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Pre-existing structural control

on the recent Holuhraun eruptions
along the Bardarbunga spreading
center, Iceland
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Jacob Thejll Petersen® & Morten S. Riishuus®

The active rift zones in Iceland provide unique insight into the geodynamic processes of divergent
plate boundaries. The geodynamics of Iceland are studied intensively, particularly, by geophysical
methods sensitive to active and/or visible structures such as earthquake seismic and Synthetic
Aperture Radar observations or aerial photographs. However, older and less active structures, that
may exert a strong control on the presently active geodynamics, are often buried beneath recent
volcanic or sedimentary deposits and are—due to their passive mode—overseen by the typical
geophysical investigations. Aeromagnetic surveys provide spatial information about subsurface
magnetization contrasts relating to both active and inactive structures. However, the aeromagnetic
datain Iceland were collected in the 1970-80s and are relevant only to large-scale regional rift studies.
With the availability of reliable drones and light-weight atomic scalar sensors, high-quality drone
magnetic surveys can provide an unprecedented spatial resolution of both active and passive
structures of rift systems as compared to conventional airborne surveys. Here, we present the results
of a drone-towed magnetic scalar field and scalar gradiometry study of the north-northeast trending
Bardarbunga spreading center to the north of the Vatnajokull ice cap, Iceland. Our results provide new
information about the structural complexity of rift zones with evidence of densely-spaced, conjugate
and oblique faults throughout the area. Evidence is shown of a hitherto unknown and prominent
east-northeast trending fault structure that coincides with the northern tip of the main eruption
edifice of the 1797 and 2014-15 Holuhraun volcanic events. We suggest that this pre-existing structure
controlled the locus of vertical magma migration during the two Holuhraun events.

The subaerial rift in Iceland constitutes the locus of plate separation between the Eurasian and North American
plates, and the junction between seafloor spreading regimes of the North-East Atlantic and the Norwegian-
Greenland Seal. On a country-wide scale, the Iceland rift system can overall be split into the Western, Northern
and Eastern Volcanic Zones (Fig. 1 - inset), which together comprise more than 30 partially overlapping regional
spreading centers that are characterized mainly by a central volcano and a bisecting fissure swarm?~.

The plate boundary of the Northern Volcanic Zone (NVZ) extends in the form of north-northeast (~N025°)
trending en echelon fissure swarms, starting beneath the Vatnajokull ice cap in central Iceland and extending
towards the north coast®”. The Askja and Bardarbunga spreading centers constitute two of the major spread-
ing centers of the NVZ (Fig. 1). The Bardarbunga spreading center comprises a central volcano beneath the
northwestern corner of the Vatnajokull ice cap®® and an associated bisecting fissure swarm that, in its northern
section (the Dyngjuhdls fissure swarm), extends beyond the edge of the ice cap®. The Dyngjuhals fissure swarm is
divided into an ~80-km-long north-trending swarm that extends to the west of the Askja volcano, and a shorter
swarm extending to the northeast'®'!. The latest eruption within the Bardarbunga system took place along the
northeastern segment in 2014-15, when a 48-km-long dike propagated laterally at several kilometers depth from
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Figure 1. The Bardarbunga-Askja volcanic systems of the Northern Volcanic Zone (NVZ), central Iceland.
Black box: Area outlined in Fig. 2. Fractures and fissures*. Seismicity between 2010 and 2020 was obtained from
http://hraun.vedur.is/ja/viku/. White areas: Vatnajokull ice sheet. Digital elevation model: https://ftp.Imi.is/gisda
ta/raster/. Inset map: Main volcanic spreading centres of Iceland. Abbreviations: EVZ, Eastern Volcanic Zone;
NVZ, Northern Volcanic Zone; WVZ, Western Volcanic Zone.

the central volcano and erupted 13 days later at Holuhraun'?. Here, it reoccupied the same eruptive vents and
fractures as the 1797 Holuhraun eruption'®*!>. Over a time span of 6 months, a 500-m-long and 70-m-high
spatter edifice built up along the principal eruptive fissure at its distal northeastern end and fed a lava field,
reaching a volume of 1.6km? and covering more than 84km?'#'°.

The Askja spreading centre is located about 25km north of the Vatnajokull ice cap and has a dominant fissure
swarm that extends to the north. Despite the proximity of the Holuhraun lavas to the southern tip of the Askja
volcanic system, analysis of major and trace element concentrations have demonstrated that Holuhraun was not
sourced by lateral flow southward from Askja'.

The active rift zones processes in northern Iceland, including the Bardarbunga system, are well-studied as they
provide unique insight into the various geodynamic processes of divergent plate boundaries'>'®". A significant
part of the rift studies focus on monitoring, delineating, and understanding the active geodynamic processes
using detailed earthquake seismic observations, geodetic observations, aerial photographs, and/or Synthetic
Aperture Radar (SAR) images'*'>'8-2, These methods are generally sensitive to structures and processes that
are presently active, e.g., by detectable earthquakes, or at least visible at the surface (faults, fissures). However, to
understand the many aspects of active geodynamic processes, it is critical to study also any hidden and potentially
inactive structures, which may exert strong pre-existing structural control on the present-day dynamics!**'-%,
Such structures may be concealed beneath sequences of young lava fields and/or glacial, fluvial and lacustrine
sediments, in particular, in the areas surrounding the glaciers in Iceland, where detrital-loaded rivers and strong
winds are continuously building up and re-surfacing large pro-glacial sedimentary plains?*.

Magnetic survey investigations respond to subtle lateral contrasts in magnetic properties at dept
Detailed airborne surveys with low-noise instrumentation are optimal for delineating minuscule magnetization
contrasts at different depths and scales, and providing 2D spatial maps of both active and inactive structures.
In areas like Iceland, the basaltic volcanic systems are expected to be dominated by linear magnetic anomalies,
high in amplitude and short in wavelength, as a response to the linear structures (faults, fissures, intrusions) at
- and beneath - the surface’~*. However, available airborne magnetic data in Iceland are generally unsuited for
detailed structural investigations, being acquired in the 1970-80s, at nominal flight altitudes of 1200-2100m and

h26—30

Scientific Reports |

(2024) 14:3399 | https://doi.org/10.1038/s41598-024-53790-x nature portfolio


http://hraun.vedur.is/ja/viku/
https://ftp.lmi.is/gisdata/raster/
https://ftp.lmi.is/gisdata/raster/

www.nature.com/scientificreports/

with wide 3000m line spacing (http://www.lso.is/Magn-vefur/index.htm)***, i.e. anomaly wavelengths shorter
than 6000m are in theory unresolved in the vintage data.

With the availability of reliable drone systems and lightweight quality atomic sensors, previously inaccessible
areas or areas of low economic interest can now be investigated and even with superior data quality in terms of
resolution and noise as compared to conventional airborne or ground magnetic surveys. Here, we present a
detailed drone and ground magnetic structural investigation of the ice-free highlands north of the Vatnajokull
glacier, northeastern Iceland (Fig. 1); an area dominated by the active Bardarbunga spreading center. Here,
glacio-fluvial outwash, carried by the Jokulsa 4 Fjéllum river, prevents direct investigations of older, buried
structures within the area. We carried out detailed drone magnetic investigations using two in-house developed
high-sensitive single-sensor and double-sensor scalar magnetometer bird systems with the purpose of investi-
gating pre-existing structural control on the 1797 and 2014-15 Holuhraun eruptive events and providing new
magneto-structural insights into a subaerial spreading ridge at a level of detail not previously done. Our results
provide new information about the structural complexity of rift zones in Iceland, showing detailed patterns of
conjugate faults hidden beneath the glacial outwash plain. In addition, we show that the location of the principal
eruptive fissure of the 1797 and 2014-15 Holuhraun eruptive events (Fig. 1) within the northeastern Bardarbunga
fissure swarm was guided by a strong, hitherto unknown, pre-existing structural control.

Results

Surveys

Seven drone magnetic surveys, totaling more than 500 line-km, and three ground magnetic surveys were col-
lected during the campaign (Fig. 2; Suppl. Mat. Section S1). The central study area was covered by three high-
resolution (30m line spacing, 30m altitude) scalar magnetic Transverse Horizontal Difference (THD) gradiometry
surveys (named H200 C1-C3), bordered to the north and south by four medium-resolution (60-125m line
spacing, 40-50m altitude) scalar-field surveys (named S100 N1-N2, S100 S1-S2) (Fig. 2). See Methods for details
about the drone systems, survey specifications and data processing. In addition, a drone photogrammetry survey
was collected across the 2014 Holuhraun eruption site (location in Fig. 2), and seven rock and one sedimentary
sample were collected for rock magnetic analysis.

TMI magnetic anomalies

The Total Magnetic Intensity data (TMI) ranges between -2500nT and 8000nT within the survey area (Fig. 3a),
highest across the sub-angular topographic highs to the southeast (A1). In the remainder of the area, north-
northeast trending (~N025°) curvilinear-to-linear anomalies dominate the TMI. This trend is parallel to the
regional topographic fabric (see Suppl. Mat. S2) and to the strike of the Northern Volcanic Zone (Fig. 1), but is
11° clockwise from the normal to the regional plate spreading direction of 104°¥. Many of the ~N025° trending
anomalies are traceable for distances of one kilometer or more.

The recent Holuhraun lavas in the eastern part of the survey area generate high-amplitude, short wavelength,
curvilinear-to-linear anomalies (A2) with a dominating north-northeastern trend (Fig. 3a-d; see Suppl. Mat. S3
for interpreted magnetic lineaments). In the vicinity of the main Holuhraun eruption edifice (A3), the short-
wavelength linear anomalies constitute a system of radiating lineaments (A4), indicating a radial stress field near
the edifice during dyke emplacement. Away from the main edifice, the transition to parallel, linear anomalies
reflects a gradual transition to a non-radial, regional, stress field. Similar observations radiating dyke swarms
are found in relation to both small and giant volcanic systems?*8%

Medium wavelength anomalies dominate the TMI data across the Jokulsd a Fjollum river glacio-fluvial
outwash plain to the west of the Holuhraun lava field (Fig. 3a-d). Of particular interest is a line of prominent
north-northeast trending magnetic highs (A5), located within the central part of the survey area. The A5 mag-
netic highs can be traced for about eight kilometers, from 64.51°N/-16.54°E to 64.54°N/-16.50°E, and show a
one-kilometer right-lateral offset near 64.52°N/-16.52°E (Fig. 3a; see also Suppl. Mat. S3). However, the source
of the A5 anomalies is concealed beneath the glacio-fluvial deposits.

High-resolution THD magnetic anomalies

The high-resolution THD data (Fig. 4) reveals a pattern of short-wavelength, north-northwest (NNW), north-
west (NW) and east-northeast (ENE) trending linear anomalies (A6) that are visible, both across the Holuhraun
lava field and the glacio-fluvial outwash plain. The A6 anomalies intersect and offset the main north-northeast
trending A2 and A5 anomalies (Suppl. Mat. S3). The low amplitude - yet short wavelength - character of the A6
anomalies across the outwash plain indicates an origin partly within the sediments in this area, i.e. the sediments
appear to be weakly magnetic and heavily dissected by underlying basement faults. This interpretation is sup-
ported by magnetic property measurements of selected rock and sedimentary samples from the study area (see
Suppl. Mat. S4). The A6 structures are not directly visible on the surface of the outwash plain, which is probably
due to the frequent (daily) impact of sand storms and floods. However, high-resolution drone photogrammetry
data across the Holuhraun main edifice show that the dense pattern of NNW-, NW- and ENE-trending A6
structures are evident in the basement (Fig. 5). Also, patterns of similar-trending structures are seen in the older
topographic highs immediately to the northwest of the survey area (Suppl. Mat. S2 and S3). These observations
indicate that the NNW-, NW- and ENE-trending A6 structures, visible in the high-resolution THD data (Fig. 4),
constitute a dense pattern of secondary, pre-existing, faults that are continuously being reactivated.

The marked contrast in wavelengths between the glacio-fluvial outwash plain and the Holuhraun lava field
is evident along the three ground magnetic profiles WG1-WG3 (Fig. 2b,c) but, particularly, along WG2 which
transects the survey area in an east-west direction (Fig. 2b). Medium wavelengths are mapped across the sedi-
mentary plain, while short wavelength, high-amplitude anomalies are observed across the Holuhraun lava field.
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Figure 2. Overview of data collected. (a) S100 (black lines): CMAGTRES-S100 drone-towed single-sensor
bird system. H200 (blue lines): CMAGTRES drone-towed transverse horizontal difference (gradiometry) bird
system. The lines shown are trimmed survey lines. Black boxes: Areas outlined in (b) and (c). Orange box:
Outline of drone photogrammetry data. Digital elevation model: https://ftp.Imi.is/gisdata/raster/. (b) WGI and
WG2 ground magnetic vertical residual profile data. (¢) WG3 ground magnetic vertical residual profile data.
Abbreviations: S100 N1-N2: S100 Northern Surveys 1-2; S100 S1-S2: S100 Southern Surveys 1-2; H200 C1-C3:
H200 Central Surveys 1-3; WG1-WG3: Walking magnetic Gradiometry surveys.

We conducted a 2D magnetic modeling along profile WG2 to understand better the sources of anomalies beneath
the sedimentary plain. The modeling was constrained by the magnetic property measurements (Suppl. Mat.
S4) and adjusted to fit both the WG2 ground magnetic data as well as drone magnetic data at 30m altitude.
The results (Fig. 6) indicate that the source of the broad anomaly A5 constitutes a shallow basement ridge that
marks the transition between the Holuhraun lava field to the east and a 2-km-wide and >100-m-deep basin to
the west. The basin is outlined by a broad NNE-trending magnetic low (A7) (Fig. 3a), which is intercepted in its
western part by a north-northeast trending linear magnetic high (A8) modeled as a basement high (Fig. 6: A8).
Immediately to the west of anomaly A8, the deep basin is modeled to terminate against a steep feature (Fig. 6: X1)
that marks the transition to a shallow, highly irregular and faulted basement domain to the west. This basement
domain generates a pattern of high-amplitude, short-to-medium wavelength, magnetic anomalies (A9), which
are traceable in a north-northeast direction but also dissected by the secondary NNW-, NW- and ENE-trending
A6 fault structures (Figs. 3, 4 and S4). The A9 faults and anomalies terminate abruptly to the southeast against
the X1 structure, with some indications of shear deformation along X1.

The prominent X1 structure is associated with a distinct line of high-frequency, high-amplitude, THD anoma-
lies, traceable in an east-northeast direction (~NO060E®) (Figs. 4 and S4). The steeply dipping nature of X1 (Fig. 6),
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Figure 3. Total magnetic intensity (TMI) and derivative products. The magnetic data are displayed on top of
digitized elevation data (available from https://ftp.Imi.is/gisdata/raster/). (a) TMI. Inset plots: Histogram plots
of the estimated fourth-order difference noise levels of the S100 and H200 raw data, indicating a dynamic noise
level of +£0.02nT for both systems during flight. (b) Discrete Vertical Difference of TMI (DVD). (c) Along-Track
Difference of TMI (AD). (d) Tilt Derivative. Labels refer to anomalies and structures discussed in detail.

its clockwise ~45° rotation from the normal to the regional plate spreading direction of 104°, and the indication
of shear against the structure, suggest that X1 defines a prominent oblique-slip transform fault. Outside the
high-resolution THD survey area, the signature of X1 becomes less distinct due to the lower resolution of the
$100 surveys. However, east-northeast trending X1 anomalies and associated linear magnetic zones, defined by
the termination and offset of north-northeast trending anomalies, are visible within the TMI derivatives to the
edge of the Holuhraun lava field (Figs. 3b-d and S4).

Surface expression of the X1 fault structure

On the surface, the X1 structure correlates closely with a sharp sedimentary escarpment X1S (Fig. S2) that
displays a ~2m vertical offset and separates a sedimentary plateau to the southeast from a depression to the
northwest (Suppl. Mat. S2). The X1S escarpment is traceable as an east-northeast trending feature across the out-
wash plain to the north of the ground magnetic profile WG2. To the south of here, the sedimentary escarpment
translates into a topographic boundary between a sedimentary outwash plain to the west and north-northeast
trending topographic highs to the east (Suppl. Mat. S2).
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Figure 4. H200 Transverse Horizontal Difference (THD) magnetic data and derivative products. The magnetic
data are displayed on top of digitized elevation data. (a) THD. (b) Along-Track difference of MHD (AD). (c)
Discrete Vertical Difference of MHD (DVD). Labels refer to anomalies and structures discussed in detail. Full-
scale plots of the subplots in Fig. 4 are found in Supplementary Material, Section S2.

Another linear magnetic anomaly pattern (X2), sub-parallel to X1 but with less amplitude, is visible about
one kilometer to the south of X1 (Fig. 3). The east-northeast projection of the X2 structure correlates with the
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Figure 5. High-resolution drone photogrammetry data and structural analysis. (a) Sun-shading from the
southeast. (b) Sun-shading from the southwest. (b) True colors. (d) Structures parallel to the A6 magnetic
lineaments are observed in the photogrammetry data. See Suppl. Mat. S5 for full-page and non-interpreted
photogrammetry images. Abbreviations: NVZ, Northern Volcanic Zone.

right-lateral offset of anomaly A5 (Figs. 3d and S4). The X2 anomalies also correlate with another sedimentary
escarpment (X2S) (Fig. S3), which is located 0.2-1.0 km east of X1S and runs sub-parallel to X1S. The X1S
and X2S escarpments together outline an elevated sedimentary plateau on the outwash plain (see Suppl. Mat.
Figures S2¢,d and S3). The correlation of X1S and X2S with the prominent basement structures X1 and X2, as
mapped by the magnetic data, indicates that the sedimentary plateau may be a result of compression along X1
and X2 (Fig. 7). Of particular importance, the east to east-northeast extensions of the X1S and X2S escarpments
correlate with the location of the main eruption site of the 1797 and 2014-15 Holuraun eruptions (Suppl. Mat.
Fig. S3) as well as the distinct topographic east-northeast trend of the main lava drainage channel of the 2014-15
eruption in its northern end.
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Figure 6. 2D modeling (Oasis Montaj) along ground magnetic profile WG2. (a) Fit to drone magnetic data at
30m altitude. (b) Fit to ground magnetic data of WG2. (c) Geological model. We used a mean susceptibility and
Natural Remanent Magnetization (NRM) intensity of the basement rock of 6x1073SI. A5, A7, A8, A9 and X1:
Magnetic anomaly structures interpreted in Fig. 3.
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Figure 7. Simplified structural model for compression along the diagonal X1 and X2 structures as caused by
strike-slip movements in relation to the regional extensional regime of the Northern Volcanic Zone (NVZ).

The compression has caused an elevated topographic plateau between X1 and X2. See outline of area in Fig. S3
(Suppl. Mat.).

Discussion

The path of a dike is governed by the pressure field produced by the overlying topographic load and the local
stress field'2. However, reactivation of pre-existing fractures is an important parameter for rifting mechanisms
and dyke emplacements along divergent plate boundaries'®. The northern dyke emplacement, graben, and erup-
tive fissures of the 2014-15 Holuhraun event, having a north-northeastern trend (25°)*, are rotated 11° clockwise
from the normal to the regional extensional stress field of 104°%’. The slight obliquity indicates that strike-slip
accompanies the extensional opening along fault segments that are oblique to the N104°E direction spread-
ing direction'®*”*1. Thus, evidence of left-lateral shear has been observed in relation to the north-northeast to
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northeast trending (N25°E) Askja and Bardarbunga fissure swarms within the southern part of the Northern
Volcanic Zone'*'8. This obliquity of the Holuhraun emplacement structures to the regional stress field suggests a
strong control from pre-existing structures on the eruptive event and/or influence from topographic loading'>*.
Moreover, the 2014-15 event reoccupied the old 1797 Holuhraun craters*’, which strengthens the interpretation
of strong structural influence by pre-existing weaknesses within the rift zone.

The drone magnetic TMI and THD data in this study provide new insight into the complexity of the Bardar-
bunga system - a remote and rather inaccessible part of the Icelandic rift system. By mapping subtle TMI and
THD anomaly signatures, the new data provide high-resolution spatial information about primary and secondary
structures of the rift zone and the correlation between surface/near-surface sedimentary structures (e.g., sedi-
mentary escarpments and intra-sedimentary faults) and deeper basement structures beneath the glacio-fluvial
plain north of the Vatnajokull ice cap. The TMI and THD data, particularly, reveal that the north-northeast
trending dominant rift structures (N25°E) are heavily intersected by dense patterns of secondary NNW-, NW-
(~N15°W-N25°W) and ENE-trending structures (~N70°E); these secondary structures are visible in both the
sediments of the outwash plain and within the recent Holuhraun lava field (Figs. 4 and S4) as well as within the
underlying basement (Fig. 5). The presence of these secondary structures suggests that they may also have played
a secondary structural control in the recent volcanic eruption. Moreover, the identification of the prominent X1
structure and the correlation of X1 with an elevated sedimentary plateau that correlates to the east-northeast
with the 2014-15 and previous Holuhraun main eruption sites suggest that the X1 structure enforced a primary
structural control on the location of the principal eruptive fissure of both the Holuhraun eruptions. We, there-
fore, suggest that the northern-most lateral subsurface migration of lava during the Holuhraun events took place
along north-northeast trending main rift structures until the lava, following a total of 48 km of sub-surface lateral
migration, intersected with the east-northeast trending and older X1 structure at depth at its distal northeastern
end, forcing forced lava to the surface (Fig. 8). Observations of similar persistent intrusive activity at ocean ridge-
transform intersections and continental basement fault intersections are discussed by Mamaloukas-Fangoulis
et al.”?, Bowen and White*!, and McCuaig and Hronsky®, respectively.

The lack of seismic activity along X1 (and X2) during the vertical magma migration event may indicate that
the structure itself was not re-activated during the eruptive event but merely marks a significant lateral offset of
north-northeast trending pre-existing weaknesses within the crust along which magma could migrate until forced
to the surface. Alternatively, the vertical magma migration into shallow and pre-fractured crust was overall aseis-
mic, creating little brittle failure. A similar interpretation has also been suggested for vertical magma migration
along the north-northeast trending structures in the area*’. However, our results indicate that the vertical migra-
tion of magma and final eruption along the same craters during the two Holuhraun events was not guided only
by the laterally-migrating magma at depth reaching a topographic low and decrease in overburden pressure!>#°
but also reached a prominent pre-existing diagonal structure that may have stalled further lateral migration.

Holuhraun

Figure 8. 3D map view of the interpreted outline of the X1/X2 faults and the main Holuhraun volcanic edifice.
Orange area: Outline of elevated volcanic edifice and the main lava run-off channel to the East-Northeast. ’+:
Sedimentary plateau defined by X1 and X2. Red dots: Earthquake locations in relation to the Holuhraun event
and later. Red arrows: Regional extensional stress field. Background map: Derivative of digital topography data.
The inset figure shows the interpreted basement-sediment interface along Profile WG2 (see Fig. 6).
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Methods

Systems and survey specifications

The H200 magnetic THD surveys were collected using an in-house developed horizontal gradiometry bird
(H200), which comprises two Optically Pumped magnetometers (OPMs), separated by a 2m across-track base-
line and distanced from all onboard bird electronics by 2m. The two magnetometers are precisely positioned
in 3D using an integrated centimeter-level NovAtel SPAN GNSS/INS positioning and attitude measurement
system®**”. The S100 surveys were collected using an ultra-lightweight scalar single-sensor magnetometer bird
(S100), equipped with one OPM?.

The H200 surveys were flown with a line spacing of 30m and a draped survey altitude of 30m (as taken from
the magnetic sensors) above the terrain, while the S100 surveys were flown with a line spacing of 125m and 60m
for the northern and southern parts, respectively, and a draped altitude of 40m above the terrain. Given the line
spacing of the H200 flight lines, the H200 data have a Nyquist wavelength of 60m across track, while the corre-
sponding Nyquist wavelength of the northern and southern S100 surveys is 250m and 120m, respectively. From
the £0.02nT fourth-order estimated dynamic noise level of the data (Fig. 3), the minimum amplitude anomalies
detectable in the data is about 0.05nT peak-to-peak.

All drone surveys were collected with a west-northwest flight line orientation, chosen to cross-cut the domi-
nant north-northeast strike of the Northern Volcanic Zone and, thereby, obtain an optimal correlation of mag-
netic anomalies between the survey lines. A mobile GSM-19W basestation from GemSystems was used through-
out the campaign to monitor and correct for time-varying magnetic fields in addition to local geomagnetic
observatory data. Three ground magnetic surveys were collected across the survey area using a GemSystems
GSM-19gw backpack-mounted vertical difference system. Trimmed profile magnetic residual data from these
ground surveys are shown in Fig. 1¢,d.

Data processing

We processed the S100 single-sensor data as well as single-sensor data from one of the H200 scalar magnetom-
eters to total magnetic intensity (TMI) using standard processing steps®, including time-stamping and position-
ing, parallax correction, despiking, diurnal correction, correction of the main and super-regional magnetic field
using the CHAOS X7 model*, line trimming, line levelling (without-ties)*, micro-levelling®, and reduction-to-
pole®!. Processing of the H200 THD data was performed using a recently developed equivalent source method***’
that accounts for the unwanted attitude-induced responses of a gradiometry bird. An aerodynamically balanced
magnetometer bird aligns to the relative airflow direction, which is a combination of ground speed and wind
speed. Due to the relatively low survey speed of the survey drone during the campaign (10-11m/s) compared to
wind speed (often 5-8m/s), the orientation of the drone-towed H200 bird system changed continuously through-
out the surveys, i.e. the axes of the magnetic THD measurements changed continuously, causing unwanted atti-
tude-induced responses. We utilized a radiometric equivalent source method*’ to eliminate 3D attitude-induced
responses in total field differences. The technique involves fitting a dipole surface to the measured data and then
evaluating the response from this dipole surface at new pseudo-sensor locations unaffected by attitude-induced
responses. The governing equation that relates the dipole surface to the measured data is given by

1 M
dj =—E§mszu ey

where p is the gradient of the surface magnetic polarisation in the direction of the ambient field, d is the measured
total field data, and Q2 is the solid angle subtended by the facets from the data points.

To fully construct the forward problem of the gradiometric equivalent source method, we need to relate the
dipole surface to the total field differences. To do this, we subtract Equation 1 by itself with €2 calculated separately
for each sensor location. This subtraction can be written in matrix form as

1
Ad = ——(Rs1 — Ls2) 1 (2)
4

=G (3)

where £ and ; are the matrices containing the solid angles from each sensor. Ad is the scalar field differences.
Now the method involves solving the inverse problem of Equation 2 with a smoothing constrict and a forward
evaluation of the resulting dipole surface to the new pseudo sensor position. The total field differences should
now be free from striping and high-frequency noise in the total field differences typical for attitude-induced
responses>®Y,

Finally, well-established numerical methods were applied to the TMI single-sensor data and the THD gra-
diometry data to enhance short-wavelength anomaly signatures. These methods include the Discrete Vertical
Derivative (DVD)?}, the Along-track Derivative (AD)*?, and the Tilt Derivative (TD)>!. All processing and data
enhancement was done using in-house developed software.

Data availability
The S100 and H200 datasets used during the current study are available from the corresponding author. Please
send an email to ards@space.dtu.dk.

Scientific Reports |

(2024) 14:3399 | https://doi.org/10.1038/s41598-024-53790-x nature portfolio



www.nature.com/scientificreports/

Received: 25 August 2023; Accepted: 5 February 2024
Published online: 10 February 2024

References

1.

2.
3.

4.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
. Acocella, V., Korme, T., Salvini, F. & Funiciello, R. Elliptic calderas in the Ethiopian Rift: control of pre-existing structures. J.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
. Ernst, R., Head, J., Parfitt, E., Grosfils, E. & Wilson, L. Giant radiating dyke swarms on Earth and Venus. Earth Sci. Rev. 39, 1-58

39.
40.

41.

42.

Vogt, P. R, Ostenso, N. A. & Johnson, G. L. Magnetic and bathymetric data bearing on sea-floor spreading north of Iceland. J.
Geophys. Res. 75, 903-920 (1970).

Sigurdsson, O. Surface deformation of the Krafla fissure swarm in two rifting events. . Geophys. 47, 154-159 (1980).
Sigmundsson, E. Iceland geodynamics: crustal deformation and divergent plate tectonics (Springer Science & Business Media, Berlin,
2006).

Thordarson, T. & Larsen, G. Volcanism in Iceland in historical time: Volcano types, eruption styles and eruptive history. J. Geodyn.
43, 118-152 (2007).

. Bramham, E. K., Wright, T. ], Paton, D. A. & Hodgson, D. M. A new model for the growth of normal faults developed above pre-

existing structures. Geology 49, 587-591 (2021).

. Einarsson, P. Earthquakes and present-day tectonism in Iceland. Tectonophysics 189, 261-279 (1991).
. Einarsson, P. Plate boundaries, rifts and transforms in Iceland. Jokull 58, 35-57 (2008).
. Bjornsson, H. & Einarsson, P. Volcanoes beneath Vatnajokull, Iceland: Evidence from radio echo-sounding, earthquakes and

jokulhlaups. Jokull 40, 147-168 (1990).

. Gudmundsson, M. T. et al. Gradual caldera collapse at Bardarbunga volcano, Iceland, regulated by lateral magma outflow. Science

353, 2af8988 (2016).

Hjartardéttir, A., Einarsson, P., Gudmundsson, M. & Hognadéttir, T. Fracture movements and graben subsidence during the 2014
Bardarbunga dike intrusion in Iceland. J. Volcanol. Geoth. Res. 310, 242-252 (2016).

Hartley, M. E. & Thordarson, T. The 1874-1876 volcano-tectonic episode at Askja, North Iceland: Lateral flow revisited. Geochem.
Geophys. Geosyst. 14, 2286-2309 (2013).

Sigmundsson, E et al. Segmented lateral dyke growth in a rifting event at Bardarbunga volcanic system. Iceland. Nat. 517, 191-195
(2015).

Ruch, J., Wang, T., Xu, W., Hensch, M. & Jénsson, S. Oblique rift opening revealed by reoccurring magma injection in central
Iceland. Nat. Commun. 7, 1-7 (2016).

Gislason, S. R. et al. Environmental pressure from the 2014-15 eruption of Bardarbunga volcano. Iceland. Geochem. Perspect. Lett.
1, 84-93 (2015).

Pedersen, G. et al. Lava field evolution and emplacement dynamics of the 2014-2015 basaltic fissure eruption at Holuhraun, Iceland.
J. Volcanol. Geoth. Res. 340, 155-169 (2017).

Bjornsson, A., Saemundsson, K., Einarsson, P., Tryggvason, E. & Gronvold, K. Current rifting episode in north Iceland. Nature
266, 318-323 (1977).

Hardarson, B, Fitton, J., Ellam, R. & Pringle, M. Rift relocation-a geochemical and geochronological investigation of a palaeo-rift
in northwest Iceland. Earth Planet. Sci. Lett. 153, 181-196 (1997).

Green, R. G., White, R. S. & Greenfield, T. Motion in the north Iceland volcanic rift zone accommodated by bookshelf faulting.
Nat. Geosci. 7,29-33 (2014).

Bato, M. G,, Pinel, V,, Yan, Y, Jouanne, F. & Vandemeulebrouck, J. Possible deep connection between volcanic systems evidenced
by sequential assimilation of geodetic data. Sci. Rep. 8, 1-13 (2018).

Sigmundsson, E. et al. Geodynamics of Iceland and the signatures of plate spreading. J. Volcanol. Geoth. Res. 391, 106436 (2020).

Volcanol. Geoth. Res. 119, 189-203 (2003).

Valentine, G. A. & Krogh, K. E. Emplacement of shallow dikes and sills beneath a small basaltic volcanic center-the role of pre-
existing structure (Paiute Ridge, southern Nevada, USA). Earth Planet. Sci. Lett. 246, 217-230 (2006).

Gaffney, E. S., Damjanac, B. & Valentine, G. A. Localization of volcanic activity: 2. effects of pre-existing structure. Earth Planet.
Sci. Lett. 263, 323-338 (2007).

Russell, A., Knight, P. & Van Dijk, T. Glacier surging as a control on the development of proglacial, fluvial landforms and deposits,
Skeidararsandur. Iceland. Global Planetary Change 28, 163-174 (2001).

Marren, P. M., Russell, A. J. & Rushmer, E. L. Sedimentology of a sandur formed by multiple jokulhlaups, Kverkfj6ll. Iceland.
Sedimentary Geol. 213, 77-88 (2009).

Aitken, A. R. & Betts, P. G. High-resolution aeromagnetic data over central Australia assist Grenville-era (1300-1100 Ma) Rodinia
reconstructions. Geophys. Res. Lett.35 (2008).

Shah, A. K. & Crain, K. Aeromagnetic data reveal potential seismogenic basement faults in the induced seismicity setting of
Oklahoma. Geophys. Res. Lett. 45, 5948-5958 (2018).

Dassing, A. et al. On the origin of the Amerasia Basin and the High Arctic Large Igneous Province-results of new aeromagnetic
data. Earth Planet. Sci. Lett. 363, 219-230 (2013).

Dgssing, A. et al. A high-speed, light-weight scalar magnetometer bird for km scale UAV magnetic surveying: On sensor choice,
bird design, and quality of output data. Remote Sens. 13, 649 (2021).

Dziadek, R., Ferraccioli, F. & Gohl, K. High geothermal heat flow beneath Thwaites Glacier in West Antarctica inferred from
aeromagnetic data. Commun. Earth Environ. 2, 1-6 (2021).

Rea, D. K. & Blakely, R. J. Short-wavelength magnetic anomalies in a region of rapid seafloor spreading. Nature 255, 126-128
(1975).

Finn, C. A. & Morgan, L. A. High-resolution aeromagnetic mapping of volcanic terrain, Yellowstone National Park. J. Volcanol.
Geoth. Res. 115, 207-231 (2002).

Trumbull, R, Vietor, T., Hahne, K., Wackerle, R. & Ledru, P. Aeromagnetic mapping and reconnaissance geochemistry of the Early
Cretaceous Henties Bay-Outjo dike swarm, Etendeka igneous province. Namibia. J. African Earth Sci. 40, 17-29 (2004).
Jonsson, G., Kristjansson, L. & Sverrisson, M. Magnetic surveys of Iceland. Tectonophysics 189, 229-247 (1991).

Jonsson, G. & Kristjansson, L. Magnetic surveys south and southeast of Iceland. J. Geodyn. 26, 45-56 (1998).

Dessing, A., Kolster, M. E., Rasmussen, T. M., Petersen, J. T. & Da Silva, E. L. UAV-towed scalar magnetic gradiometry: A case
study in relation to iron oxide copper-gold mineralization, Nautanen (Arctic Sweden). Lead. Edge 42, 103-111 (2023).

DeMets, C., Gordon, R. G. & Argus, D. F. Geologically current plate motions. Geophys. J. Int. 181, 1-80 (2010).

(1995).

Hou, G. Mechanism for three types of mafic dyke swarms. Geosci. Front. 3,217-223 (2012).

Hjartardéttir, A., Einarsson, P., Magnusdéttir, S., Bjérnsdottir, b & Brandsdéttir, B. Fracture systems of the northern Volcanic Rift
Zone, Iceland: An onshore part of the Mid- Atlantic plate boundary. Geol. Soc. London Special Publ. 420, 297-314 (2016).
Drouin, V. et al. Deformation in the Northern Volcanic Zone of Iceland 2008-2014: An interplay of tectonic, magmatic, and glacial
isostatic deformation. J. Geophys. Res. Solid Earth 122, 3158-3178 (2017).

Maccaferri, E, Rivalta, E., Keir, D. & Acocella, V. Off-rift volcanism in rift zones determined by crustal unloading. Nat. Geosci. 7,
297-300 (2014).

Scientific Reports |

(2024) 14:3399 | https://doi.org/10.1038/s41598-024-53790-x nature portfolio



www.nature.com/scientificreports/

43. Mamaloukas-Frangoulis, V. et al. In-situ study of the eastern ridge-transform intersection of the Vema fracture zone. Tectonophysics
190, 55-71 (1991).

44. Bowen, A. & White, R. Deep-tow seismic profiles from the Vema transform and ridge-transform intersection. J. Geol. Soc. 143,
807-817 (1986).

45. McCuaig, T. C. & Hronsky, J. M. A. The mineral system concept: The key to exploration targeting. In Building Exploration Capability
for the 21st Century (Society of Economic Geologists, 2014).

46. Agustsdéttir, T. et al. Strike-slip faulting during the 2014 Bardarbunga-Holuhraun dike intrusion, central Iceland. Geophys. Res.
Lett. 43, 1495-1503 (2016).

47. Petersen, J. T., Kolster, M. E., Rasmussen, T. M. & Dgssing, A. An equivalent source method for removal of attitude-induced
responses in drone-towed magnetic scalar gradiometry data. Geophys. J. Int. 232, 1556-1567 (2023).

48. Finlay, C. C. et al. The CHAOS-7 geomagnetic field model and observed changes in the South Atlantic Anomaly. Earth Planets
Space 72, 1-31 (2020).

49. White, J. C. & Beamish, D. Levelling aeromagnetic survey data without the need for tie-lines. Geophys. Prospect. 63, 451-460
(2015).

50. Minty, B. Simple micro-levelling for aeromagnetic data. Explor. Geophys. 22, 591-592 (1991).

51. Blakely, R. . Potential theory in gravity and magnetic applications (Cambridge University Press, Cambridge, 1996).

52. Kolster, M. E. & Dossing, A. Scalar magnetic difference inversion applied to UAV-based UXO detection. Geophys. J. Int. 224,
468-486 (2021).

Acknowledgements

The authors would like to thank Bjérn Oddsson as well as the Vatnajokull National Park personnel for assisting
during the field campaign. All surveys were conducted with permission from the Vatnaj6kull National Park
authorities.

Author contributions

A.D.and M.R. planned the study and fieldwork. A.D., M.R., E.S., M.K. conducted the fieldwork. A.D., M.K. and
J.P. processed the data magnetic data. E.S. processed the photogrammetry data. A.M. did the magnetic property
measurements of rock samples. A.D. did the data analysis and wrote the manuscript. All authors reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-53790-x.

Correspondence and requests for materials should be addressed to A.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:3399 | https://doi.org/10.1038/s41598-024-53790-x nature portfolio


https://doi.org/10.1038/s41598-024-53790-x
https://doi.org/10.1038/s41598-024-53790-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pre-existing structural control on the recent Holuhraun eruptions along the Bárðarbunga spreading center, Iceland
	Results
	Surveys
	TMI magnetic anomalies
	High-resolution THD magnetic anomalies
	Surface expression of the X1 fault structure

	Discussion
	Methods
	Systems and survey specifications
	Data processing

	References
	Acknowledgements


