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Abstract

Activity within magmatic divergent plate boundaries (MDPB) focuses along both regional fissure swarms and central volcanoes.
An ideal place to investigate their mutual relationship is the Askja central volcano in Iceland. Askja consists of three nested
calderas (namely Kollur, Askja and Oskjuvatn) located within a hyaloclastite massif along the NNE-SSW trending Icelandic
MDPB. We performed an extensive field-based structural analysis supported by a remote sensing study of tectonic and volcanic
features of Askja’s calderas and of the eastern flank of the hyaloclastite massif. In the massif, volcano-tectonic structures trend N 10°
E to N 40° E, but they vary around the Askja caldera being both parallel to the caldera rim and cross-cutting on the Western side.
Structural trends around the Oskjuvatn caldera are typically rim parallel. Volcanic vents and dikes are preferentially distributed
along the caldera ring faults; however, they follow the NNE-SSW regional structures when located outside the calderas. Our
results highlight that the Askja volcano displays a balanced amount of regional (fissure-swarm related) and local (shallow-
magma-chamber related) tectonic structures along with a mutual interaction among these. This is different from Krafla volcano
(to the north of Askja) dominated by regional structures and Grimsvotn (to the South) dominated by local structures. Therefore,
Askja represents an intermediate tectono-magmatic setting for volcanoes located in a slow divergent plate boundary. This is also

likely in accordance with a northward increase in the spreading rate along the Icelandic MDPB.
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Introduction

Divergent plate boundaries are influenced by long-term tec-
tonic activity and characterised by fissure swarms where most
of the tectonic and magmatic activity occurs (e.g. Ebinger
et al. 2010; Wright et al. 2012; Acocella 2014; Acocella and
Trippanera 2016). The continuity of these swarms is usually
interrupted by central volcanoes or volcanic complexes, with a
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prominent topography, more differentiated magmatic products
and commonly featuring a summit caldera (e.g.
Gudmundsson 1995; Sigmundsson 2006); all these features
are the expression of overlapping local and regional stress
fields, both magmatically induced and associated with the
regional plate spreading (Gudmundsson 2006, 2011;
Acocella2014). Several authors have investigated and defined
the relationships between regional rift structures, these being
faults and eruptive fissures related to the fissure swarm, and
the local volcanic structures, i.e. caldera ring faults and cir-
cumferential or radial volcanic fissures (Gudmundsson 1995,
1998; Acocella et al. 2002; Bosworth et al. 2003). Several
studies have also investigated the geometric and structural
connections (Acocella et al. 2003; Acocella 2006;
Hjartardottir et al. 2009). However, the understanding of both
their temporal and spatial evolution still needs to be further
developed and outstanding questions remain. For example,
these regional and local domains may be interpreted as an
integral part of an entire system which enhances lateral flow
propagation within the volcanic system or they may be con-
sidered as overlapping trends generated by different features
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independently responding to the magma supply (e.g. Hartley
and Thordarson 2013).

Many tectono-magmatic studies on divergent plate bound-
aries focus on the East African Rift System, including the
Western Branch (Wadge and Burt 2011; Wauthier et al.
2015), the Main Ethiopian Rift (Acocella et al. 2003;
Hutchison et al. 2015, 2016) and the Erta Ale Range
(Acocella 2006; Pagli et al. 2012; Nobile et al. 2012).
Instead, in Iceland, many studies have focused on observable
modern day surface activity along the axial rift, such as those
produced by rifting episodes within individual volcanic sys-
tems or segments of the axial rift (e.g. Bjornsson et al. 1977;
Tryggvason 1984; Saemundsson 1991; Rubin 1992; Buck
et al. 2006; Hollingsworth et al. 2012, 2013; Sigmundsson
et al. 2014; Gudmundsson et al. 2014, 2016; Ruch et al.
2016; Hjartardottir et al. 2016a) or unrest at central volcanoes
(e.g. Pagli et al. 2006; Sigmundsson et al. 2010; Hreinsdottir
et al. 2014). Other studies have analysed the relationships
between older, but well-exposed, regional and local volcano-
tectonic structures (e.g. Walker 1958, 1963, 1974; Gautneb
and Gudmundsson 1992; Forslund and Gudmundsson 1992;
Gudmundsson 1995, 2006; Gudmundsson and Andrew 2007;
Andrew and Gudmundsson 2008; Gudmundsson et al. 2009;
Hjartardottir et al. 2009, 2016b; Hjartardottir and Einarsson
2015). However, despite these studies, the understanding of
the structure within a central volcano, and the role of both
regional and local stress components in shaping the system,
is still limited. Further research in this respect will undoubt-
edly advance our knowledge as to how volcanic edifices grow,
develop and interact with the surrounding rift structures, and
how magma propagates within the complex structural frame-
work in Iceland. Our study aims at defining the structural
framework of the Askja volcano, with the objective of better
understanding the interplay between central volcanoes, their
magmatic systems and the regional tectonics.

Remote sensing-based studies show that the Askja volcano
features ample evidence of both regional and local volcano-
tectonic structures (e.g. Hjartardottir et al. 2009; Hartley and
Thordarson 2012). Furthermore, a comprehensive structural
model for Askja has not yet been presented. We, thus, here
provide new structural field data from the Askja volcano and
merge these with new and already published remote sensing
data. The combined datasets provide the basis for a better
understanding of the volcano-tectonic processes from the lo-
cal to regional scales.

Geologic setting

The Askja central volcano belongs to the Askja volcanic sys-
tem (Thordarson and Larsen 2007) and is located in the North
Volcanic Zone of Iceland, a zone which is extending at ~ 2 cm/
year in a~N 105° direction (Fig. 1a; DeMets et al. 2010; Sella
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et al. 2002; Perlt et al. 2008). The fissure swarm related to the
Askja volcanic system has a nearly N-S trend (i.e. N 0°-20° E)
about 40 km north of Askja, and a NNE-SSW trend immedi-
ately north of Askja. The swarm turns back to a more N-S
trend south of the volcanic system (Fig. 1a). Therefore, most
of the swarm is oblique to the spreading direction and only the
segment immediately north of Askja is roughly perpendicular
to it. Moreover, the swarm widens close to the central edifice,
where the density of fractures also increases (Fig. 1b;
Hjartardottir et al. 2009). Close to Askja, the fissure-swarm
margins are not well defined, being probably located west of
Vesturfjoll and east of Austurfjoll, where several normal faults
and volcanic fissures have been recognised (Fig. 1b;
Hjartardottir et al. 2009; Hartley and Thordarson 2012).

The Askja central volcano is thought to have been active
for 200-300 ka (Brown et al. 1991; Sigvaldason 2002) and
hosts at least three nested calderas located within the predom-
inantly pre-Holocene basaltic Dyngjufjoll massif. The massif
can be divided into the Vesturfjéll and Nordurfjoll sectors in
the west and north, and Austurfjoll in the east (Fig. 1b; e.g.
Brown et al. 1991; Hartley et al. 2016). The massif is the
product of several inter-glacial, ice-confined sub-aqueous,
sub-glacial and emergent basaltic eruptions that produced an
800-m thick sequence of tuffs, lapilli tuffs, hyaloclastite, pil-
low lava breccia and pillow lava from 300 to 7 ka (Fig. 1b;
Graettinger et al. 2013; Hartley et al. 2016).

Among the three calderas, Kollur is the oldest having
formed in the Pleistocene (Sigvaldason 1979), and occupies
the innermost part of Nordurfjoll (Fig. 1b). Its rim is not en-
tirely exposed and is partly obscured by the younger Holocene
Askja caldera (Sigvaldason 2002). The 8-km wide Askja cal-
dera is the largest among the three and is located in the centre
of the Dyngjufjoll massif (Sigvaldason 1979; Brown et al.
1991). The caldera faults dissect mid-Holocene lava flows
along the rim in Nordurfjoll, and the caldera floor is mainly
covered by lavas erupted between 1362 and 1477 AD (Fig.
1b, Annertz et al. 1985; Hartley et al. 2016).

Oskjuvatn is the inner and youngest caldera. It is ~5 km
wide and 150-200 m deep (Hartley and Thordarson 2012;
Fridriksson 2014) and hosts the Lake Oskjuvatn (Fig. 1).
The formation of this caldera was initiated by the 29-30
March 1875 rhyolitic Plinian eruption and grew over 40 years
to reach its current form (Hartley and Thordarson 2012). The
1875 eruption was part of a rifting episode that took place on
the Askja system between 1874 and 1876. The episode fea-
tured six basaltic fissure eruptions along the Sveinagja graben,
~60 km north of Askja, and a possible eruption within the
Nordurfj6ll massif (e.g. Gudmundsson and Backstrom 1991;
Hartley and Thordarson 2013).

The Askja volcano has produced more than 175 erup-
tions (both effusive and explosive) during the last 7 ka,
more than 50 of which occurred in historical times
(Hartley et al. 2016). About half (24) occurred within the
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Fig. 1 a Map of Iceland and its volcanic zones with the locations of (1)
Askja, (2) Krafla and (3) Grimsvdtn central volcanoes; abbreviations are
as follows: NVZ North Volcanic Zone, EVZ East Volcanic Zone, WVZ
West Volcanic Zone, SISZ South Iceland Seismic Zone, TFZ Tjornes

Askja caldera, with most of the remainder located on the
flanks of the central volcano or on the fissure swarm at the
foot of the massif. Small basaltic eruptions, associated with
formation of scoria cones and emplacement of lava flows
took place between 1921 and 1929 along the rim of the
Oskjuvatn caldera. Two moderate-sized basaltic eruptions
(<<1 km®) then took place in 1922 and 1961 within the
Askja caldera (Fig. 1b). A third moderate-sized eruption
occurred in 1924-1929 from a 3-km long NNE-SSW-
oriented fissure south of the caldera, along a regional fault
belonging to the Askja fissure swarm (Fig. 1b). The histor-
ical mafic lavas and tephra range from olivine tholeiites to
basaltic andesites that exhibit variability in trace element
concentrations and ratios along the strike of the Askja vol-
canic system (Hartley and Thordarson 2013).
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Fracture Zone, KR Kolbeinsey Ridge. b Simplified geological map of
the Askja volcanic complex (after Hartley and Thordarson 2012 and
Hartley et al. 2016)

Askja underwent inflation until 1972 but was experiencing
deflation by the time that measurements resumed in 1983
(Sturkell et al. 2006; De Zeeuw-van Dalfsen et al. 2012,
2013). Between 1983 and 1998, the subsidence rate was
7 mm/year, decreasing to 2.5-3 mm/year between 2000 and
2009. The total subsidence since 1983 is more than 75 cm
(Sturkell et al. 2006). A combination of magma drainage
and contraction due to cooling of a magma storage zone below
the northeast rim of the Oskjuvatn caldera possibly explains
both the geodetic and gravity data (De Zeecuw-van Dalfsen
et al. 2005). An additional cause of deflation may be ascribed
to the 6 mm/year of spreading of the fissure swarm (Sturkell
and Sigmundsson 2000; Pagli et al. 2006; Sturkell et al. 2006),
accommodating magma drainage from the magma storage
zone (Lupi et al. 2011; De Zeeuw-van Dalfsen et al. 2012).
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Fig. 2 Map of Askja central volcano showing the location of field
measurements. Dikes are plotted according to their orientation.
Bathymetric map for the Oskjuvatn caldera is from Fridriksson (2014):
the grey box highlights a crater associated with a current fumarole
activity, and the grey circle indicates the location of the So lake which

Seismic tomography reveals a main magma body with a ~
10% of melt fraction at 5 km below sea level (b.s.l.) under
Askja. Additional, but smaller, magma bodies lie between 9
and 2 km b.s.l., for a total estimated magma volume of ~
100 km® (Greenfield et al. 2016).

Between 2007 and 2009, a gravity increase was detected at
the centre of the caldera, in contrast with the previously re-
corded net gravity decreases (Rymer et al. 2010). The gravity
increase is interpreted to correspond to a sub-surface mass
increase of 0.68 x 10'" kg, at ~3 km depth. It may indicate
the accumulation of fresh magma beneath the caldera, sug-
gesting the onset of a new intrusion-eruption phase (Rymer
et al. 2010). In July 2014, a landslide occurred in the south-
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formed before Oskjuvatn’s lake. Viti, Viti crater. Field data are plotted on
lower-hemisphere equal-area projections. Plot colours indicate that sector
of the volcano: Austurfjol (green), Askja caldera (orange) and Oskjuvatn
caldera (red); location of each plot is indicated by numbers within circles

eastern sector of the Oskjuvatn caldera and triggered a tsunami
within the lake (Vogfjord et al. 2015; Schopa et al. 2016;
Gylfadottir et al. 2016).

Methodology

We focused on three main domains across the Askja central
volcano: the Austurfjdll area, the Askja and the Oskjuvatn
calderas (Figs. 1 and 2). Because of logistics and time limita-
tions, our field observations and measurements within
Austurfjéll were confined to the inner ~ 10 km? of the ~
45 km? area of this massif, with field work taking place in
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Fig. 3 Results of faults and tension fracture distribution analysis. Stereo-
plots (on lower-hemisphere equal-area projections) show the orientation
of faults planes within a the whole investigated area, b Austurfjol, ¢ Askja
caldera and d Oskjuvatn caldera. Stereo-plots show the orientation of
tension fractures planes within e the whole investigated area, f
Austurfjol, g Askja caldera and h Oskjuvatn caldera. Rose diagrams
show the orientation of both faults (not filled) and tension fractures

August 2012 and 2013. Within the three areas, we collected
field data for faults (direction, dip and displacement), tension
fractures (direction, dip, opening), dikes (direction, dip, thick-
ness) and eruptive fissures (crater row direction). In total, we
collected ~ 548 field measurements, of which 286 were related
to tension fractures, 80 to faults, 160 to dikes and 22 to erup-
tive fissures. In Fig. 2, the field data are plotted on lower-
hemisphere equal-area projections (using Stereonet 9
software; Allmendinger et al. 2012; Cardozo and
Allmendinger 2013), where we have grouped our data into
17 measurement sites.

(colour filled) within i the whole investigated area, j Austurfjol, k Askja
caldera and 1 Oskjuvatn caldera. In the rose diagrams, the main clusters
mentioned in the text are delimited with solid light grey line for tension
fractures and with dashed lines for faults. m Histogram of tension fracture
opening within the whole investigated area. n—p Sites of measurements
(black dots) within Austurfjol (green), Askja (orange) and Oskjuvatn
(red) caldera areas. n, number of measurements

We supported our field observations with a remote sensing
analysis. To do this, we manually mapped volcanic vents,
eruptive fissures and lineaments using Google Earth (i.e.
Spot Images from 2012 with a pixel size of 2.5 m), along
with selected, cloud-free, ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) images (in
particular, VNIR—visible and near-infrared images with
15 m pixels) and a digital elevation model (obtained from
the interpolation of the topographic map with ~20-m spaced
contours provided by the National Land Survey of Iceland
and available at http:/www.lmi.is/en).

@ Springer


http://www.lmi.is/en

1 Page 6 of 19 Bull Volcanol (2018) 80: 1

a
NW i — __SE

Oskjuvatn lake

g

S,
s

Askja caldera rim

@

Oskjuvatn
———caldera rim

Askja caldera

@ Springer



Bull Volcanol (2018) 80: 1

Page 70f19 1

<« Fig. 4 Examples of volcano-tectonic features at Askja; the location of
each photo is indicated in Fig. 2. a View of Oskjuvatn caldera ring faults
(white dashed line) with throws of 15-20 m in the area of the 1921
Batshraun eruption (site 6 in Fig. 2). Red dashed line and triangles
indicate the probable trace of the 1921 eruptive fissure—EF—and the
vent locations. b View of the western Oskjuvatn caldera rim (site 13,
Fig. 2) showing a major ring fault (white dashed line) which is partially
intruded by a dike feeding an eruptive fissure (red dashed line and
triangles). ¢ View of the pre-Holocene succession in the Austurfjoll area
(site 2, Fig. 2) showing NE-SW-oriented dikes (30—40 cm thick and 200—
300 m long) intruding the highly fractured sub-glacial host rocks. d
Normal fault (white dashed line) inside the Viti crater (site 6 in Fig. 2).
e Open tension fractures parallel to the Oskjuvatn caldera rim observed
during the 2013 field survey at the site of the 2014 landslide (site 10, Fig.
2). f Eruptive fissure along the Askja western caldera rim (site 15; Fig. 2);
remnant crater rims are highlighted with a red dashed line, and red
triangles indicate the centre of the crater

The remote sensing technique allowed us to quantify the
distribution of volcanic vents within and around the Askja
volcanic complex mapping volcanic vents with diameters >
5 m and then creating a vent density map.

We also examined the possible elongation and preferred
orientation of the three calderas (Kollur, Askja and
Oskjuvatn) by determining the shape of their outlines using
both remote sensing data and previous studies. Caldera elon-
gation is determined by its elliptical eccentricity (e) or e = ¢

where ¢ = Va?—b* ; a and b are the length of the major and
minor ellipse semi-axis; when e =0, the ellipse becomes a
circle.

Field measurements and remote sensing
analysis

Brittle structures (faults and tension fractures) and dikes mea-
sured in Austurfjoll mainly affect hyaloclastite deposits with
well-compacted ash and lapilli tuff, along with breccias and,
more rarely, pillow lavas (Graettinger et al. 2013). In the Askja
and Oskjuvatn calderas, the brittle structures affect lava flows
and welded tuff deposits (Carey et al. 2008a, b), pyroclastic
surges, fall deposits and phreatoplinian ash, all associated with
the 1875 eruption (Carey et al. 2010).

Faults

We performed 80 measurements on faults, representing 22%
of our total dataset for brittle structures. Among these 80 mea-
surements, 39 are within Austurfjoll, 40 are along the rim of
the Oskjuvatn caldera and one is located on the northwest rim
of the Askja caldera (location of each fault is given in Fig. 2).

The stereo-plots and rose diagrams of Fig. 3, which display
the entire fault dataset, show a scatter of directions, but with
four clusters. These clusters are oriented N 80° E + 10° (26%
of the data), N 15° W + 5° (12%), N 05° E + 5° (11%) and N

55° W £5° (10%) (Fig. 3a, b). The fault kinematics, obtained
from morphologic evidence (e.g. fault steps) and stratigraphic
correlations, are consistently normal (dip slip component).
The mean fault dip is 75°. At a few sites, such as along the
main normal fault of the Oskjuvatn caldera (Fig. 4a), we found
kinematic indicators (striations), showing a dominantly dip
slip motion. However, these striations are rare, due to the poor
consolidation of the pyroclastic products. About 25% of the
faults are associated or close (<30 m) to dikes or eruptive
fissures, and have a comparable orientation with < 30° of de-
viation. Examples of this have been observed along Oskjuvatn
at site 13 (Figs. 2 and 4b), in Austurfjoll at site 2 (Figs. 2 and
4c) and along the Askja caldera rim at site 15 (Figs. 2 and 4f).

Faults in Austurfjoll cluster in a N 20° W to N 20° E (38%
of Austurfjoll faults) and in a N 85° E £ 5° (23%) direction
(Fig. 3b, j). Most of these faults (34 out of 39) show a normal
displacement of < I m, and only five reach up 2 to 5 m.

Along the northern and southern Askja Caldera rim, we
only detected one normal fault. This is located at site 17
(Fig. 2) and strikes N 187° (i.e. close to parallel to the regional
fissure swarm) with a dip slip component of 1 m (Fig. 3c). The
Oskjuvatn caldera is bordered by well-preserved normal faults
with throws of up to 100 m. The largest throws (10-100 m,
measured at sites 8 and 11 in Fig. 2) are associated with the
collapse structure of the Oskjuvatn caldera (Figs. 4a and SM
1). One of the faults also reaches the Viti crater at site 6 (Figs.
2 and 4d). Consequently, all 40 fault orientations measured in
the rim of the Oskjuvatn caldera reflect the caldera’s sub-
circular structure, where they span 90% of the half-circle/up-
per stereographic hemisphere (Fig. 3d, 1). Four fault clusters
can be identified at N 60° W + 10° (27% of fault measure-
ments in Oskjuvatn), N 80° E £ 10° (22%), N 15° W + 5°
(15%) and N 05° E + 5° (10%) directions.

Tension fractures

The 286 tension fractures that were measured in the field (Fig.
3e—h) represent 78% of the measurements carried out on the
brittle structures. Most of these (60%) fall within the N 0° to N
50° E directions, with two distinct clusters at N 30°-N 50° E
(27%) and N 0-20° E (24%) (Fig. 3e, 1). The mean dip is 77°,
with opening usually being <10 cm and rarely > 1 m (Fig.
3m). Openings of > 1 m are likely to be related to cracks that
have been widened by erosion of unconsolidated fall deposits.

Of the 286 detected tension fractures, 227 are located with-
in Austurfjoll (Fig. 3f). Their directions are primarily focused
between N 0° and N 50° E (68% of Austurfjoll tension frac-
tures), with a mean value of N 31° E (Fig. 3j). Another 22
tension fractures are observed along the rim of the Askja cal-
dera, focusing along the E-W (N 80° E £+ 10° and N 85° W =
5°; 26% of Askja tension fractures) and NW-SE (N 40° W +
20°; 25%) directions (Fig. 3g, k). The remaining 37 tension
fractures are located along the rim of the Oskjuvatn caldera.
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Most of these fractures cluster along N-S to NE-SW directions
(N 10° W = 20°; 43% Oskjuvatn tension fractures) and along
the N 80° E + 10° direction (32%; Fig. 3h, 1).

Tension fractures were also observed in correspondence to
an active landslide affecting the 1875 eruption deposits in the
south-eastern sector of the Oskjuvatn caldera (Fig. 4e). These
observations were made 1 year before the same landslide
underwent to a rapid sliding event on 21 July 2014. The esti-
mated volume of the sliding event was 15-20 million m® with
the landslide front that reached the bottom of Oskjuvatn lake
with a consequent tsunami. Slow movement of the bedrock
with an increase of velocity was detected since the summer of
2014 (Vogfjord et al. 2015; Schopa et al. 2016; Gylfadottir
etal. 2016).

Dikes, eruptive fissures and vent distribution

A total of 160 dikes and 22 eruptive fissures were measured in
the field. Most of the dikes (48%) ranged from N 10° E to N
40° E in direction (Fig. 5a, b). The mean dip was 75°, with
thicknesses commonly between 40 and 90 cm (60% of data;
Fig. 51). To further characterise the dike distribution, we also
considered dike thickness as a function of dike azimuth direc-
tion: dikes thinner than 1 m can have any azimuth range,
although with a peak between N 0° and N 50° E. Thicker dikes
(>1 m) range between the N 10° E and N 50° E directions
(Fig. 5)).

Within Austurfjoll, we measured 117 dike orientations.
These were mainly (51% of Austurfjoll dikes) confined to a
NNE-SSW trend (N 10° E to N 40° W), with a mean dip of
74° (Fig. 5c, d). These dikes were frequently associated with
pervasive fracturing of the hyaloclastite and were oriented
parallel to, or intruded major tension fractures (Fig. 4c; e.g.
site 1 and site 2 in Fig. 2). We also observed hyaloclastic
dikes, these being fractures filled by thin hyaloclastic deposits.
Their thickness is generally less than 10 cm (Graettinger et al.
2012), and the orientation is consistent with that of other dikes
and brittle structures.

Along the Askja caldera rim, we observed 17 dikes. Most
of these (82%; Fig. Se, f) are exposed in the northern caldera
wall and strike N 25° E + 15°, with a mean dip of 81° (sites 1
and 17 in Fig. 2). Finally, 26 dikes were measured along the
rim of the Oskjuvatn caldera. Although these were scattered in
terms of orientation, half were NW-SE oriented (between N
20° Wand N 50° W) and 20% were N-S oriented (N 0° £ 10°),
with a mean dip of 78° (Fig. 5g, h).

The eruptive fissures observed in the field (minimum
length of 100 m) revealed rather diverse orientations (Fig.
5a, b). However, the most common directions were N 30° E
+ 10° (27% of eruptive fissures) and N 15° W £ 15° (32%).
Nine eruptive fissures identified as having scattered orienta-
tions lie along the Askja caldera rim (Fig. 5e). They follow the
strike of the rim or are perpendicular to it, as seen along the
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western and south-western Askja caldera rim at sites 15 and
16 (Figs. 2 and 4f). This observation is also consistent with the
ones of Hjartardoéttir et al. (2009) and Hartley and Thordarson
(2012). Within the Oskjuvatn caldera, 11 eruptive fissures
were recognised, usually along the ring faults (Fig. 4a, b).
Their orientations were dispersed and commonly consistent
with those of the nearby dikes (Fig. 5g, h). In fact, most dikes
and fissures (~ 75%) around the Oskjuvatn caldera were near-
ly circumferential (ce > 50°; Fig. 5k) and followed the caldera
rim (e.g. Fig. SM 1d).

To better characterise the overall dike plunges and their
relations with major faults, we created a map of the dike poles’
contours (Fig. 6). To do this, the dike outcrops were divided
into six major groups, labelled 1 to 6 on Fig. 6. Despite dike
dips being commonly > 70°, group 1 shows NNE-SSW
trending dikes plunging eastward, whereas dikes of groups 2
and 4 have a westward plunge. Group 3 dikes, cropping out
along the northeast margins of Austurfjoll, show a more dif-
ferent plunge, being towards the NW and SE. Within
Oskjuvatn, caldera (groups 5 and 6) dikes dip inward, with
azimuths parallel to the main caldera ring faults (Fig. 6).

By using remote sensing, we identified a total of 1800
vents. The ~80% of these lie outside of the central volcano,
forming NNE-SSW-oriented cone rows up to 10 km long,
both north and south of the volcano. Within the Austurfjoll
area, the vent systems form clusters with an overall NNE-
SSW trend, similar to the regional tectonic fabric (Fig. 7).
However, there are also vent systems along the northern mar-
gin of Austurfjoll that run parallel with the southern margins
of Oskjuop and define an overall WNW-ESE orientation.
Both NNE-SSW and WNW-ESE trends are sub-parallel to
the lineaments identified by Hartley and Thordarson (2012)
(Fig. 1b).

To the west of Austurfjoll, vents and cone rows are mainly
located along the Askja caldera rim and, to a lesser extent,
along the Oskjuvatn caldera rim where most of the recent
magmatic activity has taken place. Additionally, vents are also
located in the Kollur caldera and in the area just north of it.

Like the vents and cone rows, dikes are also observed along
the ring faults of the Oskjuvatn caldera (Fig. SM 1d), whereas
the dikes located within Austurfjoll are confined to two NE-
SW trending swarms. However, dike distribution analysis is
strongly dependent on the extent of our field survey which
does not encompass the Nordur- and Vesturfjoll areas. In ad-
dition, the emplacement of the most recent lava flows has
covered a large part of the Askja caldera floor limiting, or
covering, potential exposure.

Regional lineaments, caldera rim and caldera shapes
The continuity of the western rim of the Askja caldera is

disrupted by several NNE-SSW trending regional lineaments
(Fig. 8a), which are associated with regional tectonic
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Fig. 5 Results of dike and eruptive fissures (EF) distribution analysis
within a and b the whole investigated area, ¢ and d Austurfjoll, e and f
Askja caldera and g and h Oskjuvatn caldera. In the stereo-plot, dike
planes are indicated with a solid red line and eruptive fissures are
marked with a dashed black line. In rose diagrams, dike bars are filled
whereas EF bars are not filled. The main clusters mentioned in the text are
highlighted with solid light grey lines for dikes and with dashed lines for
EF. i Histogram showing the frequency (in %) of dike thicknesses and j

structures (large eroded faults), cone rows and eruptive fis-
sures (Hjartardottir et al. 2009; Hartley and Thordarson
2012). We have identified six locations where the lineaments
of the regional fissure swarm (hereafter termed regional

scatter diagram of dike thickness versus azimuth. Thresholds of 1 m for
thickness and N 10° E-N 50° E for azimuths are indicated with grey
dashed lines. k Histogram showing the frequency of the o angles for
dikes and EF within the Oskjuvatn caldera (« is the angle between the
direction connecting the magmatic feature to the caldera centre and the
orientation of magmatic feature; if o = 0°, the magmatic feature is radial
with respect to the caldera; whereas if a =90°, the magmatic feature is
circumferential (circ.)). 1 Sites of measurements (black dots)

lineaments) interact with the structures of the Askja caldera
rim. At these locations, the angle between the regional linea-
ments and the caldera rim (i.e. the strike difference) can be
measured. At locations 1,2, 3, 5 and 6, the regional lineaments
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Fig. 6 a Stereonet-plots showing concentration of dike poles via density
contours (contour lines are 2% spaced). The Oskjuvatn caldera area is
highlighted by the red line and contains the bathymetric map of
Fridriksson (2014); Askja caldera is shaded in light orange, while the
pre-Holocene succession of Austurfjoll is shaded green. Stereo-plots
obtained from multiple sites (yellow boxes) are divided into six major
groups. The rainbow colours have been used to contour the pole densities:
red identifies the highest (> 10%) and blue the lowest (2%) pole density. b
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Group Megn po_le Megn plz-!ne ) Dip_
(strike, dip) | (strike, dip) |direction

1 N 290, 03 N 020,87 | ESE
N 350, 04 N 040, 86 SE

2 N 119, 17 N 209, 73 | WNW

3 N 282, 06 N 012,84 | ESE

N 4 N 120, 05 N 210,85 | WNW
5 N 059, 07 N 139,83 | SW

6 N 264, 02 N 354,88 | E-W

Dike pole concentration for each of the six major groups overlain by a
rose diagram showing dike dip directions. The bin size of the rose
diagram is 5°; the length of each bin is proportional to the number of
measurements (given us frequency in %); the plot radius corresponds to
15% of frequency for groups 2, 3 and 4 and to 30% of frequency for
groups 1, 5 and 6. ¢ Summary of the mean pole direction and the related
mean plane and dip direction, for each group
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Fig. 7 Density map of vents (red) and dikes (blue). The point density has
been obtained using the “heat map” function of Q-Gis; dike and vent
datasets are analysed separately. Colour value for each pixel represents
the number of vents (or dikes) within a radius of 900 m from that pixel.

intersect and cross the caldera rim at angles ranging from 20°
to 50° (Fig. 8a). The continuation of these regional lineaments
across the caldera can also be observed, where these regional
lineaments can be traced on Askja’s caldera floor, even if their

Vent density  Dike density
(n. vents) (n. dikes)

1 1

>25

16° 36' W
Vent and dike outcrops are represented with black and white dots,

respectively. The ring and major intra-caldera faults are highlighted
(dashed when inferred)

traces are less evident due to the cover by recent volcanic
deposits (Fig. 8a).

From east to west, the angle between the regional linea-
ments and the caldera rim gradually decreases to 20° west of
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Fig. 8 a Map of major structures along the Askja caldera rim. Fissure-
swarm-oriented lineaments are in yellow, caldera-rim-parallel structures
are in light brown, Askja caldera rim is in orange (dashed when inferred)
and Oskjuvatn caldera rim and related major faults are in red. Angles
(black numbers) between the Askja caldera rim and the fissure swarms
have been measured in correspondence to the pale blue lines. Red
numbers mark the locations described in the text; b and ¢ zoom of
north-western and south-western Askja caldera rims, respectively (see

locations 3 and 5 (Fig. 8a). Here, the caldera rim becomes less
well defined (Fig. 8b). Further to the west (location 4), at the
westernmost border of Askja, the lineaments and the caldera
rim have a strike difference of <10°. Here, regional linea-
ments merge with the caldera rim (e.g. as at location 4 in
Fig. 8a, b). While 20° is the lowest strike difference observed
between the caldera rim and the lineaments crossing it, 10° is
the highest observed strike difference between the caldera rim
and the lineaments merging with it.

Ellipse tracing of the Kollur caldera allows its shape to be
extrapolated from the remnant portion of the northern caldera
ring fault. This ellipse, with an eccentricity of 0.66, is N 40° E
oriented (Fig. 8d). This reconstruction is slightly different
from that of Thorarinsson (1963, in Gudmundsson 1998)
where it is suggested a possible NW-SE elongation of Kollur
Caldera (N 50° W oriented). The shape of the Askja caldera
can be reconstructed by following the remnant western caldera
rim with remote sensing mapping, consulting the map of
Thorarinsson (1963) in Gudmundsson (1998) or referring to
the map drawn during the onset of Oskjuvatn caldera forma-
tion in 1876 (by Johnstrup 1877, in Hartley and Thordarson
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(a) for location). Fissure-swarm-oriented lineaments are in yellow, and
caldera rim is in orange (dashed when inferred); d Ellipses and related
major axis approximating the shape of Kollur (blue), Askja (orange) and
Oskjuvatn (red) calderas. Ellipses are dashed when inferred. The smaller
So lake that formed before Oskjuvatn caldera is highlighted in pale blue
(from Fridriksson 2014). The ellipse defining the shape of Askja caldera
is obtained by comparing previous published maps (Gudmundsson 1998;
Hartley and Thordarson 2012) with modern images (see text for details)

2012). Using these sources, we find that the Askja caldera is
elongated towards N 30° E = 10° with an eccentricity of 0.5 =
0.1. Caldera orientation is therefore roughly parallel to the
trend of the fissure swarm immediately north of Askja.
Conversely, the ellipse approximating the younger
Oskjuvatn caldera is oriented ~ N 70° W, almost perpendicular
to the other two calderas and to the fissure swarm. This is in
agreement with Thorarinsson (1963) in Gudmundsson (1998).
Its eccentricity is 0.74 (Fig. 8d).

Discussion

Influence of the Askja central volcano on faulting
and magma propagation

To best visualise the whole field-derived dataset, we merged
all the data into a single histogram while highlighting the data
from the different sectors within the Askja central volcano
(Fig. 9). We also constructed a new structural map (Fig. 10)
by merging data from the fields for dikes, faults and tension
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fractures, with the vent density and lineaments at Vesturfjoll
derived from the remote sensing analysis. We also added the
lineaments at Austurfjoll mapped by Hartley and Thordarson
(2012).

Our analysis highlights a difference in the orientation and
frequency of the tectonic and magmatic features between the
Austurfjoll area and the Oskjuvatn and Askja calderas (Fig. 9).

Austurfjoll, hosting only minor faults with throws usu-
ally <5 m, has a volcano-tectonic pattern that is defined
by a large number of N-S- to NE-SW-oriented tension
fractures (68% of which are N 0° to N 50° E). These
tension fractures have an orientation that partly overlaps
with those of the faults (Fig. 3j) and dikes (51% of which
are N 10° E to N 40° E, Figs. 5d and 7). In this sector, the
main trend of the brittle deformation (faults and tension
fractures) and magmatic features (dikes and eruptive fis-
sures) is thus NNE-SSW (mainly N 10° E to N 40° E; Fig.
9). Only a small number of volcano-tectonic features hav-
ing a WNW-ESE orientation have been observed. These
are located in the northern sector of Austurfjoll where a
fault cluster with an orientation of N 85° E + 5° (Fig. 3j)
and the vent pattern (Fig. 7) are parallel to the WNW-ESE
volcano-tectonic lineaments identified by Hartley and
Thordarson (2012) (Fig. 10). Therefore, we suggest that
the NNE-SSW trending deformation measured in the field
at Austurfjoll is related to the regional fissure swarm that
controls a significant part of the development of the area.
Local volcano-tectonic features oriented perpendicularly
to the fissure swarm may overlap with the main deforma-
tion trend. The orientation of the local features may be
constrained by a secondary structural pattern of unclear
origin, although possibly induced by the overlap of cal-
deras structures.

Conversely, Oskjuvatn and Askja calderas are both af-
fected by large caldera ring faults, with throws of up to
hundreds of meters (Figs. 4a, b and 10b). This represents
the shallow portion of the ring fault systems. The youn-
gest, Oskjuvatn caldera shows faults, tension fractures and
eruptive fissures that are not well grouped having no ma-
jor cluster with a preferred orientation (Figs. 31 and Sh).
Although the dikes seem more focused, where there is a
NW-SE- and NE-SW-oriented cluster, the overall orienta-
tion of the volcano-tectonic structures spans the whole
azimuth range (Fig. 9), suggesting that the overall defor-
mation pattern at Oskjuvatn follows the caldera rim pat-
tern. Moreover, vents and dikes are mostly circumferential
(Fig. 5k), located on the hanging-wall of the ring faults
and dip towards the caldera centre (Figs. 4a, b, f, 6a and
10b). This suggests that most of the magmatic features
observed at Oskjuvatn are the surface manifestation of
dikes formed under the influence of the local stress field
associated with a shallow magma chamber. This is in
agreement with Gudmundsson (1998) and with

Il Austurfjoll
Askja caldera
Il Oskjuvatn caldera

Frequency (%)

-90 -60 -30 0 30 60 90
West Strike (°) East

Fig. 9 Histogram showing the azimuth distribution of all structures
(faults, dikes, tension fractures, eruptive fissures) measured in the field
in Austurfjoll area, Askja and Oskjuvatn calderas

observations of extinct and eroded central volcanic com-
plexes in Iceland (Gudmundsson 1995; Burchardt et al.
2013). In this context, the pre-existing caldera ring faults
may be reactivated by magma intrusion, where the ring
faults then control the path of the dikes feeding the cir-
cumferential fissures (Browning and Gudmundsson
2015). Indeed, most dikes and eruptive fissures at
Oskjuvatn have been measured on the western, eastern
and north-eastern caldera rims which are associated with
caldera ring faults.

At the Askja caldera, we found evidence for a scattered
pattern of structures (Fig. 9), suggesting a possible local
influence on the caldera development, along with regional
fissures that cross the caldera (Fig. 8a). Moreover, the
high vent concentration along the western caldera fault
(Fig. 7) and field evidence of eruptive fissures following
the caldera rim (Fig. 4f) suggest that magmatic intrusions
at the Askja caldera are partly controlled by the ring fault
system (Fig. 10a, b). On the other hand, NE-trending
eruptive fissures in western Askja (Fig. 10a) and field
evidence of NE-SW-oriented dikes intruding the north-
western caldera wall (site 17 in Fig. 2; Fig. 5f) also sug-
gest an influence of regional tectonic structures in deter-
mining the magma intrusion pattern.

The analysis of the interaction between the Askja caldera
rim and the regional volcano-tectonic lineaments, interpreted
as regional faults, suggests that their intersection angle con-
trols the reactivation of the regional structures under a local
stress field. If this angle is < 10°, the local caldera faults may
reactivate pre-existing regional faults (Figs. 8a and 10).

Outside of the calderas, linear volcanic vent systems form
cone rows which are typically aligned along the regional
fissure-swarm direction (NNE-SSW), suggesting that with
an increase in distance from the central volcano, the magma
migrates following the regional stress field (Fig. 10a).
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<« Fig. 10 a Summary structural map of Askja central volcano showing the
most important tectonic (regional and local) and magmatic features.
Structures in Vesturfjoll are extracted from Fig. 8a, whereas structures
in Austurfjoll are from Hartley and Thordarson (2012). Magmatic areas,
indicated in red (vents) and pale blue (dikes), have been extracted from
Fig. 7. Vent density has been filtered considering only pixels with five
vents or more within in a radius of 900 m. Schematic and interpretative
structural cross-sections along the lines b A—A’ and ¢ B-B' (locations in
panel a). Caldera fault geometry at depth is based on analogue modelling
of calderas (e.g. Acocella 2007), whereas the dip angle of regional normal
faults is from Forslund and Gudmundsson (1992)

Our results show that local caldera structures, representing
a possible preferential pathway to channelize magma up to the
surface, become prominent in the central volcano where the
local stress field dominates, while dikes outside the caldera
system are controlled by the regional tectonics (Fig. 10a, b).
Our results also suggest that the external portions of the Askja
central volcano (i.e. Austurfjoll to the east and the Askja cal-
dera rim to the west) developed under a partial influence of the
regional tectonic stress field, being affected by the fissure-
swarm-related deformation. Moreover, we highlight an over-
all coincidence in the location and trend of the magmatic fea-
tures (dikes and vents) and the major caldera discontinuities
(Figs. 4 and 10) and an overall dip of both regional (within
Austurfjoll and along the northern Askja caldera rim) and
local dikes towards the central portion of the volcano. This
confirms that Askja lies in the middle of a rift system in which
magma may follow the major fissure-swarm-related regional
structures, generally dipping with a high angle (Fig. 10b, c).

Overall structure of the Askja central volcano

Several calderas at divergent plate boundaries show an ellip-
tical planar shape with elongation parallel or, in most cases,
perpendicular to the regional fissure swarm. While the former
case applies to, for example, Erta Ale in Afar (Acocella 2006);
the latter applies to Long Valley in California and Krafla in
Iceland (Bosworth et al. 2003). In a similar fashion, the struc-
ture of the Askja central volcano suggests the presence of both
rift-parallel and rift-perpendicular calderas. Our remote sens-
ing analysis suggests that Kollur and Askja calderas (which
are oriented N 30° E £ 10°) are likely parallel to the regional
fissure swarm, whereas the younger Oskjuvatn caldera (which
is oriented N 70° W) is almost perpendicular to the general
pattern of the fissure swarm.

Several mechanisms, usually related to regional tectonics,
have been proposed for the development of rift-parallel and
rift-perpendicular calderas (Acocella 2007). For example, rift-
parallel calderas may form above an elliptical magmatic
chamber controlled by the influence of pre-existing rift struc-
tures as, for example, in the Kenya Rift (Bosworth et al. 2003).
At Askja, the regional trending dikes, clustering at N 25° E +
15° and intruding the northern Askja caldera rim (e.g. site 17

in Fig. 2), suggest that this caldera may be partly related to the
development of a magmatic source controlled by regionally
tectonics.

Rift-perpendicular calderas may be related to the interac-
tion between the caldera ring faults and the fissure-swarm
structures (Acocella et al. 2004) or to the elongation of the
magma chamber parallel to the extension direction (Bosworth
et al. 2003; Ruch and Walter 2010). These mechanisms may
provide an explanation for the E-W elongation of the
Oskjuvatn caldera. Additionally, the elongation of this caldera
may have been enhanced by topographic effects, such as the
collapse structures extending outwards into a zone of high
relief. This process, enhanced by the topographic load, has
been observed in analogue models (Belousov et al. 2005).
This may explain the enlargement of the Oskjuvatn caldera
towards the SE, into an area of higher topography represented
by the Austurfjoll massif. Indeed, similarly to analogue
models, the higher eastern rim of the Oskjuvatn caldera is
characterised by a complex structure, with multiple overlap-
ping normal faults showing the largest throws and extending
outward towards the area of higher topography (sites 8 and 11
in Fig. 2; e.g. Fig. 4a). For this reason along with the presence
of rock-alteration areas, landslides are more likely to occur
within this sector of the volcano. Fractures observed in the
area of the 2014 landslide, and the following sliding event,
may be evidence of such an active gravitational process. The
structural fabric of the Eastern Oskjuvatn contrasts markedly
with that shown by a single continuous and regular ring fault
along the lower and flat NW rim of the caldera (Fig. 2).

In addition, bathymetric data from the Oskjuvatn lake sug-
gest that the Oskjuvatn caldera consists of two nested collapse
structures: an outer one corresponding to the shore of the
Oskjuvatn Lake, and an inner one located in the deeper centre
of the lake (Figs.1 and 10a, b; Fridriksson 2014). These two
nested collapse structures locally have a tilted area between
them (e.g. site 13 in Figs. 2 and 4b) and their overall geometric
configuration resembles that of the nested collapse observed
in analogue models of caldera formation (Fig. 10b; Acocella
2007) as well as along fissure swarms (Trippanera etal. 2015).
Therefore, we speculate that the Oskjuvatn caldera is a well-
developed caldera formed by two nested ring structures.

Moreover, even though the precise relationships between
Kollur and Askja calderas are not straightforward, the Askja
caldera partially overlaps with the older southern Kollur rim.
In addition, the central portion of the youngest Oskjuvatn
coincides with the possible location of vents responsible for
the 1875 eruption, which were apparently controlled by the
location of the larger Askja caldera ring fault. Indeed, here the
subsidence initiating the Oskjuvatn caldera started (Fig. 2;
Carey et al. 2010; Hartley and Thordarson 2012; Fridriksson
2014). This spatial and temporal evolution of the three over-
lapping calderas in the Askja central volcano suggests an
overall southward migration of the calderas which location
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is influenced in turn by the pre-existing older caldera ring
faults.

Askja central volcano in the frame of the Icelandic rift

Askja provides a case type example of a volcanic complex
located on a rift zone and exhibiting both rift-parallel and
rift-perpendicular structures. This feature, while already ob-
served in continental rift zones (Acocella et al. 2002), is quite
distinctive among rift zones in oceanic domains. In fact, along
fast spreading ridges, the structures are systematically rift-
parallel (Lagabrielle et al. 2001; Acocella 2014). At slow-
spreading ridges, as at the Icelandic rift, rift-parallel structures
still predominate, even though there is also evidence for rift-
perpendicular structures. Examples of rift-perpendicular struc-
tures include the Krafla swarm to the north of Askja and,
possibly, the Grimsvdtn central volcano to the south. They
are also common in the East Volcanic Zone at Hengill and
on the Reykjanes Peninsula.

The Krafla swarm, for example, is affected by linear erup-
tive fissures parallel to the N-S trending regional deformation
pattern (Bjornsson et al. 1977; Tryggvason 1984;
Saemundsson 1991) but in contrast to Askja, the rift-
perpendicular Krafla caldera is strongly dissected by the re-
gional faults along which volcanic activity predominates
(Saemundsson 1991). This suggests that Krafla caldera is
experiencing a stronger regional deformation compared to
the local one induced by the caldera and its underlying magma
chamber. This results in a greater control by regional tectonics
than at Askja. Conversely, Grimsvétn is a central volcano
without fissure swarms (only two volcanic fissures occurred
outside the volcano in the last 9000 years), suggesting a min-
imum interaction with regional structures. Therefore, Askja
appears to be a volcano with an intermediate influence of the
regional fissure swarm among those observed along slow-
spreading ridges, where the local and regional stress field are
both present and balanced, unlike nearby Krafla to the north
(related to predominant regional structures) and Grimsvotn to
the south (related to predominant local structures). This is also
compatible with the northward increase in the regional exten-
sion rate from Grimsvdtn to Krafla (e.g. Perlt et al. 2008).

Conclusions

While some features of the Askja complex appear more con-
trolled by regional tectonics (Austurfjoll and partly the west-
ern Askja border), others (part of Askja and the Oskjuvatn
calderas) appear controlled by a local stress field induced by
the local magma plumbing system and the related caldera ring
fault structures. Our data highlight an overall interaction be-
tween the regional rift structures and the local caldera struc-
tures suggesting that regional structures are reactivated during
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caldera collapse. In addition, the volcano is characterised by
rift-parallel and rift-perpendicular overlapping caldera struc-
tures whose location depends on their temporal evolution.
Overall, Askja seems to show an intermediate behaviour be-
tween Krafla and Grimsvotn, with the most balanced amount
of local and regional control on the magmatic and tectonic
features. Indeed, Askja, Krafla and Grimsvotn seem to be
characterised by a marked northward increase in the influence
of the regional structures, passing from a mostly local to a
predominantly regional stress control. This may result from
the northward increase in the amount of extension, from a few
millimetres per year to >20 mm/year (e.g. Perlt et al. 2008),
confirming the importance of the plate spreading rate in shap-
ing divergent plate boundaries (Acocella 2014).
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