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Fissure eruptions are commonly linked to magma dikes at deptand are associated
with elastic and inelastic surface deformation. Elastic dermation is well described by
subsidence occurring above the dike plane and uplift and latral widening occurring
perpendicular to the dike plane. Inelastic deformation isssociated with the formation
of a graben, which is bordered by graben parallel faults thamight express as sets of
fractures at the surface. Additionally, secondary structes, such as push-ups, bends
and step overs, yield information about the deforming domai. However, once these
structures are formed during ssure eruptions, they are raly preserved in nature, due
to the effects of rapid erosion, sediment coverage or overpnting by other faulting
events. Therefore, simple normal fault displacements areootnmonly assumed at dikes.
At the 2014/2015 Holuhraun eruption sites (Iceland), incasing evidence suggests that
developing fractures exhibited variations in their disptzment modes. In an attempt
to investigate these variations, a eldwork mapping projetcombining Terrestrial Laser
Scanning (TLS) and Unmanned Aerial Vehicle (UAV)-based aghoto analysis was
undertaken. Using these data, we generated local high-redation Digital Elevation
Models (DEMs) and a structural map that facilitated the ideincation of kinematic
indicators and the assessment of the observed structures. W identi ed 315 fracture
segments from these satellite data. We measured the strikeicections of single segments,
including the amount of opening and opening angles, which iicate that many of
the measured fractures show transtensional dislocationsOf these, 81% exhibit a
signi cant left-lateral component and only 17% exhibit a right-lateral component. Here,
we demonstrate that the local complexities in these fractw traces and geometries
are closely related to variations in their transtensionalpening directions. Moreover,
we identi ed local changes in fracture azimuths and offsetsclose to eruption sites,
which we speculate are associated with geometric changes ithe magma feeder itself.
The results highlight that the opening of fractures assoctad with an erupting ssure
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may record transtensional modes with both, left-lateral ash right-lateral components.
These results further highlight the value of using UAV-badehigh-resolution data to
contribute to the integrity of the observations of the strutural complexities produced
by local geologic events.

Keywords: Holuhraun eruption Iceland, camera drone, obliqu e rifting, Structure from Motion, Terrestrial Laser
Scanning, dike intrusion, volano deformation

INTRODUCTION evidenced by divergence that was oblique with respect to the
direction of the underlying dikeRuch et al., 2016 To better
Dike intrusions and ssure eruptions are associated wittseta understand the development of extensional faulting strues,r
and inelastic deformation at the surface. While the e ects ohere, we study the geomorphology and structural geology of
elastic deformation can be identied from a distance usingthe 2014/2015 Holuhraun eruption site, which is the site & th
remote sensing techniqueBZurisin et al., 198)} the e ects of most recent rifting episode in Iceland. By analyzing Teriabt
inelastic deformation appear locally, may exhibit complegitie Laser Scanning (TLS) derived Digital Elevation Models (DEMs),
at smaller scales and may be rapidly obscured by weatheringgether with Unmanned Aerial Vehicle (UAV) based high
consequently, they have been less thoroughly investigategsolution aerophoto mosaics, we were able to identify local
Commonly observed is the formation of a graben, i.e., &tructures, such as step overs, push-ups and en echelon arrays,
depression bordered by inward-dipping normal faults that maythat con rm a component of strike-slip motion. We show that
be expressed as a series of complex fractures at the surfage strike-slip component is locally highly heterogeneouns a
However, reverse slip has also been reporteddmundsson and that the reactivation of preexisting structures, topography an
Loetveit, 200pand reproduced in analog models(dmundsson  heterogeneities have played important roles in developing the
et al., 2008; Trippanera et al., 20).5kaults associated with observed complexity of the structural arrangement.
dike intrusions and rifted margins may develop in both olié The area studied here is a part of the Bardarbunga volcanic
and normal spreading conditions. However, there is stillateb system, which is located in the extensional Eastern Votcani
about the vertical propagation direction of fault©gheim Zone (EVZ inFigure 1A), a tensional tectonic environment in
and Gudmundsson, 1989; Gudmundsson, 1992; Grant ancentral Iceland $igmundsson, 2006The Bardarbunga system
Kattenhorn, 2004; Trippanera et al., 20),8hus demonstrating consists of a central volcano and large ssure swarms (ebgn
the need for detailed structural analysis in extensiongiaes. 55km toward the NNE and 115 km toward the SE). The
The results of previous detailed studies performed atentral volcano Kigure 1B) is located under the northwestern
volcanoes indicate that extensional structures may ekhigh  sector of Vatnajokull glacier, from which a magma- lled ckac
complexity Peacock and Par tt, 2002The active riftin Iceland propagated to the northeast in August-September 2014 to
provides very recent examples of structures associated wifbed the 2014/2015 Holuhraun eruptiosigmundsson et al.,
intrusion-related faulting in an extensional regime thatayn 2015. The dike intrusion preceding the eruption was connected
accommodate signi cant strike-slip movement, as was rdgen to the Bardarbunga caldera; this intrusion was exceptignall

A Iceland and location of Bardarbunga B Seismic trace of dike intrusion

Reykjavik

Glacier

17.5°W 17°W 16.5° W

FIGURE 1 | Study area-A) Iceland and locations of the volcanic zones, namely, the Ndrern Volcanic Zone (NVZ), Western Volcanic Zone (WVZ) andsiarn
Volcanic Zone (EVZ). The red triangle depicts the locatiorf the Bardarbunga central volcano, under Vatnajokull glaei (glaciers are light gray)(B) Northern sector of
Vatnajokull glacier within the Bardarbunga caldera. Red ds depict earthquake locations (Icelandic Meteorological £xe) recorded over a time span of 3 weeks,
indicating the path of the intruding dike. The 2014/2015 Holbraun eruption occurred at its northern end and produced lag ows covering 86 km?2 (dark gray areas).
Background image: WorldView-2, September 2015. The white bx outlines the region shown inFigure 2D .
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well monitored by multinational research projects and wadeft-lateral slip and only minor right-lateral slip occwd prior to
instrumentally recorded using scienti ¢ infrastructuréat{p:/  the onset of the main eruption on 29th August 20R¢h et al.,

futurevolc.vedur.is/). 2016. These di erences might be associated with the depths and
The Holuhraun eruption, which lasted for 6 months (August resolutions by which the used methods are constrained.
2014—February 2015), involved the mobilization ofL.9 The eruptive vents of the 2014/2015 Holuhraun eruption can

0.3kn? of magma Gudmundsson et al., 20).6Petrologic data be grouped, based on their locations and eruptive charatitesjs
and seismic records obtained by the Icelandic Meteoroldgicanto three distinct clusters, namely, (i) the main Holuhraun
O ce ( Figure 1B) suggest that the ascent of magma beneatleruption site, which reactivated the 1797/98 crater row arg w
the Bardarbunga central volcano was followed by the lateralctive for over 6 months; (i) a row of small craters that fadh
transport of magma through the upper crust over a distancéo the east of the main ssure; and (iii) the 5th September 2014
of 45km to the Holuhraun eruption site Sigmundsson eruption site, which formed 2.5 km to the south of the main
et al.,, 2015; Geiger et al., 201Based on the analysis of ssure along a series of en echelon segments and was active
seismic data, this lateral magma propagation was associatex only 2 days. Satellite radar data allowed the survey cfehe
with normal faulting, as well as strike-slip faulting at \adole  structures at a resolution of better than 10 faldricioiu et al.,
depths QAgustsdottir et al., 20)6 Seismic records re ect the 2015; Rossi et al., 2016hese data revealed details about the
presence of dominantly left-lateral slip components, as all crater row and the eruptive ssure. Compared to the crater row
some right-lateral slip components\@ustsdottir et al., 20)6a  of the previous eruption in 1797/98, its nal shape is composed of
relatively high number of right-lateral seismic eventsweced only four major vents along the main ssure, the highest ofigth
close to the Holuhraun eruption site in the north, at depths of(Baugur craterFigure 2D) reached a height of 100 meters.
5-8 km. Geodetic and eld surveys revealed that dominantlyPhotographic analysis revealed that the orientation of thelpe

A Field observation D Data coverage from TLS and UAV

64.88° N

164.86° N

64.84° N

C UAV mapping
flight direction
Helikite

4
camera position

64.82° N

16.85° W 16.8° W

FIGURE 2 | Methods—A) Field observations in August 2015(B) LIDAR scanning was performed using a TLS device, a Riegl V60 instrument, with a scanning
distance of up to 6 km. (C) Sketch of UAV data acquisition. We used either a balloon kiter drones, equipped with cameras, moving in loops over the grund and
constantly acquiring photos.(D) Data coverage of the used acquisition techniques. The coled point cloud in the background shows the topographic data t
acquired by TLS, with black stars depicting single scan posions spanning an area of almost 20 kng. Colored point clouds with higher intensities are areas whe UAV
imaging data were acquired. Point densities (in points perggiare meter) are indicated. Red lines indicate fractures aferved from our data. Orange lines indicate
fractures buried by lava as observed byHjartardottir et al. (2016)
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formed craters resembles that of the old crater row of the7/19®  allowed us to e ciently record images on both calm and windy
eruption (Hjartardottir et al., 201j days. We acquired all data presented here on 2 days (14th and
The high-resolution structural analysis of the 2014/1515th August2015). The UAVs used were Phantom 2 quadcopters
Holuhraun eruption site should yield a better understandiofy  from DJI, which were equipped with 12 Megapixel GoPro Hero
the structures that resulted from the lateral propagation dike = 3C cameras and H3-3D gimbals (camera suspension system)
through crust that was previously a ected by earlier faultimgla to avoid shaking. The cameras typical sh-eye distortion was
oblique rifting processes:(uch et al., 200)6To accomplish this, signi cantly reduced by replacing the original lens (a 1vdde-
we mapped and analyzed the 2014/15 Holuhraun eruption sitangle lens) with an OST 10mp 5.4mm IR CUT Replacement
Here, we identify the locations of 315 fractures and tracgrth Lens with a 60 objective. The helikite used here (by Allsopp
extend. At the northern tip of the dike, the displacements ofHelikites Limited, UK) is a helium- lled balloon-kite thatsi
fractures are quanti ed and their orientations and relatghips attached via a Dyneema line to a eld scientist walking along a
to the general rifting direction are analyzed. This locahlgsis desired path on the ground. A helium volume of 2iwarried our
is then placed into the context of the 2014/15 Holuhraun niffi modi ed GoPro cameras and allowed them to remain stable in
episode and compared to other sites exhibiting similar sticedt ~ wind speeds of up to 35 km/h. The cameras were placed in time-

complexities. lapse mode. The drone-based cameras, ying at a speed of 5 m/s,
used a setting of 1 fps (frame per second) whereas the cameras on
DATA AND METHODS the helikite, which traveled at a walking speeckdf m/s, used a

setting of 0.2 fps. In total, we acquired over 7,000 imagebeof t

We used satellite data to obtain an overview of the 2014/1B0luhraun eruption site and its associated graben structure
Holuhraun eruption site both before and after the eruption, We rst visually inspected the images and deleted those that
which occurred between 29th August 2014 and 27th Februanyere out of focus or otherwise of low quality. The remaining
2015. To investigate further details about the fracturemtided ~ images were grouped into chunks of distinct regions and were
in this area, we acquired high-resolution TLS data and &eridhen photogrammetrically processed using the Structure from
photographs using cameras mounted on UAVs during a eldMotion (SfM) approach (Vestoby et al., 2012; Carrivick et al.,

campaign in August 2015, 6 months after the end of the eruption2016. The SfM technique, which is able to reproduce high-
resolution 3D surfaces from 2D photographs, was applied using

Satellite Data the Agisoft PhotoScan Professional commercial softwarkgugee
The structural overview presented here is based on the asalygversion 1.2.6). The ideal conditions of data acquisitioa a

of satellite imagery and the results of the TanDEM-X satellit€onstant focal length during the over ight, perpendiculardat
mission loricioiu et al., 2015; Rossi et al., 2R1For further — acquisition geometry, su cient overlap in the images (whic
details on the TanDEM-X data, we refer to those publicationswas 80% on average in our study), and the measurement of
The presented elevation change is based on the dierencésround Control Points (GCPs) for georeferencing purposes.
between the pre-eruptive and co-eruptive DEMs, which werdhe processing of these images is based on the identi cation o
acquired on 21st November 2011 and 9th September 201dgrresponding pixels in di erent images and consists of three
respectively. In addition, we used the available WorldViewsteps, namely, (i) image alignment, (ii) dense cloud constoncti

2 data, which were acquired on 12th July 2014 (immediatelgnd (iii) surface generation. This process yields a dense cloud
prior to the onset of the seismic crisis) and 25th Septembe®f points de ning the most likely positions for corresponding
2015 (6 months after the termination of the eruption), with points in a 3D space, as well as geolocated photo mosaics and
o -nadir angles of 12.4 and 26.8respectively. These data areDEMs. Following this rationale, we focused on the following

panchromatic and have a spatial resolution d¥.6 m. four regions: the western and eastern graben faults closeeto th
) vent region (areas la and 1b), a bent segment of the western
Close Range Aerial Photographs from UAV fault system at the 5th September eruption site (area 2) and

The use of UAVs facilitates the acquisition of high-resmot the southern part of the western fault system, which is located
photo data, which represent much higher resolution data thamear a pronounced hill (area 3). These locations are det&iled
the morphological and structural data obtained by recen¢liteé  Figure 2D.
systems Amici et al., 2013; Mancini et al., 2013; Nakano et al.,
2014. Commonly used UAVs include multicopters, kites andLaser Scanning
balloons (Carrivick et al., 201 which allow for especially Terrestrial Laser Scanning (TLS) is based on the principles of
wide applications in the elds of photogrammetry and remoteLiDAR (Light Detection and Ranging), which measures thestim
sensing if equipped with cameras or other sensors. The use délay between emitted laser pulses and their echo receptions
optical cameras carried by UAVs over certain terrains permitgFornaciai et al., 2010; Richter et al., 2D1We used a Riegl
the application of modern computer vision approaches; hereyZ-6000 scannerRigure 2B), which features a rotating head
they allow for the derivation of digital terrain models at scanner with a horizontal eld of view of 360and a vertical
unprecedented levels of detaib(nes and Varley, 2012 eld of view of 30 to 30. It operates using near-infrared
We mounted lightweight cameras on two quadcopter dronesvavelengths, with a pulse rate between 30 and 300kHz. The
and a helium- lled balloon-kite Figure 20 ying at a height of  scanner is equipped with an internal GPS antenna, an internal
100-150 m. This combination of UAVs was selected becausel@veling device and an optical camera. The Riegl VZ-6000 has a
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maximum range of 6 km and an angle measurement resolutio@omparing these data to the azimuths of the respective fractur
of 0.0005. Although the range of 6km theoretically coverssegments allowed us to assess whether their horizontawsif
most of the area of interest between the eruption site and theght-lateral or left-lateral. Vertical displacements (thrp in
glacier, we selected di erent viewing points and merged theiturn, were assessed using our high-resolution DEMs, based on
data in order to increase the density of scans in the far eldoro les that were normal to the observed fractures. The &rik
and reduce shadowing problems. Scans were acquired from fodirections and lengths of fractures were obtained in a smil

di erent scan positionsigure 2D) that exhibited some overlap; manner and were then sampled at intervals of 5 m.

they were then merged using point cloud matching techniques. o

To geocode the TLS scans, we used re ectors (recognized kdata Limitations

the scans) that were placed around the scanning position anfihe densities of TLS point clouds strongly depend on the distance
measured using di erential GPS. Each TLS scan thus yieldd@ the scanning system and the chosen scan frequency. We
a point cloud containing tens of millions of data points. The observed a density of 2,000 points petimthe near- eld region
data processing of each scan was performed using Riegl RiSCARour scans but a density of only 0.1 points pef rat the

Pro 2.0.2 (http://www.riegl.com), which is a commerciatasie =~ maximum distance of our scans. This di erence may become an

designed to process TLS point cloud data. issue when attempting to automatically align di erent scams. |
particular, because the density in overlapping areas (e.thein
Point Cloud Density and Referencing area of the 5th September eruption site) was very low, it was

As graphically illustrated irFigure 2D, from the UAV data, we di cult to accurately align the di erent scans in these regis.
were able to derive 237 M points for area 1a (221 poinf§/m  Structure from Motion (SfM) data must be acquired using
82 M points for area 1b (119 pointsA) 55M points for area Proper acquisition geometries. Changing acquisition geciest
2 (109 points/m) and 11 M points for area 3 (27 pointsAn ~ may introduce perspective e ects to the data, as was identired i
The obtained resolutions range from 0.067 to 0.19Fable ).  region 3 Figure 2D). Therefore, region 3 is not assessed further
Thus, the resolutions of drone based photos ar8-8 times in the fracture displacement analysis. In general, the faat th
higher than those of the WorldView-2 satellite-derived optic SfM point clouds tend to bend at their edges must be taken
data Figure 3. The drone-based DEMs have resolutions thainto consideration. Nevertheless, in the central regiofnghe
are 60 to 180 times higher than the already high 12 m resaiutioSfM point clouds, the accuracy is usually on the order of a few
derived from the TanDEM-X mission. cm. The ight height of 100—150m used for acquisition here
The dense point clouds obtained from UAV data processings appropriate for covering large areas but limits the resofuti
were georeferenced based on the TLS data. This was achieve@nd, thus, the accuracy of 3D model reconstruction. Thistkuhi
two steps: rst, rough tie-point matching was performed; seion resolution may become an issue when analyzing verticatthje
the Multi-Station Adjustment module, as implemented in the such as fracture traces. Therefore, our data allow us toanttjy
RiISCAN Pro 2.0.2 software package, was applied. The Multieasure displacements in 3D.
Station Adjustment tool calculates the best t of the cosyrse
aligned SfM point cloud to the reference point cloud (which, RESULTS
in our case, represents the TLS data) by rotating, trangatin
and scaling the data. In this way, we minimized the spatiaFirst, we provide a structural overview of the region; thee, w
o set between the point clouds. Using the highly consistehST detail its structural geology.
data with millions of possible GCPs for the registration of ou  The WorldView-2 satellite imagery, as well as the elevation
SfM point clouds made the additional measurement of GCPshanges calculated from the data of the TanDEM-X satellite
in the eld redundant. Therefore, the procedure of referemgi mission, reveal the clear structural boundaries of a gralysiem
one point cloud against another reference point cloud is @mil (Figure 4A). Comparing the WorldView-2 data set collected in
to that described inRichter et al. (2016)This technique was 2014 (immediately prior to the onset of the seismic swarms
bene cial, as placing GCPs on sharp fresh lava ow surfaces greceding the Holuhraun eruption) to those collected in 2015
di cult. After meshing the dense clouds, we produced mosaicg6 months after the termination of the eruption) allows us
and DEMs from these data. to identify major fractures and distinguish between preergti
The data collected from satellite images, UAV photographfractures and those that developed during the intrusion in
and TLS produced a very high-resolution topography databas2014. On either side of the graben, graben bounding faults
slope maps and aerophoto mosaics that allowed us to perforare expressed as single or multiple sub-parallel fractures. More
structural mapping and directly measure displacements dracture segments (260) were identi ed on the western gnabe
fracture tracesKigure 4). The mosaic was rst visually analyzed fault (Figure 4B) than on the eastern fault (55). Here, single
in order to locate compressional or restraining structurBisen, fractures have rather large throws (on the order of m) compare
the horizontal displacements in the photo mosaic were meakureto those of multiple fracture arrangements. In the case of two
We identi ed locations where fault traces were clearly detele  parallel fractures, the throw at the fracture trace is usually
and displacements could be quantied. By linking severabmall < 0.2m), but the central regions of the blocks located in
cohesive points on either side of the fractures using polglinebetween these fractures exhibit bending and sagging. A dl@mti
(providing start and end coordinates) in ArcGIS, we were ablg@reexisting fault is located on a hill that is made of pillowdav
to determine the amount and directions of opening (heave)rising above the Holuhraun lava eld at the western graben
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TABLE 1 | Data comparison for different areas using the methods desdbved in the text.

Data StM TLS WorldView-2 TanDEM-X

Region la 1b 2 3 Whole region Whole region Whole region

Date of acquisition 08/ 2015 08/ 2015 08/ 2015 08/ 2015 08/ 2015 12.07.2014 25.09.2015 21.11.2011 09.09.2014
Point count p 237 M 82M 55 M 1M 93 M No data No data

Area kn? 1.07 0.69 0.51 0.40 33.00 48 1,180

Density p/m2 221.16 119.57 109.42 27.68 2.82 1.78 0.08

Resolution m 0.067 0.091 0.095 0.19 0.6 0.56 12

A WorldView-2 (~0.5 m resolution) B SfM photo mosaic (~0.06 m) C SfM elevation model

64.8632° N

64.8629° N

64.8626° N

16.8494° W 16.8489° W 16.8494° W 16.8489° W 16.8494° W 16.8489° W

64.8596° N

64.8593° N

64.859° N

64.8587° N

16.8317° W 16.83° W 16.8317° W 16.83° W

16.8317° W 16.83° W

FIGURE 3 | Resolution<A) WorldView-2 panchromatic data with a spatial resolution of 0.6 m, (B) UAV-based SfM photo mosaic with a resolution of 0.067 m, and
(C) UAV-based photo mosaic draped over the DEM obtained from SfMLocations are inside areas al and a2 irfrigure 4B . The upper row (area al) shows the
fracturing close to the 2014 Holuhraun eruption site at the wstern graben fault; the lower row (area a2) shows the fracting at the eastern graben fault.

fault (hill h in Figure 4A). At this location, steep scarps can be Topographic Expression
observed in the images (red lineskigure 4A) obtained priorto  Changes in elevation observed in the near- eld regions & th
the 2014 dike intrusion. These scarps deepened during the 20dlkke range fromC1.5m uplift outside the graberF{gure 4A)
intrusion. to 4 m slip for central parts of the graben, which locally even
A comparison of the image quality and resolutionexceed 5m, for instance north of the 5th September 2014
of the WorldView-2 satellite data and the UAV data eruption site (red triangle ifrigure 4A) and at the fractured hill
shows that the traces of major fractures can generallin the southwest (h irFigure 4A). Generally, elevation changes
be identied in the WorldView-2 satellite data, whereasappear to be concentrated on the western side of the graben,
small-scale fractures with widths that are below 0.5nwhere slightly higher uplift and slip values are recorded. In
cannot easily be identied. The UAV images allow us tocontrast, the uplift outside the graben remains almost camsta
not only identify more and smaller fracturesFigure3  1-1.5minthe near- eld region of the graben, where variatién
but also to measure the displacements and complexitiegraben slip were observed from south to north along the gnabe
of these fractures, as well as the morphologies associatéde note that due to the local scale analyzed in this study, a
with them. The UAV results are discussed in the followingdecrease in uplift with distance to the graben @fgmundsson
sections. et al., 201pis not seen irFigure 4A. In terms of the dislocation

Frontiers in Earth Science | www.frontiersin.org 6 July 2017 | Volume 5 | Article 59


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Mller et al.

Structures at Holuhraun

A Graben subsidence
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A graben width

B Structural mapping
Background Image: WV 9/2015

Graben expression along profiles A-A’ and B-B’ as observed from TLS data

! 'Heéluhraun
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64.87° N
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con rming that reactivation and higher deformation have ocarred on the western fault.

FIGURE 4 | Graben subsidence and structural mapping ofA) uplift (in red) and graben subsidence (in blue) based on a cguarison of TanDEM-X data from
November 2011 and September 2014. The background image is a \WrldView-2 image acquired prior to the eruption in July 2014Note that the location of the old
crater row in the north corresponds exactly to the site of the2014 Holuhraun ssure. The red lines indicate fractures thatvere identi ed using pre-eruptive
WorldView-2 data. The average plate spreading direction @4 azimuth) is indicated by white arrows(B) Structure lineament mapping results and associated strike
directions of fractures, grouped (light blue boxes) alongdth boundary faults on either side of the graben. The red lireeindicate the newly formed fractures, as
observed from WorldView-2 post-eruptive data (acquired itseptember 2015), and orange lines indicate the pre-erupte fractures observed byHjartardottir et al.
(2016) Note the hourglass-like fracture convergence at the 5th Setember eruption site and the fracture convergence towardhe 2014 Holuhraun main eruptive site
in the north. The strike directions of the fracture groups @ shown by rose plots in 10 degree classes, weighted by fracte length, where n corresponds to the
accumulated fracture segment length for this fracture gropiin m. (C) Graben pro les drawn normal to the graben along A-Rand B—Bodisplay variations in graben
width and shape. While the graben has a symmetric shape in theorthern pro le, it comprises a tilted block or half graben fomation in the southern pro les, thus
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recorded at the graben faults, which starts &tm at the edge of strike of N23, the fractures identi ed in 2014 slightly deviate
the glacier (S), the graben slip decreases3an at the location from that trend, as they record an average strike directiébn o
of the 1862 crater (southern red triangle Figure 4A). At the  N20 .
intersection with hill h Eigure 4A), the graben slip reaches an  Additionally, although the 5th September 2014 eruption site
average value of 4.5m and increases to the north of the 5ik located in the center of a 600 m wide graben, the ssure of
September eruption site, where the maximum slip values occuthe Holuhraun main eruption site is located in the center of
Closer to the main eruption site, the graben slip decreasés ara narrower graben (260—400m) that is only collinear with the
nally reaches 1to 2m close to the main eruption site (N). western graben fault. Therefore, the fractures of the weste
Hence, the displacements of the graben faults decrease as traben fault maintain a nearly constant azimuth (box al in
faults approach the main eruption site. At the second and smalle=igure 4B), while fractures of the eastern graben fault display
eruption site (5/9 eruption site irfFigure 4B), the topographic a counterclockwise curvature of up to60 , with an azimuth
changes are rather large. that points directly toward the main eruptive ssure (box a2 in
On a local scale, the topographic expressions associatEdjure 4B), thus again resembling an hourglass pattern close to
with the graben faults comprise restraining and releasingdse the eruption site. The same trend can also be observed at the
and push-up structuresF{gure 5. In general, the UAV-based smaller eruption cones that are located at the intersectiba o
topographic data conrm that in the north, the topographic bentsegment of the eastern fault and the fractures that aralpar
throw at the graben faults is relatively small and is gengrallto the main ssure (secondary ssure ifigure 6A).
below 1 m Figures 5B,0. In turn, clear topographic steps are  Comparing the mean fracture azimuth (N20Qthe mean rift
found in regions that are closer to the 5th September eruptioraxis (N25) and the mean rifting direction (N104 reveals that
site (Figure 5B). Interestingly, the widespread appearance of verjracture patterns are not simply parallel to the rift axis, bu¢ ar
local push-up structures occurs at sites where changesrimiizi  instead rotated with respect to the expected rifting trenédture
can be identi ed Figure 5D). trends that are not simply perpendicular to the stretching vect
The topographic expression of the graben therefore varies dmave previously been identied as being typical products of
a larger scale (decreasing closer to the main Holuhraun @uopt oblique rifting in brittle-ductile systemsifon and Brun, 199); a
site) and on a local scale (at restraining bends). In sumithly  similar conceptual model may thus apply here.
analysis of topographic expressions reveals that the sectities
western graben fault display larger changes in elevatioighwh . . .
may mean that the reactivation of preexisting structuresioed ~ HOrizontal Fracture Offsets and Strike-Slip

on the western graben fault in a similar manner as that descti Component

above for the fractured hill (area 3). The obtained photo mosaics allow us to study the modes
) _ of opening in more detail by using structural geologic and
Fractures and Their Azimuths kinematic criteria. In total, we identify 143 sites at areas

Comparing the WorldView-2 data (obtained before and aftex th 1a and 1b Figure 2D) where we could di erentiate between
eruption) to the SfM data reveals that the emergence of inbus ~ faults with right-lateral and opening, left-lateral and opegi
related fractures occurred in 2014 (red lines Higure 4B). and faults with purely extensional componentsigure 6). In
Manually tracing these fractures clearly depicts the ostlof  transtensional regions located close to the main eruptioa, sit
the graben. These fractures are concentrated in the sostiewe 81% of faults contain left-lateral components, 17% contain
region of the study area. Here, we distinguish 260 fractarethe  right-lateral components, and 2% do not exhibit clear strike-
western side of the graben and 55 fractures on the eastegro$id slip components. These results are in agreement with those of
the graben. The total fracture segment lengths are 13.3 kth@n independent studiesAQustsdottir et al., 20)¢ as they re ect
western side of the graben and 4.6 km on the eastern side of thiee presence of both left-lateral and right-lateral transienal
graben. components at the surface, whichgustsdottir et al. (2016)
The fractures of the graben system have an average strikbserved at depth.
direction of N20. Changes in azimuth were mainly observed (i) The spatial distribution of the identied transtensional
where fractures intersect with local topography on the westerfractures is not uniform. For instance, fractures locatedhe S
side of the graben, (ii) in the southern region of the eastgaben  and SE of the Holuhraun eruption site and near the lavas ekhibi
fault and iii) close to the Holuhraun main eruption site, wiger dominantly right-lateral and opening componentBigure 6B,
fractures on the western side of the graben are directed ¢o tharea a2). Fractures located2 km to the south of the Baugur
NE and fractures on eastern side are directed to the N or evecrater, in turn, exhibit dominantly left-lateral and openingodes
NW. On the western side of the graben, the mean deviation fron{Figure 6A). Fractures located within the western graben show
the general trend of the fractures toward the eruptive ssigre similar patterns, exhibiting right-lateral and left-las¢motions;
C12 (positive direction is clockwise); therefore, the frackiage  however, they become dominantly left-lateral with incregsi
rotated compared to the fracture segments located furthettso distance to the eruption siteF{gure 6B area al). We nd that
On the eastern side, the trend of the fractures is rotatedrin asurface fracture kinematics are strongly site-specic ahdtt
anticlockwise direction up to 60 . This creates an hourglass their correct identi cation depends on determining from wdti
pattern, with varying strike directions on either side of t@ben  fracture branch of a specic graben segment the data were
(Figure 4B). Because the center axis of the graben has a meacquired.

Frontiers in Earth Science | www.frontiersin.org 8 July 2017 | Volume 5 | Article 59


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Mdiller et al. Structures at Holuhraun

64,8478 K7
g
R ": 3’5‘ 3

64,8596° N 4.

64,8592° N g — 810m}

i 800m

R
16,831° W 16,831° W

16,862° W

FIGURE 5 | Local structural examples{A) Fracture overview map together with close-up view locatiogas shown in insets b-e (SfM photo mosaic and SfM DEM
model). Red triangles show the 2014 Holuhraun and 5 Septemhe2014 eruption sites.(B) Photo mosaic showing en echelon arrays of surface fracturesommonly
associated with strike-slip kinematics. The DEM shows no dminant vertical throw and the observed fractures mainly opged horizontally.(C) Curved fractures
directed to the NNW and partly covered by lavas. Field data ahaerophotos suggest a transtensional type of fracturing(D) Local restraining bends lead to push-up
structures that are visible in photo mosaic and DEM(E) Local bending fracture traces lead to releasing bends and graining bends as topographic complexities.

Approximately 68% of the identi ed faults that have a right- as well as the presence of both left-lateral and right-lafenst
lateral component strike to the NW. Only 16% of the faults thatcomponents, among which the former is dominant. Therefore,
have left-lateral components strike to the NW, while mosik&tr these results agree with those of seismiigu(stsdottir et al.,
to the NE. This di erence implies that strike-slip motion magb 2016, geodetic and structural eld studiesk(ich et al., 2016
related to the average strike direction of its respectivetfii@ Preexisting topography, earlier fault locations and the lorest
segment. Using UAV photographs, we were able to determinef eruption sites close to that of an eruption in 1797/98 prodice
the amount of opening occurring at tensional fractures, alt wehighly variable transtensional displacement with primargytd
as the amount of strike-slip occurring at transtensionatfures. lateral strike-slip indicators. Before discussing the ications
Measurements collected along proles close to the 2014/16f this work and its relationship to those of independent saesd
eruption site indicate that the cumulative fracture openingfurther, we provide details about the limitations of the metis
measured throughout the entire graben is 3.8m and that itsised here, the collected data and their analytical tectesdn
cumulative strike-slip motion is 0.4 m. the following sections.

DISCUSSION Limitations

Based on the analysis of these data, we identied a number
The 2014/15 Holuhraun eruption was associated with a dikef limitations that are further discussed here. The fraetr
intrusion in a segment of a rift zone located between thadenti ed using the WorldView-2 data are rather large, agth
central volcanoes of Askja and Bardabunga. This eruptiohighest resolution of these data i©.6 m. In contrast, the drone-
caused extensive surface rupturing, with an average azimutlased data yield centimeter-scale resolutions but aretdomi
that is rotated with respect to the mean rifting direction of in that they could not be used to map the entire area to the
N104 E (Figure 6Q). Details of these surface ruptures weresouth of the 2014/2015 Holuhraun eruption site. We selected
investigated using satellite imagery, TLS and drone-bakest- key areas close to the two eruption sites that were systeafigitic
range photogrammetry, which revealed a locally complex patteraver own and where closer studies of the kinematics could also
of surface fractures and delimited the extent of the graldlmwva be performed. As a consequence, large parts of the graben fault
the inferred eruption feeder dike. We observed a non-uniformsystems were not imaged by our drone cameras. We solved
spatial distribution of strike-slip and opening mode compotgn this problem by combining the drone-based results with a TLS
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FIGURE 6 | Assessment of strike-slip components{A) Strike-slip components measured at 143 positions, indicad by red and green boxes in areas al and a2
(Figure 4B ), showing the dominance of left-lateral motion (green boxs. Right-lateral slip (red boxes) and tensile opening congments (no color at fracture) can also
be observed. Systematic analysis reveals the consistencyf&inematics along distinct fracture traces as well as localomplexities, such as opposite motions at
adjacent fracture traces. The inset indicates how strikedgp was determined.(B) Close-up views of selected areas al and a2. Note that althougboth left-lateral and
right-lateral components can be observed in our data closed this eruption site, the left-lateral transtensional modés clearly dominant.(C) Histogram analysis and
comparison of the strike directions of the two areas againsthe rift-normal direction; a uniform rifting of 104 is assumed.

campaign in which the TLS instrument with a scan range offter or even during an eruption could yield even better result
up to 6 km provided the reference data. By doing so, we werand could be used to analyze temporal changes in the years
able to generate a topographic data set with a resolution of 10 fiellowing an eruption. However, these temporal changes, which
throughout the graben region and to obtain close-range @-on are also associated with the cooling of magma bodies, were not
based mosaics and DEMs with resolutions ranging from 0.06the focus of our eld campaign.
to 0.19m at selected key areas. Nevertheless, the ressiafo
the drone-based data are 8-180 times higher than those of tieraben Expression and Vertical Throw
satellite-based mosaics and DEMs derived from the WorldViewdue to the large dimensions, a good overview of the
and Tandem-X data sets, respectively. morphological expressions of the graben is given by satellite
During our eld observations, we walked in between fractire based DEMs, such as those that were earlier presefteddjoiu
and realized that ne-grained, wind-blown sand often palifia etal., 2015; Rossi et al., 2D®6in our study. Given the identi ed
covered or obscured fractures. The analysis of additionakactivation of preexisting fault®(ich et al., 20))6we can only
photographs that we acquired from an airplane during thespeculate about their o set prior to our measurement campaign.
eruption reveals that even more fractures were initially prés Reactivation has played an important role, as is evidenced by
in this region Figure 7). Speci cally, small-scale fractures thatthe fact that the eruption occurred at exactly the same site as
are clearly traceable in aerial images from September 20&# earlier eruption, as well as the fact that the largest faudeo
appear only as isolated sinkholes and short fractures in UAWccurred at exactly the same site as those of earlier faulteat
images from August 2015. Therefore, we reiterate that thengy  hill in the south. The graben has an average strike of @&ich
of UAV mapping projects is crucial for obtaining complete coincident with the general strike directions of ssures time
structural analyses and that rapid UAV-based campaigns amgorthern Volcanic Zone. In comparison to the mean spreading
needed immediately following eruptions. Therefore, altfjou direction of N104, the graben is non-normal to the tectonic
drone-based morphological and structural mapping is a highlyrend expected for a pure rift opening. The subsidence area of
e cienttool for the analysis of small areas, acquiring ddteectly ~ the graben is clearly bounded by fracture sets on both ofdisssi
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FIGURE 7 | Example of limitationsfA) Close-range aerial image taken during the eruption in Septeber 2014, showing multiple small-scale fractures near théwo
main larger fractures. Image taken using hand held digital & camera with 16 megapixels in the early morning hourgB) UAV camera images used in this study show
larger fractures in detail; however, small-scale fractuseare hard to identify. Image taken using GoPro camera at noorDifferences between(A) and (B) are due to
camera type, time of image acquisition, and time lag betweeifracture formation and image acquisition(C) Lineament map of the two images illustrates differences.
Especially in small-scale fractures, local sinkholes andstonnected fractures are predominant, while large parts fathe fractures are obscured and hidden by

ne-grained deposits (i.e., ash and sand).

it also exhibits variable widths, ranging from400m to more surface deformation and fault throw than a continuous dike
than 1,000 m Figure 4A). Starting in the south, with a width opening at a shallow depth would creakédure 9). The presence

of 900 m, the subsidence area of the graben increases glightf nger-like connections linking surface vents to a crustite
toward the north, where it reaches a maximum width of 1,100 mwas also recently suggested based on the analysis of tretaor da
at its intersection with a hill in the southwestern regiono T (Eibl et al., 201)/collected near the Holuhraun eruption site.

the north of the hill, the subsidence area of the graben nasro

and reaches a local minimum of600m at the 5th September Fracture Azimuth and Mode Changes

2014 eruption site. Assuming that the dike location did notChanges in the azimuths and numbers of fractures have
change substantially following the formation of the gralfeunlts, been demonstrated in regions where fractures interact and
this width change may suggest that the vertical ow of magmahange their azimuthal directions toward topographic hegght
occurred from a dike at a depth of several hundreds of metersr volcanic edi ces Belousov et al., 2005; Kervyn et al., 2009
extending to the surface vents. Further north, between the t Fractures located closer to the Holuhraun eruption site display
eruption sites, the width of the graben subsidence area@&sa® complex distributions of mixed modes, where the sinistral
again to more than 1,000 m. Next, moving toward the maindirection is generally dominant. As these complexities are
ssure in the north, the fault systems bend and cause thegmab observed close to the Holuhraun eruption site, the propagation
to narrow to widths of 400 m or less. The narrowing of the grabe and rise of magma could have led to the formation of one or more
near the eruption sites resembles an hourglass pattern andmay sets of fractures. During the further propagation of the feede
related to the changing geometry or depth of the magma feedesystem or the drain back and cooling of the dike, fracture nsode
or the depth of the dike tip. The latter could strongly in uence recording di erent senses of motion could have developed.

the geometry of the grabefrigure 8). A shallower dike segment ~ We identi ed that 81% of the faults in regions 1a/b contain
would locally narrow the graben and would likely be assedat a left-lateral component and that 17% contain a right-latera
with an increasing cumulative throw. However, while we docomponent. These results are in agreement with the inferred
observe a narrowing in the width of the graben, we nd that theseismic focal mechanisms of earthquake events during tke di
fault throw is only 1-2m and is therefore relatively small closeintrusion identi ed in this region (Agustsdottir et al., 2096 of

to the main eruption site (N). Further south, at the 5th Septemb which 85% are left-lateral and 15% are right-lateral. Hoavev
eruption site, we observe a di erent fault throw pattern, whichour results are only locally representative, as we did notyaea
increases to over 4.5m and locally reaches 6 m. The verticall of the eastern and western fracture systems; additipnall
throw therefore ranges from 1 to 2m in the northeastern regio in many cases, surface ruptures were too intense to allow for
of the study area to 6 m at the 5th September eruption site; the identi cation of any distinct cohesive points on eithedsi

we speculate that this re ects the complex deviation of théHowever, the surface expressions of the fracture kinematics
upper edge of the propagating dike. Finger-like magma pathislenti ed from our drone data match the seismic observatipns
originating from a deeper dike could potentially produce lesglespite the fact that the seismic data mainly represent the
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FIGURE 8 | Comparison of topography and relevant graben parameters. ffle elevation pro le was drawn in the center of the graben from suth (edge of the glacier)
to north (Holuhraun eruption site). Graben depth and width ere measured along parallel pro les (at a distance of 100 m frma each other), normal to the graben. Area
a depicts the location of the 1862 crater, b depicts the locaibn of the 5th September 2014 eruption site and c depicts thedcation of the Holuhraun main eruption
site. The in uence of the upward migrating dike segment at loation b is clearly visible.

deeper proportions of the intruding dike whereas we can onlyight-lateral (15%) kinematics. Our results record both openi
measure the surface e ects. This similarity suggests tleegtitess and dominantly left-lateral motions, as well as a locally éased
conditions and rupture processes at depth might be comparabléght-lateral component. Therefore, the results of theses¢hr
to those observed at the surface. studies agree well with each other. The observed di erenges a
In addition, we observed a change toward more right-lateralikely related to the di erent depths from which these data wer
components in fractures located close to the main 2014/16ollected. While seismic data mainly originate at depths of 5
Holuhraun eruption site, which we explain by changing striketo 8 km, our observations and those Bfuch et al. (2016are
directions. limited to the surface, where the horizontal component (later
Although displacement components at the graben faults wereidening) also becomes relevaftuch et al. (2016used these
identi ed using geodetic and structural eld dat&(gmundsson surface observations to constrain a dike dislocation modhels t
et al.,, 2015; Ruch et al., 2Ql6as well as the results of indicating that the large fault throw at the surface is linkedhe
seismic studies AQgustsdottir et al., 2096 some dierences opening of a large dike at shallow levels. In our study, we also
are evident. For example, while geodetic studies suggest thad that fault throw and fault width di er from those in their
an oblique opening recording dominant left-lateral motion surrounding areas at the 5th September eruption site. Thezefo
occurred throughout the study area, with only minor right- the interpretation that fault throw is larger closer to the ption
lateral events figmundsson et al., 2015; Ruch et al., 2016site may be biased by the larger dike width. Seismic tremors
earlier seismic studies\gustsdottir et al., 20)6suggested that marked the arrival of the dike in the shallow crust, as wasntige
this region records the presence of both left-lateral (85%) anillustrated byEibl et al. (2017)
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FIGURE 9 | Sketch illustrating the structural relations at the Holulaun
eruption sites. Graben subsidence is identi ed above the feder dike (red
color), and delimited by graben faults (green color) and snilar fractures at
distance (black lines). At the surface, the graben faults shv transtensional
dislocations with predominantly ¥ 80%) left-lateral component, which is
similarly identi ed in seismic focal mechanisms (white stasymbology) during
the dike intrusion at depth fgustsdottir et al., 2016). Near the surface, the
graben faults appear near vertical in dip, and show large pliand splays close
to pre-existing topographic highs (“topographic effect”and reactivation of
other pre-existing structures and weak zones (e.g., assoated with the
1797/98 vents in the north). The strike variation of graben fdts show
convergence toward eruption sites, yielding an arcuate exssion, often
associated with en-echelon arrays and step overs. This hogtass fracture
convergence toward the eruption sites leads to fractures a rotated with
respect to the plate divergence direction, so that they have right-lateral
component. Changes in the fault strike and formation of arcate graben faults
and an hourglass appearance close to the eruption sites arelegedly
associated to a change in dike geometry at depth, either dued the presence
of a locally shallower dike, or the establishment of a condtilike magma path
feeding the eruption vents, as suggested irEibl et al. (2017)

fractures (see alsbigure 7). Minor fractures may be lacking,
which may explain the 20% di erence between our results and
those obtained from the analysis of satellite geodetic.data

However, the quanti cation of strike-slip values must be
handled with care, as measurements obtained directly at the
fracture trace are not very distinct and may even lead to
misinterpretations. Underestimated values may be produced
because we observe processes happening in very near-eld
regions, whereas satellite geodesy techniques, such aR (eSA,
Sigmundsson et al., 20}l ®bserve mid- to far- eld displacement.
Techniques, such as pixel tracking allow faults in both the far
eld and the near eld to be analyzed, as was shown for the
Holuhraun eruption byRuch et al. (2016 As the fault slip values
given byRuch et al. (2016are comparable to those determined
using the drone-based data we presented, their results and
implications appear to be sound and valid. We note that our
interpretations of only the brittle deformation componenttae
surface are simplistic, whereas the entire deformationmegi
encompasses more complex elastic-brittle-ductile behaviibr w
di erent relevance at di erent depths. This depth-dependent
complexity may also have contributed to the production of
fractures during the eruption.

Nevertheless, our results are consistent with those of geodet
and historical investigations indicating that the amount o
fracture opening is 56 times larger than the amount of
strike-slip motion. We note that our results suggest tha¢ th
identi cation of the opening and strike-slip motion strongl
depend on the location where measured and therefore close-
range photogrammetric data can be applied to contribute to the
analyses of local geologic processes.

Reactivation

The presence of preexisting fractures played a signi cant role
during the 2014/2015 Holuhraun eruption, as was previously
demonstrated by the analysis of satellite and airborne inwgi
data (Hjartardottir et al., 201pand geodetic and eld datejuch

et al., 201 The 2014 Holuhraun eruption occurred exactly

GPS and direct point wise eld measurements arewhere a major eruption occurred in the 1797; this older crater
advantageous because they produce high-precision, localgw is also visible in the satellite image taken before the4201
robust data. The SAR technique yields spatial measureménts eruption (Figure 4A). Earlier studies $igurdsson and Sparks,
hundreds of thousands of points with a pixel scale of severdl979 suggested that the so-called Holuhraun 1 or Kvislahraun
meters. Our study demonstrates the added value of usinigvas formed during an eruption originating in the Askja vaidc
high-resolution near- eld photogrammetry derived from UAV system. Later workers propose, based on the analysis of the
platforms with centimeter-scale resolutions, which can bedu geochemical composition of the lavas, that Holuhraun 1 is
to identify local deformation structures. Ideally, a comdion  likely to have formed during two separate eruptions and are
of these data is realized and obtaining consistent ressilbest, rather related to the Veidivétn volcanic systerdaftley and
as is demonstrated by the comparison of our data to those dfhordarson, 2013 Structurally, as proposed byljartardottir
previous studies. et al. (2016)the inferred 2014/2015 dike plane is in line with

Geodetic data suggest a mean dike opening of 4.5 meteifsese older lineaments. The old Holuhraun 1 crater row was
and a mean left-lateral component of 1 m, which compare welinade up of at least ten small vents that were covered by
to the identi ed historical slip de cit values of 4 and 0.7 m, the 2014/2015 Holuhraun eruption. These old cones did not
respectively $igmundsson et al., 2015; Ruch et al., 200&r  lie along a straight line, as our data and those of previous
results indicate a fracture opening of up to 3.8 m and recordedtudies demonstrateRuch et al., 2006 Instead, the old crater
a strike-slip of 0.4m. The fracture opening and strike-slip row exhibits a segmented structural orientation. Therefahe
kinematics identi ed in our data somewhat underestimatesk graben fault systems and eruption ssures could display a simila
estimated by the analysis of geodetic data, which may be dsegmentation that might be predisposed to existing structural
to the sedimentation and coverage of a number of surfaceieaknesses.
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analyzed by combining satellite imagery, TLS and UAV-basenhulticopter data and analyzed data, and coordinated writing
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sites of fault reactivation and the delineation of struesithat MG was involved in data interpretation and the writing of the
formed during this eruption and its preceding dike intrusion. manuscript. TD contributed by airborn photography and visual
We nd that the azimuths of fractures vary locally and that descriptions of the event.

the fracture sets record transtensional motion, with 81%hef
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