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Surtsey, a young basaltic island off the south coast of Iceland, was built by volcanic activity in 1963-1967 from a
pre-eruption oceanic seafloor depth of 130 m. An aeromagnetic survey was carried out in October 2021 over a
60 km? area covering Surtsey and its surroundings. It aimed to explore the internal structure and the possible
existence of basaltic intrusions associated with the five vents active at different times over the 3.5 years of
eruptive activity. The survey line spacing was 200 m and the flying altitude was generally 90 m a.s.l. The
strongest anomalies (amplitude ~700 nT) are caused by the 30-100 m thick subaerially erupted lava field on the
southern part of Surtsey, formed in two episodes of effusive activity:1964-1965 and 1966-1967. 2D spectral
analysis and Euler deconvolution indicate that the causative bodies of anomalies outside the island of Surtsey are
located within the uppermost 300 m of the seafloor and their horizontal dimensions are similar to or smaller than
their depth. 3D forward modeling of the island and its surroundings, constrained by observations during the
formation of the island and drill cores extracted in 1979 and 2017, is consistent with an absence, at all vents, of
pillow lava and therefore effusive activity in their opening phases. However, the data support the existence of a
10-20 m thick pillow lava field on the seafloor, 2.5-3 km? in area, extending about ~1 km to the south of
Surtsey. The field is considered to have been fed by magma reaching the seafloor via channelized intrusive flow
through the foreset breccia constituting the submarine part of an emerging lava delta during the early stage of
effusive eruption in May—July 1964. The general scarcity of significant magnetic bodies within the edifices is
consistent with magma fragmentation dominating the submarine eruptions from the onset of activity. A small
magnetic anomaly is observed over the submarine edifice of Surtla, built during short-lived activity over ~10
days in 1963-1964. This anomaly is consistent with observed subaqueous weak or moderate explosive activity
that may have allowed a dyke to be preserved within the submarine tephra mound. More violent Surtseyan
activity was observed at other vents, however, and may have destroyed any initial dykes that, if preserved, might
have been resolved magnetically. Indications of magnetized volcanic rocks of unknown age predating the Surtsey
eruption are found beneath the flank of the ephemeral island of J6lnir, the southernmost of the Surtsey vents.

1. Introduction et al., 2017). Observations of eruptions in such settings inform our un-

derstanding of their style of activity, their influence on ocean waters and

Submarine-to-emergent volcanism often leads to explosive eruptions
influenced by magma-water interaction, and forms islands in the ocean
and in lakes (White et al., 2015). Such eruptions can produce hazards,
forming ash clouds and tephra fallout. These eruptions can also build
unstable islands that abruptly collapse, causing tsunamis (e.g., Somoza

biota, and potential hazards. A notable example is the formation of the
basaltic volcanic island of Surtsey off the south coast of Iceland in
1963-1967 (e.g., Thorarinsson et al., 1964; Thorarinsson, 1967a;
Jakobsson and Moore, 1982; Moore, 1985).

Although many studies exist on subaqueous-to-emergent volcanism
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(e.g., Kokelaar, 1986; White, 1996; Cole et al., 2001; Cronin et al.,
2017), it is rare that detailed observational records of eruptive activity
during formation can be compared with studies of the internal structure
of oceanic island volcanoes. The detailed studies that have been carried
out at Surtsey, establishing the timeline of its formation (Thorarinsson,

South
Iceland
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1965, 1966, 1967a, 1968b; Baldursson and Ingadéttir, 2007) and
coupling of this timeline with stratigraphic information obtained from
time-lapse drill cores extracted in 1979 and in 2017 (Jakobsson and
Moore, 1982; Jackson et al., 2019; Weisenberger et al., 2019) make
Surtsey an ideal site for studying the internal structure of a submarine-

L o L
20°37' W

=63°18'N

| , i
63°17'N i ) 20°35'

~ 63°19'N

~63°17'N

20042 W 20°37' W

2km Submarine
| pillow lava field

20:34' w 20°26' W

— present-day islands

=== islands 1964-1966 (now submerged) ...  older outlines of Surtsey
— boundary of 1963-1967 formations -~ crescent-shaped craters (Surtsey)

eee  pre-Surtsey formations

Fig. 1. Bathymetry of the Vestmannaeyjar archipelago. a) The black quadrangles show the outlines of the maps in Figs. 1, 5, 7, and 8. The dashed line shows the
approximate outlines of the Vestmannaeyjar volcanic system. b) A geological map of Surtsey shows the location of the lava field on the southern sector of the island
and the Surtungur and Surtur tuff cones formed in 1963-1964 (Jakobsson et al., 2009). ¢) Shaded relief bathymetry map of Surtsey and its surroundings based on a
2007 survey (Jakobsson et al., 2009). The volcanic features constructed in 1963-1967, including outlines of the ephemeral islands of Syrtlingur and Jdlnir, are
shown, as well as the evolving shape of the island of Surtsey since 1965. Outlines of older features of unknown age are also shown.
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to-emergent monogenetic volcanic complex. Most volcanic deposits
created during the 1963 1967 eruptions are submerged. This puts limits
on the extent to which geological mapping can be applied to study the
internal structure of the volcanic deposits. Aeromagnetic surveying, by
contrast, is a method that is not hampered by the oceanic island setting.
Important constraints on internal structure, intrusions, and development
of other submarine volcanoes have resulted from the modeling of
airborne magnetic survey data, which can be employed to image sub-
surface geological features (e.g., Finn and Morgan, 2002; Blanco-
Montenegro et al., 2007; Okuma et al., 2009; Paoletti et al., 2009).

In October 2021, a six-hour aeromagnetic survey with a high-
resolution magnetometer was completed over the Surtsey area, at the
southernmost tip of the Vestmannaeyjar archipelago (Fig. 1). The main
aim of the survey was to look for signs of shallow intrusions and possible
pillow lava formations within and below the edifices of the Surtsey
complex built in 1963 1967, as well as for any evidence of intrusions
beneath the seafloor or possible signs of local tectonic structures.

A more general aim was to explore the feasibility of aeromagnetic
surveying to detect remnant deposits of past eruptions in locations such
as the Vestmannaeyjar archipelago, and whether magnetic surveying
may provide clues on recurrence times of submarine eruptions through
defining deposits of past eruptions.

2. Use of aeromagnetic surveying for submarine settings

Aeromagnetic surveys have been used to study diverse hydro-
volcanic craters and conduits. At maars in Auckland, New Zealand,
Cassidy et al. (2007) observed magnetic anomalies that were related to
coherent basaltic rocks emplaced in the shallow conduits while
geophysical evidence for deep diatremes was not observed beneath the
two tuff cones studied. In the Izu-Oshima volcano, Japan (Ueda, 2007),
the comparison of 3D magnetic models of two surveys in 1986 and 1997
illustrates a shift in the location of vents within the volcanic edifice and
the ridge spreading system. A 1993 aeromagnetic survey of the Canary
archipelago, Spain, analyzed by Blanco-Montenegro et al. (2020) with
3D inversion modeling, provided new insights into intrusions associated
with the tectonic framework underlying the substructure of the sub-
marine sector of the archipelago.

Aeromagnetic surveys are a cost-effective method to study offshore
volcanic areas, allowing for coverage of large and inaccessible mostly
submarine volcanoes. At Nishinoshima volcano, Japan, for example,
constraints were obtained on volcanic processes occurring during island
formation (Tada et al., 2021). A comparison of results from two aero-
magnetic surveys in 2018 and 2019 revealed two newly formed shallow
bodies, with their magnetization emerging in the period between the
surveys, interpreted to indicate the recent emplacement of magma and
its subsequent cooling beneath the crater (Tada et al., 2021).

3. Regional setting: the Vestmannaeyjar archipelago

The Vestmannaeyjar archipelago, composed of at least 17 islands off
the south coast of mainland Iceland, is an early-stage volcanic system,
with an area of 800 km? (Fig. 1). It can be categorized as a mono-
genetic volcanic field (e.g., Walker, 2000; Mattsson and Hoskuldsson,
2003). The geological record indicates that over the last few tens of
thousands of years, numerous eruptions have taken place, as demon-
strated by several tens of remnants of submarine and subaerial vents
spread over an area ~ 40 km long (SW-NE) and 30 35 km wide (NW-SE)
(Jakobsson, 1979; Mattsson and Hoskuldsson, 2003; Sigurdsson and
Jakobsson, 2006). Compared to more productive volcanic systems in
Iceland, the Vestmannaeyjar system is not very active, with the erup-
tions in Surtsey in 1963 1967 and Heimaey in 1973 the only confirmed
eruptions for 1000 years (Thorarinsson et al., 1964; Hoskuldsson et al.,
2015). Episodes of volcanic activity also occurred in early Holocene time
and during the last glacial period ( 100 kyr) (e.g., Jakobsson, 1979;
Mattsson and Hoskuldsson, 2003).
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Information on the subsurface structure of the Vestmannaeyjar ar-
chipelago is limited. The island of Heimaey is the largest, and the only
inhabited, island. It is also where volcanic activity has been most com-
mon and where the thickness of volcanic formations is considered be
greatest (Jakobsson, 1979; Mattsson and Hoskuldsson, 2003). Two deep
boreholes have been drilled at Heimey and cuttings from these holes
reveal the stratigraphy to ~2 km depth. The 1964 drillhole near the
north coast of the island is 1550 m deep. It reveals that the Vestman-
naeyjar volcanic formation, mostly hyaloclastite tuffs, reached only to
180 m depth; from 180 to 820 m depth, volcaniclastic basaltic marine
sedimentary rocks are the dominant formation (Tomasson, 1967). The
2005 hole is 2276 m deep and located ~2.5 km to the southeast of the
1964 hole. It gives very similar results (Gunnarsson et al., 2005). The
volcaniclastic sedimentary rocks underlying the Vestmannaeyjar vol-
canic are most likely derived from south Iceland, originating as volcanic
particles produced by eruptions on the mainland or through glacial or
fluvial erosion. A schematic cross-section of the Vestmannaeyjar archi-
pelago and its relation to mainland Iceland is presented in Fig. 2. It is
based on the two drillholes on the island of Heimaey and geophysical
surveys in the ocean between Heimaey and the Icelandic mainland
(Thors and Helgason, 1988; Gunnarsson et al., 2005). To the south of
Heimaey, little data exists on the thickness of the volcaniclastic sedi-
mentary rocks or the possible existence (or absence) of shallow intrusive
bodies.

4. The 1963 1967 Surtsey eruption

Volcanic activity was observed near the southern tip of the Vest-
mannaeyjar archipelago on 14 November 1963, where pre-eruption
ocean depth was about 130 m (Thorarinsson et al., 1964). This was
the beginning of the Surtsey eruption. Seismic tremor records, however,
indicate that the submarine eruption started on 12 November 1963 and
reached the surface to become subaerial about 40 h later (Sayyadi et al.,
2021, 2022) in the early morning of 14 November (Thorarinsson et al.,
1964). Eruptive activity continued until June 1967 (Thorarinsson,
1968b). Over this 3.5-year-long period, a volcanic island, Surtsey, and
its satellite edifices (Surtla, the ephemeral islands of Syrtlingur, and
Jolnir) were created (Fig. 1). The main phases of the 3.5-year-long
eruption were:

Eruption of Surtur (initially named Surtur I), November 1963 to
January 1964. The explosive, subaerial eruption was preceded by
~40 h of submarine eruption (Sayyadi et al., 2021).

Surtla, explosive submarine eruption, late December 1963 to early
January 1964.

Surtungur (initially named Surtur II), explosive subaerial eruption,
February to April 1964; effusive eruption, April 1964 to May 1965.
Syrtlingur, initially submarine, progressing to subaerial explosive
eruption forming an island with a tuff cone; May to October 1965.

Jolnir, initially submarine, progressing to subaerial explosive erup-
tion forming an island with a tuff cone, December 1965 to August
1966.

Surtur (Surtur I), effusive: August 19, 1966 - June 5, 1967.

The subaerial parts of Syrtlingur and Jolnir were washed away by
wave action a few weeks after the end of the activity. The term Surtsey
eruptive complex will be used hereafter to include all of these features.
The island of Surtsey attained a surface area of 2.67 km? at the end of the
eruption period in June 1967. Erosion occurred rapidly in the years
following the eruption, although the rate has declined over time; by
2019, about 45% of the lava fields had eroded away but only about 16%
of the tuff cones (Jakobsson et al., 2000; Oskarsson et al., 2020). The
outlines of the island of Surtsey in 1965, 1975, and 2016, are shown in
Fig. lc.
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Fig. 2. a) A schematic cross-section of the Vestmannaeyjar archipelago and its connection to mainland Iceland, based on drillholes in Heimaey, limited seismic
surveys, and other data (Tomasson, 1967; Thors and Helgason, 1988; Gunnarsson et al., 2005). The thickness of volcaniclastic sedimentary rocks south of Heimaey is
uncertain. b) Location of cross-section (bathymetry data from the Icelandic Coast Guard Hydrographic Survey).

5. Survey setup surveys (Geometrics, 2019). It was set up with the MagArrow fastened
by two rigid aluminum poles to the bottom of a Partenavia Observer II

The aeromagnetic survey was conducted on 30 October 2021, using aircraft, allowing the MagArrow to be lowered 1.2 m below the aircraft
MagArrow Geometrics, a laser-pumped, cesium vapor magnetometer while surveying. The survey area (Fig. 3) is 6 by 10 km in size (60 km?)
(photo of the instrument in Appendix C), designed originally for drone and was covered in 6 h. The area includes Surtsey and its surroundings,

—————

-250 -200 -150 -100 -50 0
ocean depth (m)

Fig.1c,5,7

A

w |

\\\

90-100{ m

100-140| m / island \ ocean

Fig. 3. The October 2021 aeromagnetic survey. The rectangles indicate the areas shown in Figs. 1c, 5, 7a-c and 8a-b. The schematic sketch at the bottom shows the
aircraft’s altitude and clearance.
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the island of Geirfuglasker, and the area to the east and northeast of
Surtsey with undulations in the seabed that are considered traces of past
eruptions (Fig. 1). Flight lines were flown either NNW or SSE and had a
spacing of 200 m, similar to the mean depth from the aircraft to the
seafloor in the area. Away from the island of Surtsey, the flightline
elevation was approximately 90 m (~300 ft) above sea level. This does
not apply to the lines crossing Surtsey which had a clearance of 100-200
m over the island while approaching 90 m a.s.l. at the northern and
southern ends of the survey lines. Two tie-lines were flown at right an-
gles (ENE and WSW) to the main survey line directions.

6. Data processing and the magnetic map

The MagArrow has a sampling rate of 1000 Hz. The speed of the
aircraft was close to 50 m/s, so the distance between individual mea-
surements was 5 cm. The data processing involved the following steps:

(1) In order to make the data more convenient for processing with no
loss of resolution, it was resampled with a moving average to a
frequency of 20 Hz, giving a point spacing of 2.5 m.

(2) A low pass filter with a frequency of 0.1 Hz was applied. This
removed low amplitude high-frequency noise associated with the
aircraft from the data while preserving anomalies arising from
sources at >200 m below it.

(3) Temporal variations were removed using the record from the
Leirvogur Magnetic Observatory, 110 km NE of Surtsey
(http://cygnus.rhi.hi.is/~halo/leirvogur.html). Apart from a
diurnal variation (a few nT), the geomagnetic field was quiet at
the time of the survey.

(4) A static shift in the magnetic field strength of about 80 nT was
observed, depending on flight direction (NNW versus SSE). This
effect was removed.
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The corrected data were used to create a magnetic map with 100 m
grid spacing, using kriging (Golden Software, 2021). The final residual
magnetic map, after removal of the IGRF12 reference field is shown in
Fig. 4.

6.1. Magnetic properties

The Surtsey volcanic complex is composed of diverse deposits with
basaltic compositions (e.g., Jakobsson, 1979). These include (1) lapilli
tephra and lapilli tuff, including hyaloclastite, (2) subaerial lava, (3)
submarine pillow lava, (4) submarine foreset (lava) breccias, the sub-
marine components of lava deltas, (5) minor intrusions (dykes, sills,
peperites) and (6) seafloor volcaniclastic sedimentary rock (Jakobsson
and Moore, 1982; McPhie et al., 2020).

The magnetic properties of these deposits show highly contrasting
values. Very young surficial deposits composed of products of magma
fragmentation (lithified tephra, and mostly lapilli tuff composed mainly
of originally glassy pyroclasts) commonly have very low net magneti-
zation: 0-1 A m! (Kristjansson, 1970). Magnetization was also
measured in samples from the 2017 drill cores (Jackson et al., 2019,
Table S2). These are 32 basaltic lapilli tuff reference samples and one
basaltic intrusion, with sample locations spanning nearly 290 vertical
meters of the Surtur deposits. These include samples from the subaerial
tuff cone, and submarine deposits and extend to ~100 m depth into an
explosively excavated subseafloor diatreme (Jackson et al., 2019,
Table S2). The mean NRM value obtained for the lapilli tuff edifice
above the seafloor was 0.8 A m ™! while a mean value of 1.7 A m ™! was
obtained for compact lapilli tuff in the diatreme deposits; variations in
the measured values derive from variations in the material and me-
chanical characteristics of the deposits (Jackson et al., 2024).

The basaltic volcaniclastic marine sedimentary rocks underlying the
Vestmannaeyjar Archipelago, including the Surtsey region (Fig. 2),
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should have little net magnetization and are not expected to be the
source of magnetic anomalies, forming a continuous extensive layer over
the whole area (Thors and Helgason, 1988). In contrast, recently formed
and presumably unaltered coherent basaltic rock, such as the subaerial
lavas, pillow lavas, and intrusions are expected to have quite high
magnetization (e.g., Kristjansson, 1982; Gudmundsson and Milsom,
1997; Kristjansson, 2013). The sources of these magnetic anomalies are
considered to be lava flows, pillow lavas, and intrusive rocks. In
contrast, the submarine foreset breccias, formed by the seaward advance
of the subaerial lava flows, are expected to be mostly composed of glassy
and non- or weakly magnetized material.

The lava field that formed during subaerial effusive activity at
Surtsey in 1964-1965 (Surtungur) and 1966-1967 (Surtur) is in most
places 30-100 m thick (Thorarinsson, 1968a). The magnetization of
these lavas was studied using 39 samples collected in 2018 (Appendix
A). The remanent magnetization of these samples ranges from 2.2 to
29.6 Am~ !, with amean of 11.8 Am ! and a standard deviation of 7.3 A
m~! (Fig. 5). The average susceptibility is 0.02, resulting in induced
magnetization of about 0.8 A m~'. Thus, the remanent magnetization
dominates, with the Konigsberger ratio in most cases well above 10
(Fig. 5a). The magnetization of the dyke cored at 287 m vertical depth
under Surtur crater is 19.5 A m~ ! (Jackson et al., 2019, Table S2;
Weisenberger et al., 2022). Overall, these measurements confirm rela-
tively strong magnetization of Surtsey basaltic lavas and intrusions, yet
the large range does not support a single average value.

7. Results
7.1. Correlation between geological features and magnetic anomalies

The magnetic map in Fig. 4 shows several anomalies that appear to
be associated with known geological features, while others do not have
an obvious connection. By far the most prominent magnetic anomaly is
located over the southern part of the island of Surtsey; it closely corre-
lates with the subaerial lava shield. Other features constructed during
the eruption also appear to have a spatial correlation with magnetic
anomalies. These are the now submerged edifices of Jélnir (1966) and
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Surtla (1963-1964). A low-amplitude magnetic anomaly high is corre-
lated with a suspected pillow lava field on the seafloor extending
0.5-1.0 km from the southern coastline of Surtsey (Sigtryggsson and
Sigurdsson, 1966; Jakobsson et al., 2009).

The location of the magnetic high (~200 nT) that correlates with the
southeastern edge of the submarine remnants of J6lnir does not fit with
the location of the vent that built up the temporary island (Fig. 5, black
dashed line). However, it does fit with the location of a topographic
knob (Fig. 5, gray dotted line) that appears on bathymetric maps made
in 1964, prior to the Jolnir eruption (Jakobsson et al., 2009), and on a
seismic reflection profile surveyed in 1980 (Thors and Jakobsson, 1982).
Thus, the magnetic high seems to correlate with a pre-existing structure.
Furthermore, no magnetic anomaly is associated with the submerged
remnant of the former island of Syrtlingur (1965). There is, however, a
weak anomaly (~45 nT) on the three survey lines that cross the sub-
marine remnant of Surtla. This anomaly was previously detected by a
single boat traverse with a magnetometer in 1965, after the 1963-1964
Surtla eruption (Sigurgeirsson, 1966).

The magnetic anomalies that occur to the south and east of Surtsey
are apparently associated with pre-Surtsey structures: Geirfuglasker and
the northern part of the Stérahraun (Figs. 1c, 5). This includes a sharp
anomaly over the northernmost of the craters associated with
Stérahraun and three similarly sharp anomalies (amplitudes of 75-150
nT) to the north, southwest, and south of Geirfuglasker. The sharpness
and spatial confinement indicate very shallow magnetic sources. These
may be related to remnants of subaerial lavas formed during the last
glaciation when the sea level was lower than today (e.g., Thors and
Helgason, 1988). Broader magnetic anomalies occur in the northeastern
part of the surveyed area. The source of these anomalies may be older -
pillow lavas or other coherent basalt — structures not related to the

formation of Surtsey.
7.2. Magnetic map analysis, depth to sources
Fig. 4 shows that the 60 km? area surveyed has several magnetic

anomalies, including the Surtsey 1963-1967 eruption complex. The
strength of these anomalies varies, but they have amplitudes that are
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much lower than the ones produced by the lava flow field on the island
of Surtsey. These magnetic anomalies have mostly short wavelengths
(<1 km), suggesting relatively shallow sources. To explore the depth of
the sources we performed a 2D spectral analysis and Euler deconvolu-
tion. The magnetic field has a declination 75° at this location and is
dominated by the vertical component. However, to avoid bias, before
applying the spectral analysis and Euler deconvolution to the data, it
was reduced to the pole (Appendix B). The reference surface of the
analysis outside Surtsey is sea level; thus, a calculated depth of 100-150
m corresponds to a source at or very close to the seafloor.

The surface of the Surtsey lava field lies at 20-100 m above sea level.
Over the island, the aircraft altitude was increased to 250-300 m a.s.l.
(Fig. 3), resulting in a spacing of ~200 m between the aircraft and the
magnetic source over Surtsey. Thus, the lava should correspond to a
reference depth of ~100 m in the Euler and spectral analysis.

7.3. Spectral analysis

A radially averaged 2D power spectrum (Spector and Grant, 1970)
for the survey area, using a reduced-to-pole map (Appendix B), is shown
in Fig. 6, obtained by applying the Geosoft software (Geosoft, 2015).
Since the spectrum is radially averaged, it is independent of any linear or
other spatial trends that may be present in the data. The decay of the
spectrum function, shown by the slope of Fig. 6a, within a comparable
wavenumber range, indicates the depth of the causative bodies but does
not provide information on the location of individual bodies.
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The highest wavenumber signal shown in Fig. 6 (>4 km™') repre-
sents noise and does not contain information on magnetized bodies. The
first part of the spectrum graph (wavenumber <1 km 1) refers to the
deepest bodies that may be present. Wavenumbers in the range 1-4
km ™! dominate the middle to low frequency region. The average depth
to the shallower sources is calculated from the slope for this wave-
number range (Fig. 6a) (Reid et al., 1990).

Fig. 6b shows the results from the spectral analysis on depth to
sources for the area surveyed. The results indicate that most anomalies
arise from shallow bodies, at depths of 100-400 m below sea level. This
implies that the island of Surtsey and the uppermost 300 m of the sea-
floor is the source region, with the shallowest sources being the most
common.

7.4. Euler deconvolution

To further analyze the depths of the magnetic sources and how they
vary over the magnetic survey area, we apply Euler deconvolution (Reid
et al., 1990). It requires neither information on the magnetization di-
rection of the field nor of the sources (Mushayandebvu et al., 2001).
Rather, it is utilizing how the shape and extent of the anomalies vary
with the form of the causative bodies. Calculated values of depth depend
on the type of body form chosen. Since the shape of the source bodies is
usually poorly known, Euler deconvolution is applied using a range of
different shapes of the causative bodies, with body form expressed
through the structural index (SI). For dykes and sheets SI = 1, for vertical

In (Power)

Noise

-10

Depth (km)

2 3
Wavenumber (1/km)

Fig. 6. Radially averaged power spectrum (a) and depth estimation (b) of anomalies for the area covered by the magnetic survey. The spectra are obtained using the
Geosoft software (Geosoft, 2015) and indicate a dominant source depth in the uppermost 300 m of the seafloor.
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pipes SI = 2, while bodies that are spatially small compared to the depth
and therefore resembling dipoles, have SI = 3 (Reid et al., 1990). The
magnetized bodies would have mainly formed by the flow of magma
through a dyke or a pipe-like conduit and, in reality, such pipes or
vertical sheets should be associated with the bodies. However, such
conduits are likely short, narrow dykes below the SI = 3 bodies and are
therefore considered to be minor sources of anomalies. We use the
Geosoft software (Geosoft Inc., 2015) for the calculation of the 3D-Euler
deconvolution for the magnetic grid (Fig. 4) and the three structural
indices mentioned above (SI = 1, 2, and 3). The results are shown in
Fig. 7.

Depth is relative to the ocean surface, as before. Fig. 7a suggests that
SI = 1 source shapes, as horizontally emplaced sills or vertically
emplaced dykes, would occur at depths <130 m. Thus, structural index 1
calls for unrealistically shallow sources for dykes, forcing >50% of so-
lutions to physically implausible depths above the seafloor (Fig. 7d).
Fig. 7b suggests that S2 source shapes, such as pipe-like eruptive con-
duits, would occur over a large range of depths. However, about 25% of
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the structures are forced above the seafloor. Fig. 7c suggests that S3
source shapes, as dipole-like spherical structures, would occur at depths
at or below the seafloor. This analysis appears most realistic, with
possible sources being submarine lavas or shallow intrusions. The results
therefore indicate that SI in the range 2 to 3 is most plausible for the
mapped area. Note, however, that the lava field on Surtsey with an
approximate length of 1.5 km (NNW-SSE) and a width of 750 m (ENE-
WSW) (Figs. 1b, 5), would be better represented by a sheet with SI = 1.
This feature, located at 20-100 m above sea level is not well-represented
by the Euler deconvolution analysis of SI = 1. It should also be noted that
the overall results from the Euler deconvolution agree with the 2D
spectrum (Fig. 6b), in that most sources appear to be located in the
uppermost 200-300 m of the seafloor.

Comparison of the estimates for depth to the source using spectral
analysis (Fig. 6) and Euler deconvolution (Fig. 7) for the magnetic grid
map (Fig. 5) shows that the two methods provide essentially identical
results: the principal sources for magnetic anomalies in the Surtsey re-
gion arise from shallow sources.
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Fig. 7. Depth estimation relative to the ocean surface for causative bodies according to 3D-Euler deconvolution of the reduced to the pole magnetic map (Appendix
B) for different structural indexes. The area shown is the same as in Figs. 1c and 5. (a) sheet (resembling sills or large dykes); SI = 1, (b) vertical pipe (resembling e.g.,
eruptive conduits); SI = 2, and (c) sphere (bodies of spatial extent small compared to their depth, e.g., knobs of pillow lava or intrusions); SI = 3. d) depth distribution

of sources for each SI.
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8. 3D forward magnetic modeling of Surtsey volcanic structures considers the full spatial extent and geometry of the geological features
of interest. The forward model takes a layered approach where

8.1. Model construction and approach geological bodies are defined by upper and lower surface grids. As
visualized in Fig. 8, this layered stratification allows for a reasonably

For further analysis, we have constructed a 3D forward model that comprehensive and continuous analysis of the geometry of associated
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Fig. 8. 3D forward models of the Surtsey complex. a) Map of the observed residual field with 630 nT subtracted (see text). b) Model map of the survey area with
outlines of the model bodies contributing significantly to the anomalies observed for the Surtsey subaerial lavas, Jolnir knob and pillow lava field (south side of the
Surtsey). ¢) SW-NE cross-section over Jolnir and Surtungur, d) SW-NE cross-section over Surtur, €) SE-NW cross section for Surtur and Surtungur at Surtsey, including
the modeled pillow lava sheet.
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structures, essential for identifying as much as possible of the subsurface
structure of the Surtsey volcanic complex. This is done with the 2022
version of Geosoft s GM-SYS 3D (Geosoft, 2022) modeling software,
using the Parker (1972) algorithm. This software constructs models
using multiple stacked surface grids, where each layer s, magnetic sus-
ceptibility (k), and remanent magnetization (M) are specified using the
empirical data (Fig. 5) to delineate different geological features.

8.2. Geological bodies and magnetization parameters

The 3D model incorporates six principal geological bodies: (1) the
edifice built in the explosive phreatomagmatic phase of 1963 1964,
made of lapilli tephra and tuffs; (2) the Surtsey subaerial lava field
formed in 1964 1967; (3) the submarine lava delta formed in
1964 1967; (4) the pillow lava field on the sea floor south of Surtsey,
and the two bodies formed in eruptions outside the island of Surtsey that
give rise to magnetic anomalies; (5) the Jolnir knob; and (6) Surtla. The
magnetization values used for bodies (1) and (2) are derived from field
samples (Fig. 4), while the values used for bodies (3), (4) and (5) are less
well-constrained. However, values obtained for similar basaltic forma-
tions in Iceland are used to provide plausible constraints (e.g. Krist-
jansson, 1970; Kristjansson, 1982). Fig. 8a shows the magnetic map of
the model area, where 630 nT have been subtracted from the residual
map (Fig. 5) in order to remove the remaining residual mean field after
subtraction of the IGRF. Fig. 8b shows the modeled field while Fig. 8c-e
are cross-sections providing a comparison between the model and the
measured field.

(1) The lapilli tephra and tuff: The geometry of this body is well
constrained by maps from 1964 (Thorarinsson, 1967c). It makes
up the largest volume of the submarine volcanic edifice (Fig. 8). It
is assigned the mean magnetization and susceptibility values
obtained from lapilli tuff reference samples in the uppermost 100
m of the drillholes (equivalent to 0.6 A m !, see Appendix A)
(Jackson et al., 2019).

Surtsey lava: The topography of the island in 2021 (at the time of
the survey) and at the start of effusive activity in April 1964
(Thorarinsson, 1967c¢), provides strong constraints on the ge-
ometry of the lava flows erupted from Surtungur (April
1964 May 1965) and Surtur (August 1966 June 1967) (Fig. 8d
and e). The magnetization and susceptibility are constrained by
the outcrop sample analyses (Fig. 4, Appendix A). A better fit is
obtained by assigning different magnetization values to the Sur-
tungur and Surtur lavas; (12.5 Am * for Surtungur, 19 Am ® for
Surtur); this difference is supported by the values obtained for the
samples for each lava (Appendix A). These values fall within the
range provided by the surface lava samples 12.6 7.3 A
m (Fig. 4; Appendix A).

The lava delta: Magnetization assigned to the lava delta is low,
similar to that of the lapilli tuffs (equivalent to 0.7 A m 1). The
submarine lava delta is inferred to consist of largely glassy de-
posits having only minor amounts of coherent magnetized rock
(e.g., Watton et al., 2013); explaining the low magnetization
assigned to it of 0.7 Am 1.

The Jolnir knob: The seismic (Thors and Jakobsson, 1982) and
bathymetry data (Vesteinsson, 2009) provide some constraints on
the thickness and extent of the body. It is modeled as 30 40 m
thick. By using magnetization of 5 A m ! and susceptibility of
0.025, a reasonable fit is achieved. This body is graphically rep-
resented by the pronounced peak in the observed magnetic field
data on the SW-NE profile (Fig. 8c).

The pillow lava field: The size and form of this body is poorly
known in comparison with bodies 1 4. It is only constrained to
the south of Surtsey and its extent or thickness under the island is
unknown. The approach taken here is to use an initially 10 m
thick layer between 120 and 130 m depth and allow it to extend

(2)

(3)

(€))

G))
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under the island approximately to the boundary between the lava
delta and the margin of the lapilli tuff edifice (body 1). Here a
value of 10 Am ! is assumed, an approximate value for basaltic
pillow lavas in Iceland (e.g. Kristjansson, 1970). The best fit is
obtained by the gradual thickening of this layer towards the
island.

The modeling suggests that the subaerial lava is the principal source
for the ~700 nT anomaly in the southern sector of Surtsey (Fig. 4). The
modeling also conforms to the low magnetization lapilli tephra and tuff
dominating the subaerial and submarine deposits of Surtsey, both for
Surtur and Surtungur. This is consistent with drill cores acquired in 1979
and 2017 (Jakobsson and Moore, 1982; Jackson et al., 2019; McPhie
et al., 2020), which reveal only small amounts of coherent basalt as
dykes (or other intrusions) emplaced within the pyroclastic deposits. A
substantial deposit of early pillow lava erupted on the seafloor at the
initiation of activity at either the Surtur or Surtungur vent would be
difficult to reconcile with the measured magnetic anomalies. If such a
body existed at the seafloor, 300 400 m below the survey flightline over
the island (Fig. 8c-e), the depth and likely extent beyond the diatremes
would give rise to a considerably broader anomaly than observed.

The model results are consistent with the anomaly south of the island
of Surtsey (Fig. 4) being caused by a sheet of pillow lava, formed as
magma was channeled down through the lava delta during the absence
of visible surface lava flow for 10 weeks (end of April July 9, 1964;
Thorarinsson, 1966) and emplaced on the seafloor. As stated above, the
extent and thickness of this body are poorly constrained compared to
other formations. However, the results indicate that this pillow lava field
may cover 2.5 3.0 km? and have a volume of 25 40 million m®,

The apparent absence of any magnetic anomaly that correlates with
the main edifices of Syrtlingur, formed in 1965, and Jolnir, formed in
1966, suggests that these structures have very minor, almost zero
magnetization. This indicates that both edifices are formed of basaltic
tephra/tuffs, with dykes and/or other coherent basalt forming volu-
metrically insignificant components of the structures.

Surtla: Surtla was formed in a submarine eruption at the end of
December 1963 and the first days of January 1964. A cross-section
through the 3D model of the submarine Surtla structure (Fig. 8b) is
shown in Fig. 9. There are two plausible scenarios for the observed
anomaly: a primary dyke structure or an aggregation of crystalline and
magnetized rocks within the edifice. The model utilizes magnetization
and susceptibility values that offer an approximate fit to the observed
anomalies, using values similar to the apparent magnetization of the
weakly-consolidated tephra acquired by the 2017 drill cores at Surtur
(Jackson et al., 2019). There is some discrepancy in the fit, however, and
a dyke may also contribute to the anomaly. The existence of that dyke is
supported by the presence of coherent basaltic boulders at the subma-
rine ridge (Kokelaar, 1983; Jakobsson et al., 2009). If the bulk of the
edifice of Surtla has very minor magnetization and susceptibility, similar
to the remains of Syrtlingur and Jolnir, then a contribution from a dyke
is indeed a plausible explanation. Moreover, the presence of peperites
and/or dispersed small coherent crystalline intrusions as documented
for subglacially formed edifices (e.g. Schopka et al., 2006) cannot be
excluded, but these would only account for a minor part of the volume of
Surtla. Moreover, the modest amplitude of the anomaly (~45 nT) is not
consistent with the presence of a substantial body of pillow lava at the
base of Surtla. The modeling, therefore, suggests that Surtla could be a
mound of basaltic tephra, with or without a narrow basaltic dyke that
traverses the structure.

8.3. Model limitations

The fit obtained from the 3D forward models does not reproduce all
the details seen in the magnetic map. Elaborate adjustments to the ge-
ometry or allowing for variable magnetization and susceptibility for
individual bodies could be applied to improve the fit. However, this
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Fig. 9. SSE-NNW cross-section through Surtla, showing a profile of the
observed field with a regional gradient removed, and the 3D modeled field (see
Fig. 8a, b).

would not change the results in any significant way for the bodies
modeled. For the profiles shown in Fig. 8d and e, the model has lows of
100-200 nT (over the tephra rim of Surtur in 8d and over the buried
tephra rim between Surtur and Surtungur in 8c), much larger than the
minor lows seen in the actual data. A possible explanation for this
discrepancy is that the Surtur rim has some small and shallow dikes or
intrusions formed during minor volcanic activity in December 1966 or
January 1967, including the formation of a small lava flow on the north
side of the island (Thorarinsson, 1968a, 1968b). The inclusion of such
bodies could improve the fit at these locations but would not change the
overall results.

9. Comparison of the surveys in 2021 and 1965

A helicopter survey with a proton precession magnetometer was
flown at 200 m elevation above sea level on 31 August 1965, covering
Surtsey and extending 1-1.5 km beyond the 1965 shoreline (Sigur-
geirsson, 1968). Importantly, this survey was performed after the
eruption of Surtungur (1964-65) but before the formation of Jélnir and
the effusive eruption of Surtur (Surtur I). In Fig. 10, the results of this
survey (10b) are compared with the 2021 survey (10a). Data from
Leirvogur Magnetic Observatory in Iceland compensates for the
observed changes in total field strength between 1965 and the 2021
survey. An additional 130 nT was added to the 1965 survey map to
remove a residual shift between the 2021 and 1965 maps away from the
island of Surtsey. This discrepancy is probably due to the shifts applied
to the data sets when directional effects are removed, as described in
Section 5. Since the survey in 1965 was done at a 200-m height, an
upward continuation filter (Blakely, 1995) has been applied to the
magnetic grid map of 2021 (Fig. 5) lifting it by 100 m.

The map in Fig. 10c shows the difference between the field strength
mapped in the 1965 and 2021 surveys. It reveals that large changes have
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occurred in some locations. Firstly, the field strength has dropped by
400-450 nT in the area where erosion has removed the southwest sector
of the island over the 54-year period between the surveys (Oskarsson
et al., 2020). Secondly, the anomaly over the lava field has increased by
300-350 nT, in particular in the eastern sector where lava was emplaced
during the Surtur effusive eruption of 1966-1967, post-dating the 1965
survey. Another contributing factor to the observed increase in anomaly
strength in the western part of the lava field may be that the lava had not
yet acquired full magnetization 1965. The flow was emplaced during the
1964-1965 Surtungur effusive activity and the 20-100 m thick lava
stack (Thorarinsson, 1966) had not everywhere cooled through its Curie
point.

Over the seafloor pillow lava field to the south-southeast of Surtsey,
no apparent change appears between the 1965 and 2021 surveys
(Fig. 8a, b) It seems that the pillows would have already formed and
cooled, consistent with emplacement in spring 1964 (e.g., Jakobsson
et al., 2009).

The anomaly associated with the topographic knob adjacent to the
SE sector of Jolnir is visible in both the 1965 and 2021 magnetic maps.
The knob also appears on the bathymetric map made in 1964 (Jakobsson
et al., 2009; Vésteinsson, 2009). It therefore existed when the J6lnir
eruption took place in 1966. A question arises as to whether this knob
could represent a submarine lava mound formed in the first days of the
Surtsey eruption in November 1963. The eruption is considered to have
started on the ocean floor in the afternoon of November 12, based on
seismic tremor (Sayyadi et al., 2021). Thermal anomalies were then
detected 3-4 miles to the southwest of Surtsey on the morning of
November 13, 1963, and in the vicinity of Surtsey on November 14
(Malmberg, 1965). Further measurements of sea surface temperatures
were made in the vicinity of Surtsey on November 15 and 16, one and
two days after the eruption became visible (Malmberg, 1965). The
measurements were made along N-S and E-W lines, with the incipient
island of Surtsey in the middle, and the closest observations occur 300 m
from the emerging island. No heating was detected during these surveys.
This suggests that no significant heat sources were present on the sea-
floor after Surtsey emerged on November 15, implying that the knob
existed before the onset of the Surtsey eruption. Had a basaltic lava
edifice of this size been present and only a few days old on 16 November,
it would have been releasing significant heat to the water column, as, for
example, was observed during the El Hierro eruption in the Canary
Islands in 2011 (e.g., Rivera et al., 2013).

10. Discussion

This study demonstrates the potential for the analysis of aero-
magnetic survey data coupled with detailed bathymetry data to provide
insights into past eruptive activity in shallow submarine settings. This
applies, in particular, to volcanic structures formed within and/or on top
of thick sedimentary sections that do not themselves produce magnetic
anomalies. In such settings, the magnetized bodies would be submarine
lavas, including pillows, buried bodies of subaerially erupted lava
formed during episodes of lower sea level, and magmatic intrusions of
significant crystallinity and thickness.

A limitation, however, is that only larger-scale features and their
overall bulk properties can be accurately deciphered through aero-
magnetic surveying and modeling. During the 2021 survey, for example,
the minimum clearance between the aircraft and magnetometer and
sources was ~200 m, implying that magnetized bodies must have a
sufficiently large spatial extent and/or magnetization in order to pro-
duce significant, detectable anomalies.

The modeling (Figs. 8 and 9) suggests that the pyroclastic products of
the 1963-1967 Surtsey eruption are mainly weakly- or non-magnetic
below sea level. No significant anomalies seem to arise from the
tephra and lapilli tuff deposits that were produced by explosive eruptive
activity at Surtsey, Syrtlingur, and Jolnir. An exception to this is a pillow
lava flow field visible in bathymetry, which is interpreted to have been
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and 2021.

fed by magma channeled through the lava delta that extends south and
southeast from the island of Surtsey (Figs. 5 and 8). Above sea level, the
lava flows are highly magnetic and produce the strongest source of
anomalies (Figs. 4 and 8).

The coupled modeling of aeromagnetic data with bathymetry data
suggests four different styles of eruption and emplacement of volcanic
deposits within the Surtsey 1963-1967 complex. These phases are
summarized in the schematic sections shown in Fig. 11: mildly explosive
submarine activity (Fig. 11a), Surtseyan explosive activity (Fig. 11b),
subaerial effusive eruption building a lava delta (Fig. 11c), and sub-
marine effusive eruption forming an ocean-floor pillow lava field with
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lava transported down a lava delta (Fig. 11d). This characterization
largely agrees with previous work (see e.g. Jakobsson et al., 2009;
Jackson et al., 2019), but also provides new constraints on the contri-
butions and importance of the different phases.

10.1. Submarine to emergent explosive Surtseyan activity

The two stages of explosive activity are presented in Fig. 11a and b.
Surtseyan explosive activity (Fig. 11b) was dominant from November
1963 to April 1964 and during the formation of the ephemeral islands of
Syrtlingur (1965) and Jolnir (1966), building tuff cones and causing
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Fig. 11. Schematic cartoons of four types of activity identified in the 1963-1967 Surtsey eruption, consistent with the magnetic survey results. a) Submarine magma
fragmentation and the formation of a submarine cone. In the case of Surtla, activity terminated before the onset of more powerful Surtseyan explosive activity. b)
Surteyan activity with magma-water interaction. c¢) Subaerial effusive activity and the formation of lava flows and a lava delta. d) Formation of a submarine pillow
lava field through channelized flow of magma from the subaerial vent, later partly buried by the advancing lava delta formed in 1964-1967.

tephra fallout of varying intensity. In comparison, the activity observed been the dominant style of the early submarine activity at all vents,
at Surtla was of much less intensity (Fig. 11a), as discussed further in progressing to Surtseyan style activity (Fig. 11b).

section 10.2. Subaqueous explosive activity, forming the volcanic glass

fragments that are the principal component of the submarine parts of the

edifices of Surtur, Surtungur, Syrtlingur, and Jélnir, is expected to have
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10.2. Mild explosive submarine activity, formation of Surtla

Differences exist between the magnetic anomalies of Surtla and those
of Jolnir and Syrtlingur. The ephemeral islands of Syrtlingur and Jolnir
were produced in explosive eruptions that added subaerial pyroclastic
deposits to their apparently pyroclastic, very weakly magnetic, subma-
rine deposits (Thorarinsson et al., 1964). Styles of the eruption from
these islands were similar to those observed at the Surtur and Surtungur
vents on the island of Surtsey (Thorarinsson, 1965, 1966, 1967c;
Thorarinsson, 1968a, 1968b), which provides the only remaining record
of subaerial deposits. Tabular feeder dykes for lava flows traverse lapilli
tuff deposits on the surface of Surtsey. The 1979 and 2017 drill cores
through the Surtur deposits encountered occasional intervals of
coherent basalt, mainly 1 m in width, which have quenched margins
and traverse the subaerial and submarine pyroclastic deposits (Jakobs-
son and Moore, 1982; McPhie et al., 2020; Oskarsson et al., 2020).

The feeder dykes for individual vents may have considerably greater
total width. The 2017 angled SE-03 drillhole intersected the apparent
subseafloor feeder of the Surtur effusive eruption of 1966 1967, a
composite dyke that intruded the deep lapilli tuff section of the sub-
seafloor eruptive conduit (Jackson et al., 2019; Weisenberger et al.,
2019, 2022). The angled drill core traversed about 10 m of coherent
basalt, from 342.4 to 352.0 m measured depth (McPhie et al., 2020). The
horizontal trend of the drillhole has an angle of ~75 from the trend of
the volcanic fissure observed at the start of the activity (Thorarinsson,
1967b; Weisenberger et al., 2022). If the dyke has the same trend at
depth, this indicates a total thickness of 5 6 m, formed during the 10
months of effusive activity. Important constraints on the volumetric
contribution of the minor intrusions, feeders and other dykes, come from
the 1979 and 2017 drill cores. Overall, intrusive crystalline rocks
(dykes) constitute 19 m out of 727 m total in holes SE-01, SE-02B, and
SE-03 (Jakobsson and Moore, 1982; Jackson et al., 2019; Weisenberger
et al., 2019; McPhie et al., 2020), or 2.6 vol%. Using a magnetization of
10 20 Am ! would result in a volumetric average of 0.3 0.6 Am 1.

The edifice of Surtla, formed over 10 days in December
1963 January 1964, never grew above sea level to form an island. The
observed phreatomagmatic activity at Surtla thus never reached the
intensity of the explosions at Surtsey, Syrtlingur, and Jolnir. At Surtla,
jets of steam and tephra only occasionally rose above the ocean surface,
to a maximum height of 50 m on 29 December 1964, when activity was
at its peak (Thorarinsson et al., 1964). The relatively mild subaqueous
activity (Fig. 11a) may be the reason why a substantial crater with
visible rims did not form at Surtla. Instead, the eruption left a steep-sided
mound that may have preserved a large part of the dyke feeding the
eruption. A scuba expedition in 1981 identified sparse blocks of vesic-
ular basalt on this mound, which were interpreted as fragments of rare
lava flow-units, possibly pillows or pahoehoe lava that were mixed with
pyroclastic deposits (Kokelaar and Durant, 1983).

This survey can neither resolve the relative contributions of a dyke
and/or peperites within the edifice nor prove the existence of one or the
other. One possibility is that the anomaly is principally caused by a
single dyke about 2 m thick. Alternatively, the sheetlike magnetic body
at Surtla could represent a meters-wide fissure that was backfilled and
mingled with enclosing pyroclastic debris during weakly explosive ac-
tivity. Such a feature could share some characteristics with other fissure-
filling deposits where erosion has removed weak country rock enclosing
the upper few hundred meters of fissures linked with subaerial eruptions
(e.g., Lefebvre et al., 2012; Re et al., 2016). No submarine equivalent is
known, though spatter deposits formed during a submarine fissure
eruption at Miyakejima in 2000 (Kaneko et al., 2005).

10.3. Subaerial and submarine effusive styles of activity
Two types of effusive activity are identified (Fig. 11c, d). Firstly,

there are subaerial lava flows, partly built on lava deltas. Secondly, a
submarine effusive eruption forming pillow lava on the seafloor appears
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to have occurred in May July 1964 (Jakobsson et al., 2009), sourced
from the subaerial vent through channelized flow of lava. Conditions for
this type of activity may have developed after the initial emplacement of
subaerial lava and the establishment of a lava delta, and while lava flow
rates were sufficiently high to maintain a stable channel down the lava
delta.

10.4. Implications for assessment of submarine volcanic activity

The results presented here, based on the combined analysis of ba-
thymetry data and aeromagnetic anomalies, have the potential to assist
in assessing long term volcanic production rates at distributed volcanic
fields in shallow ocean settings, similar to the Vestmannaeyjar archi-
pelago. Although the research does not directly address forecasting of
long-term volcanic hazards, the results provide useful information for
assessments of such hazards. This may include studies to assess the
characteristics of volcanic deposits buried by seafloor sediments or
intruded into the host sedimentary rock succession, as well as those of
younger volcanic deposits. Moreover, insights into the geological and
structural foundations of these volcanic fields enhance predictions of the
pathways and potential impacts of future eruptions in similar shallow
oceanic environments. These insights will assist in identifying areas at
risk, understanding potential eruption dynamics, and informing miti-
gation strategies in oceanic and coastal settings vulnerable to Surtseyan
volcanic activity.

11. Conclusions

Depth estimates obtained by 2D spectral analysis and Euler decon-
volution indicate that, with the exception of the Surtsey subaerial
lava field, all significant sources of magnetic anomalies are located
on the seafloor or within the uppermost 200 300 m of the seafloor
sedimentary rock succession.

By far the strongest anomaly is associated with the subaerial lava
field on the island of Surtsey. The ~700 nT anomaly is best explained
by 12.5 19 A m ' magnetization of the subaerial lava flow field,
which formed in two episodes during 1964 1967.

The magnetic data are not consistent with the presence of significant
volumes of highly magnetic rocks at or above the seafloor under-
neath the vent areas of Surtsey, supporting previous results and in-
ferences that only very minor or no mounds of pillow lava were
formed in the initial phases of the eruption.

A subtle magnetic high, observed to the south of Surtsey, can be
explained by a ~ 10-m-thick layer of pillow lava on the seafloor with
a magnetization similar to 10 A m 1. This pillow lava field likely
formed in May July 1964 through intrusive channeling of basaltic
magma through a contemporaneous lava delta.

A clear magnetic anomaly is located on the southern edge of the
submarine mound that is the remnant of the ephemeral island of
Jolnir, formed in 1966. The anomaly correlates with a 30 40 m high
submarine topographic knob, seen in 1964 bathymetry data and a
1980 seismic profile. The knob apparently pre-dates the formation of
Surtsey because surveys of ocean surface temperature, performed
during the first days of the eruption in November 1963, did not
indicate any heating at this location.

No magnetic anomalies are associated with the submarine mounds
that are the remnant of the ephemeral islands of Syrtlingur, formed
in 1965, and Jolnir, formed in 1966. In contrast, a weak anomaly is
associated with the submarine mound of Surtla, formed in
1963 1964. The data are not conclusive, but the source of this
anomaly may be a feeder dyke or a fissure fill of coherent basaltic
rocks along the ridge of Surtla.

The differences between the magnetic anomalies for Surtla on one
hand and for Jolnir and Syrtlingur on the other, may be due to the
eruption of Surtla being of lower explosive intensity. Surtla did not
apparently experience the powerful phreatomagmatic explosions
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observed at other vents, which produce pyroclastic deposits mainly
with weak magnetic properties.

Beneath Surtsey and its satellite islands, apparently no sub-seafloor
intrusions exist of a scale sufficiently large to generate an anomaly
detectable by the aeromagnetic survey. This does not rule out in-
trusions, but their volume and extent would have to be relatively
minor compared to the main bodies causing anomalies in this area.
This study indicates that dense magnetic surveying is a useful tool to
assess the characteristics of a shallow submarine volcanic field. As
such, it provides a reference for identifying past eruption sites and
assessing past activity in similar volcanic fields. This approach thus
has potential for hazard assessment at islands and coastal settings.
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