of 
different image characteristics, including acoustic amplitude (high and 
low amplitude), visibility of the fracture trace in the travel time image 
and confidence on feature picking (high/medium/low). The level of 
confidence in fracture interpretation is dependent on a number of factors 
such as borehole conditions and image quality, continuity of the fracture 
trace across the borehole diameter and their visualisation as sharp 
planar features or vague and uneven traces (Dezayes et al., 2005; Mas
siot et al., 2015; Zahmatkesh et al., 2016). This kind of fracture identi
fication and distinct categorisations helps with a detailed structural 
characterisation at the borehole scale. For example, a high acoustic 
amplitude response can occur due to mineral infillings of calcite, quartz 
or indurated clay, suggesting the presence of closed fractures or 
mineralized vein fills (Davatzes and Hickman, 2010; Milloy et al., 2015). 
On the other hand, low amplitude features with good visibility in the 
travel time image and a high level of confidence may represent possibly 
open fractures. However, it cannot be determined on the basis of image 
logs alone, whether such fractures enhance permeability and are open to 
fluid flow or are partially or completely filled with minerals such as clay, 
iron oxides or pyrite (Milloy et al., 2015). Therefore, fracture analysis 
results must be studied in combination with drilling and completion 
testing data to assess the structural controls on fluid flow in the system.

From the interpreted fracture dataset, structural features are also 
identified based on their distinct structural characteristics in the image 
log. For example, indications of possible faults are provided by abrupt 
termination or truncation of features against a surface or the juxtapo
sition of different lithologies (Brandão et al., 2024; Hosseini et al., 2015; 
Massiot et al., 2015; Wennberg et al., 2023). Boundaries between 
different lithological units are also identified based on a change in the 
overall acoustic amplitude character (Davatzes and Hickman, 2010). 
Moreover, fracture density is calculated as the number of fractures per 
metre depth, with Terzaghi correction applied to remove borehole 
sampling bias (Terzaghi, 1965). Apparent fracture thickness is estimated 
directly from the unwrapped acoustic image as the width of the feature 
exposed on the borehole wall. It is first corrected for fracture dip 
(Mutonga and Fujimitsu, 2024), and then for borehole deviation to 
obtain “true fracture thickness” (supplementary Figure A.1). All refer
ences to fracture thickness in the result and discussion sections corre
spond to this true fracture thickness as defined above.

3.3. Core analysis

Cores are extensively used for geological, geochemical, petrophysical 
and structural studies of subsurface rocks (Tavakoli, 2018). Fracture 
logging of core and the interpretation of naturally occurring and induced 
fractures provide important information for the characterization of 
naturally fractured reservoirs (Kulander et al., 1990). Well ÞR-07 is a 
shallow exploration well located 1.5 km away from the main production 

Table 1 
Depth intervals of the Acoustic Borehole Image (ABI) logs in 6 wells used in this study. TD is Total Depth reached by the well.

Well Date Logged Bit Size (inch) Well Deviation at TD (deg) Well Azimuth at TD (deg)
Depth Interval (m)

Total Length (m)
Top Bottom

ÞG-11 13-Jul-2016 8.5 40 182 764 1401 637
22-Jul-2016 8.5 1350 2208 858

ÞG-12 27-Sep-2016 8.5 38 220 800 2679 1879
ÞG-13 19-Nov-2016 8.5 32 190 770 2490 1720
ÞG-14 18–19 Jan 2017 8.5 36 227 904 2500 1596
ÞG-15 13-Mar-2017 8.5 34 246 919 2223 1304

ÞG-17
14-Jun-2017 12

39 198
304 720 416

30-Jun-2017 8.5 950 2494 1544
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area in Þeistareykir (Fig. 1). Core samples in this drillhole are available 
from a depth of 150 m to 458.1 m. Each section of core is examined 
visually to record the rock type, degree of hydrothermal alteration, 
fracture occurrence and characteristics. Core photographs and sketches 
are prepared to complement the descriptive logging, and the data is 
compiled into structured logs, noting vertical variations along the core 
length to provide a comprehensive understanding of lithological char
acteristics and fracture network development.

4. Results and interpretation

4.1. Fracture characteristics in core

We carried out detailed structural logging in the 300 m of core 
samples available in well ÞR-07 (Fig. 2). The cores exhibit mainly three 
types of volcanic facies including basalt, volcanic breccia and tuff, that 
are interbedded with each other and altered with varying intensities 
depending on the degree of oxidisation, textural or colour changes in the 
groundmass (Lacasse et al., 2007). Individual fractures are logged 
through the entire length of core and fracture density is calculated as the 
number of these fractures per metre length of core. Moreover, intervals 
of highly fractured rock are observed where individual fractures cannot 
be segregated, and fractures also occur as clusters in intensely broken or 
fragmented zones as shown in the core photographs in Fig. 2. Such 

sections are also highlighted in the fracture density log separately. 161 
fractures are logged from a total of 135 m of basaltic units, 21 fractures 
from 85 m of breccia, 19 fractures from 26 m of tuff and 63 fractures 
from 59 m of interbedded volcanic breccia and tuff. The highest fracture 
density is observed in basalt (up to 9 frac/m), whereas broken and 
fragmented fracture clusters seem to dominate in highly altered breccia 
units. Hence, we observe that rock characteristics such as lithology and 
alteration intensity have an impact on fracture distribution and char
acter in different segments of core. The vast majority of fractures seem to 
be mineralised (secondary mineralisation, mainly quartz or zeolite fill
ings in amygdules and veins) or the core altered and separated along the 
fracture plane. Fracture width could be measured only in a few open 
fractures in basalt and ranges between 0.5–4 mm. Possible slicken-sided 
surfaces are also observed at some places along fracture planes (Fig. 2).

4.2. Fracture characteristics in image logs

Fractures and other structural features are recognised from BHTV 
images in the six studied wells, interpreted manually using the dip 
picking method, and analysed following the methodology described in 
Section 3.2. Approximately 7000 natural fractures are identified. Some 
examples of these structural features picked in the borehole images are 
shown in Fig. 3.

Fig. 2. Core analysis in well ÞR-07 showing the major rock types, degree of fracturing and alteration intensity through the entire length of core (left), along with 
photographs of structural features observed in the core samples (right). MD is Measured Depth.

Aastha et al.                                                                                                                                                                                                                                    Geothermics 136 (2026) 103596 

4 



4.2.1. Relationship between lithology and fracture character
Cutting samples were collected at every two metres interval in all 

studied wells during drilling of the production section in the Þeistareykir 
geothermal field. A detailed description of the different lithologies 
identified in these cuttings is available, along with the indications of 
possible intrusions and the main alteration mineralogy (Ásgeirsdóttir 
et al., 2017a, 2017b, R.St. 2016; Guðjónsdóttir et al., 2017; Poux et al., 
2016; Sigurgeirsson et al., 2017). Moreover, the geophysical logs 
including gamma ray, neutron and resistivity also aid in the interpre
tation of lithology and geological formations in these volcanic 
geothermal settings (Steingrímsson, 2011). The major lithological units 

in Þeistareykir are the hyaloclastites, including basaltic breccia and tuff, 
which dominates the topmost part of the open-hole section in all wells 
below the casing shoe. This is followed by multiple layers of basaltic lava 
flow units, ranging in composition from fine to medium grained basalt 
and glassy basalt. The acidic intrusive units occur in the deepest part of 
the wells and are characterised by a high response of gamma ray, 
neutron and resistivity logs and an intermediate to silicic rock compo
sition. These deeper intrusions range from 300 to 700 m in thickness, 
although a few 50–60 m thick small intrusions also occur in ÞG-17, 
ÞG-12 and ÞG-11 (Fig. 4). However, the thick intrusive unit does not 
occur in ÞG-12 and ÞG-11. Instead, the deepest section in these wells is 

Fig. 3. Examples of interpreted fracture picks and their structural characteristics in the televiewer amplitude and travel time logs from the studied Þeistareykir wells. 
Fractures are represented as partial or complete sinusoids along the borehole diameter.
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dominated by a relatively coarser-grained basaltic lava flow.
The fracture properties derived from image analysis are correlated 

with the major lithological units (Figs. 4 and 5). Fracture density logs 
highlight the difference in fracture occurrence along wellbores. Fracture 
density is observed to be the lowest in basaltic breccia and tuff across all 
the wells. This may be partly due to the poor image quality in hyalo
clastites in most wells. It is also clear from the fracture distribution plot 
in Figs. 5(a) and (b) that the deeper section of the wells, dominated by 

acidic intrusive units or coarser grained basalts are more densely frac
tured compared to the shallower lithologies (except for wells ÞG-11 and 
ÞG-15, where fracture occurrence seems to be uniformly low throughout 
the borehole). The fractures also exhibit relatively uniform thickness 
patterns in all wells, with majority of the fractures in the range of 1–50 
mm thick (Fig. 5b). However, fracture thickness is more varied in ÞG-17 
and this well includes a relatively high number of thicker fractures (>50 
mm). There are also two small clusters of large aperture fractures in ÞG- 

Fig. 4. Plot of wells (a) ÞG-13, (b) ÞG-17, (c) ÞG-14, (d) ÞG-15, (e) ÞG-11, (f) ÞG-12, along True Vertical Depth (TVD) showing cuttings lithology, geophysical logs 
(gamma ray and neutron), plotted in relation to BHTV-interpreted fracture properties, i.e. fracture density, fracture thicknesses and image log quality.
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15, from 1290–1330 m TVD and 1690–1790 m TVD, where individual 
fractures reach up to 200 mm in thickness.

4.2.2. Fracture orientation analysis
Fig. 6 highlights the relative fracture population in the area and their 

Fig. 5. Plot showing the distribution of fractures in different litho-units across wells, considering (a) medium to high confidence fracture picks, (b) all interpreted 
fractures. (c) Histogram of all measured fracture thickness in the study area.

Fig. 6. Geological map of Þeistareykir (zoomed in from Fig. 1b) showing the main production area, with fractures represented as contoured stereo-plots of poles to 
planes in Schmidt’s projection, lower hemisphere for all studied wells. “N” is the total number of fractures interpreted in each well through the entire BHTV-logged 
interval and the stereonets are also contoured as per this raw fracture count.
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orientations measured from the televiewer data indicating overall 
fracture trends. Fracture occurrence varies spatially, evidenced by the 
number of fractures interpreted in each well. Wells ÞG-14, ÞG-17 and 
ÞG-13 located more towards the western part of the field have almost 
double the number of fracture picks compared to the other wells. 
Different preferential fracture trends are also observed throughout the 
field (Fig. 6). Well ÞG-12 has fractures with a well-defined N-S to NNE- 
SSW strike with high dip angles (>50◦), dipping both to the east and 
west. In wells ÞG-14 and ÞG-17, fracture strikes range from N-S to NNW- 
SSE. ÞG-14 has both easterly and westerly dip direction, while ÞG-17 is 
majorly easterly dipping. On the other hand, fractures in well ÞG-15 
suggest multiple fracture sets with strikes ranging from E-W, NE-SW, N-S 
to NNW-SSE and a broad distribution in dip angles from nearly hori
zontal to vertical. ÞG-13 is majorly westerly dipping with a NNE-SSW 
orientation and moderate to high dips (>40◦). Fractures in ÞG-11 
have a NE-SW to ENE-WSW strike with NW-NNW dips (>50 o).

A fracture orientation plot is shown in Fig. 7, including all the high to 
medium confidence fracture dataset from BHTV interpretation. Frac
tures are generally steeply dipping and N-S striking across the 
Þeistareykir wells, but they show clear variations in character both with 
depth and across different wells. Overall, two principal fracture orien
tation patterns emerge consistently throughout the field: one set dipping 
W–NW, and another set displaying more easterly dips. ÞG-13 is consis
tently dominated by west-dipping fractures. In contrast, ÞG-12, ÞG-14, 
and ÞG-17 show a bimodal east–west dip distribution pattern 
throughout their logged intervals. However, the fracture orientation plot 
of well ÞG-17 reveals more scatter in dip azimuth within basalts and 
hyaloclastite units. In ÞG-14, the upper part of the well (i.e. fine-medium 
grained basaltic lava flows) is dominated by very steep, westward- 
dipping fractures, while at greater depths (i.e. inter-acidic intrusive 
unit) fracture dips become shallower and rotate toward a near-north 
orientation. When all the low confidence fracture picks are included in 
the analysis, the overall dip distribution broadens, with an increase of 

moderate to low dip angles, secondary dip directions becoming more 
evident and depth-related fracture trends becoming less distinct. How
ever, the dominance of steep, bimodal E-W fracture pattern remains 
visible, confirming that they are not artefacts of data uncertainty but 
reflect distinct structural domains within the field.

4.3. Structural observations in permeable feed zones

Of all the fractures interpreted from BHTV logs, only some play a role 
in fluid movement in the subsurface. To understand these structurally- 
driven fluid flow channels, the interpreted fracture datasets are corre
lated with permeability indications from drilling data, circulation losses, 
temperature logs and spinner logging carried out after drilling. Fig. 8
provides the depth distribution of permeable feed zones in the studied 
wells and ranked from small, medium to large based on their relative 
sizes (Guðmundsdóttir et al., 2018). Figs. 9–14 provide detailed insights 
into the medium to large feed zones by correlating all geophysical log
ging data with fracture interpretation from televiewer. By analysing the 
fracture corridors within these permeable zones, the overall structural 
character of the potential fluid-flow channels can be inferred, as dis
cussed in the next section.

Well ÞG-14
Four medium to large permeable zones are identified in well ÞG-14 

as shown in the composite log section in Fig. 9. Feed zone (ÞG-14-FZ2) at 
1422 m is located in the fine-medium grained basaltic lava flow and is 
the largest in the well, identified by changes in temperature, spinner, 
circulation losses and large caving in caliper log (Guðjónsdóttir et al., 
2017). Another medium-sized feed zone at 1825 m (ÞG-14-FZ3) is 
located in the intermediate-acidic intrusive unit and evidenced by 
temperature and spinner logs. The fracture occurrence around 1422 m 
seems to be low based on the fracture density log in Fig. 9. However, a 
zoomed in section of the borehole wall from televiewer shows a sharp 
change in image character from 1438–1441 m and 1444–1445 m. 

Fig. 7. Dip angle and dip azimuth plots illustrating fracture orientations across all wells, shown with depth and in relation to the major lithological units. Only 
medium- to high-confidence fracture picks from BHTV interpretation are included. Depth in the left column is the True Vertical Depth (TVD).
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Individual fractures cannot be resolved, but the acoustic image response 
is indicative of a highly fractured or damage zone. A similar amplitude 
response is observed in the fracture interpreted at 1839 m, which is 
potentially linked to the feed zone around this depth (ÞG-14-FZ3). 
Moreover, the fracture density in this zone is also relatively higher (4–8 

fracs/m) with thicknesses up to 8 mm. In contrast, the deepest feed zone 
(ÞG-14-FZ4) has moderate fracture densities between 2–5 fracs/m, but 
features a large 160 mm thick fracture below it at 1996 m depth. 
Fractures are generally steeply dipping with an overall N-S strike at each 
depth and a bimodal E and W dip distribution pattern. However, low to 

Fig. 8. Vertical feedzone distribution in Þeistareykir in the studied wells.

Fig. 9. Composite log in the major permeable zones of ÞG-14 showing the cuttings lithology, caliper log, gamma ray and neutron, along with the results of BHTV- 
fracture analysis. Image log quality, interpreted fracture density, thickness and orientations are represented. Rose diagrams of fractures in and around permeable feed 
zones are displayed in the last column. Structural features interpreted from televiewer images within these zones are shown on the right.

Aastha et al.                                                                                                                                                                                                                                    Geothermics 136 (2026) 103596 

9 



high dips angles are observed in the feed zones ÞG-14-FZ3 and 
ÞG-14-FZ4 within the acidic intrusive units.

Well ÞG-15
In ÞG-15, permeable zones are developed in hyaloclastite, basalt, and 

intrusive lithologies. A medium-sized feed zone (ÞG-15-FZ1) is identi
fied in the hyaloclastite unit at 1315–1332 m (Fig. 10). Fracture strikes 
range from NNE-SSW to NW-SE around this depth. As shown in the 
BHTV images in Fig. 10, this feed zone possibly correlates with a high 
density fracture cluster at 1292–1296 m and the occurrence of a few 
large fractures with individual fracture thicknesses reaching up to 170 
mm. ÞG-15-FZ2 (1597–1621 m) contains moderately dense fractures 
(0–4 frac/m), with NW–SE strikes, steep dips (>60◦), and apertures up 
to 30 mm. A single very wide fracture (216 mm) occurs above the zone 
at 1590 m. Thus, ÞG-15 highlights the role of localized fracture corridors 
and large-aperture fractures in enhancing permeability. In contrast, ÞG- 
15-FZ3 within inter-acidic intrusion is poorly fractured with variable 
fracture strikes and <5 mm thicknesses.

Well ÞG-11
The first medium-sized feed zone is encountered in ÞG-11 at 922 m 

(Fig. 11), evidenced by the temperature and spinner logs. This feed zone 
consists of only a few fractures predominantly striking NE-SW. However, 
the gamma ray log suggests the presence of a small silicic intrusion at 
this depth. Similar feed zones associated with the occurrence of thin 
silicic intrusive veins are also observed in wells ÞG-12 and ÞG-17. ÞG-11- 
FZ2 (1380–1395 m) within hyaloclastite also shows very low fracture 
density and poor image quality. Fracture corridors are best developed at 
depth, within feed zones ÞG-11-FZ3 and ÞG-11-FZ4 hosting dense, 

multidirectional fracture networks (up to 9 frac/m) providing enhanced 
permeability. Fractures with thicknesses up to 25 mm and orientations 
ranging from NE-SW, NNE-SSW to N-S are observed in these zones. The 
feed zone at 1610–1625 m also possibly correlates with a formation 
contact at 1599 m as observed by the change in overall acoustic 
amplitude character at this depth shown in Fig. 11.

Well ÞG-12
The permeable feed zones in ÞG-12 are mainly hosted in hyaloclas

tite interbedded with basalt. The shallow feed zones (ÞG-12-FZ1 to ÞG- 
12-FZ3) are characterised by few fractures (<2 frac/m) with variable 
orientations, possibly due to the poor quality of borehole images within 
the hyaloclastite units (Fig. 12). The most significant fracture corridor is 
developed in ÞG-12-FZ4 (1785–1877 m), where fracture density in
creases up to 7 frac/m and fracture thickness reaches 40 mm. Fractures 
in this interval strike N–S, dip both east and west, and display a wide dip 
range (20–90◦). The deeper basaltic zone (ÞG-12-FZ5) again shows poor 
structural development with very low fracture density.

Well ÞG-13
ÞG-13 exhibits a range of structural behaviour across lithologies and 

depth (Fig. 13). ÞG-13-FZ1 at 1182 m within hyaloclastite is poorly 
imaged and show little to no fractures at this depth. ÞG-13-FZ2 hosted in 
fine- to medium-grained basalt displays moderate fracture density (0–4 
frac/m), with NE–SW striking, steeply dipping fractures that consistently 
dip NW. ÞG-13 exhibits structurally controlled permeability primarily in 
the deeper intrusive zone (ÞG-13-FZ3), where fracture corridors are best 
developed with systematic orientations (N–S to NE–SW strikes, W- to NW- 
dipping) and high variability in dip angles (30–90◦).

Fig. 10. Composite log in the major permeable zones of ÞG-15 showing the cuttings lithology, caliper log, gamma ray and neutron, along with the results of BHTV- 
fracture analysis. Image log quality, interpreted fracture density, thickness and orientations are represented. Rose diagrams of fractures in and around permeable feed 
zones are displayed in the last column. Structural features interpreted from televiewer images within these zones are shown on the right.
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Well ÞG-17
The permeable feed zones in Well ÞG-17 occur across hyaloclastite 

and intrusive lithologies, with fracture development becoming more 
significant at depth (Fig. 14). In ÞG-17-FZ1 (1161 m), fractures are 
sparse and variably oriented, suggesting limited structural control. As 
depth increases into intrusive lithologies (FZ2–FZ4), fracture density 
rises significantly, dips remain moderate to steep and strikes ranging 
from N-S, NW-SE to E-W. The deepest zone, ÞG-17-FZ4, shows the best- 
developed fracture corridor with the highest density (up to 7 frac/m), 
thicker fractures, and consistent N–S striking, east-dipping geometries, 
forming a strong structural pathway for fluid movement.

5. Discussion: implications for permeability and fluid flow

Our structural analysis and comparison with feed zones highlights 
the highly heterogenous nature of permeable fractures in the reservoir. 
It is evident that assessing the contribution of fracture networks to 
permeability and preferential fluid flow pathways is not straightforward 
in the volcanic-hosted geothermal system in Þeistareykir. Earlier work in 
Icelandic geothermal systems has emphasized the role of rift-zone faults 
and fracture corridors within the active volcanic rift setting in focusing 
fluid flow (e.g., (Arnórsson, 1995; Liotta et al., 2021), and our obser
vations confirm that these features also play a critical role in 
Þeistareykir. Several structural studies carried out at the surface in the 
Þeistareykir fissure swarm (e.g., Bonali et al., 2019; Pasquarè Mariotto 
et al., 2015; Tibaldi et al., 2020, 2016) document multiple fracture sets 
resulting from the combined influence of regional rifting, transfer-zone 

deformation associated with the Tjörnes Fracture Zone, and local 
structural inheritance. In particular, our borehole dataset of the domi
nant fracture orientations identified in the image logs (Fig. 6) mirror the 
surface-defined structural trends of the Þeistareykir fissure swarm—
primarily the N–S, NNE–SSW and NE–SW striking sets, indicating that 
the mapped rift-parallel normal faults and open fissures exert a 
first-order control on the geometry of the deeper fracture network. This 
alignment suggests that many of the fractures encountered in the wells 
represent the down-dip continuation or secondary splays of the surface 
fault system, and that permeability is therefore strongly influenced by 
the structural architecture of the fissure swarm.

In addition to these broader patterns, our subsurface data also reveals a 
degree of finer-scale local variability that is not captured in surface 
structural maps. For example, the strong W- to NW-dipping fracture 
population in ÞG-13 and ÞG-11 contrasts with the more symmetric 
bimodal dip distributions in ÞG-12, ÞG-14 and ÞG-17 (Fig. 6 and 7). Such 
heterogeneity aligns with the interpretation of Tibaldi et al. (2020), who 
identified structural domains within the fissure swarm where fracture 
propagation is guided by deeper structures. Thus, the borehole data pro
vide a deeper-scale continuation of the fracture architecture observed at 
the surface and support the interpretation that deformation in Þeistareykir 
is structurally partitioned. Furthermore, Bonali et al. (2019) showed that 
the geometry of the fracture system may deviate from the dominant 
regional trend due to dyke intrusions, local magmatic inflation or stress 
rotation. The broad dispersion of fracture orientations in ÞG-15 and 
rotated, shallower-dipping fractures in the deep intrusive units of ÞG-14 
and ÞG-17 are consistent with such processes.

Fig. 11. Composite log in the major permeable zones of ÞG-11 showing the cuttings lithology, caliper log, gamma ray and neutron, along with the results of BHTV- 
fracture analysis. Image log quality, interpreted fracture density, thickness and orientations are represented. Rose diagrams of fractures in and around permeable feed 
zones are displayed in the last column. Structural features interpreted from televiewer images within these zones are shown on the right.
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Most feed zones are characterized by diverse structural styles and 
variable degrees of fracture development. Permeability is strongly 
controlled by fractures but the relationship between permeable zones 
and fracture network geometry can vary significantly throughout the 
field. Moreover, interpretation of structural features from image logs is 
hindered by variable data quality, particularly in the shallower hyalo
clastite units in wells ÞG-12, ÞG-13, and ÞG-11. Another limitation of 
BHTV analysis is that acoustic amplitude responses alone cannot 
distinguish between fully open and partially sealed fractures. Never
theless, many feed zones show strong correlations with features visible 
in BHTV images. At times, high density fracture clusters dominate fluid 
flow (e.g. in ÞG-15) or in other cases, a single very large aperture frac
ture is found to be conductive (ÞG-14, ÞG-15). Permeability is also 
associated with an intensely fractured damage zone (e.g. in ÞG-14, 
Fig. 9) or a lithological boundary (e.g. Fig. 11) in some instances. 
Fractures within feed zones also do not necessarily exhibit a similar 
preferential orientation or a one-to-one correlation with any other 
fracture properties (Fig. 15). Fracture densities range from very sparse 
(0–2 fracs/m) to moderately developed intervals (up to 9 fracs/m). Feed 

zones also occur where few or no fractures are resolved (such as in wells 
ÞG-12 and ÞG-13), indicating that fracture density alone does not con
trol permeability. Fracture apertures are generally narrow (5–20 mm), 
though occasional wider fractures (>50 mm) are present in ÞG-15 and 
ÞG-17. Dip angles range from shallow (20–30◦) to near vertical (>70◦), 
with dominant strikes including N–S, NW–SE, and NE–SW. Multiple dip 
directions are observed within most wells, often with both east- and 
west-dipping sets occurring together. This variability implies that 
permeability is supported by intersecting fracture networks rather than 
a single dominant orientation. Many wells, such as ÞG-12 and ÞG-15, 
display multiple fracture sets, while others (e.g., ÞG-13) are dominated 
by a single orientation. These combined observations demonstrate that 
feed zones in this field are structurally heterogeneous and permeability 
in the Þeistareykir geothermal reservoir is governed by the combination 
of a wide range of fracture system geometries (Fig. 15).

Another striking observation in this study is that less than ten percent 
of all interpreted fractures coincide with permeable feed zones, even 
though many fractures outside these zones also display similar orien
tations and characteristics as the permeable fractures. This strongly 

Fig. 12. Composite log in the major permeable zones of ÞG-12 showing the cuttings lithology, caliper log, gamma ray and neutron, along with the results of BHTV- 
fracture analysis. Image log quality, interpreted fracture density, thickness and orientations are represented. Rose diagrams of fractures in and around permeable feed 
zones are displayed in the last column. Structural features interpreted from televiewer images within these zones are shown on the right.
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Fig. 13. Composite log in the major permeable zones of ÞG-13 showing the cuttings lithology, caliper log, gamma ray and neutron, along with the results of BHTV- 
fracture analysis. Image log quality, interpreted fracture density, thickness and orientations are represented. Rose diagrams of fractures in and around permeable feed 
zones are displayed in the last column. Structural features interpreted from televiewer images within these zones are shown on the right.

Fig. 14. Composite log in the major permeable zones of ÞG-17 showing the cuttings lithology, caliper log, gamma ray and neutron, along with the results of BHTV- 
fracture analysis. Image log quality, interpreted fracture density, thickness and orientations are represented. Rose diagrams of fractures in and around permeable feed 
zones are displayed in the last column. Structural features interpreted from televiewer images within these zones are shown on the right.
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indicates additional factors beyond simple fracture presence or abun
dance controlling fluid flow. Fracture-controlled permeability is highly 
selective and governed by the interplay of fracture orientations, host 
lithology, their structural position within the broader fault–fracture 
network, degree of connectivity, and the influence of mineralisation or 
hydrothermal alteration. Productive zones in borehole image logs are 
consistently linked to intersecting fracture corridors, large-aperture 
features, or intensely fractured damage zones, while adjacent intervals 
with similar fracture populations remain impermeable. Widespread 
mineral sealing of fractures (quartz/zeolites) observed in core analysis 
further reinforces this interpretation (Fig. 2). The self-sealing of frac
tures, especially via calcite precipitation, has been documented in 
fractured geothermal reservoirs such as Kawerau, where mineral infill 
reduces permeability over time (McNamara et al., 2016).

When viewed in a global context, our results align with studies of 
fracture-controlled geothermal systems elsewhere. In the Fallon area of 
Basin and Range Province of Nevada (USA), conjugate fracture sets 
identified using both FMS and BHTV image logs are likely to promote 
fluid flow in the geothermal system (Blake and Davatzes, 2012). This 
supports our own interpretation in Þeistareykir, where intersecting, 
multi-set fracture corridors appear to define key feed zones. Sone et al. 
(2023) further emphasise the strong well-to-well variability in conduc
tive pathways at San Emidio geothermal field, with preferred flow 
mechanisms varying from large aperture fractures to more distributed 
fracture networks. Moreover, conductive fractures in their study do not 
always align with major surface faults, reinforcing our conclusion that 
permeability in Þeistareykir is governed by local fracture geometry and 
connectivity rather than regional structural trends alone. Studies from 
the Taupo Volcanic Zone of New Zealand demonstrate fault damage 
zones and intersections as primary fluid conduits (Rowland and Sibson, 
2004), and permeability concentrated at intersecting structural trends, 
wide-aperture fractures and intervals of high fracture density 
(McNamara et al., 2019, 2015). Borehole image studies at Te Mihi 
(McNamara et al., 2019) and Rotokawa (McNamara et al., 2015) show 
the same spectrum of permeable expressions that we document at 
Þeistareykir: (1) high-intensity fracture corridors, (2) fractured damage 
zones that provide distributed connectivity, (2) discrete large-aperture 
fractures that can dominate local flow. Our observations at 
Þeistareykir therefore support a more general model of geothermal 
permeability in volcanic rift zones. There are important contrasts, 
however, that refine how the global analogues should be applied. 
Compared with the TVZ and Nevada Basin and Range, where good 
image log to core ties sometimes allow clearer discrimination between 
open versus sealed fractures (Davatzes and Hickman, 2010; Milloy et al., 
2015), the lack of core from deeper reservoir unit in Þeistareykir, 
widespread alteration and frequent poor image quality in hyaloclastite 
make that discrimination harder and increase uncertainty in identifying 
flow-supporting features.

Beyond these comparisons, the Þeistareykir results also highlight 
several practical implications for geothermal resource development. The 
presence of intersecting fracture corridors within major feed zones 
suggests that well trajectories that maximise the intersection of multiple 
fracture sets—particularly both rift-parallel and oblique sets—may yield 
higher permeability. Lithological boundaries and small intrusive con
tacts also appear to play an important role, indicating that these in
terfaces may serve as favourable drilling targets. The results also 
highlight the need for discrete and spatially variable fracture inputs in 
reservoir modelling rather than uniform permeability fields. Future 
work will involve (1) exploring the impact of the tectonic stress envi
ronment on subsurface fractures, (2) incorporating the observed fracture 
variability from this study into building discrete fracture network (DFN) 
models, and (3) integrating with the regional fault models, to improve 
predictions of bulk permeability distribution in the reservoir and lead to 
more realistic models of fluid flow.

6. Conclusion

In the geothermal system of Þeistareykir, we present a detailed 
structural characterization of fracture networks and permeable flow 
zones in the reservoir based on core observations, borehole image log 
analysis, drilling and well logging data from the Þeistareykir geothermal 
field. Fractures exhibit a heterogeneous distribution and orientation 
pattern within the field. The observed spatial variability in the fracture 
strikes ranges from NNW-SSE, N-S, NNE-SSW to NE-SW, with bimodal 
dip distribution and low to high dip angles (0–90◦). The N-S and NE-SW 
trending fractures are better defined, with a higher concentration of data 
and mirroring the regional structural trend in the area, while the other 
fracture orientations display a more dispersed pattern, possibly related 
to secondary faults. The overall fracture thicknesses calculated from 
image analysis are relatively uniform in the order of 1–50 mm 
throughout the field. While basaltic and intrusive lithologies tend to host 
more fractures than hyaloclastite units, permeable feed zones are not 
uniformly associated with high fracture densities. Instead, permeability 
is often localized within diverse geometry and structural styles including 
high density fracture clusters and damage zones, very large aperture 
fractures, litho-boundary and small silicic intrusions. Fracture strikes 
and dips also vary widely, implying that fluid flow is accommodated by 
multiple intersecting fracture sets rather than a single dominant orien
tation. These results reveal the highly variable nature of the structural 
controls on reservoir permeability and fluid flow channels in the 
Þeistareykir geothermal system. Beyond advancing the understanding of 
Þeistareykir, this study provides a framework for fracture network 
characterization in other structurally complex geothermal systems 
worldwide, ultimately aiding in resource assessment and reservoir 
management.

Fig. 15. Feed zone analysis results from all studied wells, (a) host lithology, (b) fracture orientations, and (c) observed structural characteristics around feed zone 
depths, revealing the heterogeneity in permeable fracture corridors within the Þeistareykir geothermal field.
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Arnórsson, S., 1995. Geothermal systems in Iceland: structure and conceptual models—i. 
High-temperature areas. Geothermics 24, 561–602. https://doi.org/10.1016/0375- 
6505(95)00025-9.
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Stefánsson, H.Ö., 2017a. Þeistareykir – well ÞG-17. phase 3: drilling for 7" perforated 
liner down to 2500 m (No. LV-2017–092). a. Landsvirkjun.
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Tryggvason, H.H., Stefánsson, H.Ö., Ingólfsson, H., Pétursson, F., Gunnarsson, B.S., 
Egilson, Þ., 2017. Þeistareykir – Well ÞG-14. Phase 3: drilling for a 7" perforated liner 
down to 2500 m (technical report no. ÍSOR-2017/023). Iceland Geosurvey.
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3 in northeast iceland - geology and temperature loggings (no. VH 2007-125). VGK- 
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Magnusdottir, S., 2013. The theistareykir geothermal field, ne iceland. isotopic 
characteristics and origin of circulating fluids. procedia earth and planetary science, 
proceedings of the fourteenth international symposium on water-rock interaction, 
WRI 14 7, 822–825. https://doi.org/10.1016/j.proeps.2013.03.171.

Tavakoli, V., 2018. Geological core analysis, springerbriefs in petroleum geoscience & 
engineering. Springer International Publishing, Cham. https://doi.org/10.1007/ 
978-3-319-78027-6. 

Terzaghi, R.D., 1965. Sources of Error in Joint Surveys. Geotechnique 15, 287–304. 
https://doi.org/10.1680/geot.1965.15.3.287.

Tibaldi, A., Bonali, F.L., Einarsson, P., Hjartardóttir, Á.R., Pasquarè Mariotto, F.A., 2016. 
Partitioning of Holocene kinematics and interaction between the theistareykir 
fissure swarm and the husavik-flatey fault, north Iceland. J. Struct. Geol. 83, 
134–155. https://doi.org/10.1016/j.jsg.2016.01.003.
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