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Abstract 9 

Sheet intrusions (inclined sheets and dykes) in the deeply-eroded volcanoes of Geitafell and Dyrfjöll, 10 

Eastern Iceland, were studied at the surface to identify the location, depth, and size of their magmatic 11 

source(s). For this purpose, the measured orientations of inclined sheets were projected in three 12 

dimensions to produce models of sheet-swarm geometries. For the Geitafell Volcano, the majority of 13 

sheets converge towards a common focal area with a diameter of at least 4 to 7 km, the location of 14 

which coincides with several gabbro bodies exposed at the surface. Assuming that these gabbros 15 

represent part of the magma chamber feeding the inclined sheets, a source depth of 2 to 4 km below 16 

the paleo-land surface is derived. A second, younger swarm of steeply-dipping sheets cross-cuts this 17 

gabbro and members of the first swarm. The source of this second swarm is estimated to be located to 18 

the SE of the source of Swarm 1, below the present-day level of exposure and deeper than the source 19 

of the first swarm. For the Dyrfjöll Volcano, we show that the sheets can be divided into seven 20 

different sub-sets, three of which can be interpreted as swarms. The most prominent swarm, the 21 

Njardvik Sheet Swarm, converges towards a several kilometres wide area in the Njardvik Valley at a 22 

depth of 1.5 to 4 km below the paleo-land surface. Two additional magmatic sources are postulated to 23 

be located to the northeast and southwest of the main source. Cross-cutting relationships indicate 24 

contemporaneous, as well as successive activity of different magma chambers, but without a 25 

resolvable spatial trend. The Dyrfjöll Volcano is thus part of a complex volcanic cluster that extends 26 
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far beyond the study area and can serve as fossil analogue for nested volcanoes such as Askja, whereas 27 

in Geitafell, the sheet swarms seem to have originated from a single focus at one time, thus defining a 28 

single central volcanic complex, such as Krafla Volcano.  29 

Keywords: inclined sheets, central volcano, East Iceland, three-dimensional projection, magma 30 

chamber 31 

1. Introduction 32 

The understanding of the internal structure of active volcanoes was pioneered by fundamental studies 33 

of extinct volcanoes in northwest Scotland [Harker, 1904; Richey and Thomas, 1930; Anderson, 1936] 34 

and Walker‘s [1963] study of the Breiddalur Volcano, which laid the foundation for a series of studies 35 

on extinct and eroded volcanoes in Iceland [e.g. Walker, 1959, 1963, 1974; Carmichael, 1964; Blake, 36 

1966; Annels, 1967, 1968; Newman, 1967; Torfason, 1979; Fridleifsson, 1983a; Klausen, 1999, 2004, 37 

2006] and elsewhere [e.g. Schmincke, 1967; Schirnick et al., 1999; Geshi, 2005; Donoghue et al., 38 

2010].  39 

One of the basic constituents found in the cores of extinct volcanoes worldwide are swarms of ‗cone 40 

sheets‘ or centrally-inclined sheets that are thought to dip towards a common magmatic source 41 

[Anderson, 1936]. These inclined sheets record much of the intrusive activity of a volcano during its 42 

lifetime, feed sill intrusions [Burchardt, 2008] and flank eruptions, and together constitute large 43 

volumes of magma. Hence, they contribute significantly to the growth of a volcanic edifice and the 44 

hosting crustal segment [LeBas, 1971; Klausen, 2004; Siler and Karson, 2009]. Additionally, they 45 

record the local stress field surrounding their source during their time of emplacement [Anderson, 46 

1936; Nakamura, 1977; Gautneb and Gudmundsson, 1992; Chadwick and Dieterich, 1995].  47 

Since exposure of the interior of volcanoes is usually limited in lateral and vertical extent, the 48 

geometry of inclined sheets at depth has to be inferred. Based on the original model by Anderson 49 

[1936], two end-member geometries of cone-sheet swarms exist: Phillips‘ [1974] model of the 50 

geometry of inclined-sheet swarms allowed for concave-downward (‗trumpet-shaped‘) sheet 51 

geometries with increasing sheet dip closer to the magmatic source. The second end-member geometry 52 
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is characterised by decreasing sheet dip with depth that result in a concave-upward (‗bowl-shaped‘) 53 

geometry [Chadwick and Dieterich, 1995; Gudmundsson, 1998]. Previous studies usually used either 54 

of these two geometries [Klausen, 2004], or assume a planar geometry of cone sheets measured at the 55 

surface in eroded volcanoes to deduce depth, shape, and size of the feeding magma chamber [e.g. 56 

Schirnick et al., 1999; Ancochea et al., 2003; Geshi, 2005; Siler and Karson, 2009]. 57 

The eroded Tertiary volcanoes of Eastern Iceland represent excellent examples to study the geometry 58 

of inclined-sheet swarms. Within two of these, the 5-6 Ma old Geitafell Volcano in Southeast Iceland 59 

and the 12-13 Ma old Dyrfjöll Volcano in Northeast Iceland, detailed structural mapping of intrusive 60 

swarms was carried out to reconstruct their geometry. For this purpose, structural field data was 61 

analysed statistically and used to model sheet geometries. This was achieved by projecting the outcrop 62 

data in three dimensions to determine the location, depth, and size of their source magma chambers 63 

and to evaluate the relevance of different end-member geometries. 64 

2. Geological setting 65 

The superposition of the Mid-Atlantic Ridge and the Iceland Mantle Plume has formed the Iceland 66 

Plateau, with oceanic rifting processes now occurring above sea level in the active rift zones of Iceland 67 

[Saemundsson, 1979]. Within these rift zones, magmatic and tectonic processes occur within en-68 

echelon volcanic alignments (rift segments) that are characterised by fissure swarms including normal 69 

faults and eruptive fissures, as well as central volcanoes [Saemundsson, 1979]. Crustal extension is of 70 

approximately 18 mm per year in ESE-WNW direction [DeMets et al., 1990]. The relative movement 71 

of the plate boundary across the quasi-steady Iceland Mantle Plume results in relocation of the rift 72 

zone, i.e. a rift jump [Helgason, 1985]. The overall direction of rift jumps on a large scale (jumps of 73 

100 to 200 km, every approximately 6 to 7 Ma) is eastward and characterised by temporal and spatial 74 

overlaps, such as the present-day configuration of the rift zones [Johannesson, 1980]. On a small scale 75 

(jumps of 20 to 40 km), rift jumps occur approximately every 2 Ma, but do not follow a linear pattern, 76 

i.e. activity may relocate east- or westwards. The reason for this is still unknown and subject to 77 

discussion [Helgason, 1985]. As a consequence of rift jumps, volcanic systems become extinct and 78 
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magmatic activity relocates, so that extinct volcanic systems are concentrated e.g. in the Tertiary and 79 

Plio-Pleistocene parts of the island [Fig. 1; Johannesson, 1980; Helgason, 1985]. 80 

The Tertiary lava pile of Eastern Iceland comprises basaltic lavas that make up a total thickness of up 81 

to 12 km [Walker, 1974; Torfason, 1979], which erupted from fissures in the Tertiary rift zone. The 82 

lava pile is characterised by a regular tilt towards the active rift zone with an increasing dip with depth 83 

[Saemundsson, 1979]. Consequently, the oldest exposed rocks with ages of approximately 14 Ma 84 

occur along the eastern coast of Iceland [Gale et al., 1966; Moorbath et al., 1968]. In addition to the 85 

regular tilt towards the rift zone, a monoclinal flexure zone that runs N-S through Eastern Iceland, is 86 

characterised by increased dips of up to 20° towards the active rift zone in the west [Walker, 1974].  87 

The glaciations of the Plio-Pleistocene carved deep fjords that expose sections through the crust,  the 88 

eroded depth of which has been determined by the combination of three separate approaches [Walker, 89 

1960, 1974]: (i) the extrapolation of the altitude of zero dip of the lavas  that is assumed to correspond 90 

to the original top of the lava pile based on the observation of an increase in dip of the lavas with 91 

depth, (ii) regional metamorphic zeolite zonation that represents fossil geothermal isotherms 92 

subparallel to the original land surface, and (iii) the extrapolation of the altitude of zero dyke density. 93 

As these three methods give consistent results with a maximum deviation of 200 m, erosion depths 94 

ranges from up to 2 km below the former Tertiary land surface in Southeast Iceland [Walker, 1960, 95 

1974] to about 1.1 km in Northeast Iceland [Gustafsson, 1992].  96 

This also exposes the extinct volcanic edifices of central volcanoes (Fig. 1). These are characterised by 97 

(1) the occurrence of acid rocks that are restricted in Iceland to volcanic centres [Walker, 1966], (2) 98 

inclined-sheet swarms [Anderson, 1936], (3) plutons composed of gabbro and/or granophyres [e.g. 99 

Emeleus and Bell, 2005], (4) disturbances of the regional metamorphic zones and local occurrence of 100 

alteration zones from volcanic high-temperature geothermal systems [Walker, 1974; Fridleifsson,  101 

1984; Holness and Isherwood, 2003; Donoghue et al., 2008], (5) deviations from the regional dip of 102 

the surrounding country rock as a consequence of uplift and/or subsidence of the centre of the volcano 103 
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[Walker, 1963, 1964; Troll et al., 2002; Holohan et al., 2009; Petronis et al., 2009], and (6) associated 104 

swarms of vertical dykes that represent the feeders of fissure eruptions [Walker, 1974]. 105 

2.1 Geological setting of the Geitafell Volcano 106 

The 5 to 6 Ma old Geitafell Volcano [Fridleifsson, 1983a] in Southeast Iceland is located northwest of 107 

the town Höfn, in the area with the deepest glacial erosion in Iceland [2 km; Walker, 1974]. Glacial 108 

valleys related to Hoffellsjökull and other outlet glaciers of the Vatnajökull Ice Sheet cut the centre of 109 

the volcano and expose sections that reach from its flanks down to the roofs of several gabbro plutons 110 

(Figs. 2 and 3). The plutons are surrounded by dense swarms of inclined sheets and remnants of a 111 

high-temperature geothermal system that feature propylitic and calcitic zones [Fridleifsson, 1983a, 112 

1984]. 113 

Previous studies by Annels [1967], Newman [1967], and Fridleifsson [1983a] give an overview of the 114 

petrology, structure, and geothermal alteration of the Geitafell Volcano. The flanks of the volcano 115 

comprise a succession of basaltic lava flows, shallow silicic intrusions, silicic extrusive rocks (Fig. 116 

3D), as well as hyaloclastites; the latter bear evidence of repeated glaciations of the volcano 117 

[Fridleifsson, 1983a]. Fridleifsson [1983a] was the first to describe a steeply outward-dipping caldera 118 

fault in the northeastern sector of the volcano. 119 

In the core of the volcano, several, mainly gabbroic plutons are exposed. Geophysical evidence 120 

suggests that these plutons are connected below the level of exposure [Schönharting and Strand 121 

Pedersen, 1978]. The close relation to the surrounding swarms of inclined sheets (Fig. 3A) indicates 122 

that the plutons may be parts of the magmatic source that fed sheet intrusions and surface eruptions. 123 

Inclined sheets are exposed along several deep canyons in the vicinity of the gabbros and comprise 124 

probably 10,000s, mainly basaltic, sheet intrusions. Burchardt and Gudmundsson [2009] suggest that 125 

the inclined-sheet swarm of the Geitafell Volcano is probably bowl-shaped (i.e. concave upward), 126 

based on field observations of the geometry of sheets in vertical exposures, such as Vidbordsfjall (Fig. 127 

3C). Three-dimensional modelling of the inclined-sheet swarm presented in this study is based on the 128 

dataset of sheet intrusions in the vicinity of the Geitafellsbjörg Gabbro (Figs. 2 and 3).  129 
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2.2. Geological setting of the Dyrfjöll Volcano 130 

Dyrfjöll Volcano is located between the river plain Heradsfloi and the fjord Borgarfjördur eystri in 131 

Northeast Iceland (Figs. 1 and 4), in an area characterised by the abundance of unusually large 132 

volumes of felsic rocks (mainly rhyolite and dacites) for Icelandic volcanoes [Gustafsson et al., 1990]. 133 

Winth an age of 12.5 to 13.1 Ma [Martin and Sigmarsson, 2010], it is one of the oldest volcanoes 134 

exposed in Eastern Iceland and probably belongs to a suite of central volcanoes located between 135 

Heradsfloi in the north and Seydisfjördur in the south (Fig. 1). 136 

As a consequence of strong glacial erosion, the interior of the Dyrfjöll Volcano is exposed in the cove 137 

of Njardvik down to a maximum depth of about 1100 m below the original land surface. The highest 138 

peaks surrounding Njardvik, as well as the Dyrfjöll Mountains, are part of the summit area, whereas 139 

parts of the flanks of the volcano are preserved on the slopes west of Borgarfjördur eystri, south of the 140 

Dyrfjöll, and northwest of northern Heradsfloi. Probably as a result of its remote location, the absence 141 

of recent geothermal activity, and the lack of opportunity to exploit hydropower, the area has not been 142 

the focus of geological investigations, except for Gustafsson [1992]. 143 

Based on Gustafsson [1992], the geological history of the Dyrfjöll Volcano can be summarised as 144 

follows: The main volume of the volcano was built up by basaltic lava flows, the extrusion of which 145 

dominated during the early evolution of the volcano (Lower basaltic group). Towards higher structural 146 

levels, the occurrence of some intermediate and acid lava flows (rhyolites, dacites, and icelandites), 147 

intercalated with the basaltic lavas, indicates the progressive maturation of the magma chamber system 148 

underlying the volcano. This culminated in the emplacement of a subvolcanic intrusive complex, the 149 

Njardvik Silicic Complex (NSC), at shallow levels in the central area of the volcano. At the surface, 150 

this was accompanied by explosive and effusive activity concentrated around the volcano‘s centre, 151 

approximately located in Njardvik Valley. During the next phase of the evolution of the volcano, 152 

activity shifted towards the southwest, where a major explosive eruption led to the formation of the 153 

Dyrfjöll Caldera. During the final stages of the Dyrfjöll Volcano, the caldera depression, then 154 
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occupied by a lake, was filled with basaltic hyaloclastites and pillow breccias and later with some lava 155 

flows. Finally, after the volcano became extinct it was buried by regional flood basalt lavas. 156 

The NSC is exposed near sea level in the cove of Njardvik, on the summits of the surrounding 157 

mountains (Fig. 4), and in a few canyons in the northern and southern part of the Dyrfjöll Volcano 158 

(Fig. 3). At lower structural levels, it displays intrusive contacts to its host rock. However, as shown in 159 

detail by Gustafsson [1992], towards higher levels, the felsic rocks of the NSC increasingly exhibit 160 

extrusive features. In addition, some of the exposed eruption sites are clearly connected to the 161 

underlying intrusive felsic rocks through dykes and inclined sheets [cf. Holohan et al., 2009]. The 162 

occurrence of several subunits indicates that the formation of the NSC occurred through episodic 163 

magma supply. The overall shape of the intrusive part of the NSC resembles a broad dome with an 164 

inferred culmination in the valley of Njardvik, where a maximum of 200 m of intrusive thickness is 165 

exposed. Basalt lavas that form the roof rock of the intrusive part of the NSC on the slopes 166 

surrounding Njardvik, dip concentrically towards Njardvik Valley, thus forming a depression. 167 

According to Gustafsson [1992], this structure is a result of subsidence following the intrusion and 168 

subsequent extrusion of magma belonging to the NSC [cf. O‘Driscoll et al., 2006, 2007]. 169 

As can be observed in the impressive outcrops of the NSC at the coast in Njardvik (Fig. 2B), the 170 

interior of the volcano is crosscut by a large number of basaltic dykes, inclined sheets, and sills 171 

[Burchardt, 2008]. These represent a shift back to predominantly basaltic magmatism, which postdates 172 

the felsic phase of the Dyrfjöll Volcano. Gustafsson [1992] reported that the inclined sheets are 173 

arranged in a concentric pattern around the centre of the Volcano in Njardvik Valley, whereas the 174 

dykes strike dominantly NNE. 175 

3. Data sets and methods of analysis 176 

The intrusive swarms of the Geitafell and the Dyrfjöll Volcano were studied mainly along gullies. 177 

Representative sheet orientations were recorded for respective outcrops and measured to avoid small-178 

scale irregularities. The inclined sheets of the Geitafell Volcano are best exposed in the four canyons 179 

in the northern part of the volcano close to the Geitafellsbjörg Gabbro (Fig. 6), namely Efstafellsgil, 180 
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Geitafellsgil (Fig. 3A, B, D), Midfellsgil, and Kraksgil. These canyons represent NE-SW striking 181 

sections that reach, in the case of the first three canyons, from close to the gabbro at the lowest-182 

exposed altitude towards the flanks of the volcano. The intensity of sheet intrusion decreases with 183 

distance from the gabbro from 100% adjacent to the gabbro (Fig. 3A, B) to only a few percent towards 184 

the flanks. Since Kraksgil is located at some distance from the centre of the volcano (Figs. 2 and 6), it 185 

is characterised by the lowest intrusive density. In addition, exposure quality generally decreases 186 

upstream in the canyons where the incision by water creates more gently dipping walls that are more 187 

scree-covered.  188 

According to Burchardt and Gudmundsson [2009], individual sheets are usually basaltic, between 1 189 

cm and 11.25 m thick, and characterised by variable degrees of alteration, crystal content, vesicularity, 190 

and chilling against neighbouring sheets. As a base for three-dimensional modelling of the sheet-191 

swarm geometries, we used the dataset described by Burchardt and Gudmundsson [2009] that includes 192 

orientation, thickness, and location, as well as a description of macroscopic features of 539 sheet 193 

intrusions (Fig. 6). In addition, Burchardt and Gudmundsson [2009] report the orientation of 56 sheet 194 

intrusions that cut the Geitafellsbjörg Gabbro. 195 

At the Dyrfjöll Volcano, measurements were carried out along coastal sections, river valleys, and 196 

canyons mainly in the areas with the lowest altitudes since they represent deeper structural levels of 197 

the Dyrfjöll Volcano and are characterised by a higher intrusion density. Together with the orientation, 198 

we recorded thickness, type, and – for the intrusions – lithology of 93 faults and 464 sheet intrusions.  199 

We subdivided sheet intrusions according to their dip into sub-vertical dykes (dip >70°) and inclined 200 

sheets (dip ≤70°), following the approach of e.g. Annels [1967] and Gautneb et al. [1989]. This 201 

distinction was used because dykes are assumed to have a more regional source located at considerable 202 

depth beneath the shallow magma chambers that feed the inclined sheets [Walker, 1966; cf. Grosfils, 203 

2007]. Evidence for a generic difference is provided by a bimodal dip distribution with a gap between 204 

sheet intrusions dipping <70° and those dipping ≥70° for both volcanoes (Fig. 8I and Burchardt and 205 

Gudmundsson, [2009], Fig. 5C). Sheet orientations of the complete datasets of both volcanoes were 206 
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plotted and categorised according to their location, and employing stereographic projections to assess 207 

spatial variations. In case of the Dyrfjöll Volcano, the orientations of dykes and faults were also 208 

plotted on stereographic projections to assess regional trends. In general, the regional tilt of the lava 209 

pile that postdates the lifetime of the two volcanoes (cf. Walker, 1974), has not been considered during 210 

data evaluation. In case of the Geitafell Volcano, we therefore did not account for post-volcanic 211 

rotation of the measured sheets due to regional or local tilting. The amount of tilt seems to vary within 212 

the area of the volcano, however, we discuss below implications for data interpretation that could arise 213 

from tilting. Furthermore, the orientations of steeply-dipping sheet intrusions were subsequently 214 

compared to the results of three-dimensional models of inclined sheets.  215 

To model the sheet-swarm geometries in three dimensions, 436 inclined sheets in the Geitafell 216 

Volcano and 321 inclined sheets in the Dyrfjöll Volcano were taken into consideration. Location (as 217 

UTM XYZ coordinates), orientation, and number of each of these sheets were included in two ASCII 218 

data files. Each sheet was then projected along its strike as a 100 m long strike-line to transform the 219 

point of measurement into a line. This line was then linearly projected down-dip, using the software 220 

3DMove, to create surfaces with the defined sheet orientations. In case of the Geitafell sheets, the 221 

distance of down-dip projection was 1000 m, since the sheets are proposed to be located close to the 222 

magmatic source, exposed as gabbro bodies [Burchardt and Gudmundsson, 2009]. Since the exact 223 

location and depth of the source of the inclined sheets in the Dyrfjöll Volcano was not known, we used 224 

a projection distance of 5000 m. As a base map, we used parts of the Digital Elevation Model (DEM) 225 

of Iceland with a cell size of 25 m, provided by the National Land Survey of Iceland. The projected 226 

sheets typically converge towards common foci and this allowed them to be grouped accordingly. 227 

Grouping was done manually, taking into consideration sheet orientation, location, and relationship to 228 

other sheets. In contrast to e.g. Siler and Karson [2009], we defined foci as clusters of inclined-sheet 229 

projection surfaces, because we expect magmatic sources to have a certain volume, as opposed to 230 

point sources defined by intersection of all sheet trajectories in one point. For each group, a potential 231 

source location/depth/size was defined, the accuracy of which depend on the number of sheets that 232 

belong to each focus and their spatial distribution. 233 
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4. Results 234 

4.1 Sheet swarms in the Geitafell Volcano 235 

Stereographic projection of sheet orientations by their location in the four canyons (Fig. 6) does not 236 

show a clear systematic spatial variation. In the data from all four canyons, sheets appear to belong to 237 

two main groups or swarms: (1) N-S striking sheets that dip mainly towards the W at shallow to 238 

moderate angles and (2) NE-SW to ENE-WSW striking sheets that dip SE to SSE at moderate to steep 239 

angles. 240 

Three-dimensional planar projection of the 436 inclined sheets offers the opportunity to analyse the 241 

relation between location and orientation of each inclined sheet in more detail, because the results 242 

clarify the relationship between location and orientation for an individual sheet, as well as the spatial 243 

relationships between the sheets. The results support the above-mentioned classification in two 244 

swarms and suggest the existence of a third swarm of inclined sheets striking E-W and dipping at 245 

shallow angles to the N. The three likely swarms were colour-coded in 3DMove to better visualise the 246 

groups (Fig. 7; Appendix Movie 1) and analysed separately to derive information about their 247 

magmatic sources. Swarm 1 comprises 335 of the projected sheets. Members of this swarm occur in 248 

all four canyons without significant variations among the canyons. Dip directions cover a continuum 249 

from NW to SW, while dips cover the full spectrum from ca. 20 to 70°, giving Swarm 1 the shape of a 250 

downward-facing fan. Swarm 2 comprises 76 steeply SSW to SSE dipping sheets that occur in all 251 

canyons, while only 25 inclined sheets belong to Swarm 3. The latter is distinguished from Swarm 1 252 

by its shallow N to NNE dip. Swarm 3 sheets appear to become more abundant towards the NW, 253 

however. 254 

A comparison of the orientation of inclined-sheet swarms identified in the three-dimensional model, 255 

where the sheets dip >70°, indicates that many of the steep sheets can be defined as members of 256 

Swarm 2 (Fig. 7). In this context, the majority of the 56 sheets that cut the Geitafellsbjörg Gabbro can 257 

be assigned to Swarm 2, even though Burchardt and Gudmundsson [2009] showed that most of them 258 
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follow cooling joints in the gabbro. Only nine of the sheets that cut the gabbro can be safely defined as 259 

belonging to Swarm 1.  260 

Cross-cutting relationships between sheets observed in the field (e.g. Fig. 3A; we recorded 21 cases 261 

where sheets of Swarm 2 crosscut gully walls formed by Swarm 1. No cases where Swarm 2 sheets 262 

were cut by members of Swarm 1 were observed) and the preferential occurrence of Swarm 2 sheets 263 

within the Geitafellsbjörg Gabbro indicate that Swarm 2 postdates Swarm 1. Cross-cutting 264 

relationships of Swarms 1 and 3, however, were not that frequently recorded, which we attribute to 265 

their similarity in orientation, so that their intersections would be at highly acute angles. 266 

4.2 Sheet swarms in the Dyrfjöll Volcano 267 

Of the 464 sheet intrusions measured in the area of the Dyrfjöll Volcano, 93 were classified as dykes 268 

(dip >70°). These are mainly basaltic and tend to be thicker (0.99 m on average) than sheet intrusions, 269 

dipping ≤70° (0.82 m thick on average). Dykes exhibit NNE to NNW strikes (010° on average) which 270 

coincide with the orientation of faults in the area (Fig. 8). Faults are located in virtually all 271 

stratigraphic units of the Dyrfjöll Volcano, where they are predominantly characterised by normal 272 

displacement (only three of the faults show reverse sense). Fault throw, where possible to estimate, 273 

was in the range of a few centimetres up to approximately 10 m. Faulting probably occurred 274 

throughout the lifetime of the Dyrfjöll volcano, as indicated by crosscutting relationships with sheet 275 

intrusions.   276 

The orientation of shallow-dipping intrusive sheets (inclined sheets) is characterised by a small-circle 277 

distribution (Fig. 8) that might indicate a common magmatic source. However, sheet orientations 278 

plotted as a function of location (Fig. 9) demonstrate that there is a strong variation that cannot be 279 

attributed to one common centre. Three-dimensional, planar projection of 321 inclined sheets indicates 280 

that they belong to more than one swarm. As a consequence, sheets which obviously deviate from the 281 

orientation of the main swarm [as proposed by Gustafsson, 1992] were marked and subsequently 282 

grouped according to their location and orientation. The selection resulted in the differentiation of 283 
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three major swarms, as shown in Fig. 10 (see also Appendix Movie 2), as well as four minor swarms 284 

or sub-sets. 285 

The largest sub-set, Swarm 1 (marked purple in Fig. 10) comprises 221 sheets that are distributed all 286 

over the studied area. The swarm has a radius of a minimum of 3 km and is traceable in its central area 287 

in the upper Njardvik Valley. Its outer part is constrained by sheets in all profiles and represents more 288 

than 240° of a circle in the area north of Borgarfjördur Valley and the Dyrfjöll (Fig. 11). Sheet dips 289 

vary from around 10° to 70° in all profiles and therefore do not show a systematic variation in dip. A 290 

second sub-set (Swarm 2, marked blue in Fig. 10) consists of 39 sheets exposed in the southeast of the 291 

study area. They represent the north-western segment of a circular swarm with a radius of around 3 292 

km. The sheets vary in dip between 10° and 70°. The rest of the swarm is not exposed, but we expect 293 

them to lie offshore in the fjord of Borgarfjördur eystri and below the sedimentary cover of 294 

Borgarfjördur Valley. The third largest sub-set (Swarm 3, marked light yellow in Fig. 10) comprises 295 

32 sheets located in the north and northeast of the Dyrfjöll Volcano. The inclined sheets of Swarm 3 296 

dip towards a centre located to the north-northeast, off the coast (Fig. 11). A reconstructed swarm 297 

would have a radius of at least 5 km. Furthermore, there are four minor sub-sets: 11 sheets of sub-set 4 298 

(marked yellow in Fig. 10) are located in the north-eastern part of the studied area and dip to the 299 

northwest. They are possibly associated with Swarm 3. Five sheets marked orange (sub-set 5) that are 300 

located in the westernmost part of the study area converge to a common focal point northwest of the 301 

Dyrfjöll Mountains. Another sub-set (sub-set 6, marked green in Fig. 10) consists of three inclined 302 

sheets in the northwest of the study area. Their main dip direction is WNW. Finally, one felsic inclined 303 

sheet was measured south of the Dyrfjöll Mountains (marked in pink in Fig. 10). It does probably not 304 

belong to one of the centres of the Dyrfjöll Volcano as it appears to originate from the south. 305 

To assess the relationships between the individual swarms the following questions were posed:  306 

(1) Which stratigraphic units of the Dyrfjöll Volcano were intruded by each swarm?  307 

(2) What do cross-cutting relationships of individual sheets reveal about the relative age of each 308 

swarm? 309 
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(3) Is there a connection between the lithology of individual sheets and their affiliation to one of the 310 

swarms?  311 

Analysis of the host rocks of the inclined sheets does not show any differences between the swarms. 312 

Instead, all swarms intrude the Lower basaltic units of the Dyrfjöll Volcano and the NSC. Thus, all 313 

swarms are either younger than the felsic magmatic phase represented by the NSC, or their time of 314 

formation extends beyond the felsic phase. Cross-cutting relationships of all sheet intrusions reveal 315 

that regional dykes tend to be younger than the inclined sheets (in 12 of 14 recorded cases). 316 

Furthermore, Swarms 1 and 3 were contemporaneous (two cases of Swarm 1 cutting Swarm 3, one 317 

case of Swarm 3 cutting Swarm 1), whereas Swarm 4 is younger that both Swarm 1 and 3 (four cases 318 

of Swarm 4 cutting Swarm 1, one case cutting Swarm 3). Unfortunately, only few cross-cutting 319 

relationships were found in the field, so the statistics of the results are rather poorly constrained. For 320 

Swarm 2, not one single cross-cutting relationship was recorded. An analysis of the sheet lithology of 321 

the swarms reveals that there is no detectable correlation, i.e. all swarms comprise predominantly 322 

basaltic sheets. Of 321 sheets measured, only 25 are of felsic composition (7.8%). They form part of 323 

all the identified sub-sets without any clear tendency towards a higher felsic component in any 324 

particular swarm. 325 

5. Discussion 326 

5.1 Three-dimensional projection of different sheet geometries 327 

Three-dimensional projection of inclined sheets allows on the one hand to visualise more clearly the 328 

spatial distribution of different sheet orientations, for instance compared to stereographic projection. 329 

On the other hand, it helps to deduce information about the depth, shape, and size of the magmatic 330 

source feeding the sheets [e.g. Klausen, 2004; Siler and Karson, 2009]. All techniques used so far 331 

assume simplified sheet geometries at depth, because the geometry and exact orientation of inclined 332 

sheets and sheet swarms at depth is still uncertain [Anderson, 1936; Phillips, 1974; Chadwick and 333 

Dieterich, 1995; Gudmundsson, 1998] and appears to vary from volcano to volcano [e.g. Schirnick et 334 

al., 1999; Klausen, 2004]. Therefore, sheets are usually projected as planar trajectories [Siler and 335 



14 
 

Karson, 2009]. However, this assumption results in considerable deviations of the results when 336 

compared to a projection of curved sheet geometries. This is demonstrated here by comparing the 337 

results of projection of the Geitafell sheets along three different paths (Figs. 12 and 13). Idealised, 338 

concave-upward sheet geometries produces a bowl-shaped sheet swarm (Fig. 13E) [cf. Klausen, 2004] 339 

and leads to a shallow source depth, as sheet dips decrease with depth. Concave-downward sheet 340 

projection produces a trumpet-shaped swarm (Fig. 13F), with a deeper focal point, since sheet dip 341 

increase downwards. By comparison, planar sheet projection results in intermediate source depths 342 

(Fig. 13D). This difference in the derived source depth is in the range of several hundred to even a few 343 

thousand metres, depending on the swarm size and the defined sheet geometry the projection is 344 

applied to. Comparatively well-exposed swarms of inclined sheets with well-distributed profiles allow 345 

an estimate of true sheet geometries e.g. from spatial variations in sheet dips [e.g. Gautneb et al., 1989; 346 

Klausen, 2004]. In case of the Geitafell Volcano, field observations of the overall appearance of the 347 

inclined-sheet swarm in the slope of Vidbordsfjall (Fig. 3C) suggest that the geometry of sheets is 348 

predominantly bowl-shaped with a decrease in dip of about 7°/km horizontal distance from the source 349 

[Burchardt and Gudmundsson, 2009]. Therefore, we used the Geitafell data set to test the implications 350 

of assuming different sheet geometries, i.e. (1) planar, (2) concave-downward (trumpet-shape), and (3) 351 

concave-upward (bowl-shape) (Fig. 12). The results demonstrate significant differences in the overall 352 

swarm shape (Fig. 13). This is particularly evident since all sheets were projected along the same 353 

curve (blue curve = concave-downward and red curve = concave-upward in Fig. 12) without 354 

adjustments to account for dip variations and projection distance of sheets. Generally, sheet projection 355 

along a concave-upward (―bowl-shaped‖) path results in a fanning out of sheets with depth (Fig. 13C). 356 

When deriving information about the magmatic source from intersection clusters of sheets from 357 

opposite ends of the swarm, a depth of more than one kilometre less above that of the planar and 358 

convex-downward (―trumpet-shaped‖) sheet projection is derived. The trumpet-shaped arrangement is 359 

characterised by clustering of sheet trajectories of sheets from one side of a swarm with depth (Fig. 360 

13E). Even though inclined sheets in the Geitafell Volcano compose a bowl-shaped swarm, their exact 361 

concave-upward geometry at depth cannot be constrained with certainty. For this reason we derived 362 

source depths estimates and locations from the planar projections (see Section 5.2). 363 
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In the Dyrfjöll Volcano, there is no systematic variation in dip with distance from the centre for any of 364 

the swarms. Furthermore, the studied profiles do not cover a sufficient range of elevations to deduce 365 

significant variation in dip with elevation. Consequently, the geometry of inclined sheets at depth was 366 

only projected along planar paths. 367 

5.2 Depths, sizes, and shapes of magmatic sources  368 

In case of the Geitafell Volcano, the distribution of the sheet intrusions studied does not allow a 369 

determination of the exact location, depth and size of their source magma chambers [c.f. Klausen, 370 

2004]. The inclined sheets studied in the Geitafell are all located in the north-western sector of the 371 

volcano along four NE-SW striking profiles. To determine the depth of the magmatic source from 372 

intersection points [cf. Klausen, 2004; Geshi, 2005; Siler and Karson, 2009], measurements from other 373 

sectors of the volcano are needed. In turn, the studied sheets in the Geitafell Volcano have the 374 

advantage that the exposed grabbo bodies represent parts of their magmatic source [Burchardt and 375 

Gudmundsson, 2009], so that the source location is not a completely unconstrained parameter. The 376 

inclined-sheet swarm is in direct contact with the Geitafellsbjörg Gabbro and decreases in spatial 377 

density away from it. Moreover, most of the inclined sheets do indeed converge towards the 378 

Geitafellsbjörg Gabbro, towards the Valagil Gabbro in the west (Fig. 2), as well as towards the north-379 

west and north of Geitafellsbjörg (Fig. 7). This semi-continuous spread of dip directions indicates that 380 

the Geitafellsbjörg and the Valagil Gabbros are most likely linked and probably continue to the north-381 

west and north below the current level of exposure. In this respect, Swarm 3 may be interpreted as a 382 

continuation of Swarm 1, reflecting the potential extent of the source towards the north. Moreover, the 383 

wide range of dip directions of sheets shows that the size of the source magma chamber is in the range 384 

of at least 7 km in NW-SE direction and more than 4 km in NE-SW direction. Assuming that the 385 

distance to the magmatic source is the distance to the Geitafellsbjörg Gabbro, the wide range of dips of 386 

the inclined sheets of Swarm 1 indicates that the depth of the gabbro ranges from the current sea-level 387 

to approximately 2 km (assuming planar sheet geometries). This corresponds to a source depth of 388 

between 2 to 4 km below the Tertiary land surface [cf. Walker, 1960, 1974].  389 
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Members of Swarm 2 are characterised by intermediate to steep eastward dips. Taking into account the 390 

regional westward tilt in this area [Walker, 1974], one could expect that the original dips were up to 391 

20° steeper. The magmatic source of the inclined sheets of Swarm 2 was located only a few hundred 392 

metres east of the Geitafellsbjörg Gabbro below the current level of exposure. However, the small 393 

number of sheets of this swarm does not allow a precise localisation. Consequently, the source depth 394 

cannot be constrained accurately. Cross-cutting relationships between swarms show Swarm 2 crosscut 395 

the presumable source pluton of Swarm 1, the Geitafellsbjörg Gabbro. Also, the lack of a continuous 396 

overlap in sheet orientations of Swarms 1 and 2 indicate that the inclined sheets of Swarm 2 represent 397 

a newer phase of activity with a newly-established and deeper magma chamber, rather than a gradual 398 

transition. Possibly, Swarm 2 represents a phase of activity that was dominated by regional tectonic 399 

forces, as has been proposed for Geitafell by Annels [1967] and Fridleifsson [1983a] and for the 400 

Hafnarfjall Volcano in Western Iceland [Gautneb et al., 1989], or was simply caused by a new 401 

intrusion originating from the Geitafellsbjörg Gabbro (e.g. a magmatic finger). 402 

At the Dyrfjöll Volcano, three major and four minor sub-sets or swarms of inclined sheets were 403 

distinguished (Fig. 10); for three of them, source locations can be estimated (Fig. 11). The most 404 

prominent of the inclined-sheet swarms (Swarm 1) corresponds to the concentric Njardvik Sheet 405 

Swarm described by Gustafsson [1992]. Projection surfaces of sheets of this swarm cluster between 406 

0.5 and 3 km depth below present-day sea level in a 3.5 km (E-W) × 5 km (N-S) area, indicating a 407 

depth of the magmatic source of at least 1.5 km below the summit area of the eroded Dyrfjöll Volcano. 408 

This magmatic source is located in the Njardvik Valley (Fig. 11), approximately on the western 409 

margin of the intrusions and depression associated with the NSC that predates the Njardvik Sheet 410 

Swarm (Fig. 4). Since cross-cutting relationships show that the Njardvik Sheet Swarm (Swarm 1) 411 

postdates the NSC, the sheet swarm documents a renewed phase of activity fed by a mafic magma 412 

chamber that was located to the west of the NSC centre. 413 

The small number of members of other identified inclined-sheet swarms at the Dyrfjöll Volcano 414 

allows a rough, or in the case of very small amounts of sheets no estimate at all, of the location and 415 

depth of their magmatic sources. Swarms 2 and 3 indicate the existence of at least two further magma 416 
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chambers, one (feeding Swarm 2) located ca. 2.5 km to the ESE near Geitavikuthufa, the other 417 

(feeding Swarm 3) ca. 4 km NW of the centre of Swarm 1 (Fig. 11). In case of Swarm 2, the source is 418 

estimated to lie at a depth of 0.5 to 3.5 km b.s.l. and to cover an area of at least 4 km (N-S) × 4 km (E-419 

W). Further evidence of the existence of a magmatic centre at Geitavikuthufa is given by an eruption 420 

site southeast of the summit (Fig. 4).  421 

Cross-cutting relationships show that the magma chamber feeding Swarm 3 was active at the same 422 

time as that of Swarm 1. Inclined sheets belonging to Swarm 4 are evidence of a subsequent shift of 423 

activity towards the north-east. There is, however, no spatial trend of activity with time. Remarkably, 424 

no inclined sheets associated with the Dyrfjöll Caldera and no evidence of a shift of activity towards 425 

the Dyrfjöll Caldera has yet been found.  426 

5.3 Comparison with eroded and active volcanoes in Iceland and elsewhere 427 

Our results are in good agreement with results from inclined sheet-swarms in other extinct volcanoes 428 

in the Tertiary and Plio-Pleistocene lava pile of Eastern and Western Iceland and elsewhere. The 429 

inclined-sheet swarms in the Geitafell Volcano show similarities with a bowl-shaped swarm with an 430 

outward-fanning geometry that was identified in the Thverartindur Volcano, Southeast Iceland 431 

[Klausen, 2004] (for location see Fig. 1), except that in the case of Swarm 1, a downward fanning 432 

geometry occurs. The Thverartindur swarm shows a considerable decrease in dip of sheets with 433 

distance from the source, a feature also observed in several other eroded central volcanoes in Iceland, 434 

such as the Reykjadalur Volcano [Gautneb and Gudmundsson, 1992] and the Stardalur Volcano 435 

[Pasquare and Tibaldi, 2007] and elsewhere, e.g. the western Cuillin Centre of Skye, Scotland 436 

[Hutchison, 1966], the Vallehermoso Volcano, La Gomera, Canary Islands [Ancochea et al., 2003], 437 

and the Otoge Volcano, Japan [Geshi, 2005]. In contrast, neither the Njardvik Sheet Swarm in the 438 

Dyrfjöll Volcano, nor the inclined sheet swarms in the Vatnsdalur area show dip variations [Siler and 439 

Karson, 2009]. In case of the Vatnsdalur area, the lack of dip variation might be due to insufficient 440 

spatial variation in the studied profiles, whereas in case of the Njardvik Sheet Swarm, a wide spectrum 441 

of dips is evident in all studied sections, independent of the distance to the estimated centre of the 442 
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swarm. This, in turn, is in agreement with observation of sheets in the Tejeda Volcano, Gran Canaria 443 

[Schirnick et al., 1999; Donoghue et al., 2010]. 444 

Remarkably, most of the studied swarms of inclined sheets in eroded volcanoes can be ascribed to 445 

spatially confined and thus probably single magma chambers [e.g. Schirnick et al., 1999; Klausen, 446 

2004; Pasquare and Tibaldi, 2007]. In contrast, Siler and Karson [2009] showed that inclined sheets in 447 

the Vatnsdalur Volcano converge towards two different magma sources at different depths and 448 

locations. Furthermore, the nested inclined-sheet swarms of Ardnamurchan and Mull, Scotland, bear 449 

evidence for changes in source location with time [Bailey et al., 1924; Richey and Thomas, 1930; Kerr 450 

et al., 1999; Upton, 2004; Emeleus and Bell, 2005]. In both cases, three successive phases of activity 451 

are illustrated by three swarms of inclined sheets that converge towards focal points at shallow depth. 452 

In analogy to the Dyrfjöll Volcano, activity of individual centres in Mull and Ardnamurchan partly 453 

overlapped in time, and did not follow a linear spatial sequence [Bailey et al., 1924; Richey and 454 

Thomas, 1930].  455 

In determining the position of the magmatic bodies at the foci of the cone sheet swarms, we 456 

are able to trace the timing and 3D spatial migration of the sources over time, which is 457 

relevant to understand crustal construction in Iceland [Siler and Karson, 2009] and other 458 

magmatic rifts. Our results indicate that the Geitafell and Dyrfjöll Volcanoes are different in their 459 

internal structure and temporal evolution. The Geitafell Volcano represents a typical Icelandic central 460 

volcano, with a collapse caldera [Fridleifsson, 1983a] and long-lived magma chamber at 2 to 4 km 461 

depth. This chamber represents fed 10 000s of inclined sheets at depth (Swarm 1), as well as numerous 462 

eruptions at the surface. In the context of crustal growth, this means that crustal growth by intrusion 463 

and extrusion was locally confined. Late activity, as documented by the sheets of Swarm 2, was 464 

perhaps influenced by regional tectonic stresses. Geitafell is therefore comparable, and may serve as a 465 

fossil analogy, to active Icelandic volcanoes, such as Krafla in Northern Iceland that has a main 466 

magma chamber at approximately 3 km depth [Björnsson et al., 1979; Tryggvason, 1989; Ewart et al., 467 

1991] and Eyjafjallajökull in Southern Iceland [e.g. Sturkell et al., 2003, Pedersen and Sigmundsson, 468 

2004]. In the latter case, ground deformation preceding the 2010 flank eruption has been explained by 469 
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the intrusion of a ―tilted dyke‖ [Sigmundsson et al., 2010] and underlines the significance of inclined 470 

sheets as feeders to flank eruptions. 471 

By comparison, the Dyrfjöll Volcano was part of a volcanic cluster with several contemporaneous, as 472 

well as successive activity centres distributed within and beyond the studied area. Gustafsson et al. 473 

[1990] and Gustafsson [1992] proposed a genetic correlation between the Dyrfjöll Volcano and 474 

volcanic centres to the south, namely Kaekjuskörd, Breidavik, Herfell, and the Álftavik-Seydisfjördur 475 

Volcano (Fig. 1). Together, this area represents the second largest exposure of felsic rocks in Iceland 476 

and comprises at least two collapse calderas [Gustafsson et al., 1990; Gustafsson, 1992]. The fjord of 477 

Borgarfjördur eystri dissects this volcanic cluster. However, the existence of the sheet swarm around 478 

Geitavikurthufa (Swarm 3) suggests continuation towards the south. The Dyrfjöll Volcano and the 479 

surrounding area are therefore a possible fossil analogue of the Torfajökull Volcano in Southern 480 

Iceland that contains the largest volume of exposed silicic rocks in Iceland. Multiple coeval and 481 

successive magmatic sources, as well as recycling of older volcanic material, may in both cases be 482 

responsible for the formation of large volumes of silicic rocks [cf. Gunnarsson et al., 1998] and thus 483 

widely distributed crustal growth. The Dyrfjöll Volcano may be compared to the active Askja Volcano 484 

in Northern Iceland that is characterised by three nested calderas. The youngest, Lake Öskjuvatn, has 485 

an active magma chamber at approximately 1.5 to 3.5 km depth [Tryggvason, 1989; Sturkell and 486 

Sigmundsson, 2000]. 487 

6. Conclusions 488 

The results of our study of inclined sheets of the Geitafell Volcano in Southeast Iceland and the 489 

Dyrfjöll Volcano in Northeast Iceland can be summarised as follows: 490 

Most inclined sheets in the 5 to 6 Ma old Geitafell Volcano belong to a swarm that was fed from a 491 

magma chamber with a diameter of at least 4 to 7 km, located to the NW, W and SW of the studied 492 

sheets. Assuming that the gabbro bodies that are exposed within this focus area and which are partly in 493 

direct contact with the inclined-sheet swarm represent parts of the magmatic source of the inclined 494 

sheets, their source depth can be derived at 2 to 4 km below the Tertiary land surface. A second swarm 495 
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of younger and more steeply-dipping inclined sheets is evidence for a later and deeper magma source 496 

located a few hundred metres to the southwest of the Geitafellsbjörg Gabbro that may represent an 497 

independent pulse of activity. 498 

Inclined sheets in the 12 Ma old Dyrfjöll Volcano in Northeast Iceland can be grouped into three 499 

major and four minor swarms, the existence of the latter four are indicated by a few inclined sheets 500 

only, however. The most prominent of these swarms is the Njardvik Sheet Swarm, the magmatic 501 

source of which is located in Njardvik Valley at a depth of 1.5 to 4 km below the paleo-land surface 502 

and has a diameter of approximately 3.5 to 5 km. At least two additional magma chambers can be 503 

identified from the sheet swarms, one to the south and one to the northeast of the Njardvik Sheet 504 

Swarm. Cross-cutting relationships between sheets indicate contemporaneous, as well as successive 505 

activity of different magma chambers. The Dyrfjöll Volcano was influenced by activity of a volcanic 506 

cluster that extends considerably beyond the volcano itself. 507 
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 665 

Figure captions 666 

Figure 1. Schematic map of Eastern Iceland that illustrates the distribution of extinct central volcanoes 667 

embedded in the Tertiary lava pile [according to Walker, 1974; Gustafsson, 1992]. The depth of 668 

glacial erosion decreases northward so that the volcanoes in the south are exposed at deeper levels, 669 

including plutons that represent parts of their magma chambers. 670 

Figure 2. Geological map of the Geitafell Volcano (location indicated in Fig. 1), modified after 671 

Fridleifsson [1983a]. Note that due to the regional dip to the north-west, deeper levels of the volcano 672 



28 
 

are exposed in the south-east. The highest peak (north of Geitafellsbjörg) reaches an altitude of 673 

1275 m a.s.l. 674 

Figure 3. A) View SW along the canyon of Geitafellsgil where inclined sheets are exposed to the 675 

adjacent Geitafellsbjörg Gabbro. The approximate location of the margin of the gabbro is indicated by 676 

a dotted line. Canyon wall is approximately 30 m high and mainly composed of shallow-dipping 677 

inclined sheets cut by steeply-dipping sheet intrusions (examples of both groups indicated by arrows). 678 

B) Canyon wall in Geitafellsgil composed of inclined sheets. Yellowish sheets are felsic in 679 

composition. The sheet marked by the arrow is ca. 1.2 m thick. View NW. C) View SSW from 680 

Hoffellsfjall to Vidbordsfjall. The Vidbordsfjall Gabbro is distinguishable by differences in relief and 681 

vegetation. Around the gabbro, inclined sheets (indicated by arrows) form a bowl-shaped swarm. 682 

Altitude of Vidbordsfjall is ca. 500 m from the river plain in the foreground. D) View NE from 683 

Geitafellsbjörg across the inclined-sheet swarm in Geitafellsgil towards the flank area of the Geitafell 684 

Volcano, composed of basaltic lava flows and felsic intrusive and extrusive rocks. Scale varies with 685 

distance. 686 

Figure 4. Geological map of the Dyrfjöll Volcano (location in Fig. 1), modified after Gustafsson 687 

[1992]. The highest peaks (Dyrfjöll) reach an altitude of 1100 m a.s.l. 688 

Figure 5. A) Panoramic view of the north-western shore of the cove of Njardvik. Outcrops of felsic 689 

rocks of the Njardvik Silicic Complex (NSC) can be distinguished from the basaltic lava flows of the 690 

Dyrfjöll Volcano by their light colours. The NSC comprises subvolcanic intrusions at low elevations 691 

and extrusive rocks on the peaks of the mountains. B) Outcrop photograph of basaltic inclined-sheets 692 

emplaced into the intrusive part of the NSC. Location marked in A). View W. Scale varies with 693 

perspective. 694 

Figure 6. Orientation of sheet intrusions within the Geitafellsbjörg Gabbro and in the four canyons in 695 

the Geitafell Volcano displayed as stereographic projection of poles to planes (equal area, lower 696 

hemisphere) and rose diagrams of the strike direction (grey, background of plots, 5° classes). Inset 697 
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density plot displays poles to planes of the full data set with a contour spacing of 0.7 and a maximum 698 

density of 7.14. 699 

Figure 7. Results of planar projection of inclined sheets of the Geitafell Volcano in 3DMove. A) 700 

Perspective view of the DEM with 100 m long strike lines (white lines) of 436 inclined sheets. Grid 701 

size 5 × 5 km2. DEM with a cell size of 25 m provided by the National Land Survey of Iceland. B) 702 

Map view of the projected sheets, colour-coded according to swarm affiliations defined by location 703 

and orientation, beneath the translucent DEM surface. C) and D) Perspective views of the projected 704 

inclined sheets. Grid size is 5 × 5 km2. E) Stereographic projection of poles to planes (equal area, 705 

lower hemisphere) of the orientation of 583 sheet intrusions. 706 

Figure 8. Illustration of all data of sheet intrusions (dykes and inclined sheets) and faults measured in 707 

the Dyrfjöll Volcano. A) Stereographic projection of poles to 93 fault planes (equal area, lower 708 

hemisphere). B) Rose diagram of the strike direction of faults in A. C) Stereographic projection of 709 

poles to planes of 143 dykes (equal area, lower hemisphere). D) Rose diagram of the strike direction 710 

of dykes in C. E) Stereographic projection of poles to planes of 321 inclined sheets (equal area, lower 711 

hemisphere). F) Rose diagram of the strike direction of inclined sheets in E. G) Thickness frequency 712 

distribution of 93 dykes. H) Thickness frequency distribution of 321 inclined sheets. I) Dip frequency 713 

distribution of regional dykes and inclined sheets in C-F. 714 

Figure 9. Orientation of inclined sheets in different locations around the Dyrfjöll Volcano, displayed 715 

as stereographic projection of poles to planes (equal area, lower hemisphere) and rose diagrams of the 716 

strike direction (grey, background of plots). 717 

Figure 10. Results of three-dimensional, planar projection of 321 inclined sheets in the Dyrfjöll 718 

Volcano. A) Map view of projected inclined sheets below the translucent surface of the DEM. Short 719 

white lines represent 100 m long, projected strike lines of the inclined sheets. Colour coding was 720 

carried out manually according to location and attitude of individual sheets. Projection distance 5000 721 

m. B) Map view of all projected sheets. C) Map view of Swarm 1. D) & E) Perspective view of 722 

Swarm 1. F) Perspective view of Swarm 2. G) Perspective view of Swarm 3. H) Projection of poles to 723 
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planes of inclined sheet orientations (equal area, lower hemisphere) colour-coded by sub-set. 724 

Background grid is 2 and 5 km in E-W and N-S directions in A)-G). 725 

Figure 11. Depth contours of the outline of the three most prominent inclined-sheet swarms in the 726 

Dyrfjöll Volcano. Each contour represents a smoothed envelope of the respective swarm at the given 727 

depth interval. Star symbols mark the locations of possible swarm centres.   728 

Figure 12. Curves defining the geometry of inclined-sheet projections for the Geitafell dataset in 729 

3DMove. The curves deviate from the straight line equivalent to a change in the dip angle by 50° at 730 

the maximum depth of 1000 m.  731 

Figure 13. Illustration of the significance of different sheet geometries for the determination of the 732 

depth and location of focal points. A)-C) Results of sheet projection of inclined sheets of the Geitafell 733 

Volcano in 3DMove along different projection paths (see Fig. 12): A) planar, B) concave-upward, and 734 

C) concave-downward projection. Projection distance down-dip is 1000 m. Note that the Geitafell data 735 

set contains only one sector of the swarm. Scale varies with perspective. D)-F) Schematic sketches 736 

illustrating the different source depths (indicated by dashed and dotted lines) and locations that will be 737 

derived from assuming different sheet geometries. 738 

Attachments 739 

Movie 1: Three-dimensional presentation of the inclined-sheet swarms of the Geitafell Volcano in 740 

3DMove, starting from a perspective view of the translucent DEM to the north on the Geitafellsbjörg 741 

Gabbro with the strike lines (in white) of inclined sheets in the canyons in white. The sheets are then 742 

shown from all sides without the DEM. Sheets are colour-coded, as described in Section 4.1 and Fig.7. 743 

Movie 2: Three-dimensional presentation of the inclined-sheet swarms of the Dyrfjöll Volcano in 744 

3DMove starting from map view of the translucent DEM with sheets colour-coded as described in 745 

Section 4.2 and Fig. 10. The view moves anticlockwise around and below the DEM surface. 746 
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