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Abstract 

The Hengill Triple Junction in Iceland is formed by the intersection of the Western Volcanic 

Zone (WVZ), Reykjanes Peninsula Oblique Rift (RPOR) and a transform zone, the South 

Iceland Seismic Zone (SISZ). The 19 x 13 km2 study area thus contains extensional 

structures related to volcanic systems of the two rift zones, Hengill and Hrómundartindur, 

as well as strike-slip structures characteristic of the transform zones. High definition aerial 

photographs, satellite images, and digital elevation models are used, supported by field 

studies, to accurately map and classify tectonic features in an effort to separate N-S trending 

strike-slip faults from the fissure swarms of the volcanic systems. A portion of the southern 

Hengill fissure swarm lies within the area. It trends NE-SW and exhibits extensional features 

characteristic of spreading ridges, i.e. normal faults, open fractures, and eruptive fissures. It 

is clearly delineated by surface fractures, and is traced a length of 28 km southwest from the 

central volcano, terminating before reaching the coastline. The fissure swarm is 2 - 3.5 km 

wide in the study area, widening southwards. Elevation profiles across the fissure swarm 

suggest a spreading rate comparable to the southern WVZ, which spreads at 4-5 mm/yr.  

East-west shearing in the RPOR and SISZ is accomplished by many smaller and less 

conspicuous, northerly oriented strike-slip faults in a ‘bookshelf faulting’ manner. These 

parallel faults are overprinted on the volcano-tectonic structures of the RPOR. Evidence of 

11 northerly striking strike-slips faults is found within the study area.  

Útdráttur 

Þrjár greinar flekaskilanna á Suðvesturlandi mætast í þrískilum sem gjarnan eru kennd við 

Hengil. Greinarnar þrjár, sem allar hafa sín séreinkenni, eru skárekbelti Reykjanesskaga, 

vestara gosbeltið og skjálftabelti Suðurlands. Á rannsóknarsvæðinu að stærð 19 x 13 km2 

sem var afmarkað umhverfis þrískilin, má finna sprungur og misgengi sem hafa einkenni 

allra svæðanna, bæði siggengi og gjár dæmigerð fyrir sprungusveima eldstöðvakerfa Hengils 

og Hrómundartinds og sniðgengi svipuð þeim sem finna má á skjálftasvæðunum á 

Suðurlandi og Reykjanesskaga. Notaðar voru loftmyndir, gervitunglamyndir og 

landhæðarlíkön til að bera kennsl á sprungur og misgengi, sem síðan voru könnuð ítarlega í 

mörk. Reynt var að greina sprungur sem tengdust sprungusveimum frá þeim sem rekja mátti 

til sniðgengishreyfinga. Hluti af syðri sprungusveim Hengilskerfisins liggur innan 

rannsóknarsvæðisins. Hann hefur NA-SV stefnu og einkennist af gjám, siggengjum og 

gossprungum, í samræmi við frárek. Sprungusveiminn má rekja um 28 km leið frá 

megineldstöðinni í Hengli en hann deyr út áður en hann nær til strandar. Innan 

rannsóknarsvæðisins er hann 2- 3,5 km breiður og breikkar til suðurs. Tekin voru 

landslagssnið yfir sigdalinn sem markar ás sprungusveimsins til að meta rekhraða. 

Niðurstöðurnar eru í samræmi við mældan rekhraða yfir suðurhluta vestara gosbeltisins, 4-

5 mm/ár. Sniðgengishreyfingar yfir Reykjanesskaga og skjálftabelti Suðurlands eiga sér stað 

að mestu á svokölluðum bókahillumisgengjum, mörgum samsíða sniðgengjum með 



 

norðlæga strikstefnu. Þau eru minna áberandi en sprungur eldstöðvakerfanna en víða má sjá 

ummerki þeirra á rannsóknarsvæðinu. Vísbendingar fundust um 11 slík misgengi. 
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Preface 

The focus of this thesis is a mapping project of the Hengill Triple Junction in which the 

southern Hengill fissure swarm, and to a lesser extent, the southern Hrómundartindur fissure 

swarm are delineated by surface fractures. Northerly trending strike-slip faults are also 

identified by their surface fracture arrays.  

These findings are presented in the style of a journal article with the intent to be published 

in a scientific journal.  

The article is preceded by a more general description of the spreading ridges of SW Iceland 

as a partial fulfillment of the thesis requirements.  
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1 Introduction 

Iceland is a 300x500 km platform that represents a subaerial portion of the mid-Atlantic 

spreading ridge (Einarsson, 1991, 2008). The island is the manifestation of a hot spot that is 

presumably sourced by a mantle plume from depth. Although active rifting is rarely seen 

above sea level around the world, this phenomenon can be observed in Iceland due to the 

influence of the underlying hot spot. While the mid-Atlantic spreading ridge is generally 

structurally simple, the ridge exhibits much more complex arrangements as it traverses 

Iceland. The ridge is characterized by spreading segments connected by transform zones that 

are clearly defined by earthquake epicenters, indicating a narrow region of deformation 

(Einarsson, 2008). However, as the ridge crosses the Iceland platform, the deformation zone 

becomes wider and the spreading ridge becomes oblique due to the influence of the hot spot. 

Figure 1 from Einarsson (2008) shows earthquake epicenters along the Mid-Atlantic Ride as 

it traverses Iceland. In some places the plate boundary branches, forming microplates that 

appear to move independently, such as the Hreppar and Tjörnes microplates. The ongoing 

process of ridge jump and rift propagation are actively changing the geometry of the 

spreading axis. Most of the structural complexities are believed to be due to the presence of 

the Iceland Plume, which is generally assumed to be centered beneath Central Iceland (e.g. 

Wolfe et al., 1997).  

Seven active plate boundary segments can be defined across Iceland. Figure 2 from 

Einarsson (2008) shows a schematic of spreading across Iceland. Deformation is 

accommodated in different styles across the various segments, seemingly governed by the 

vector of plate spreading and the obliqueness of the segment to the spreading direction 

(Einarsson, 2008). Segments that are roughly perpendicular to the plate spreading direction, 

such as the Northern Volcanic Zone (NVZ), Eastern Volcanic Zone (EVZ), and the sub-

parallel Western Volcanic Zone (WVZ) are purely divergent, and are characterized by 

extensive volcanism, normal faulting, and fissuring. Other segments lack volcanism and are 

characterized as transform boundaries, such as the South Iceland Seismic Zone (SISZ) and 

the Húsavík-Flatey Zone (HFZ). Finally, the Reykjanes Peninsula Oblique Rift (RPOR) and 

the Grímsey Oblique Rift (GOR) are oblique segments that exhibit both volcanism and 

strike-slip faulting. Observations suggest an alternation of deformation style in these zones 

(Einarsson, 2008).  

The Reykjanes Ridge continues onshore as the RPOR. This zone is characterized by an en 

echelon arrangement of 4 volcanic systems and their associated fissure swarms (Einarsson, 

2008). The plate boundary is oriented close to 70o, which is highly oblique to the plate 

spreading direction of 101 o. The individual fissure swarms, however, trend between 30o -

40o. Overprinted on these oblique fissure swarms are N-S trending strike-slip faults that 

cover the extent of the rift segment. These faults fail in a right-lateral sense to collectively 

accommodate left-lateral shearing, in a process termed ‘bookshelf faulting’ (Einarsson, 

1991a). The Reykjanes Peninsula Oblique Rift is terminated by the Hengill Triple Junction, 

where it meets the Western Volcanic Zone (WVZ) and the South Iceland Seismic Zone 

(SISZ).  
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Figure 1. Earthquake epicenters in the Atlantic Ocean 1964-2006, from the epicentral list 

of the NEIC, US Geological Survey. Courtesy of Einarsson (2008). 

The South Iceland Seismic Zone is a transform zone that connects the RPOR to the Eastern 

Volcanic Zone (EVZ). Rather than accommodating left-lateral shear via a single large strike-

slip fault, the zone exhibits numerous N-S trending strike-slip faults that fail in ‘bookshelf 

faulting’ fashion as seen in the RPOR (Einarsson 1991, 2008). This system of failure is 

favorable to the populated lowlands of South Iceland as it greatly reduces the seismic hazard. 

Many of the short, parallel transverse faults can be identified by arrays of tension fractures 

on the surface. These arrays trend N-S in en echelon arranged patterns.  

The Western Volcanic Zone extends from the Hengill Triple Junction into the Langjökull 

area in central Iceland, where it dies out. Once the main spreading axis from 7 to 3 Ma, the 

spreading rates decrease from south to north throughout the zone, a clear indicator that the 

zone is dying as a result of the propagation of the Eastern Volcanic Zone (Einarsson 1991, 

2008; Hjartardóttir et al., 2016a). 
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Figure 2. Earthquake epicenters 1994–2007 and volcanic systems of Iceland. Volcanic 

systems and active faults are from Einarsson and Sæmundsson (1987). Epicenters are from 

the data bank of the Icelandic Meteorological Office. Individual plate boundary segments 

are indicated: RPR Reykjanes Peninsula Oblique Rift, WVZ Western Volcanic Zone, SISZ 

South Iceland Seismic Zone, EVZ Eastern Volcanic Zone, CIVZ Central Iceland Volcanic 

Zone, NVZ Northern Volcanic Zone, GOR Grímsey Oblique Rift, HFZ Húsavík-Flatey 

Zone, ER Eyjafjarðaráll Rift, and DZ Dalvík Zone. SIVZ South Iceland Volcanic Zone. Kr, 

Ka, H, L, V mark the central volcanoes of Krafla, Katla, Hengill, Langjökull, and 

Vestmannaeyjar. Courtesy of Einarsson (2008). 

The Eastern Volcanic Zone (EVZ) begins at the termination of the SISZ and extends to the 

NE about 100 km, where it intersects a triple junction and the Northern Volcanic Zone 

(NVZ) and the Central Iceland Volcanic Zone (CIVZ). The EVZ is characterized by long, 

linear structures, eruptive fissures, and normal faults (Einarsson, 2008; Björnsdóttir 2012).  

The Central Iceland Volcanic Zone is highly oblique to the spreading direction, marking the 

northern boundary of the Hreppar Microplate. The zone only consists of two volcanic 

systems, the Hofsjökull Volcanic System and the Tungnafellsjökull Volcanic System, which 

do not appear to conform to either the EVZ or the NVZ (Einarsson, 2008). 

The Northern Volcanic Zone extends from central Iceland to the northern coast, where it 

meets the Tjörnes Fracture Zone (Einarsson, 2008). This zone features well defined volcanic 

systems that are arranged in a left-stepping en echelon pattern. The zone trends to the north 

and is structurally simpler than the other branches, likely due to its long, uninterrupted period 

of spreading (Sæmundsson 1974, Sigmundsson 2006, Hjartardóttir et al., 2016b).  
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The Tjörnes Fracture Zone is a complex transform zone near the north coast of Iceland that 

connects the onshore NVZ to the submarine Kolbeinsey Ridge. It is a broad zone of 

transform faulting, crustal extension, and seismicity, which is too diffuse to attribute to a 

single fault. Rather, the zone is divided into 3 sub-parallel seismic zones trending NW: the 

Húsavík-Flatey fault zone, the Dalvík seismic zone, and the Grímsey Oblique Rift 

(Einarsson 1991, 2008).  

While the volcanic activity in Iceland is by far most prevalent along rifting segments, 

volcanism in other areas does occur. Three flank zones can be identified: The South Iceland 

Volcanic Zone, the Snæfellsnes Volcanic Zone, and the Öræfajökull Volcanic Zone 

(Einarsson, 2008). 

The exposed volcanic material in Iceland is dominated by basaltic rocks (80-85%), with 

minor constituencies of silicic materials (10%). The remaining 5-10% is comprised of 

intermediate and volcanic sedimentary products (Jakobsson, 1979). The volcanic pile ranges 

back 16 Ma and is divided into 4 groups based on age: Tertiary (>3.3 Ma), Plio-Pleistocene 

(0.8-3.3 Ma), Upper Pleistocene (0.01-0.8 Ma) and Holocene (last 9.000 – 13.000 y) 

(Jóhannesson and Sæmundsson, 1998). 

The Tertiary formation is made up of rocks older than 3.3 Ma. This formation is extensive, 

covering about 50.000 km2 or about half of Iceland. The age increases as distance increases 

from the spreading axes (both extinct and active). The classic plateau basalt series that are 

exposed in the typical fjord landscapes of eastern, northern, and western Iceland belong to 

the Tertiary formation. The oldest rocks can be found in western and eastern Iceland, ranging 

between 14-15 Ma. This formation is dominated by subaerial tholeiitic lavas and associated 

intermediate and acidic rocks (Sæmundsson, 1979).  

The Plio-Pleistocene formation (0.8-3.3 Ma) covers about 25.000 km2 of Iceland in broad 

zones between the Tertiary formation and the active spreading ridges. This formation is 

characterized by extensive fluvioglacial and morainic deposits, as well as hyaloclastites 

formed during subglacial eruptions. The structure of this rock series is more heterogeneous 

compared to the Tertiary formation (Sæmundsson, 1979; Sigmundsson, 2006; Björnsdóttir, 

2012). 

The Upper Pleistocene series spans from the onset of the Brunhes magnetic epoch (0.8 Ma) 

to the beginning of the Postglacial epoch. This rock series is found in the areas of the active 

volcanic zones, covering an area of about 30.000 km2. The Upper Pleistocene is 

characterized by hyaloclastite formations (more extensive than the Plio-Pleistocene 

formation) as well as interglacial eruptive lavas (Sæmundsson, 1979).  

Rocks from the Holocene (Postglacial) series cover about 12.000 km2 in the most active part 

of volcanic zones. This series is dominated by fresh lava flows and pyroclastics, as well as 

sediments and soil. This rock series can be readily identified by the absence of glacial erosion 

(Sigmundsson, 2006; Sæmundsson, 1979).  

The Icelandic volcanic rock series can also be divided into 3 groups according to petrology: 

a tholeiitic series, a transitional alkalic series, and an alkalic series. Though there are large 

gaps in the rocks that have been studied, certain important characterizations can be 

identified. Samples from the Tertiary formation have yielded results only belonging to the 

tholeiitic series, while studies from the Plio-Pleistocene and Upper Pleistocene have shown 
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rocks in all three categories. Early Plio-Pleistocene rocks appear to be only belonging to the 

tholeiitic series, later developing more acidic products. In Holocene times 23 volcanic 

systems have produced tholeiitic products, 5 systems have produced transitional alkalic 

products, and 4 systems have produced alkalic products (Jakobsson, 1979).  
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2 Definition of Terms 

Sæmundsson (1974) defined a “volcanic system” as a unit that consists of a fissure swarm 

with normal faults and eruptive and open fissures passing through a central volcano that 

marks the locus of the most intense activity. Volcanic systems were later described by 

Jakobsson (1979a) as a grouping of eruption sites related to each other spatially, tectonically, 

petrologically, and geochemically. He described the primitive stages of the volcanic system 

to behave as an eruptive fissure swarm. Primary activity is dominated by basaltic 

composition, with evolved magmas and domes becoming present in volcanic centers over 

time. Under favorable conditions, some volcanic centers may later form a caldera and a high-

temperature thermal field, and may develop into a central volcano (Jakobsson, 1979a). 

Volcanic systems typically have an active life span between 0.1 and 10 Ma (Walker, 1993). 

The term “central volcano” is used here in this text and often in literature for a centrally 

located volcanic complex that is responsible for the highest discharge of magma and 

geothermal activity in the volcanic system. In addition to these qualifications, a central 

volcano is distinguished by a distinct bimodal composition. A significant component of 

silicic material must be present, which often occurs as concentrated domes or accumulations 

of silicic rock in the caldera center. (Jakobsson, 1979a,b; Walker, 1993). The term “central 

volcano” must be carefully used. It is often used incorrectly, as the intuitive interpretation of 

the term suggests that the centrally located volcano of any system is the “central volcano”. 

Fissure swarms are regarded as the surface expression of dike swarms (Sæmundsson, 1978). 

They consist of normal faults, tensile fractures, and volcanic fissures that extend from the 

central volcano. Fissure swarms are typically around 10 km wide and vary in length from 30 

km to over 100 km (Sæmundsson, 1978). The fissure swarms within each branch of the rift 

zones are typically arranged en echelon. The arrangement may be dextral or sinistral 

depending on the direction of minimum principal stress that may be assumed to be parallel 

to the direction of plate movement (Sæmundsson, 1978).  

The term “rifting episode” has been used to describe the sequence of discrete events in which 

ocean spreading is accommodated by dike injections and surface deformation. The 1975-

1984 Krafla Rifting Episode was the first rifting episode observed in which the role of 

volcanism and dike propagation was clearly demonstrated in the accumulation of new crust 

to accommodate for spreading (Hjartardóttir et al., 2012; Björnsson et al., 1977).  

Divergent plate boundaries are characterized by rift zones. The rifting process forms 

complex structures, such as fault complexes, eruptive fissures, and sometimes central 

volcanoes (Hjartardóttir et al., 2012). The dynamic activity of fissure swarms during rifting 

episodes in the past decades has made it clear that they are intimately related to the rifting 

process. These rifting episodes may last months or years (Hjartardóttir et al., 2012). During 

an episode, magma may be forced through fractures inside the fissure swarm to create a dike. 

Measurements have shown significant surface deformation to occur during these injections. 

In this way, ocean spreading is accomplished. If the spreading is accommodated before the 

magma supply is depleted, a fissure eruption may occur. Each individual intrusion is termed 
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a “rifting event” (Hjartardóttir et al., 2012). A rifting episode may consist of many rifting 

events.  
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3 The Rifting Process 

3.1 Overview 

Ocean spreading is accomplished through crustal rifting, which occur episodically (e.g. 

Sæmundsson, 1978; Walker, 1993). Strain is accumulated over time and is released violently 

during a rifting episode. Rifting episodes may consist of multiple rifting events, in which 

intrusions are emplaced. The individual events may last for several days or months. Rifting 

events are characterized by intense fracturing in the fissure swarm or rift zone accompanied 

by intrusive magma which forms dikes some tens of kilometers long. Eruptions can take 

place if there is an excess supply of magma (Walker, 1993). 

Crustal rifting is intimately related to magmatic processes. Magmatic accumulations build 

pressure in magma chambers during times of quiescence. During a rifting event, excessive 

magma chamber pressures cause failures of the chamber walls, initiating the propagation of 

magma-filled fracture (Walker, 1993). This ‘hydraulic jacking’ movement of magma 

facilitates rifting and is often accompanied by intense seismic activity. Additionally, the 

effect of the propagating magma has been shown to reduce the force necessary to accomplish 

rifting. The seismic moment released during rifting is typically about 100 times less than the 

geodetic moment, implying that the majority of deformation is accomplished aseismically 

(e.g. Solomon et al., 1988; Wright et al., 2006; Pedersen et al., 2007). In spreading centers 

with abundant magma supply, faulting only accommodates 5-15% of extension. However, 

in spreading centers where magma supply is insufficient, faulting may accommodate up to 

50% of extension (Ebinger et al., 2010). 

Seismicity during rifting events is distinct. Diking events are characterized by intense 

earthquake swarms that mark the propagation of the dike tip. Earthquakes are typically 

shallow and commonly small to moderate magnitude, lacking a dominant large magnitude 

earthquake typical of a fault movement, instead exhibiting high event rates during the 

propagation of the dike. Seismicity is generally focused at the active point of fracturing, i.e. 

the tip of the propagating dike (Einarsson and Brandsdóttir, 1980; Ebinger et al., 2010; 

Tolstoy et al., 2001; Dziak et al., 2007). 

Rifting is accompanied by instantaneous extension, which leads to graben subsidence. 

Surface deformation can be observed with GPS, levelling, and InSAR techniques (e.g. 

Sigmundsson et al., 2015). New surface fractures are often formed, and old fractures may be 

widened. Dike width is on the scale of meters, with 1 m dikes being seen frequently in 

Iceland (Gudmundsson, 2002). They can propagate over 100 km in favorable conditions 

(Townsend et al., 2017), and observations suggest that width opening does not control 

propagation length (e.g. Buck et al., 2006). 

 

3.2 Fissure Swarms 

Fissure swarms are regarded as the surface expressions of dike swarms, and have varying 

dimensions and morphologies that reflect the rifting conditions (Walker, 1974; 

Sæmundsson, 1978). Fissure swarms are characterized by normal faulting, tension fractures, 

and eruptive fissures. 
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During a rifting event, vertical dikes are emplaced along a length of the dike swarm 

concurrent with extension and accompanying subsidence. Surface fractures have been 

observed to form during rifting events and help to identify graben structures in the fissure 

swarm, e.g., at Krafla and Bárðarbunga (Buck et al., 2006; Hjartardóttir et al., 2015). 

The morphologies of spreading ridges and their fissure swarms are largely determined by 

two major process: magmatic construction and tectonic deformation (Karson et al., 2015). 

Rift zones that spread at faster rates typically generate more decompression melt, which can 

be transported to the surface more efficiently. In these systems, such as the NVZ, the magma 

supply is high enough to fill subsidence caused by crustal extension and fault movements, 

resulting in a generally smooth ridge. Though the plate spreading rate in this zone is only 2 

cm/year, qualifying it as a slow-spreading ridge, the magma budget is high due to the 

influence of the Icelandic Plume. However, not all spreading segments are supplied with an 

over-abundance of magma. The ultra-slow spreading WVZ does not receive enough magma 

to adequately accommodate crustal extension, leading to large movements along fault 

planes. This can be seen on the surface in the form of steep-sided grabens. While the smooth 

shape of the NVZ is perhaps more similar to a fast-spreading ridge, the topography of the 

WVZ is likely more typical for its ultra-slow spreading rate. However, a third process is 

extremely important, especially in Iceland: glacial effects. Some areas experienced 

significant volcanic activity along their fissure swarms during glacial periods, leading to the 

build-up of hyaloclastite ridges. Some areas, such as the EVZ, are still covered by significant 

glaciers at present. While the increase in lithostatic pressure from overlying ice sheets may 

have inhibited magmatism, rapid deglaciation may be partially responsible for some of the 

exceptionally long dike swarms that can be seen today. It is believed that the rapid uplift and 

resulting decompression due to the abrupt end of the Last Glacial Maximum created 

conditions allowing for the propagation of dike swarms across great distances, over 100 km 

in some instances (Hjartardóttir and Einarsson, 2011).  

Icelandic fissure swarms vary greatly in dimension. Widths may vary between 

approximately 0.5-15 km, dependent on the depth and distribution of the underlying dike 

swarms, as graben width increases with increasing depth to the dike swarm (e.g. Hjartardóttir 

et al., 2015; Sæmundsson, 1978). These fissure swarms extend tens of kilometers, and in 

some cases over 100 km. Fissure swarms from neighboring volcanic systems are often 

interfingered, illustrating the complexity of crustal extension. 

Fissure swarms are not only found along divergent plate boundaries (Walker, 1993). In fact, 

they can be found in intraplate volcanic settings as well as convergent plate boundaries. In 

volcanic systems that lie in neutral regional stress fields, such as the Hawaiian volcanoes, 

dikes and their associated fissure swarms extend radially from the central magma chamber. 

This phenomenon can be observed in several places around the world after erosion has 

stripped away everything except the solidified intrusions, such as in Shiprock in New 

Mexico, USA. In compressional settings, fissure swarms may form perpendicular to the 

direction of plate motion (Walker, 1993). Fissure swarms have even been identified on both 

Mars and Venus (e.g. Ernst et al., 1995). 
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3.3 Krafla 

The Krafla 1975-1984 rifting episode is the first subaerial rifting episode to be observed and 

recorded with scientific instruments. Following a year of increased seismicity, a small 

eruption occurred in the Krafla central volcano above a center of uplift on December 20th, 

1975 (Björnsson et al., 1977; Buck et al., 2006). This eruption was short lived, but led to a 

dike intrusion. The dike propagated 10 km to the south of the caldera, but also north some 

65 km from the caldera, marked distinctly by accompanying seismicity. This rifting event 

marked the beginning of a rifting episode that would continue through 1984, featuring 20 

diking events during the duration of the episode (Buck et al., 2006). An inflated magma 

chamber beneath the Krafla central volcano, modeled to be accumulating magma at 3 km of 

depth, was responsible for sourcing these intrusions. Ground deformation analysis indicates 

additional deeper chambers, which is supported by studies that indicate magma was erupted 

from different magma chambers (Einarsson, 1978; Tryggvason, 1986; Grönvold, 2008; 

Hjartardóttir et al., 2012). Surface effects of rifting events included the opening of new and 

old fissures, as well as the movement of normal faults. The earliest rifting events were the 

most catastrophic, producing as much as 2 m of vertical slip along normal faults, though they 

exhibited a distinct lack of eruptive magma (Buck et al., 2006). As the episode continued, 

more rifting events were observed. The episode concluded with a series of fissure eruptions 

spanning four years until the inflation of the Krafla caldera became intermittent and 

eventually subdued.  

During the episode, inflation of the magma chamber occurred gradually and was truncated 

abruptly by sudden deflation events due to failure of the chamber walls (Sigurdsson and 

Sparks, 1980; Buck et al., 2006). Magma chamber inflation is a measure of chamber 

pressure. As the episode continued, subsequent intrusions were not possible until magma 

chamber pressure equaled or exceeded the pressure prior to the previous intrusion (Buck et 

al., 2006). In this way, scientists were able to accurately forecast activity. Magma was 

injected laterally into the fissure swarms, accompanying large scale rifting. These rifting 

events lasted between a few hours to approximately 3 months. Seismicity studies of these 

dike intrusions indicate lateral dike propagation of between 0.5 – 1.2 m/s, and indicates that 

activity occurred at depths up to 10 km (Brandsdóttir and Einarsson, 1979; Einarsson, 1991b; 

Buck et al., 2006). Subsequences within the episode are easily identified and are 

characterized by dikes of decreasing length within each subsequence. Subsequences 

propagating northwards were followed by subsequences propagating southwards.  

Subsidence of the Krafla caldera occurred concurrently with the rifting and widening of its 

fissure swarm (Buck et al., 2006; Hjartardóttir et al., 2012). The northern fissure swarm 

experienced a cumulative subsidence of about 1.5 m, while the southern segment subsided 

between 1.7-1.8 m, with an extension of 3-3.2 m. Extension from the rifting episode was 

followed by a decadal-scale relaxation period. Deformation during this period was larger 

than the time-averaged spreading rate, which was also seen after the Asal-Ghoubbet rift 

episode from 1978-1979 (Tryggvason, 1984; Ebinger et al., 2010; Solomon et al., 1988).  

Studies of surface fractures have produced several key observations. The spatial distribution 

of eruptive fissures and fractures is not uniform along the length of the fissure swarm. 

(Hjartardóttir et al., 2012). Generally, the fissure swarms narrow as they extend farther from 

the central volcano. However, upon intersecting the prolongation of the Húsavík Transform 

Fault, the graben suddenly widens and exhibits the greatest fracture density. Beyond this 
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region, there are no eruptive fissures found. It is hypothesized that the transform fault acted 

both as a barrier to dike propagation and accommodated part of the extension. Additionally, 

fracture density increases with increasing lava age, suggesting repeated rifting in the area. 

Finally, in similar aged lavas, fracture density is greatest near the central volcano, suggesting 

a higher frequency of dike injections proximal to the central volcano (Hjartardóttir et al., 

2012). 

 

3.4 Afar Rifting 

Another well studied region that exhibits crustal rifting above sea level is the Red Sea Rift 

in Ethiopia, which is an arm of the Afar Triple Junction. The Red Sea, the Gulf of Aden, and 

the East Africa Rift represent the three arms of the triple junction, located above a mantle 

plume. The Red Sea Rift began rifting approximately 29 Ma, and current geodetic 

measurements indicate average spreading of around 15 mm/yr, which is comparable to the 

spreading rates in Iceland (Ebinger et al., 2010; Wolfenden et al., 2005; Vigny et al., 2006). 

It has been estimated that crustal rifting has resulted in an approximately 50% reduction of 

crustal thickness. Petrological model studies indicate that the crust is very similar to that of 

Iceland’s, e.g., 20-26 km thick beneath Afar, with significant thinning below the fissure 

swarms (13-16 km thick) (e.g., Berckhemer et al., 1975; Makris and Ginzburg, 1987; 

Maguire et al., 2006; Ebinger et al., 2010). A major rifting episode in the Afar Depression 

began in 2005. A MW 4.5 earthquake on September 4th, 2005 signaled the beginning of 

increased activity, and was followed ten days later by a MW 5.0 earthquake located beneath 

the Dabbahu-Gab’ho volcanic complex (DVC), which marks the northern extent of the 

Dabbahu-Manda Hararo segment, a previously identified active fissure swarm.  

In total, 13 dike intrusion events occurred, causing an average crustal widening of about 6 

m (Ebinger et al., 2010). Between 1.5 and 2.5 km3 of magma was intruded along the 65 km 

long fissure swarm. A smaller, silicic eruption also occurred at the northern end of the fissure 

swarm.  

Despite some key differences, the rifting episode that occurred was remarkably similar to 

the events of the Krafla rifting episode (Wright et al., 2012; Ebinger et al., 2010). Rather 

than being fed from a magma chamber located beneath the locus of the volcanic complex, 

the primary magma chamber feeding this event was located mid-segment, with a smaller 

magma source to the south and another beneath the DVC on the northern end of the segment. 

All magma sources are believed to have been active during the initial intrusion, with activity 

originating from the central source in the subsequent events. Lateral dike propagation 

followed a similar pattern to those in Krafla, extending north and then south from the central 

magma source. The first rifting event featured the largest intrusions during rifting episodes. 

Subsequences of decreasing dike length are also readily recognized in this rifting episode. 

Rift opening during the initial intrusion was irregular along the length of the rift, and 

subsequent intrusions are believed to have equalized the stress release. This non-uniformity 

was also observed in the Krafla rifting episode (e.g. Björnsson et al., 1977; Buck et al., 2006). 

Similar to the Húsavík Transform Fault, a structural offset in the northern extent of the 

fissure swarm is believed to have inhibited lateral dike propagation (Ebinger et al., 2010; 

Hjartardóttir et al., 2012). Vertical ground movements were well fitted to models of laterally 

intruded vertical dikes (Ebinger et al., 2010). The initial intrusion is credited with causing 
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roughly 2-3 m of vertical offset on nearly the entire length of the 65 km long fissure swarm. 

Geodetic and seismic moments indicate that approximately 90% of the opening was 

accommodated aseismically by the intrusion of magma. This shows a greater percentage of 

aseismic deformation than a global synthesis of time-averaged slow-spreading ridge 

deformation (Ebinger et al., 2010; Solomon et al., 1988). 

 

3.5 Bárðarbunga 

A rifting episode began at the Bárðarbunga central volcano beneath the Vatnajökull glacier 

in August 2014, after nearly a decade of steadily increasing seismicity (Sigmundsson et al., 

2015; Hjartardóttir et al., 2016c; Gudmundsson et al., 2016; Ruch et al., 2016). On August 

16th, 2014, an intense earthquake swarm signaled the beginning of a rifting event. The 

seismicity indicated a laterally propagating dike that had breached the magma chamber walls 

on the southeast wall of the caldera. The dike initially began to travel radially away from the 

caldera, oblique to the orientation of the rift zone and related fissure swarm for about 7 km. 

After 15 hours of activity, the dike abruptly turned approximately 90o, traveling northeast in 

the direction of the fissure swarm. Over the next two weeks, the dike would continue this 

start/stop behavior with several abrupt changes in direction, leading to the formation of a 

distinctly segmented dike. In total, the dike propagated some 48 km, the final 8 km occurring 

beyond the reach of the ice sheet and allowing for the observation of surface deformation. 

Just three days after seismicity reached the ice-free portion of the fissure swarm, active 

graben subsidence was identified (Hjartardóttir et al., 2016c). New ground fractures were 

observed and delineated two graben structures in continuation of each other. Close to the 

glacier, the graben is 700-1000 m wide and 5 km long. It is covered briefly by lava flows 

and reappeared to the north significantly narrower.. Fracture formation and lengthening the 

surface fractures was observed in both grabens before an eruptive fissure was formed 

between the two grabens, along the site of previous fissure eruptions (Hjartardóttir et al., 

2016c). After a brief eruption, the eruptive fissure grew to a length of nearly 2 km and 

produced a massive eruption lasting six months, effectively burying the northern graben. 

The eruption produced approximately 1.5 km3 of lava, making it the largest eruption in 

Europe since the 1783-1784 Laki eruption (Gudmundsson et al., 2016). Subsidence in the 

southern graben was measured to vary between 3.5-5.5 meters, which is more severe than 

seen in the Krafla rifting episode 1975-1984 (Hjartardóttir et al., 2016c). 

The rifting episode exhibited intense seismic activity and ground deformation, with over 

22,000 recorded earthquakes occurring before the fissure eruption ensued (Sigmundsson et 

al., 2015). Seismicity occurred primarily between 5-9 km depth, believed to represent the 

bottom edge of the dike. A distinct lack of seismicity above this zone is noted, and is 

especially absent during the formation of the eruption fissure, when the dike rose to the 

surface. This behavior supports the notion that the upwards propagation of magma is 

controlled by pre-existing fractures in the shallow crust (Ruch et al., 2016). Seismic activity 

was focused at the most distal segment of the dike as it propagated away from the caldera 

(Sigmundsson et al., 2015). After opening had been accomplished in an area, the area became 

seismically quiet. This is behavior is rather astounding, as seismic activity in the dike 

relatively ceased despite feeding a massive, six month long eruption. Significant strike-slip 

activity was observed, in alternating clusters of left-lateral and right-lateral moment tensors, 

indicating an accommodation of oblique rifting (Ruch et al., 2016; Ágústsdóttir et al., 2017). 
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Though the dike traveled near-parallel with the fissure swarm, the fissure swarm is slightly 

oblique to the spreading direction and may account for this activity. It is not known if this 

obliqueness is a product of the injection of magma into pre-existing weaknesses, due to 

topographical effects, or from some other process (Ruch et al., 2016).  

The initial propagation of the dike nearly perpendicular to its predicted direction has been 

attributed to topographical effects. Sigmundsson et al. (2015) show that a model that 

minimizes the combined strain and gravitational potential energy can explain the 

propagation path. The effects of topography were seen more than once during this rifting 

event, as propagation of the dike was interrupted by an 80 hour halt. This halt was believed 

to represent the encounter with a topographical high, in which the dike was required to build 

up additional pressure before propagation could resume with a 90o change in direction 

(Heimisson et al., 2015).  

Continuous GPS measurements showed a maximum widening of 1.3 m at the surface. The 

dike was modeled to have opened between 1-6 meters along individual segments 

(Sigmundsson et al., 2015).  

The eruption provided a rare opportunity to observe caldera collapse, a process that is still 

not well understood. Measurements show ice subsidence above the caldera collapsing 

approximately 62 m (Gudmundsson et al., 2016). This subsidence cannot be explained by 

basal melting or ice flow, and was attributed almost completely to 70 square kilometer 

caldera subsiding approximately 65 m. A total area of 110 square kilometers is measured to 

have subsided more than 1 m.  Subsidence corresponded with accompanying seismic activity 

occurring on near-vertical ring faults around the caldera, which correlates with dike 

propagation and magma flow during the duration of the eruption. A sequence of more than 

350 Mw ≥ 4.0 earthquakes occurred in the caldera as it subsided (Gudmundsson et al., 2016). 

Compared to the geodetic moment of 60-65 m of subsidence, the seismic moment released 

is about 100 times less, which is consistent with previous deformation events. Subsidence is 

believed to have been activated by the drainage of magma and subsequent chamber pressure 

decline. Activation of the ring faults thus enacted a piston effect, as magma pressure and 

flow became regulated by the downwards pressure of the subsiding caldera block 

(Gudmundsson et al., 2016). Though seismic activity declined sharply following the 

termination of the eruption, faulting along the ring dikes in the caldera has continued to occur 

and the caldera appears to be re-inflating.  
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4 Triple Junctions 

A triple junction is the point at which three plate boundaries meet. These plate boundaries 

can be of three types: ridge (R), subduction trench (T), or transform faults (F). Figure 3 

shows a schematic of the Afar Triple Junction, which is an example of the RRR 

configuration. Many different combinations of plate boundaries can be found. Some 

configurations turn out to be unstable, meaning that the triple junction would change 

geometrically over time. In this sense it is also possible that 4 or more plate boundaries could 

meet at a single point, but this intersection would always be unstable and would result in the 

formation of two triple junctions (Fowler, 1990). An important constraint is that the sum of 

the relative Euler plate velocities must equal zero. 

It is important to note that the presence of a triple junction indicates 3 separate rigid plates 

(or microplates) (Fowler, 1990). The Hengill Triple Junction, which is a ridge-ridge-

transform arrangement, by definition indicates 3 independent plates; namely the North 

American plate, the Eurasian plate, and the Hreppar Microplate (Einarsson 1991, 2008).  
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Figure 3. Afar Triple Junction (RRR). The Afar Triangle is seen (shaded) at the locus of 

the East Africa Rift, Red Sea Rift, and Aden Rift. Plate boundaries are shown (purple lines) 

separating the Nubian, Somali, and Arabian Plates. 
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5 The Reykjanes Peninsula Oblique 
Rift 

The Reykjanes Peninsula Oblique Rift (RPOR) is an extremely unique spreading axis that 

extends from the off-shore Reykjanes Ridge to the Hengill Triple Junction, where it meets 

the Western Volcanic Zone (WVZ) and the South Iceland Seismic Zone (SISZ) (Einarsson, 

2008). The overall trend of the spreading axis is close to 70o, highly oblique to the overall 

spreading direction of 101o. However, the rift is segmented into 4-5 fissure swarms oriented 

obliquely to the axis at 30o – 40 o, arranged in an en echelon pattern (Einarsson, 2008). Each 

fissure swarm contains an area of high volcanic activity and geothermal activity, together 

forming volcanic systems (Jakobsson, 1979; Saemundsson, 1978). The area is characterized 

by extensional features, i.e. hyaloclastite ridges, normal faults, eruptive fissures, and open 

cracks. Overprinted on these fissure swarms are N-S oriented strike-slip faults similar to 

those seen in the SISZ, which act in a ‘bookshelf faulting’ fashion to accomplish left-lateral 

shear (Einarsson, 2008; Hreinsdóttir et al., 2001; Clifton and Kattenhorn, 2006). Figure 4 is 

a schematic map in which northerly trending strike-slip faults are identified by Einarsson et 

al. (2017 submitted). 

The RPOR is also unique in the fact that the fissure swarms lack central volcanoes, excluding 

the Hengill central volcano, which is considered by some to belong to the WVZ 

(Hjartardóttir et al., 2016a). There are extensive lava flows covering the area. Shortly after 

Iceland was settled, a magmatic period began in 950 AD and lasted until 1240 AD, during 

which time all the volcanic systems featured eruptive fissures (Sigurgeirsson, 1992, 2004; 

Sæmundsson and Jóhannesson, 2006). No eruptions have occurred since. It is believed that 

the magmatic cycle operates on about a thousand year period. 
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Figure 4. Schematic map of the RPOR. Fissure swarms are shaded in dark grey. Black 

lines illustrate N-S trending strike-slip faults. RFS Reykjanes, KFS Krísuvík, BFS 

Brennisteinsfjöll, HFS Hengill Fissure Swarms, respectively. From Einarsson et al. (2017 

submitted). 

The RPOR exhibits a high amount of seismicity, mostly related to strike-slip faulting. 

Seismicity appears to be episodic, occurring on roughly 30 year intervals (Einarsson, 2008). 

The area also experiences substantial crustal deformation due to the production of 

geothermal (e.g., Keiding et al., 2010).  
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6 The Western Volcanic Zone 

The Western Volcanic Zone (WVZ) is at present an ultra-slow spreading ridge that extends 

into central Iceland. This ridge was the main axis of spreading from about 7 to 3 Ma, when 

ridge jump began and the Eastern Volcanic Zone (EVZ) began to propagate (Kristjánsson 

and Jónsson, 1998; Einarsson, 2008). The WVZ is currently around 120 km long and 40 km 

wide, consisting of 5 active volcanic systems. The active fissure swarms of the WVZ are 

illustrated in Figure 5 from Hjartardóttir et al. (2016a).The WVZ terminates at the Hengill 

Triple Junction in southwest Iceland. This makes the Hengill fissure swarm unusual, as the 

northern swarm is classified within the WVZ, while the southern fissure swarm is classified 

as belonging to the Reykjanes Peninsula Oblique Rift (Hjartardóttir et al., 2016a). Spreading 

rates across the whole of Iceland are accommodated unevenly by the WVZ and the near-

parallel EVZ (LaFemina et al., 2005; Sigmundsson et al., 1995). Spreading across the WVZ 

decreases northwards from a maximum of 4-5 mm/yr near Hengill, where fracture density is 

highest, to essentially 0 mm/yr in central Iceland. The EVZ accommodates the remaining 

strain to average 15-20 mm/yr across the island. The two rift zones are connected by the 

South Iceland Seismic Zone (SISZ), demarcating the boundaries of the Hreppar Microplate, 

which rotates counterclockwise due to the spreading rate gradient (LaFemina et al., 2005; 

Sigmundsson et al., 1995; Einarsson, 2008). 

The WVZ displays many pre-Holocene sub-glacial formations of hyaloclastite ridges and 

tuyas (Bennett et al., 2009; Jakobsson and Gudmundsson, 2008; Hjartardóttir et al., 2016a), 

as well as numerous post-glacial eruptives throughout the entire zone (Sinton et al., 2005), 

despite the ultra-slow spreading. Both fissure and lava shield eruptions have occurred 

(Sinton et al., 2005), though the zone does not exhibit the extensively large fissure eruptions 

found in the EVZ (Hjartardóttir et al., 2016a). The rift zone contains impressive normal faults 

that are exposed due to an insufficient magma supply relative to the spreading rate. Some of 

the faults, such as those in the Þingvellir graben, attract visitors from around the globe.  
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Figure 5. Hjartardóttir et al. (2016a) illustration of the fissure swarms of the WVZ using 

mapped fractures to define the fissure swarm boundaries. Cartographic data is from the 

National Land Survey of Iceland. The digital elevation model in the background is a 

TanDEM-X from the German Space Agency (DLR).From Hjartardóttir et al. (2016a).  

The most recent eruption, named the Hallmundarhraun eruption, occurred around 900 A.D. 

near the Langjökull glacier in the northern area of the WVZ (Sinton et al., 2005). However, 

other significant activity has occurred since then. A rifting episode took place at the Hengill 

central volcano in 1789, causing between 1-2.6 m of subsidence just north of the central 

volcano (Sæmundsson, 1992). Later, an intrusion into the Hrómundartindur volcano from 

1993-1998 led to significant uplift and earthquake activity (Sigmundsson et al., 1997; Feigl 

et al., 2000). The Hengill central volcano and surrounding area source substantial high-

temperature geothermal fields, which supply the capital area with hot water and energy. Due 

to the reinjection of fluid into these fields, the area is persistently seismically active (Flóvenz 

et al., 2015; Hreinsdóttir et al., 2012).  

The WVZ is very intriguing as it represents the chance to study a ‘dying rift’ that is slowly 

being overtaken by the EVZ, yet still contains important areas of continued volcanic activity.  
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7 The South Iceland Seismic Zone 

The South Iceland Seismic Zone (SISZ) is a transform zone spanning the southern boundary 

of the Hreppar Microplate between the Western Volcanic Zone (WVZ) and the Eastern 

Volcanic Zone (EVZ) (Einarsson, 2008). The zone is delineated by an area of high seismicity 

and is 10-15 km wide and 70-80 km long. Though the zone is oriented East-West, surface 

effects of earthquakes show that fault planes trend North-South, perpendicular to the 

transform axis. The zone behaves in a left-lateral sense, similar to the Reykjanes Peninsula 

Oblique Rift (RPOR), however, this is accomplished by right-lateral ‘bookshelf faulting’ 

(Einarsson, 2008, 2010). Tomographic studies of the southern coast have shown a distinct 

seismic velocity gradient suggesting a thickening of the brittle crust from 5 km in the RPOR 

to 12 km at the eastern end of the SISZ (Stefánsson et al., 1993; Decriem et al., 2010; 

Tryggvason et al., 2002). 

The most severe historical earthquakes in this zone range between magnitudes 6-7 (Decriem 

et al., 2010). Earthquake activity in the SISZ is episodic and generally begins with the most 

significant event occurring in the east, followed by the propagation of smaller events to the 

west, sometimes extending into the Reykjanes Peninsula (Einarsson et al., 1981, Einarsson, 

2008). Propagation can be extremely rapid, as instantaneous dynamic triggering was 

evidenced in 2000 (Antonioli et al., 2006). The seismic cycle is estimated to take 130-150 

years to complete, with 45-112 years between seismic sequences (Stefánsson and 

Halldórsson, 1988; Decriem et al., 2010). These seismic sequences are documented to have 

occurred in 1630-1633, 1732-1734, 1784, and 1896, with historical evidence suggesting 

earlier sequences in 1294, 1339, and 1389-1391 (Einarsson et al., 1981; Einarsson, 2008; 

Stefansson and Halldórsson, 1988; Stefansson et al., 1993). Figure 6 shows a schematic from 

Einarsson (2014) of the faults that have sourced major earthquakes in the SISZ.  

Prior to 2000, the last major event in the SISZ occurred in 1912. A single MS 7.0 event 

occurred at the eastern boundary (Pedersen et al., 2001). Some authors have suggested that 

the 1912 earthquake should be considered part of the same earthquake sequence as the 1896 

events (Bjarnason et al., 1993; Decriem et al., 2010). A smaller MS 5.8 earthquake occurred 

in 1985 in the same vicinity (Pedersen et al., 2001). Magmatic activity in the Hengill area 

from 1993-1998 resulted in two ML 5.0 earthquakes in 1998 along with significant 

aftershock activity (Pedersen et al., 2001; Feigl 2000).  
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Figure 6. Suggested source faults of historical earthquakes in the SISZ. Black dots 

illustrate earthquake epicenters from 1991-2006 provided by the Icelandic Meteorological 

Office. Volcanic systems based on Einarsson and Sæmundsson (1987), recent faults and 

fissures based on work complied by Einarsson (2010). Courtesy of Einarsson (2014) 

At the time of writing, the SISZ is currently in the midst of a sequence that may have begun 

with seismic activity in 1998. Two years later, in 2000, large earthquake sequences occurred 

in the central area of the SISZ, and activity has since propagated westwards, culminating in 

a large earthquake doublet in the center of the SISZ in 2008 (Decriem et al., 2010). Seismic 

moment calculations show that approximately half of the cyclic strain has been released. The 

westward propagation, remaining stress, and previous seismic activity in the study area make 

the area extremely susceptible to intense seismic activity in the near future (Decriem et al., 

2010).  
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8 1998 Earthquakes 

The triple junction area has a history of producing significant earthquakes. Between 1546 

and 1955, nine earthquakes of M ≥ 5 are known to have occurred. The last of these, a M 5.5 

earthquake, caused extensive damage to the nearby town of Hveragerði (Clifton et al., 2002). 

In response to the seismic hazard, as well as the important production of geothermal 

reservoirs, a permanent Icelandic regional seismograph network was established in 1974. 

The network has shown the area to experience a high rate of seismic activity between large 

events (Sigmundsson et al., 1997; Clifton et al., 2002).  

Seismicity began to increase substantially in 1993 (Sigmundsson et al., 1997; Clifton et al., 

2002). Uplift activity occurred centered beneath the Hrómundartindur volcanic system, 

which lies to the east of Hengill (Feigl et al., 2000). The timing of the uplift coincided with 

the increase in seismic activity. The area experienced uplift at a rate of about 2 cm/year, 

revealed by InSAR interferograms. Measurements from leveling and GPS surveys also 

showed uplift in the area, as well as extension occurring through 1998. Following a period 

of fluctuations in seismic intensity, the activity peaked on June 4, 1998 with a ML 5.1 strike-

slip earthquake (Clifton et al., 2002). Fault plane solutions indicated movement in a right-

lateral sense, occurring along a previously unmapped fault trending N-S. The epicenter was 

located about 3.7 km west of the uplift center. Aftershocks were triggered following the N-

S trend about 10 km south of the epicenter and are shown in Figure 7. Modeling of GPS data 

showed approximately 30 cm of slip (Clifton et al., 2002; Feigl et al., 2000). Surface 

fracturing in left-stepping en echelon arrays was observed along the Svínahlíð fault by 

Clifton et al. (2002). 

This activity was followed by a ML 5.0 earthquake on November 13, 1998 located twelve 

kilometers to the south (Clifton et al., 2002). This earthquake triggered an intense swarm in 

an ENE-WSW trending zone between 10-15 km long and 2 km wide (Fig. 8). The swarm 

included ten events of ML ≥ 3.0 (Clifton et al., 2002). As a whole, GPS measurements 

showed an overall left-lateral sense of slip throughout the zone. However, the focal 

mechanisms and relative locations indicate right-lateral movement along a dense cluster of 

small N-S faults (Clifton et al., 2002; Rögnvaldsson et al., 1998). This zone has continued 

to behave in a similar manner to other earthquakes in the SISZ, and though the zone is easily 

identified by earthquake epicenters, surface movements are extremely small.  

Clifton et al. (2002) noticed several trends after plotting the earthquake epicenters from 1994 

to 1999. They observed that the majority of earthquakes occurred along linear clusters that 

predominantly trended ENE or N-S. They also observed a distinct uneven spatial distribution 

of earthquakes. Most activity occurred to the north or to the west of the uplift center, with a 

distinct lack of activity to the east and south (Sigmundsson et al., 1997; Clifton et al., 2002). 



38 

 

Figure 7. Earthquake epicenters (June 1st, 1998-June 15th, 1998) according to MLW from 

the June 4th 1998 earthquake sequence. The epicenter of the mainshock is shown by a 

white star. Earthquake data provided by the Icelandic Meteorological Office (data 

submission no. 24-03-2017). The center of uplift as mapped by Feigl et al. (2000) is shown 

as a black circle. 
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Figure 8. Earthquake epicenters (November 1st, 1998- December 1st, 1998) according to 

MLW from the November 13th, 1998 earthquake sequence. Dates shown span 1 Nov – 1 Dec 

1998. . The epicenter of the mainshock is shown by a white star Note that MLW has a 

tendency to underestimate magnitude for moderate and large earthquakes. Earthquake 

data provided by the Icelandic Meteorological Office (data submission no. 24-03-2017). 

The center of uplift as mapped by Feigl et al. (2000) is shown as a black circle. 
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Seismological investigations have shown significant spatial variations in rock density and 

strength spanning the area (Foulger, 1988; Foulger and Toomey, 1989; Toomey and Foulger, 

1989). Tomographic inversions have revealed anomalously low density (high temperature) 

areas beneath Hengill and Hrómundartindur, associated with the Nesjavellir and Ölkeldúhals 

high temperature geothermal fields, respectively. High velocity bodies are also present, 

presumed to represent solidified intrusions. The uneven spatial distribution of the earthquake 

epicenters shows a preference to occur in high density areas and are sparse in low density 

bodies (Foulger, 1988; Foulger and Toomey, 1989; Toomey and Foulger, 1989). Feigl et al. 

(2000) suggest that colder, more brittle rock may have a tendency to fracture more easily 

and may account for this phenomenon to some degree. Clifton et al. (2002) suggest that areas 

of hydrothermal alteration both weakened crust and added additional stress, resulting in 

focused seismicity in these areas.  

Surface effects of the 1993-1998 earthquake swarms were examined and mapped by Clifton 

et al. (2002). The authors made distinctions based on the mode of deformation. Surface 

effects were most prominent to the north and the west of the uplift center, corresponding 

with the earthquake distribution. Many different modes of surface deformation were visible: 

rock falls, bank collapses, slope failures, new ruptures, widening of existing fractures, 

sinkhole formation, and shattering of lava. New formation of fractures in soil and sinkholes 

occurred, exhibiting both en echelon and in series patterns (Clifton et al., 2002).  

Field observations and earthquake locations support the hypothesis that major activity 

occurred along pre-existing faults (Clifton et al., 2002). The authors discovered many 

deformation features occurring along strike from existing fractures and topographic 

lineaments. Additionally, there was a strong agreement between the location and trend of 

earthquake epicenters and topographic lineations, supporting the idea that buried faults are 

expressed in the form of local topography.  

Earthquake epicenter lineaments from the June 1998 earthquake showed an apparent change 

in orientation, linked by a cluster of earthquakes. Clifton et al. (2002) suggest a single 

segmented fault with a segment boundary to account for this behavior (Fig. 9), which is 

represented in Figure 10. They note that InSAR showed subsidence in the area of the segment 

boundary, which is consistent with large aftershock activity indicating slip along a shallow 

dipping fault striking N63oE. Additional support for this proposal is in the form of the change 

in orientation of topographical ridges. To the north of the segment boundary, ridges exhibit 

a more NE trend, which is consistent with the aftershock trend. 

  

Figure 9. Proposed fault geometry of June 4th, 1998 activated fault by Clifton et al. (2002). 
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Figure 10. Representation of the proposed fault geometry overlain on earthquake 

epicenters. Earthquakes between 1 June 1998 and 15 June 1998 are shown. . The epicenter 

of the mainshock is shown by a white star. Earthquake data provided by the Icelandic 

Meteorological Office (data submission no. 24-03-2017). The center of uplift as mapped by 

Feigl et al. (2000) is shown as a black circle. 

However, it must be noted that the proposed segment boundary is approximately 1 km wide. 

Studies in the SISZ and RPOR have shown that spacing between faults is often 

approximately 1 km, and in many cases is less than 1 km. Therefore, the activation of 
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multiple faults is a possibility that must not be discounted. Earthquake epicenters over the 

nearby Húsmúli faults show a strong correlation with topography (Bessason et al., 2012), 

suggesting that topography may be used to delineate faults. Topographic lineaments are 

shown in Figure 11 compared to the proposed fault geometry of Clifton et al. (2002). In 

Figure 12, imagined fault planes are drawn from the continuation of prominent topographic 

lineaments and are overlain on earthquake epicenters. Figure 12 shows that a third fault 

segment is possible; however, earthquake epicenters are too disperse to confirm its presence. 

If this fault does exist, it apparently did not experience significant earthquake activity in the 

1998 sequence. The use of topographical ridges as main indications of the orientation of 

underlying faults may not always be reliable. However, the deformation signal seen by the 

InSAR interferograms (Gasperi, 1999; Bretar, 2000) indicates a complex deformation 

pattern (Clifton et al., 2000), therefore the possibility of movement along multiple faults 

must be considered. 

InSAR interferograms show a concentric area of uplift around the Hrómundartindur volcano, 

which is interpreted to most likely result from continuous magma injection from 1993-1998 

(Feigl et al., 2000). Inversions using the Mogi (1958) and Okada (1985) models indicate 

magma injections at 7 km depth. Previous works have shown that magma injections can 

trigger earthquakes (e.g. Thatcher and Savage, 1982). Feigl et al. (2000) show that the 

increase in Coulomb failure stress due to the magmatic injection was enough to trigger 

earthquakes, though they attribute the distribution of the earthquakes to be heavily 

influenced by the structural heterogeneity of the volcanic complex and accompanying 

geothermal system.  

The 1993-1998 earthquake activity was a result of a magmatic intrusion at approximately 7 

km depth. Aftershocks of the 1998 earthquake illuminate a N-S striking fault extending from 

the area of uplift to the south. They confirm a strike-slip rupture along a N-S trending fault 

and are consistent with the bookshelf faulting that occurs in the RPOR and the SISZ. 

Mapping of perturbed surface effects illustrated that this technique could be used to map 

faults. However, deformation during this period is complicated by the intersecting structures 

of the triple junction, and by magmatic processes, and the geometry of the activated fault(s) 

is not well constrained.  
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Figure 11. Topographic ridges vs epicenter lineations. Proposed fault geometry by Clifton 

et al. (2002) with earthquake epicenters compared to topographic ridges. The epicenter of 

the mainshock is shown by a white star. Earthquake data provided by the Icelandic 

Meteorological Office (data submission no. 24-03-2017). The center of uplift as mapped by 

Feigl et al. (2000) is shown as a black circle. 
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Figure 12. Imagined fault planes drawn to extend from topographic ridges and overlain on 

earthquake epicenters. The epicenter of the mainshock is shown by a white star. 

Earthquake data provided by the Icelandic Meteorological Office (data submission no. 24-

03-2017). The center of uplift as mapped by Feigl et al. (2000) is shown as a black circle. 
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9 2000 and 2008 Earthquakes 

Major earthquake activity commenced in the central/eastern SISZ on June 17th, 2000 

(Stefánsson et al., 2000; Einarsson, 2008; Pagli et al., 2003; Clifton et al., 2003; Árnadóttir 

et al., 2004). The MW 6.5 strike-slip earthquake immediately triggered seismic activity along 

a 90 km stretch of the RPOR to the west of the mainshock and in an area 50 km to the north. 

Three events along the RPOR were larger than MW 5. Several aftershocks occurred by instant 

dynamic triggering, while others occurred after permanent perturbation of the Coulomb 

failure stress (Antonioli et al., 2006). Another mainshock of MW 6.5 occurred only days later 

on July 21st, 2000. The second mainshock occurred along a fault about 20 km west of the 

July 17th mainshock (Einarsson, 2008). Earthquake activity during these two events occurred 

along nearly vertical North-South trending faults with right-lateral strike-slip faulting. The 

faults on which the two largest earthquakes occurred were determined to be pre-existing 

faults (Einarsson, 2008). This second mainshock triggered significantly less aftershock 

activity (Stefánsson et al., 2000). Figure 13 shows the locations of earthquake epicenters 

from this sequence as mapped by Stefánsson et al. (2000). 

The earthquakes corresponded with far reaching effects. The earthquakes invigorated 

hydrothermal activity near the faults. Geysir, which had been dormant for nearly 50 years, 

roared triumphantly back to life (Stefánsson et al., 2000). Borehole water level changes were 

seen over a huge area, and radon level changes were also observed (Stefánsson et al., 2000; 

Einarsson et al., 2008). No people were seriously injured, however, substantial damage was 

inflicted on a number of homes and buildings. Fissures with widths of around 1 m were also 

formed along parts of the faults (Stefánsson et al., 2000; Clifton and Einarsson, 2005).  

Fault slip models derived from GPS and InSAR data revealed that the aftershock activity 

accurately delineated the location of the faults. These models underestimated the length and 

depth of the faults (Pedersen et al., 2003). Uniform slip models had reasonably good fit; 

however, variable fault slip models are thought to be a better representation. Indeed, the 

variable slip models had a better agreement with surface deformation measurements. The 

June 17th earthquake occurred along a modeled 15 km long fault. Slip decreases to zero near 

a depth of 10 km, which is in good agreement with aftershock locations (Pedersen et al., 

2003). The model shows a maximum slip of 2.6 m in the upper 4.5 km of the crust. At depths 

greater than 4.5 km, little slip is seen. Slip gradually decreases along the fault in either 

direction from the maximum. The June 21st fault is modeled to have identical dimensions. A 

maximum of 2.9 m slip occurred near the hypocenter between 1.5 and 4.5 km depth, similar 

to the June 17th sequence. Slip perhaps decreases less severely to the south compared to the 

June 17th event, while it decreased quickly to the north (Pedersen et al., 2003).  
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Figure 13. Yellow lines show imagined fault planes activated by the large earthquakes on 

June 17 and 21, 2000. Red circles indicate aftershock epicenters. From Stefánsson et al. 

(2000) 

Árnadóttir et al. (2003) show that static Coulomb failure stress changes from the June 17th 

earthquake were positive to the west (Fig. 14). The hypocenter of the June 21st mainshock 

occurred there in an area of increased stress of 0.1 MPa area. The major aftershock activity 

that occurred to the north of the June 17th earthquake in the Geysir area was in an area of 

positive stress change. Negative stress changes were seen in broad areas along SW-NE axes, 

while stress increased to the west and east, with lesser increases extending along the north 

and south continuations of the activated faults (Árnadóttir et al., 2003).  
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Figure 14. Static coseismic Coulomb failure stress changes (in MPa) due to the (A) June 

17 earthquakes and (B) both June 17 and 21 earthquakes. The contours surround areas 

where the CFS increased by more than 0.01 MPa (0.1 bar). (A) The white diamond shows 

the location of the June 21 earthquake and white stars mark the largest aftershocks on 

June 17. Smaller aftershocks are shown as black crosses. The inset shows the CFS in a N-S 

cross section along profile A-B. (B) Aftershocks from June 21 to December 31, 2000, are 

shown with crosses. The inset shows the cumulative number of earthquakes (M ≥ 1.0) in 

three areas, as a function of days after the June 17 mainshock. Figures from Árnadóttir et 

al. (2003). 

A) 

B) 
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A summation of the estimated cumulative seismic moment release from 1700 through 1993 

was modeled as a function of longitude. This model illustrated two lineaments along 20.3o 

W and 20.7o W of relatively low strain release. These areas were flagged as likely locations 

of future events – successfully so, as the June 2000 earthquakes occurred in these predicted 

areas (Stefánsson et al., 1993; Pedersen et al., 2001).  

The next major event occurred in the western SISZ along previously mapped faults. An 

earthquake doublet shook the area on May 29th, 2008. The first event occurred along the 

Ingólfsfjall fault and was modeled to be a MW 5.8, followed by a MW 5.9 earthquake 5 km 

to the west along the Kross fault. GPS stations closest to the faults recorded up to 20 cm of 

co-seismic displacement (Decriem et al., 2010). Significant aftershock activity occurred 

along N-S and E-W structures, though fault plane solutions indicated right-lateral strike-slip 

movement along N-S trending faults. Variable slip models from GPS and InSAR data 

inversion indicate that most of the slip during the first event occurred at 2-4 km depth with 

1.9 m maximum displacement. Slip on the second fault was deeper, occurring at 3-6 km 

depth with a 1.4 m maximum displacement (Decriem et al., 2010). Earthquake epicenter 

locations from this sequence are displayed in Figure 15. 
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Figure 15. Earthquake epicenters from the May 29th (2008) earthquake sequence. White 

star shows the epicenter of the initial MW 5.8 earthquake. Dates shown span 1 May – 15 

June 2008. Earthquake data provided by the Icelandic Meteorological Office (data 

submission no. 24-03-2017). 

GPS and InSAR data were inverted and used to create a variable fault slip distribution model. 

The variable slip models indicate that co-seismic slip was largely localized. Slip along the 

Kross fault is located along a 5 km segment, ranging from 3 to 6 km depth and a maximum 

displacement of 1.4 m (Decriem et al., 2010). The fault also has a smaller secondary zone of 
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maximum slip located in the northern segment of the fault and corresponds with a significant 

cluster of aftershocks. Slip along Ingólfsfjall fault is more focused and severe. Maximum 

slip is concentrated at 3 km depth in a 4 x 2 km area. The maximum displacement is 1.9 m 

and decreases gradually northwards over a distance of 8 km (Decriem et al., 2010).  

The Kross fault may have been dynamically triggered, as analysis of high rate (1 Hz) CGPS 

data indicate that the Kross fault ruptured within 3 seconds of the Ingólfsfjall fault 

mainshock (Decriem et al., 2010; Hreinsdóttir et al., 2009). Static Coulomb change resulting 

from the Ingólfsfjall shock was positive in the area of maximum slip along the Kross fault 

(Decriem et al., 2010). Models for static Coulomb stress change after the conclusion of 

activity along both faults indicates broad areas of negative stress change along a NW-SE 

axis and areas of positive stress increase to the west of the Kross fault and to the east of the 

Ingólfsfjall fault (Decriem et al., 2010).  

The ENE-WSW zone to the south of Skálafell that was activated in the 1998 earthquake 

sequence was again activated in the 2008 earthquake sequence. While the zone is 

prominently displayed by earthquake epicenter lineations, fault slip models from GPS and 

InSAR data show insignificant movement along this zone (Decriem et al., 2010).  

When compared to previous seismic cycles in the SISZ, the 2000-2008 sequence has 

released a significantly smaller geodetic moment. Previous cycles have varying time 

intervals between earthquake sequences, so it is difficult to predict the time between the next 

significant event. However, the 2000-2008 sequence has only released about half of the 

geodetic moment that has accumulated since the last major sequence from 1896-1912, 

indicating that future moderate sized earthquakes should be expected in the SISZ (Decriem 

et al., 2010).   
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11 Surface fractures and fault 
patterns at the Hengill Triple 

Junction, SW-Iceland 

Louis Steigerwald, Páll Einarsson, and Ásta Rut Hjartardóttir 

Abstract 

The Hengill Triple Junction in Iceland is formed by the intersection of the Western Volcanic 

Zone (WVZ), Reykjanes Peninsula Oblique Rift (RPOR) and a transform zone, the South 

Iceland Seismic Zone (SISZ). The 19 x 13 km2 study area thus contains extensional 

structures related to volcanic systems of the two rift zones, Hengill and Hrómundartindur, 

as well as strike-slip structures characteristic of the transform zones. High definition aerial 

photographs, satellite images, and digital elevation models are used, supported by field 

studies, to accurately map and classify tectonic features in an effort to separate N-S trending 

strike-slip faults from the fissure swarms of the volcanic systems. A portion of the southern 

Hengill fissure swarm lies within the area. It trends NE-SW and exhibits extensional features 

characteristic of spreading ridges, i.e. normal faults, open fractures, and eruptive fissures. It 

is clearly delineated by surface fractures, and is traced a length of 28 km southwest from the 

central volcano, terminating before reaching the coastline. The fissure swarm is 2 - 3.5 km 

wide in the study area, widening southwards. Elevation profiles across the fissure swarm 

suggest a spreading rate comparable to the southern WVZ, which spreads at 4-5 mm/yr.  A 

portion of the Nesjahraun eruptive fissure is anomalously smooth and may represent 

secondary rifting. East-west shearing in the RPOR and SISZ is accomplished by many 

smaller and less conspicuous, northerly oriented strike-slip faults in a ‘bookshelf faulting’ 

manner. These parallel faults are overprinted on the volcano-tectonic structures of the 

RPOR. Evidence of 11 northerly striking strike-slips faults is found within the study area. 

Finally, several structures (eruptive fissures, exposed dikes, and faults) strike near-

perpendicular to the fissure swarm and may be the result of changes in the direction of 

maximum stress caused by rifting events, however, their tectonic significance remains 

uncertain. 

 

Introduction 

Although rifting at divergent plate boundaries is rarely seen above sea level, some places in 

the world provide excellent examples. The Mid-Atlantic spreading ridge rises out of the 

ocean as it traverses across Iceland due to the presence of a hotspot, allowing for the 

observation of subaerial rifting (Einarsson, 2008). Iceland is spreading at about 18-20 mm/yr 

which is accommodated unevenly across different rift zones (Einarsson, 2008). Like other 

divergent plate boundaries, spreading zones in Iceland are characterized by rift structures, 

such as faults, open fractures, eruptive fissures, and central volcanoes (Sæmundsson, 1978; 

Wright et al., 2012). Fissure swarms, regarded as the surface expression of dikes (Walker, 

1993), can be tens of kilometers wide and hundreds of kilometers long (Hjartardóttir et al., 

2015, 2016b). Recent studies have revealed that fissure swarms become active during rifting 

events (Wright et al., 2012) and that the process of rifting is cyclic on the time scale of 
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hundreds of years. Crustal stress is built up over long time periods during inter-rifting, which 

exhibits elastic deformation but very little seismicity or faulting (Hjartardóttir et al., 2012). 

During a rifting episode, which can last a few months or several years, the crust at the 

spreading ridge is fractured and deformation occurs rapidly. Pressurized magma sources 

have been shown to lower the threshold of crustal stress required for fracturing 

(Sigmundsson, 2006; Turcotte and Schubert, 2002). In the case of magma chambers 

underlying a volcano, pressurized magma fractures the chamber wall and pushes out 

horizontally, fracturing and intruding the fissure swarm in the form of a dike. If the fractures 

cannot accommodate all the available magma, a fissure eruption may occur (Walker, 1993). 

While the mid-Atlantic spreading ridge is generally structurally simple, the ridge exhibits 

much more complex arrangements as it traverses Iceland. Seven active plate boundary 

segments can be defined across Iceland. Deformation is accommodated in different styles 

across the various segments, seemingly governed by the vector of plate spreading and the 

obliqueness of the segment to the spreading direction (Einarsson, 2008). 

In the north, the Húsavík-Flatey Zone and the Grímsey Oblique Rift extend offshore and 

connect to the Northern Volcanic Zone (NVZ). In southern Iceland, spreading is 

accommodated by the Eastern Volcanic Zone (EVZ) and the sub-parallel Western Volcanic 

Zone (WVZ), which are connected by the South Iceland Seismic Zone (SISZ). This left-

lateral transform zone, together with the EVZ and the WVZ, form the boundaries of the 

Hreppar Microplate, which appears to rotate independently. The WVZ and the SISZ meet at 

the Hengill Triple Junction together with the Reykjanes Peninsula Oblique Rift (RPOR), 

which extends to the offshore Reykjanes Ridge. The spreading segments meeting at the 

Hengill Triple Junction are extremely variable and result in a very complex junction. 

The WVZ exhibits extensional structures such as open fissures, normal faults, rotated blocks, 

and eruptive fissures. Once the main spreading ridge from 7 Ma to 3 Ma, the WVZ is at 

present an ultra-slow spreading ridge, with spreading rates decreasing northward from 4-5 

mm/yr at the triple junction to nearly 0 mm/yr in central Iceland (LaFemina et al., 2005; 

Sigmundsson et al., 1995). The EVZ accommodates the remaining 15-20 mm/yr unevenly, 

resulting in the rotation of the Hreppar Microplate. Despite the ultra-slow spreading rate, 

numerous post-glacial eruptions have occurred in all areas of the WVZ (Hjartardóttir et al., 

2016a; Sinton et al., 2005). Both fissure eruptions and lava shields are present, though the 

fissure eruptions are much smaller than those seen in the EVZ (Thordarson and Höskuldsson, 

2008; Hjartardóttir et al., 2016a). The overall trend of the WVZ changes from north to south, 

perhaps reflecting the change in spreading rate. Fractures in the southern part are consistently 

oriented NNE, while fractures in the northern area become more variably oriented 

(Hjartardóttir et al., 2016a). It has been suggested that this is due to the higher spreading 

rates in the south as well as a larger input of crustal stress from glacial loading and unloading 

in the north (Hjartardóttir et al., 2016a). Many studies have shown that rapid deglaciation 

has profound effects on rifting and volcanism due to several processes (Hjartardóttir and 

Einarsson, 2011). While the WVZ does not exhibit extensive volcanism at present, the 

Hengill central volcano is active and sources several important high-temperature geothermal 

reservoirs that provide the capital area with heavily utilized energy and heat. The volcano 

has experienced significant magmatic intrusions as recently as 1993-1998, which resulted in 

significant earthquake activity along strike-slip faults in the area (Sigmundsson et al., 1997).  
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Figure 1. A schematic of the study area (white rectangle) in SW Iceland. Fissure swarms are 

shaded in gray. KFS Krísuvík, BFS Brennisteinsfjöll, HFS Hengill, HRFS Hrómundartindur 

fissure swarms, respectively. Modified from Einarsson and Sæmundsson (1987) and 

Hjartardóttir et al. (2016b). 

The Hengill fissure swarm is unusual because the northern and southern swarms belong to 

different spreading segments, the WVZ and the RPOR, respectively. The overall trend of the 

RPOR is close to 70o, highly oblique to the overall plate spreading direction of 101o (DeMets 

et al., 2010; Einarsson et al., 2017). However, the rift is segmented into 4 fissure swarms 
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oriented obliquely to the axis at 30o – 40 o, arranged in an en echelon pattern. Each fissure 

swarm contains an area of high volcanic activity and geothermal activity, together forming 

volcanic systems (Jakobsson, 1979; Sæmundsson, 1978). The fissure swarms are 

characterized by extensional features, i.e. hyaloclastite ridges, normal faults, eruptive 

fissures, and open cracks.  

Overprinted on these fissure swarms are N-S oriented strike-slip faults similar to those seen 

in the SISZ, which act in a ‘bookshelf faulting’ fashion to accomplish left-lateral shear 

(Einarsson, 2008; Hreinsdóttir et al., 2001; Clifton and Kattenhorn, 2006). The N-S strike-

slip faults seen in the RPOR extend through the length of the SISZ. Cumulatively the zone 

accomplishes left-lateral shearing by multiple smaller right-lateral faults, without the aid of 

magmatic processes. The most severe historical earthquakes in this zone range between 

magnitudes 6-7 (Decriem et al., 2010). Earthquake activity in the SISZ is episodic and 

generally begins with the most significant event occurring in the east, followed by the 

propagation of smaller events to the west, sometimes extending into the Reykjanes Peninsula 

(Einarsson, 2008; Einarsson et al., 1981). Propagation can be extremely rapid, as almost 

instantaneous dynamic triggering was evidenced in 2000 (Antonioli et al., 2006). 

The creation of new surface fractures and the widening of existing fractures following 

earthquakes in 1998 and 2000 demonstrated that the mapping of surface effects can be used 

to confidently delineate underlying faults. Extensive mapping projects in the SISZ have 

shown to predict faults in good agreement with seismic data (e.g. Einarsson, 2010; Clifton 

and Einarsson, 2005). Similar efforts have been taken in the RPOR, with successful results 

(e.g. Erlendsson and Einarsson, 1996; Clifton et al., 2003). The mapping of fractures and 

faults related to fissure swarms has also been of significant interest to researchers and 

extensive mapping projects of the various rift segments have been completed (e.g. Clifton 

and Kattenhorn, 2006; Hjartardóttir et al., 2015; Hjartardóttir et al., 2016a, b).  The area 

around the Hengill central volcano and geothermal field has been mapped extensively in the 

past as a part of exploration for geothermal resources. The results have been presented in 

various reports and maps (e.g. Björnsson and Hjartarson, 2003; Franzon et al., 2005; 

Haraldsdóttir et al., 2010) and at various levels of resolution. The results have given a rather 

confusing picture of this complicated zone, where apparently both rifting and strike-slip 

structures are present. The present project is an attempt to map the Hengill Triple Junction 

to classify surface features and attempt to separate the fissure swarms from overprinted 

strike-slip faults. It is part of a larger project to compile a modern and comprehensive fault 

map of the rifting zones of Iceland. This study uses high-definition aerial photographs, 

satellite images, digital elevation models (DEM‘s), and seismic data augmented by field 

investigations in the exploration and mapping of the fissure swarm and evidence of 

movement by strike-slip faults.  

 

Former Investigations 

The first compilation of written documentation describing historical earthquake was 

Thoroddsen (1899, 1905) and included a description of the effects of the 1896 earthquakes. 

His work is extremely valuable, containing many detailed descriptions of surface fractures 

that, in many cases, can be used to identify fracture segments today. T. Einarsson (1967, 

1968) mapped fractures in the SISZ and was the first to conclude that they were the result of 
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strike-slip faulting. Einarrson (2010) began an extensive, systematic project in 1977 to map 

the surface fractures of the SISZ. Einarsson and Eiríksson (1982a,b) reported on the first 

results of this effort to map recognizable surface fractures. This was supplemented by 

Einarsson et al. (1981). 

The fracture system of the 1912 earthquake was studied in detail by Bjarnason et al. (1993). 

Additional studies of this fracture system focusing on push-up structures was conducted by 

Angelier et al. (2004). Erlendsson and Einarsson (1996) demonstrated the continuance of 

strike-slip fracture systems extending westward beyond the Hengill Triple Junction. The 

partial accommodation of plate spreading by bookshelf faulting along the RPOR has been 

described by subsequent studies, e.g. Clifton et al. (2003), Árnadóttir et al. (2004), Clifton 

and Kattenhorn (2006), and Einarsson (2008).  

A group led by J. Angelier and F. Bergerat has conducted multiple studies of the SISZ 

fracture systems and their significance in the tectonic framework (e.g. Angelier and Bergerat, 

2002; Angelier et al., 2004, 2008; Bergerat and Angelier, 2000, 2003; Bergerat et al., 1998, 

2003).  

The importance of proper assessment of the seismic hazard has recently been recognized and 

several studies have been conducted in collaboration with the Selfoss municipality (Imsland 

and Einarsson, 1995; Imsland et al., 1997, 1998a,b). Additionally, multiple studies 

pertaining to power projects along the Þjórsá river have been conducted (e.g. Einarsson et 

al., 2002; Khodayar and Einarsson, 2002; Khodayar et al., 2007a,b, 2008). Finally, the 

importance of active fractures functioning as conduit systems for geothermal reservoirs has 

been demonstrated (e.g. Khodayar et al., 2004, 2010).  

Earthquake activity in the Hrómundartindur volcanic system related to magmatic intrusions 

from 1993-1998 was discussed by Sigmundsson et al. (1997) and Feigl et al. (2000). Clifton 

et al. (2002) built upon these studies by mapping surface features of the area and observed 

movents along the Svínahlíð fault.  

Recent projects to map the surface fractures of WVZ fissure swarms have been undertaken 

(e.g. Hjartardóttir et al. (2015) and Hjartardóttir et al. (2016a).  

 

Local Geology 

The Hengill Triple Junction represents the junction between the SISZ, RPOR, and WVZ 

(Einarsson, 2008). The triple junction occurs in the vicinity of the Hengill and 

Hrómundartindur central volcanoes and their parallel fissure swarms. (Foulger, 1988; 

Foulger and Toomey, 1989; Toomey and Foulger, 1989). Though the Hrómundartindur 

volcano has not been extremely active during Postglacial times, the volcano experienced 

magmatic injection from 1993-1998. Following a period of fluctuations in seismic intensity, 

the activity peaked on June 4, 1998 with a ML 5.1 strike-slip earthquake (Clifton et al., 2002). 

However, the Hrómundartindur fissure swarm does not exhibit adequate surface fracturing 

to be clearly distinguished from the Hengill fissure swarm in many areas (Hjartardóttir et al., 

2016a). The Hengill volcanic system acts as the present locus of crustal accretion and is 

pivotal to the behavior of the triple junction (Foulger and Toomey, 1989). The fissure swarm 

extends to the NE into the Þingvellir graben and to the SW from the central volcano Hengill 



66 

(Sæmundsson, 1992). The northern segment of the fissure swarm interfingers with the 

Prestanúkur fissure swarm and belongs to the WVZ, while the southern segment transitions 

from the triple junction into the RPOR, terminating before reaching the southern Icelandic 

coastline (Einarsson et al., 2017; Hjartardóttir et al., 2016a). The RPOR consists of 4-5 

oblique fissure swarms trending between 30o-40o arranged in an en echelon pattern 

(Einarsson et al., 2017 submitted). Various authors have defined these fissure swarms 

differently, resulting in some variation in the literature. Spreading (2 cm/year) across the 

ridge is accommodated by strike-slip faulting and crustal extension during times of volcanic 

inactivity. The volcanic cycle in the RPOR is believed to operate on a thousand year period, 

during which time all volcanic systems may become active (Sæmundsson and Sigurgeirsson, 

2013). In the WVZ, the spreading rate is highest in the Hengill area and decreases to the 

north (LaFemina et al., 2005; Hjartardóttir et al., 2016a). The northern most areas of the 

WVZ have ceased spreading activity, due to a rift jump to the east.  

The Hengill volcanic system is primarily basaltic but exhibits a small component of silicic 

material as well as an extensive high temperature hydrothermal field, qualifying it as a 

‘central volcano’ (Sæmundsson, 1992; Walker, 1993). The fault blocks in the northern 

fissure swarm are rotated, creating surface fractures that attract visitors worldwide. The 

faults are also rotated in the southern fissure swarm but are confined to a narrower central 

graben we name the Lakadalur Graben. This typical feature of graben formation is rarely 

observed in Iceland. A few other examples are known, such as the Tjörnes Peninsula and the 

Snorrastaðatjarnir Graben in the Reykjanes Peninsula. The Hengill volcanic system exhibits 

a high density of fractures, and the volcanic constructs are primarily composed of pillow 

lava-hyaloclastite ridges. These ridges are of rather small dimensions and occupy a 5 km 

wide zone across the most active part of the fissure swarm (Sæmundsson, 1967, 1992).  

Hyaloclastite ridges extend southwards from the central volcano and are predominantly 

tholeiitic. While characterized by tindars, there are noticeably few postglacial lavas near the 

central volcano and the fissure swarm is characterized by low-volume lava flows from post 

glacial fissures (Sæmundsson, 1992). 

The Nesjahraun lava flow is the most recent and prominent flow in the study area. Erupted 

approximately 1800 years B.P., the lava flow originated from two 10-km-long fissures 

extending from either side of the Hengill central volcano oriented N30oE. There is a 9 km 

gap in the center of the flow in the form of the Hengill volcano. The lava flow has a volume 

of about 0.5 km3, has very uniform composition, and exhibits both pahoehoe and a’a’ 

morphologies (Sæmundsson, 1992; Sinton et al., 2005). 

A historic rifting event occurred in 1789 and was recorded by a clergyman, Páll Thorláksson 

(Sæmundsson, 1992). The episode occurred after intense activity to the east (Laki eruptions 

of 1783, SISZ earthquake sequence of 1784), and he reported fault displacement and ground 

subsidence and uplift in the Þingvellir region. Additionally, new hot springs formed south 

of Hengill. The Þingvellir farm experienced the formation of new cracks and the widening 

of existing fissures (Sæmundsson, 1992).  

The Skálafell lava shield represents the most voluminous lava shield in our study area. The 

smooth morphology of the shield is juxtaposed with the sharp, jagged hyaloclastite ridges of 

the fissure swarm. The plateaus of the shield abruptly end in steep cliffs that ring the volcano, 

though these do not appear to be of tectonic origin (Sæmundsson et al., 2016). The shield 

was emplaced before the end of the Pleistsocene. The morphology of the shield along with 
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the close proximately of hyaloclastite-dominated areas suggest that this shield was emplaced 

sub-aerially next to a glacier, but was glacially eroded in a subsequent glacial period. 

The Hengill area is one of the most persistently seismically active in Iceland (Einarsson, 

1991a). Foulger (1988) found that a large part of the earthquakes had significant non-double 

couple component and related it to the movement of geothermal fluids (Clifton et al., 2002; 

Foulger, 1988). Swarms of significant seismic activity occurred in 1993-1998 culminating 

with M 5 events and faulting extending southward (Feigl et al., 2000).  

The SISZ intersects the WVZ and RPOR at the Hengill Triple Junction (Einarsson, 2008). 

The E-W zone accommodates left-lateral shear through the activation of a plethora of small 

N-S trending right-lateral strike-slip faults, referred to as ‘bookshelf faulting’ (Einarsson, 

2008). The 10-15 km-wide zone demarcates the southern boundary of the Hreppar 

Microplate, which undergoes block rotation evidenced by the variable spreading rates seen 

in the WVZ, which makes up its western boundary (Einarsson, 2008). More than 25 parallel 

N-S faults have been identified by extensive mapping in this zone (Einarsson, 2010).  

 

Methods 

The study area involves the Hengill central volcano edifice, as well as the southern fissure 

swarm extending to the area previously mapped by Einarsson et al. (2017 submitted) and the 

Skálafell lava shield to the east. The area is bounded by latitudes 64o6’N-63 o 56’N and 

longitudes 21 o 27’W-21 o 11’W. Georeferenced aerial photographs and satellite images were 

used in the mapping of faults, fissures, fractures, and volcanic centers. High resolution (0.5 

m/pixel) aerial photographs were used courtesy of Loftmyndir ehf. Features were mapped 

and digitized from the aerial photographs using the ArcGIS software by Esri. Arctic DEM 

data was used in the analysis of the study area by providing elevation profiles and hillshade 

layers to aid in the mapping of normal faults. DEMs provided by the Polar Geospatial Center 

under NSF OPP awards 1043681, 1559691 and 1542736. 

Extensive field work was performed to explore for, verify, and map structures in detail. A 

Trimble GPS Pathfinder Pro XR backpack unit with a Trimble TSC1 data logger was the 

primary GPS logging tool. Horizontal accuracy of each recorded position is better than 1 m. 

The TSC1 data logger made it possible to log features based on their category, i.e.: sinkhole, 

fracture, push-up, or narrow fracture. Example photographs of several types of features are 

shown in Figure 2. Additional handheld GPS units were used in a supportive role.  

Structures were classified based on origin. Lava flow structures were not mapped. Faults and 

fissures originating from the fissure swarm were grouped together, while strike-slip features 

were grouped separately. In total, 1,643 eruptive fissure, fracture, and fault segments were 

mapped.  

Earthquake data were provided by the Icelandic Meteorological Office (data submission no. 

24-03-2017). Earthquakes after July 1st, 1991 were provided. Only earthquakes with MLW ≥ 

1.0 that were located by more than 5 stations were considered to assure accuracy of 

epicenters.  
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Figure 2. Examples of structures mapped in the field. (A) examination of sinkholes. (B) fracture along 

the Lakakrókur segment . (C) Small spatter cone. (D) Lakadalur Graben. (E) Push-up structure 

producing stream.  

  

A) B) 

C) D) 

E) 
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Extensional Features 

 

Figure 3. Normal fault traces and eruptive features pertaining to fissure swarms. (AA) the 

Lakadalur Graben is a central, well-defined graben complex in the Hengill fissure swarm. 

However, the (BB) Skarðsmýri fissure swarm, (CC) Hrómundartindur fissure swarm are 

believed to lie outside of the Hengill fissure swarm. Fissure swarm fractures in the upper 

left corner belong to the Brennisteinsfjöll fissure swarm. Local highways (1), (39), and (38) 

are shown. 
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The fissure swarms were mapped and features were classified as representing either normal 

faults or eruptive fissures. Parts of the study area have been subjected to excavation and great 

care was taken to avoid mapping man-made depressions. An overview of the extensional 

features is shown in Figure 3.  

The Nesjahraun eruptive fissure can clearly be traced extending from the Hengill central 

volcano through the length of the study area, trending parallel with the fissure swarm. The 

fissure is located to the west of the main graben in an area of significantly more level 

topography, though it is apparently influenced by topography on several occasions and 

branches in several places. Near the highway, three parallel rows of eruptive cones can be 

seen, suggesting eruptions in several short-lived stages. Though the lava flow sourced from 

this rifting event is extensive, the fissure is well-preserved in areas and exhibits craters 

exceeding 2 m in depth. The presence of such structures continuing through the extensive 

lava flow indicates a low volume rifting event taking place after the conclusion of or 

concurrent with the main effusive lava flow. This may have been a final spreading event in 

which the magma supply was too low to fill the opening at the surface caused by dike-related 

spreading.  

A segment of the eruptive fissure branches obliquely from the main branch and may indicate 

an oblique structure. This phenomenon is discussed later in detail. Further south along the 

continuation of the fissure, the well-preserved, deep fissure structures are conspicuously 

absent along a segment of the eruptive fissure and may indicate a secondary rifting event, 

also discussed later.  

The Nesjahraun lava flow is apparently too recent to trace surface fractures that form due to 

extension, thus, tectonic features cannot be mapped in the flow. The lava is heavily fractured; 

however, the origin of these fractures is related to flow and does not represent crustal 

extension. Subsequent rifting events in this fissure swarm will likely result in the formation 

of new surface fractures in this lava.  

The extent of the fissure swarm can clearly be delineated by the mapped fault scarps and 

surface fractures. The fissure swarm is 2 – 3.5 km wide in the study area, widening 

southwards.  At the Hengill central volcano, normal faults can be seen spanning a width of 

approximately 6.5 km. These faults, however, cannot be traced past the volcano edifice and 

are not considered to represent the latest activity of the fissure swarm. South of the study 

area, mapped surface fractures by Einarssson et al. (2017 submitted) indicate a maximum 

width of approximately 4.5 km. Altogether the southern Hengill fissure swarm can be traced 

extending approximately 28 km, terminating before reaching the coastline. Most of the 

fissure swarm trends between N25oE-N30oE. It hooks near the southern coast, trending 

approximately N56oE. Faults with the largest throws are located in Lakadalur graben 

complex. Throws in excess of 20 m can be observed here. The relatively symmetrical 

Lakadalur Graben becomes asymmetric southward as it passes through a formation of 

younger hyaloclastite material, and several faults cannot be traced through the formation. 

The Nesjahraun eruptive fissure and lava flow occur to the west of the graben complex. 

Western boundary faults can be observed along a prominent hyaloclastite ridge extending 

from the Hengill central volcano. The occurrence of the most recent fissure eruption 

significantly to the west of the Lakadalur Graben may be a possible illustration of the 

migration of the spreading axis over time. 



71 

Near the Hengill central volcano, at Skarðsmýri, three large normal faults appear to represent 

an earlier state of a wider fissure swarm (Figure 3). It is interesting to note that these 

structures are found in the close vicinitiy to the hypocenter of the mainshock of the 1998 

earthquakes.  

To the east, the fissure swarm belonging to the Hrómundartindur volcanic system can be 

identified. These faults trend NE-NNE, however, several structures with a more northerly 

orientation cut through the fissure swarm. In one instance, two segments of NE trending 

structures appear to be connected by a N-S trending fracture system, which may suggest the 

presence of a strike-slip fault. This phenomenon has been observed in other areas in the 

RPOR, in which surface fractures clearly belonging to a known fissure swarm abruptly curve 

and continue on an orientation consistent with N-S trending strike-slip faults (Einarsson et 

al., 2017 submitted). The formation of additional strike-slip features along these structures 

following subsequent earthquake activity would help to confidently categorize these 

structures. 

 

Graben Formation – A Spreading Estimate 

The Lakadalur Graben is a well-defined, symmetrical graben extending through the fissure 

swarm. The structure is impressive, exhibiting faults with throws exceeding 20 m. The 

regular shape of the graben tempts us to try to estimate the widening associated with its 

formation. The rock formation that the Lakadalur Graben passes through was emplaced in 

the early Weichselian (Sæmundsson et al., 2016) well before the Holocene and the timing of 

the graben initiation is unknown. However, while the processes of plate spreading 

accommodated by fault movements was ongoing throughout glaciated times, glacial erosion 

is believed to have leveled underlying structures. If glacial erosion is assumed to have eroded 

the fissure swarm, measurements of this graben may be used to loosely approximate the 

time-averaged spreading rate from the termination of the Last Glacial Maximum. Graben 

height is measured rather than graben width, as slumping may result in excess graben 

widening. 

This is a simple approximation of the spreading rate. It must be noted that (1) there are 

additional faults spanning the fissure swarm that appear to have shown movement following 

glacial times, (2) the most recent fissure eruption occurred well to the west of the graben, 

and (3) spreading during rifting events has not appeared to be accommodated by the entire 

width of the fissure swarm. This was observed during the 1975-1984 Krafla Rifting Episode, 

when the majority of ground movement was confined to a 1-2 km wide area within the 4-8 

km wide fissure swarm close to the central volcano (Buck et al., 2006; Hjartardóttir et al., 

2012). 

Widening is calculated by using a basic geometric relationship. A representation is shown 

in Figure 4, relating dip (y), throw (t), and heave (w).  

Calculations are made on the following assumptions: (1) Glacier erosion prior to 11,000 kya 

sufficiently eroded previously formed fault scarps; (2) the Lakadalur Graben was ice-free at 

approximately 11,000 kya, based on estimates of ice history by Mayewski and Bender 

(1995); and (3) fault planes dip at 60o angles towards the axis of the graben. Four elevation 

profiles of the Arctic DEM across the Lakadalur Graben were taken (Figures 5 and 6). 
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Profiles were limited to areas of adequate coverage by the DEM. The calculated openings 

ranged between 43.3–54.3 m with an average of 50.9 m. This corresponds to spreading rates 

between 4–5 mm/yr with an average of 4.6 mm/yr, which is comparable to the 4-5 mm/yr 

spreading rate across the WVZ near the triple junction (LaFemina et al. 2005; Hjartardóttir 

et al., 2016a). If the spreading rate across the RPOR of 18-20 mm/yr is accommodated evenly 

by 4-5 fissure swarms, one would expect each fissure swarm to spread at a time averaged 

rate of 3.6-5 mm/yr, which is in good agreement with both the spreading near the Hengill 

central volcano and the calculated spreading rate at the Lakadalur Graben. An estimation of 

slip rate may be inappropriate, however, as fault movements have clearly been shown to 

occur only during discrete rifting events.  

 

 

Figure 4. Relationship between dip of a normal fault (y), its throw (t), and heave (w). 

 

𝑡𝑎𝑛(𝑦) =
𝑡

𝑤
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Figure 5. Elevation profile lines across the Lakadalur Graben. 
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Figure 6. Elevation profiles across the Lakadalur Graben. Elevation was measured from 

Arctic DEM coverage.  

Two short and narrow grabens, the Langahlíð Graben and the Efrafjall Graben, can be 

identified in the southern part of the study area and are classified as strike-slip structures. 

Evidence for these classifications include their location outside the well-defined fissure 

swarm, their short length indicating shallow origin, and the occurrence of other strike-slip 

features in their vicinities. The formation of these graben structures is likely due to an 

opening occurring in the extensional regime of an underlying strike-slip fault. In a similar 

manner to the estimation of the spreading rate in the fissure swarm, the depth of these 

grabens can be used to approximate the widening. Both of these grabens appear to be tilted, 

with one side significantly higher than the other. They are easily identified in both aerial 

photographs and in the field, and exhibit maximum throws approaching 10 m. The Langahlíð 

Graben has a maximum calculated opening of 8.7 m with an average of 6.0 m. Efrafjall 

Graben has a maximum calculated opening of 5.8 m with an average of 5.1 m.  

 

Strike-slip Features 

An overview of strike-slip features is shown in Figure 7. The Húsmúli area has in recent 

years been the scene of extensive seismicity induced by re-injection of effluent water from 

the nearby Hellisheiði geothermal power station (Bessason et al., 2012). Relative location of 

hypocenters and focal mechanisms reveal a series of parallel N-S faults with right-lateral 

displacement. One or two of the faults appear to have a surface expression, and two faults 

are identified in Figure 7. Several other segments of strike-slip surface features are identified 

in the area. Most segments have left-stepping en echelon arrays, consistent with right-lateral 

movement on underlying faults. 
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Figure 7. Overview of strike-slip features. Segments are divided and named: (A) Bitra 

Segment, (B) Svínahlíð fault (1998), (C) Hurðarás segment, (D) Þurá segment, (E) Efrafjall 

graben, (F) Sanddalahlíð segment, (G) unclassified fault, (H) Langalhíð graben, (I) 

Lakakrókur segment, (J) Norður-Lakakrókur segment, (K) Lakakrókur conjugate, (L) 

Norður-Hálsar segment, (M) Skarðsmýrarfjall system, (N) Engidalur segment, (O) 

Stórihvammur segment. Highways (1), (39), and (38) are shown.  

Only one segment, the Lakakrókur conjugate (J) is an ENE trending, right-stepping segment 

that appears to be a secondary conjugate fault. Faults of this nature have been observed in 
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other areas in the SISZ occurring with a frequency an order of magnitude less than the 

primary fault systems (Einarsson 2010). No strike-slip features can be identified traversing 

through the fissure swarm, though the possibility of underlying strike-slip faults cutting 

through the fissure swarm is likely, based on known spacing between faults elsewhere and 

the presence of active faults directly north of the fissure swarm. Several segments of strike-

slip surface effects are named and discussed in detail. 

The Hurðarás fault segment (C) features a beautiful left-stepping en echelon arrangement of 

rows of sinkholes and fractures that often terminate in push-up structures (Fig. 8). Some of 

the push-up structures appear to function as a sort of transform zone. Sinkholes often appear 

on either side of the pushup structures and provide additional support for their classification. 

Several sinkholes/fractures in this segment exhibit depths well exceeding 2 m. The fault 

segment is truncated to the south by the Nesjahraun lava flow, though scattered sinkholes 

can be traced sporadically south of this lava flow. 

The Norður-Hálsar fault segment (K) can be described as two segments (Fig. 9). The south 

segment consists of left-stepping rows of sinkholes and well defined fractures connected by 

push up structures. Fractures and sinkholes at the northern termination can be seen curving. 

The southern truncation of this segment is especially complex and appears to have a row of 

push up structures trending perpendicularly to the overall trend, possibly acting as a small 

transform zone to accommodate heterogeneities in the surface deformation. Fractured lava 

tumuli are frequent in the study area, however, these mapped features have been mapped 

with confidence.  

The central area is characterized by uncertainty. Rows of tumuli with shattered rock are 

prevalent, though the orientation and lack of consistent, significant shattering makes it 

difficult to characterize these features as surface expressions of the fault segment. It is a 

possibility that this area accommodates a much larger lateral step in the fault and the surface 

deformation is much more diffuse and less organized over a large area. A small row of well-

defined sinkholes is present. 

The northern segment features both right and left stepping features, and features on either 

side of the main segment. Of note, a large push up structure was located in this segment. 

While having the shape of a shattered tumulus, large continuous amounts of steam could be 

seen escaping from the structure.  
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Figure 8. Hurðarás fault segment (C).  
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Figure 9. The Norður-Hálsar fault segment (K). 
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Figure 10. Sanddalahlíð fault segment (F). 

The Sanddalahlíð segment (F) is perhaps the most impressive fault segment mapped in this 

study (Fig. 10). The northern end is well-defined and consists of left stepping rows of 

features (sinkholes, fractures, and push-ups) while the southern end splays into multiple 

branches. The continuation of this fault to the south is dominated by a significant vertical 

offset that appears to have masked any strike-slip features. 
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At the southern termination of the Sanddalahlíð segment (F), strike-slip surface features 

disappear and an unclassified fault (G) continues along the same strike (see Fig. 7 or 

Appendix A). This fault is expressed as a normal offset, with more than 10 m throw in some 

places. The location of this fault suggests that it does not belong to the Hengill fissure swarm. 

Rather, this may be a continuation of the Sanddalahlíð segment (F). Areas in Iceland, such 

as the Tjörnes Fracture Zone and at the Bárðarbunga 2014-2015 eruption site in Holuhraun, 

have faults that exhibit significant movement in both vertical and strike-slip senses (e.g. 

Ruch et al., 2016; Homberg et al., 2010). The presence of the well-defined strike-slip surface 

features along strike could be used as evidence in classifying this as a strike-slip fault with 

a significant normal component. However, direct evidence is lacking, prompting us to map 

it separately as an unclassified fault.  

The Þurá segment (D) is shown in Figure 11. This segment consists of left stepping features 

and two large push up structures. Some fractures in this segment are particularly deep and 

well defined. 

The Bitra fault segment (A) and the Svínahlíð fault segment (B) are shown in Figure 12. The 

Svínahlíð fault segment is a special feature because it has recently been activated. Uplift 

activity caused by magma injection at 7 km depth from 1993-1998 beneath the 

Hrómundartindur central volcano culminated in a ML 5.1 strike-slip earthquake on June 4th, 

1998 (Feigl et al., 2000; Clifton et al., 2002). The earthquake ruptured a previously 

unmapped fault about 3.7 km west of the center of uplift, triggering aftershocks following 

the N-S trend about 10 km south of the epicenter. A right-lateral sense of movement was 

indicated by fault plane solutions and supported by the observation of left-stepping surface 

fractures by Clifton et al. (2002). They found evidence of surface movements including: rock 

falls, bank collapses, slope failures, new ruptures, widening of existing fractures, sinkhole 

formation, and shattering of lava. New fractures and sinkholes formed in soil in both en 

echelon and in series arrays. Surface effects of the 1998 earthquake sequence were most 

prominent near the mainshock epicenter along a fault segment we have named the Svínahlíð 

fault (Fig. 12), which is delineated to the south by earthquake locations. The parallel Bitra 

segment (Fig. 12) also showed evidence of smaller movement following the uplift and 

earthquake activity. Earthquake epicenter lineaments from the June 1998 earthquake showed 

an apparent change in orientation near the midpoint of the fault, linked by a cluster of 

earthquakes. Clifton et al. (2002) suggest a segmented fault connected by a shallow dipping 

fault zone (Fig. 13), which is consistent with aftershock fault plane solutions and fault slip 

models. Mapped faults in the SISZ and RPOR are often spaced at close to or less than 1 km 

(e.g. Einarsson, 2010), which is approximately the width of the proposed segment boundary. 

Therefore, it may be appropriate to consider these as separate faults.  

Many deformation features occurred along-strike existing fractures and topographic 

lineaments. Additionally, Clifton et al., (2002) noted good agreement between the trend of 

earthquake epicenters and topographic lineations. Together these observations support pre-

existing underlying faults expressed in the topography. 
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Figure 11. The Þurá fault segment (D). 
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Figure 12. The Bitra fault segment (A) and the Svínahlíð fault segment (B).  
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Figure 13. Representation of the proposed fault geometry by Clifton et al. (2002) overlain 

on earthquake epicenters. Earthquakes between 1 June 1998 and 15 June 1998 are shown. 

The epicenter of the mainshock is shown by a white star. Earthquake data provided by the 

Icelandic Meteorological Office (data submission no. 24-03-2017). The center of uplift as 

mapped by Feigl et al. (2000) is shown as a black circle. 
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Figure 14. Schematic map showing inferred strike-slip faults (black lines) and fissure 

swarms (blue shading). White rectangle outlines the study area. KFS Krísuvík, BFS 

Brennisteinsfjöll, HFS Hengill, HRFS Hrómundartindur fissure swarms, respectively. 

Modified from Einarsson and Sæmundsson (1987) and Hjartardóttir et al. (2016b). 

Figure 14 shows a schematic map of the study area with inferred strike-slip faults overlain 

on the fissure swarms. Surface fractures were used to delineate the constraints of the 

presently active southern Hengill fissure swarm. We find evidence of 11 strike-slip faults (or 

segments) in the study area.   
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Apparent Secondary Rifting 

The Nesjahraun lava flow exhibits a peculiar behavior in the center of the fissure swarm. 

Flow structures indicate apparent movement. However, it does not appear to be consistent 

with topography. In fact, flow structures seem to indicate movement up-slope. The lava 

gathered in a small ‘lava pond’ that is terminated by topographical highs. Flow structures 

related to this individual flow are not seen on the other side of this high. Prominent ‘bathtub 

ring’ structures, on the scale of meters, are seen surrounding the walls of the lava pond and 

indicate a significant decrease in the volume of the lava pond. Several eruptive fissures can 

be traced to this location, and there are several leading away on the backside of the 

topographical high.  

One fault, however, is clearly visible and can be traced a great distance. This fault is 

discolored after the topographical high and appears to have widened recently. However, the 

fault trace is smooth and lacks the typical features of the eruptive fissures seen elsewhere in 

the area. Flow structures in the lava pond indicate movement towards this fault from multiple 

directions at a low point in the topographical ‘dam’. It is hypothesized that secondary rifting 

occurred, accounting for the loss of volume in the lava pond and the anomalous segment of 

the fissure/fault. Figure 15 shows the eruptive fissure and the supposed secondary rifting. 

During such an event, pressure from accumulating lava can reactivate underlying fissures 

and faults and force them to widen to accommodate the overlying lava. This phenomenon 

was witnessed during the Krafla Rifting Episode (Einarsson, 1991b) and reported by 

Sæmundsson and Sigmundsson (2013) and Hjartardóttir et al. (2012). 
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Figure 15. Secondary rifting. LP notes the drained lava pond. The red and white line shows 

the activated fault. 
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Oblique Features 

 

Figure 16. Oblique structures in the study area, classified as oblique eruptive fissures, 

exposed dikes, oblique faults, and topographic lineaments. Earthquake epicenters 

(November 1st, 1998- December 1st, 1998) according to MLW from the November 13th, 1998 

earthquake sequence. The epicenter of the mainshock is shown by a white star. Earthquake 

data provided by the Icelandic Meteorological Office (data submission no. 24-03-2017). 
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Prominent lineaments are observed in several parts of the fissure swarm striking 

perpendicularly or obliquely to the fissure swarm. These occur as both eruptive and 

presumably tectonic features, shown in Figure 16.  

In the central sector of the study area, the most recent fissure eruption has a prominent branch 

that trends obliquely to the fissure swarm and the main branches of the particular fissure 

eruption (Figures 16 and 17). Topography may have played a role in this, as the fissure 

follows the bottom of a steep topographical rise. Topography has been illustrated to 

significantly affect the stress fields and propagation paths of dike injections, such as in 

Bárðarbunga (Heimisson et al., 2015; Sigmundsson et al., 2015). However, it must be noted 

that the dominant trend of the fissure swarm passed through a topographically uniform area 

in the nearest proximity. Additionally, the magma supply was exceptionally low, leaving the 

fissure with deep depressions. The well-preserved fissure is believed to represent a rifting 

event with a low magma supply, occurring after the rifting event supplying the main 

component of the extensive Nesjahraun lava. The occurrence of the previous rifting event 

may have significantly altered the regional stress field, creating conditions favorable for 

failure along an oblique structure.  

The prominent fissure swarm graben has several well-defined topographical lows that cut 

perpendicularly or obliquely across the graben. Several of these are mapped confidently as 

normal faults after field examination provided strong evidence. It should be noted that the 

oblique eruptive fissure trends towards a well-defined topographical low in the graben.  

At the southern edge of the fissure swarm, several cross-cutting lineaments can clearly be 

seen in the field. Several have a vertical offset of less than 1 m and cannot be mapped with 

confidence over distance. A prominent break can be seen in the fault complex that cannot be 

explained by erosion and corresponds to one such lineament. The continuation of this 

lineament intersects a flow structure in the Nesjahraun lava that resembles a horizontal 

displacement. While the offset is much too large to be considered to represent a horizontal 

displacement after the time of emplacement, the flow structure may have been influenced by 

existing topography related to oblique movement.  

A well-documented hyaloclastite ridge trends obliquely to the fissure swarm across the 

Hengill central volcano (e.g. Foulger, 1988; Sæmundsson, 1967). A prominent dike 

underlies the ridge and is exposed on the western side of the volcano edifice (Figure 16). 

The orientation of dikes and their related fissure swarms is often considered to be a sensitive 

marker to regional stress trajectories. Radial dikes may be expected in volcanic systems lying 

in a neutral regional stress field (Walker, 1993). The WVZ is characterized by low-volume 

flows and it is unlikely that the oblique orientation is a result of an anomalous build-up of 

magma. The area is also clearly influenced by a well-established stress field, which suggests 

that the direction of principal stress was significantly altered during the time of 

emplacement. Two large, prominent normal faults trending obliquely to the fissure swarm 

can be easily identified by aerial and satellite images.  

The June 1998 earthquake activity was followed in November by an earthquake sequence 

twelve kilometers to the south, which activated an ENE-WSW trending zone between 10-15 

km long and 2 km wide. A ML 5.0 earthquake was followed by more than ten events of ML 

≥ 3.0. As a whole, GPS measurements showed an overall left-lateral sense of slip throughout 

the zone. However, the focal mechanisms and relative locations indicate right-lateral 

movement along a dense cluster of small N-S faults (Clifton et al., 2002; Rögnvaldsson et 
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al., 1998). Fault slip models did not show significant movement along this ENE-WSW 

trending zone (Feigl et al., 2000). This zone was reactivated in 2008 following earthquakes 

in the SISZ in a similar fashion, (Decriem et al., 2010). 

 

Figure 17. Close-up map of oblique structures crossing the Lakadalur Graben.  

It is suggested that the lineaments seen are in fact tectonic features. The occurrence of a 

rifting event may cause a change in the direction of maximum principal stress, which could 

result in failure along fault planes at oblique or even perpendicular angles to the primary 
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fault complex. Þórarinsson et al. (1989) observed large, cross-grain structures in gravity and 

magnetic surveys of the area. They suggest that contraction cracking as the plate moves away 

from the plate boundary may form these structures.  

This area, being at the triple junction, is subject to a complex and dynamic stress field. The 

influence of the triple junction is not completely understood. However, the characteristically 

low magma supply of this fissure swarm allows for the exposure of these oblique structures 

and future tectonic events may help to clarify their tectonic significance.  

 

Conclusions 

The southern Hengill fissure swarm is mapped using high-resolution aerial photographs, 

satellite images, digital elevation models, and field excursions. The fissure swarm can clearly 

be delineated by the surface fractures, and can be traced a length of 28 km away from the 

central volcano, terminating before reaching the coastline. The fissure swarm is 2 – 3.5 km 

wide in the study area, widening southwards. South of the study area, mapped surface 

fractures by Einarsson et al., (2017) indicate a maximum width of approximately 4.5 km. 

The majority of the fissure swarm trends NNE before curving to an ENE orientation near 

the south coast. 

A loose estimate of Holocene spreading of the Lakadalur Graben indicated spreading rates 

of 4–5 mm/yr with an average of 4.6 mm/yr. These rates are not inconsistent with the present 

day spreading rate of the southern WVZ, which spreads at a rate of 4-5 mm/yr. While the 

estimation relies heavily on several poorly constrained assumptions, the estimated spreading 

rate is consistent with previous literature.  

Strike-slip structures and fracture systems were identified and mapped in high-resolution 

and classified according to origin and structure. Several fracture systems appear on other 

maps (e.g. Sæmundsson et al., 2016) but are not distinguished as strike-slip structures. Here, 

we claim to differentiate between fissure swarm faults and strike-slip fracture systems. We 

find evidence for 11 northerly trending strike-slip faults (or segments) with right lateral sense 

of movement in the study area. 

Most strike-slip fracture systems exhibit left-stepping en echelon arrays of strike-slip surface 

features. One system, the Lakakrókur conjugate, exhibits right-stepping behavior and 

appears to be an ENE trending conjugate. Faults of this secondary nature have been seen in 

other areas of the SISZ (e.g. Einarsson 2010).  

Two short grabens are believed to be the product of opening associated with underlying 

strike-slip faulting. Throw of the graben faults are less than 10 m in both cases. The 

Langahlíð Graben has a maximum calculated opening of 8.7 m with an average of 6.0 m. 

Efrafjall Graben has a maximum calculated opening of 5.8 m with an average of 5.1 m.  

A portion of the Nesjahraun eruptive fissure is anomalously smooth and the case for the 

occurrence of secondary rifting is made to explain this morphology, as well as the apparent 

drainage of an elevated lava pond.  
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Finally, several oblique structures are documented, including an oblique eruptive fissure, an 

exposed dike, and apparent oblique faults. These structures strike near-perpendicular to the 

fissure swarm and may be the result of changes in the direction of maximum stress caused 

by rifting events, however, their tectonic significance remains uncertain. 
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Supplemental Material 

Appendix A 

 

 

Figure A.1. Elevation profile from Fig. A.3. 

 

 

FigureA.2. Elevation profile from Fig. A.3. 
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Figure A.3. Langahlíð Graben. Profile lines are labeled by number and seen in Figs. A.1, 2, 

4, and 5.. 

 



101 

 

Figure. A.4. Elevation profile from Fig. A.3. 

 

 

Figure A.5. Elevation profile from Fig. A.3. 
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Figure A.6. Table of graben elevation profile measurements and widening calculations. 

Total Opening (m)

Height (m) Width (m) Height (m) Width (m)

Profile 1 29 16.74 46 26.56 43.3

Profile 2 32 18.48 60 34.64 53.12

Profile 3 37 21.36 54.5 31.47 52.83

Profile 4 36 20.78 58 33.49 54.27

Avg 54.27

Lakadalur Graben

West wall East wall

Total Opening (m)

Height (m) Width (m) Height (m) Width (m)

Profile 1 8 4.62 7 4.04 8.66

Profile 2 7 4.04 5 2.89 6.93

Profile 3 7 4.04 2.5 1.44 5.48

Profile 4 5 2.89 0 0 2.89

Avg 5.99

Langahlíð Graben

West wall East wall

Total Opening (m)

Height (m) Width (m) Height (m) Width (m)

Profile 1 9 5.2 1 0.6 5.8

Profile 2 8 4.62 2 1.15 5.77

Profile 3 7 4.04 1 0.6 4.64

Profile 4 7 4.04 0.5 0.29 4.33

Avg 5.13

Efrafjall Graben

West wall East wall
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Figure A.7 Efrafjall Graben. Elevation profiles are numbers and seen in Figs. A.8-11. 
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Figure A.8. Elevation profile from Fig. A.7. 

 

 

Figure A.9. Elevation profile from Fig. A.7. 

 

 



105 

 

Figure A.10. Elevation profile from Fig. A.7. 

 

 

Figure A.11. Elevation profile from Fig. A.7. 
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Figure A.12 Sanddalahlíð segment (F) as seen in Fig 7. 
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Figure A.13. Sanddalahlíð segment (F) and unclassified fault with normal component (G) as 

seen in Fig 7.  
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Figure. A.14 (I) Lakakrókur segment, (J) Norður-Lakakrókur segment, (K) Lakakrókur 

conjugate, (L) Norður-Hálsar segment as seen in Fig 7. 
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Figure. A.15 Lakakrókur segment (I) as seen in Fig 7. 
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Figure A.16 Norður-Lakakrókur segment (J) as seen in Fig 7. 
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Figure A.17 Lakakrókur conjugate (K) as seen in Fig 7. 
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Figure A.18 Engidalur segment (N) as seen in Fig 7. 
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Figure A.19 Skarðsmýrarfjall system (M) as seen in Fig 7. 
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Figure A.20 Efrafjall Graben as seen in Fig 7. 
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Figure A.21 Stórihvammur segment (O) as seen in Fig 7. 
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Figure A.22 Húsmúli surface fractures north of the Húsmúli faults as seen in Fig 7. 
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Figure A.23 Hrómundartindur fissure swarm (CC) as seen in Fig 3. 
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Figure A.24 Hrómundartindur fissure swarm close up (CC) as seen in Fig 3. 

 


