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Abstract: Aerial frames and satellite imagery are widely recognized data sources from which to pro-
duce maps. For volcanoes, maps enable the quantification of erupted ash and the destruction caused.
The last eruptive sequence on Deception Island was endured from 1967 to 1970. Analogue maps
were produced via classical photogrammetric methods with a high degree of human intervention
mainly to analyse the volcanic-centres areas only. However, historical aerial frames cover the whole
of Deception Island. Structure from motion photogrammetry, a near-automated compilation of digital
image processing strategies, minimizes the degree of human intervention to produce orthographic
mosaics and digital elevation models from digital aerial frames. Orthographic mosaics were produced
from historical aerial frames of 1956 and 1968, and a Kompsat-3 image of 2020. Their shared root-
mean-square deviation was 1.8 m and 1.7 m in easting and northing, respectively, at ground control
points measured with phase-differential global navigation satellite systems. The digital elevation
models were processed with a root-mean-square deviation of 2.3 m and 3.6 m from 1956 and 1968
aerial frames, respectively. As the first application, erupted ashfall and the subsequent destruction,
mainly at the former Chilean and British bases, were identified, and the volume of erupted ash was
assessed to be over 0.16 km3 within the area mapped by these new digital cartographic products.

Keywords: historical aerial frames; structure from motion; 1967-1970 volcanic sequence; Deception
Islands; Antarctic Peninsula

1. Introduction
1.1. Recent Volcanism and Tectonic Surrounding

Deception Island is the most prominent active volcanic centre in the extensional basin
between the South Shetland Islands to the northwest and the Antarctic Peninsula to the
southeast (Figure 1a). Its central submerged depression of 9 km in diameter opens to the
ocean via a single narrow (500 m) and shallow (20 m) channel. Deception Island itself
is 15 km in diameter and peaks at Mount Pond at 539 m above sea level (asl) elongated
SSE-NNW and Mount Kirkwood at 452 m asl elongated ESE-WNW (Figure 1b).

The South Shetland Islands, apart from Deception Island, are a volcanic arc formed
through the former Phoenix Plate subduction under the Antarctic Plate [1-3]. The north-
eastwards regional movement of the Antarctic Plate favours the roll-back of the subducted
Phoenix slab, creating an extensional basin with an additional left-lateral component that
extends to the Antarctic-Scotia Plate boundary [4-6], further assumed to be a marginal
extensional basin [7,8] that propagates from that plate boundary southwestward to De-
ception Island, its southwest limit (Figure 1a). This complex geodynamics is exhibited
in the back-arc volcano-tectonic activity that formed Deception Island, evolving from
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submarine pillow lavas to subaerial eruptions, mainly strombolian and phreatomagmatic,
shield volcano formation and caldera collapse [4,9-12].
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Figure 1. The South Shetland archipelago aligned NE-SW and nearly 100 km north of the Antarctic
Peninsula and simplified tectonic surrounding [6] (a). Deception Island horseshoe-shape after the
collapse of the caldera beneath sea level, connected to the ocean through a narrow and shallow
passage. The location of the source of the 1967-1970 eruptive sequence events (b). Chilean shelter in
2012 still surrounded by ash fall from the 1967-1970 eruptions (c).

Deception has undergone recent volcanic activity, with confirmed eruptions in 1842,
1871, 1912, 1956, 1967, 1969, and 1970 [11,12] of Volcanic Explosivity Indexes 2-3 small-
to moderate-volume monogenetic eruptions (<0.1 km3) with ash columns rising 10 km
asl [13]. Since then, significant seismic activity has been registered, mostly shallow low-
energy earthquakes of magnitude 1-2 [14]. Magnitudes 3—4 were also detected in the
seismo-volcanic crisis of 1991-1992 and 1998-1999 [15-17]. A detected increase in thermal
activity was also recorded in 2012 and 2013 [18], and more than 15 cm/year of volcano
inflation in January 2020, forcing the volcano alert level to be raised [19,20], which denotes
Deception as a highly active volcano. Further surficial indicators of volcanic activity are
gas emissions and soil at 90 °C at 107 m asl near Fumarole Bay; gas emissions and soil at
70 °C and 100 °C in Whalers and Fumarole Bays, respectively; and springs at 45 °C and
65 °C in Pendulum Cove and Whalers Bay, respectively [21]. Seismic refraction profiles
imply that the submerged caldera is underlain by magma storage at a 2 km depth [22,23].
The temperatures of the surface water and chemical composition within the submerged
caldera also suggest hydrothermal activity [24].

The 1967-1970 igneous activity was in the north and east sectors (Figure 1b), drastically
changing its submerged caldera coastline and destroying the British base in Whalers Bay
and the Chilean base in Pendulum Cove due to ash fall and floods [11,24-26]. A significant
volume of ash was emitted and deposited on the neighbouring islands, as found in the
James Ross ice cap [27] from 1967 and Johnson Glacier on Livingston Island [28] from 1970.
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The volume of erupted ash was estimated at between 0.12 km?3 [29] and 0.20 km? [30], and
more recently, 0.10 km?3 [12].

The 1967 eruption produced four volcanic centres within Telefon Bay aligned NE-
SW near the submerged caldera northern coastline, two with ephemeral well-developed
scoria cones, briefly known as Yelcho Island, and a maar crater. One more volcanic centre
erupted on land eastwards of the previous four, where a large crater was formed [31].
The 1969 eruption generated floods from Mount Pond that reached both Pendulum Cove
and Whalers Bay [30,32]. The 1970 eruption in the northern sector developed a new set
of volcanic craters with depths ranging from 40 m to 100 m near the 1967 volcanic crater
on land, and maar craters near the 1967 volcanic centres at Telefon Bay, which partially
destroyed and annexed the ephemeral Yelcho Island to the mainland [31]. The 1970 craters
on land, apart from the wider and deeper crater already covered by an alluvial fan, were
measured by global navigation satellite systems (GNSS) in 2006 with depths ranging
between 13 and 38 m [33]. The volume of erupted ash was estimated at 0.05 km?, 0.03 km?,
and 0.04 km3, respectively in the 1967, 1969, and 1970 phases of the eruptive sequence [29].

1.2. Cartographic Products and Imagery of Deception Island

It has been of particular interest to study volcanic geomorphology based on pho-
togrammetry, recovering historical aerial frames taken both vertically and obliquely to the
Earth surface [34-36]. Furthermore, unmanned aerial vehicles added particular interest to
photographic data in the real-time study of the evolution of eruptions [37,38].

Geomorphological changes at Deception Island were recorded in different historical
maps, cartographies, and satellite imagery, which were previously analysed to determine
changes in both volume and coastline by overlapping the historical and new cartogra-
phy [12,31]. In those studies, all cartographic products had a high degree of human inter-
vention across classical stereo-photogrammetric methodologies and analogue-to-digital
conversions. In particular, the 1967-1970 eruptive sequence was analysed in analogue
maps at a 1:10,000 scale for 1956, 1968, and 1970 [29,31], and was later re-analysed in digital
format, also with satellite imagery from 2003 [12]. The analogue maps were produced
from aerial frames taken in 1956 by the Falkland Islands and Dependencies Aerial Survey
Expedition (FIDASE), and in 1968 and 1970 by the Servicio de Hidrografia Naval Argentino
(SHNA) [29,31].

In contrast with classical stereophotogrammetry, the so-called structure from motion
(SfM) is a nearly automated compilation of digital image processing strategies that min-
imises the degree of human intervention to generate both digital elevation models (DEM)
and orthographic mosaics from aerial frames [35,39].

On the availability of digital copies of the aerial frames from 1956 and 1968, StM was
applied to produce new digital elevation models and orthographic mosaics of Deception
Island at both epochs. Digital cartographic products from the before- and mid-eruption se-
quences of 1967-1970 were re-analysed together with a Kompsat-3 satellite image from 2020
and the reference elevation model of Antarctica (REMA) 2 m resolution digital elevation
model extracted from pairs of submeter resolution satellite imagery acquired from 2009 to
2021 [40]. In addition to these new digital cartographic products covering all of Deception
Island, the analysis will focus on the geomorphologic and human-structure changes in the
1967-1970 eruption sequence from historical aerial frames and structure from motion.

2. Methods and Materials
2.1. Structure from Motion and Rational Polynomial Processing

The geometric consistency of stereo-photogrammetric mapping methods has been
well known for nearly a century and is entirely suitable for studying topographical changes
and geomorphological dynamics [41,42]. Classical stereo-photogrammetry and structure
from motion (5fM) produce both surface models and orthographic mosaics from several
overlapping images of the Earth’s surface. Nonetheless, SfM solves camera position and
surface geometry, together with, through the known geometry of the central projection
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of photography and highly redundant data from many automatically detected matching
features, proportional to surface texture and image resolution, which is identified in several
images from different perspectives and preferably with a high degree of overlap [42,43].
Then, by dividing the overlapping images into handy subsets to independently detect and
compute additional matching features, massive geometric data over the point clouds is
achieved by using multiview stereo (MvS) processing [44]. The SfM-MvS near-automated
strategies consist of the identification of features in individual images, the measurement
of their coordinates in the camera reference system, and the estimation of camera and
feature positions in a non-scaled arbitrary coordinate system. Only with ground control
points or known camera centre positions in an appropriate Earth reference system is the
three-dimensional surface reconstruction obtained, generating a dense point cloud and,
from it, a corresponding surface mesh.

Due to the projection of each feature by a non-vertical line of sight from the camera
centre to the feature (central projection), the corresponding pixel position suffers a radial
displacement that depends on the feature height and distance from the frame centre. Hence,
to generate orthographic mosaics, the radial displacement of each pixel in the images
needs to be corrected, requiring camera positions and surface mesh. Therefore, image
processing can be carried out with manual intervention limited to the identification of
ground control points.

In addition, to correct the radial displacement of each pixel of satellite imagery, the
sensor geometry, position, and surface model must be obtained to deliver an orthographic
image. In satellite imagery, the radial displacement is found along each line set, since it
is acquired by adjacent sequences of pixel-line sets. Further, rational polynomial coeffi-
cients (RPC) models are commonly applied to describe the acquisition process of optical
satellite sensors without needing a camera geometry model. The RPC model relates three-
dimensional surface coordinates to image coordinates as a ratio of cubic polynomials,
whose coefficients are provided with each satellite image and enhanced through ground
control points [45,46]. Only corrected orthographic images can be compared to detect
geomorphological changes, as can reconstructed surfaces or digital surface models. Surface
reconstruction is not obtainable from satellite single images, and so only their orthographic
representation can be applied to quantify geomorphological changes.

2.2. Historical Aerial Frames and Satellite Imagery

Three sets of stereo pairs of aerial frames and one single satellite image of Deception
Island were analysed (Table 1). In late 1956, split by two days, two sets of 40 and 22 aerial
frames were taken by a Fairchild metric camera with a lens focal distance of 152.87 mm, the
first at about 3960 m and the second at about 4390 m of flight altitude, with 1:26,000 and
1:28,800 scales, respectively [31]. In 1968, the third set of 30 aerial frames was taken by a
K-17 metric camera with a lens focal distance of 152.4 mm and a flight altitude of about
4270 m with a frame scale of 1:28,000 [31]. In analogue-to-digital conversion, the resolution
was about 1016 dpi or about 0.02 mm of pixel length, an accepted panchromatic-film grain
resolution [47], representing roughly 0.6 m on the Earth’s surface at these frame scales. The
single satellite image was taken on 09 February 2020 by the Kompsat-3 sensor, with a pixel
length resolution of about 0.7 m in panchromatic. Hence, all digital images have similar
estimated resolutions. Additional data were accessed from the reference elevation model
of Antarctica (REMA) 2 m resolution digital elevation model. REMA was produced from
several individual stereoscopic digital elevation models obtained from submeter resolution
satellite imagery pairs acquired from 2009 to 2021, and vertically registered to satellite
altimetry measurements with absolute submeter uncertainties and relative uncertainties of
decimetres [40]. The REMA model was corrected of a geoid height of 19.9 m [48] to obtain
heights above sea level.



Remote Sens. 2023, 15, 2052

50f 20

Table 1. Applied imagery material information.

Proprieta Type and Number of Altitude Date
P y Details Frames/Images and Scale
The Falkland Islands and Fairchild 40 3'960 m December 1956
Dependencies Aerial Survey metric camera 1:26,000
Expedition (FIDASE) f: 152.9 mm 2 4390 m December 1956
1:28,800
- . . K-17
Servicio de Hidrografia Naval metric camera 30 4270 m January 1968
Argentino (SHNA) £ 152.4 mm 1:28,000
Panchromatic
Kompsat-3 Four bands 2 685,000 m 19 February 2020
f: 8600.0 mm

Ground control points, available in the SIMAC geodatabase [49], were measured on
Deception Island by phase-differential GNSS for decimeter-level precision in 2002, largely
in human structures, thus reducing the ambiguity in their identification. A subset of those
points was selected considering that the impact of their precision on the reference frame
rotation and the horizontal scale is inversely proportional to the distance between them,
as longer distances impose a greater constraint on reference frame rotation and scale. To
constrain the vertical scale in the aerial frame processing by SfM, ground control points
must also help define the maximum height difference. Hence, eight ground control points
were used in all orthographic mosaics to minimize reference frame bias when differentiating
them. Two ground control points were added to the aerial frame processing by SfM to
constrain the vertical scale and northern outer coastline, which were measured on the
orthographic mosaic generated from the satellite images with the REMA digital elevation
model. In total, ten ground control points and their coordinates in the World Geodetic
System 1984 reference system with Universal Transverse Mercator projection at fuse 20
South (WGS84-UTM20S) were applied to produce the complete set of orthographic mosaics.

Satellite images were processed with their rational polynomial coefficients and the
REMA digital elevation model together using ENVI 5.0 software. Stereo pairs were pro-
cessed using PhotoScan 1.0 software with SfM-MvS strategies. Apart from a few statistical
parameters, the ground control point identification was the main human intervention in
image processing, and the major source of error. Both sets of stereo pairs for 1956 were
processed together, increasing the degree of overlap and enhancing the dense point cloud
resolution and, consequently, the digital elevation model precision. However, only the set of
stereo pairs without clouds generated the 1956 orthographic mosaic (Figure 2). A matching
strategy was executed for the 1968 orthographic mosaic, complementing the stereo pairs
of that epoch with those of 1956 without clouds in areas that were geomorphologically
unchanged by the 1967 eruption, to raise the degree of overlap and digital elevation model
precision, upon which the 1968 orthographic mosaic was based and generated (Figure 3).

The Kompsat-3 2020 multispectral satellite images were orthorectified and pan-sharpened
with their rational polynomial coefficients and the REMA digital elevation model of 2 m
resolution. The generated orthographic mosaics showed a systematic positioning error of
about 18 m to the southeast relative to the eight ground control points (Figure 4), which were
added to the satellite imagery processing. The eight ground control points were adjusted with
a mean rms of 1.2 m and 1.0 m in easting and northing, respectively.

Historical aerial frames were then processed, both sets of 39 and 21 stereo pairs from
1956 together, totalling 62 frames. From the previous satellite orthographic mosaic and
the REMA digital elevation model, another two ground control points were identified,
measured, and included in the SfM processing to add a constraint to the vertical scale and
northern outer coastline. In total, ten ground control points (Figure 4) were applied to
produce a dense point cloud and a digital elevation model (Figure A1) with an estimated
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resolution of 2.7 m and the orthographic mosaic. The mean rms of the ten ground control
points were 2.1 m, 1.7 m, and 2.3 m in easting, northing, and height, respectively.

3000 m

Figure 2. Orthographic mosaic of 1956, before the 1967-1970 eruptive sequence, in black and white,
corrected with the computed digital elevation model using SfIM-MVS strategies. Both sets of stereo
pairs from 1956 were processed together, increasing the degree of overlap and enhancing the dense
point cloud resolution and digital elevation model precision. However, only the historical aerial
frames set without clouds were used to generate this 1956 orthographic mosaic.
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Figure 3. Orthographic mosaic of 1968 after the 1967 eruption ended, in black and white and corrected
with the computed digital elevation model using SfM-MvS strategies. The 1968 stereo pairs were
supplemented by those from 1956 without clouds in areas geomorphologically unchanged by the
1967 eruption, raising the degree of overlap and digital elevation model precision, which, together
with the historical aerial frames of 1968, generated this orthographic mosaic.



Remote Sens. 2023, 15, 2052 8 of 20

3000 m

Figure 4. A colour, pan-sharpened orthographic mosaic of 2020 from Kompsat-3 imagery corrected
with their rational polynomial coefficients and REMA digital elevation model. The locations of ten
ground control points were applied in the production of the orthographic mosaics, as identified
inside the red circles. Included material is ©KARI 2020, copyrighted distribution (SI Imaging Services,
Republic of Korea), all rights reserved.
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The same strategy was applied to the 1968 historical aerial frame processing. Here,
the set of 29 stereo pairs from 1968 was supplemented with 21 stereo pairs from 1956 on
areas geomorphologically unchanged by the 1967 eruption, totalling 50 frames. The same
ten ground control points (Figure 4) were applied in the SfM processing that generated a
dense point cloud and a digital elevation model (Figure A1) with an estimated resolution
of 2.7 m and the orthographic mosaic. The mean rms of the ten ground control points were
2.3 m, 3.0 m, and 3.6 m in easting, northing, and height, respectively.

3. Results
3.1. Accuracy Assessment of New Digital Cartographic Products

Furthermore, to assess the accuracy of the orthographic images, several other ground
control points measured by phase-differential GNSS were also assessed, in particular those of
human structures, avoiding the ambiguous identification of natural features, steep terrain,
shadows, and snow. Fifty-eight ground control points at the Argentinean (Figures 5 and 6),
British (Figures 5 and 7), and Chilean (Figure 8) bases, in spread locations on Deception Island’s
inner coastline (Figure 1b), had their GNSS coordinates differenced from those measured
at their features identified in every orthographic image, and their coordinates’ rms was
computed. The overall rms of the orthographic mosaics with respect to the phase-differential
GNSS was 1.8 m and 1.7 m in easting and northing, respectively (Table A1).

<< =€

3015000 3014800 3014600 3014400
(a (b)
Figure 5. Argentinean (a) and British (b) bases in 2020. Ground control points are coloured yellow,

coinciding with the corresponding features, in WGS84-UTM?20S. Includes material ©KARI 2020,
copyrighted distribution (SI Imaging Services, Republic of Korea), all rights reserved.
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Figure 6. Argentinean base in 1956 (a) and 1968 (b). Ground control points are coloured yellow,
coinciding with the corresponding features, in WGS84-UTM20S.
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|
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Figure 7. British base in 1956 (a) and 1968 (b). Ground control points are coloured yellow, coinciding
with the corresponding features, in WGS84-UTM20S, and red polygon delimiting the main building.
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Figure 8. Chilean base in 1956 (a) and 1968 (b). Ground control points are coloured yellow, coinciding
with the corresponding features, in WGS84-UTM20S, and red polygon delimiting the main building.

Therefore, horizontal differences should be statistically significant with a 95% confi-
dence level above 4.8 m and should be lower in features with expected immobility. Height
differences should be statistically significant with a 95% confidence level above 8.4 m
between the 1956 and 1968 digital elevation models and above 7.4 m between the 1968
and REMA digital elevation models, given the submeter uncertainties of the REMA [40].
Therefore, geomorphological, man-made structure, and biological changes can be found
and measured with metric-level accuracy from these orthographic mosaics generated
using near-automatic strategies in the processing of these historical aerial frames and
satellite imagery.

3.2. New Digital Cartographic Products Historical Aerial Frames Based

From the orthographic mosaics, the destruction of the British (Figure 7) and Chilean
(Figure 8) bases is shown, and no major consequence at the Argentinean base apart from
ash cover (Figure 6). While the Chilean base’s main and only building collapsed, at the
British base, the destruction of its central complex of buildings is visible. The ashfall
covered the Chilean and Argentinean base man-made structures, although they are still
identifiable after the 1967 eruption, the Chilean base being less so. The thickness of ashfall
at these locations is compatible with the 3 to 5 m reported [50]. The Argentinean base
living building (where ground control points were concentrated) was about that height and
is almost completely covered in 1968 (Figure 6b). The Chilean base is similarly covered,
depicting the presence of a local elevation at the building location in 1968 (Figure 8b). The
British base has less ashfall, depicting a similar height to that at the Chilean shelter, about
0.5 m (Figure 1c) since buildings were not covered; however, several man-made structures
are no longer present in 1968 (Figure 7b).

As a consequence of the 1967 eruption, several geomorphological changes are also
visible, such as the emplacement of two well-developed scoria cones, which forms an
ephemeral small island, briefly known as Yelcho, and one maar crater aligned NE-SW at
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Telefon Bay and a prominent crater on land to the east. Those were the major volcanic
structures that emerged then (Figure 9), emitting ash that covered the inner coast and all of
Mount Pond (Figure 3) [30]. In fact, the exterior coast sheltered by the Kirkwood, Telefon,
and Stonethrough ridges suffered minor to no ash fall. As the Mount Pond ridge altitude is
higher than the Kirkwood, Telefon, and Stonethrough ridges, the ashfall pattern must be
justified by wind direction mainly from the NW at the time of the 1967 eruption [30].

Figure 9. The composition of the orthographic mosaic of 1968 in black and white, overlapped with
30% transparency to the height differences between the 1956 and 1968 digital elevation models in
colour from WGS84-UTM20S, and red dashed lines delimiting the main volcanic structures. Well-
developed scoria cones and craters in Telefon Bay (a). The crater formed on land with a depth of
about 151 m and a diameter of about 600 m (b).

4. Discussion
4.1. The 1967-1970 Eruptive Sequence: 1967 Phase

Based on the generated digital elevation models of 1956 and 1968, and the retrieved
REMA digital elevation model averaged between 2009 and 2021, the volume was automati-
cally calculated. Two well-developed scoria cones formed after the 1967 eruption at the
northern inner coast at Telefon Bay (Figure 9a) that reached about 33 m, 53 m, and 19 m
in height, respectively, the southwest, the in between scoria cones and the northeast rims
of the ephemeral Yelcho Island. The volume of erupted ash above sea level in the area
defined by Figure 9a was about 0.009 km®. However, for the typical depth of 10 m to 20 m
of Deception Island’s submerged caldera bays [51], the volume of erupted ash increases by
at least 0.003 km to 0.006 km?® under the scoria cones above sea level.
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A crater formed to the east (Figure 9b), with the central depression deepening by about
79 m and the surrounding rim rising by about 67 m, forming a crater of 151 m in depth.
The volume of excavated erupted ash was about 0.017 km? while the volume of ashfall
around the crater was about 0.028 km3. The sum of all of the erupted ash in these two areas
was about 0.056 km?.

However, the ashfall that covered the inner coast and Mount Pond (Figure 3) that
was deposited from an eruptive column of 11 km in height, was not accounted yet. From
the ashfall pattern on Deception Island, the estimated area covered by ashfall on the
orthographic mosaic of 1968 was about 103.6 km?. Considering at least an average thickness
of 1 m of ashfall for the area covered on Deception Island, which includes its submerged
caldera, this adds a volume of about 0.104 km? to the 1967 eruption, although the thickness
was reported to be about 3 to 5 m [50].

4.2. The 1967-1970 Eruptive Sequence: 1970 Phases

The 1970 phase of the 1967-1970 eruptive sequence was analysed similarly. The 1970
maar and land craters near the volcanic structures formed during the 1967 eruption were
the main volcanic structures uncovered by glaciers. In 1969, there were floods from sub
glacier eruptions at Mount Pond, which reached and washed up the Chilean and British
(Figure 5b) bases [32], and the volume of erupted ash could not be estimated on these new
cartographic products. Although land gained after 1968 to the submerged caldera bays
near the Chilean and British bases is depicted in the orthographic mosaic of 2020, in a
total volume of 0.002 km® and 0.001 km? to fill the typical caldera bays of about 20 m in
depth [51], according to these products those volumes cannot be attributed to the 1969
floods. In fact, they should be attributed to alluvial fans from Mount Pond instead as these
coastlines did not change much until 1970 [12,31].

In 1970, maars helped annex the ephemeral Yelcho Island and the collapse of the
northwest faces of the two scoria cones, leaving only their southeast faces (Figure 10a). The
volume of erupted ash above sea level in the area defined by Figure 10a was about 0.016 km?,
while the collapse of the northeast faces of the ephemeral Yelcho Island excavated a volume
of 0.003 km3. Below the water level, the erupted ash from the six maar craters implies
additional volumes of 0.008 km? to 0.016 km?, respectively, for a 10 m to 20 m depth in
Telefon Bay [51].

The eruptive sequence also created seven partially overlapping volcanic craters north
of the 1967 crater (Figure 10b). Apart from the major crater covered by an alluvial fan in
the 2020 orthographic mosaic and REMA digital elevation model, the uncovered set of
craters’ central depression deepened to about 60 m, and the surrounding ridge raised by
about 25 m, producing a maximum crater” depth of about 85 m. The eruption excavated
about 0.011 km? of ash and deposited the same amount around the new craters in the area
of Figure 10b. Craters from the 1967 and 1970 eruptions have been covered by an alluvial
fan throughout the years. In fact, the crater with a depth of about 100 m and a diameter of
about 300 m [31] northeast of those visible in the 2020 orthographic mosaic is completely
filled, and both of the remaining craters from the 1967 and 1970 eruptions have had their
northeast ridges cut, with the alluvial fan moving in. These observations should account
for the underestimation in the volume of 0.049 km? for the 1970 eruptions.
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(a) (b)

Figure 10. The composition of the 2020 orthographic mosaic in black and white overlapped with 30%
transparency to the height differences between the 1968 and REMA digital elevation models in colour
from WGS84-UTM20S, and red dashed lines delimiting main volcanic structures. (a) The collapse of
the northwest face of the 1967 scoria cones and its annexation and maar craters. (b) The set of craters
formed in 1970, one of which with a depth of about 85 m and a crater diameter of 300 m covered by
an alluvial fan.

5. Conclusions

The SfM-MvS near-automated digital strategies favour the recovery of historical aerial
frames to promote studies from such raw data and extend the time span to those times when
no remote sensing satellites were available, producing images with similar resolution and
precision. Historical aerial frames were taken of Deception Island, which are not always
completely without clouds, like satellite imagery. From those without clouds, two new
orthographic mosaics and associated digital elevation models were generated by revising
images from 1956 and 1968. Another orthographic mosaic of Kompsat-3 satellite images for
2020 was produced and the REMA digital elevation model was accessed. The general rms
of all orthographic mosaics with respect to phase-differential GNSS was 1.8 m and 1.7 m
in easting and northing, respectively. Hence, horizontal differences should be statistically
significant with a 95% confidence level above 4.8 m, being less in features having expected
immobility. Increasing the degree of overlap with added sets of aerial frames from different
dates, where no geomorphological changes were expected, increased the precision of both
the digital elevation model and the orthographic mosaic.

From the orthographic mosaics, it was possible to visualise the emplacement of two
scoria cones and one maar crater aligned NE-SW near the northern shore as well as a
prominent crater on land east of those after the 1967 eruption. Along these emerging
volcanic structures formation ash was emitted that covered Deception Island’s inner coast
and all of Mount Pond, being mainly driven southeastward [31]. This volcanic ash dispersed
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over Deception Island covering an area of about 104.6 km?. The thickness of volcanic
ash can be depicted on the 1968 orthographic mosaic covering man-made structures at
the Argentinean, Chilean, and British bases, at heights comparable to about 3 to 5 m
(Figure 4) [50]. If an average ash thickness over Deception Island of 1 m is assumed, then a
volume of at least 0.104 km® must be added to the previously calculated volume of erupted
ash in 1967 (Table 2), varying from 3 to 5 m [50] at the Argentinean and Chilean bases to
about 0.5 m at the British base. Ashfall outside of Deception Island [52] was not calculated
in this study.

Table 2. The comparison of erupted ash calculated volumes. The underwater volume was estimated
for an average depth of about 10 m, shown in parentheses. The estimated volume uncertainty is from
height uncertainty and land area. Negative values represent excavated erupted ash, and positive
values represent deposited erupted ash.

Zon Heights (m) Partial Total Previous
one e1ghts Volume (km?) Volume (km?) Volume (km?3)
. - —0.002
1967 scoria cones (Telefon Bay) 53 10,007 (+0.003) 0.012 £+ 0.003
- —0.017 0.05 [29]
1967 crater (Land Craters) 151 +0.028 0.044 + 0.007 0.057 [12]
1967 ashfall (Deception Island) 1 +0.104 0.104
—0.003
1970 maar (Telefon Bay) - +0.016 (+0.008) 0.027 + 0.005 0.04 [29]
—0.011 0.053 [12]
1970 craters (Land Craters) 85 +0.011 0.022 £ 0.007

The 1969 floods and the 1970 maars and craters were the main volcanic events of the
next two phases of the 1967-1970 eruptive sequence. The orthographic mosaics similarly
illustrate the destruction of the Chilean and British bases due to the 1967 ashfall and the
1969 floods [32], particularly visible in the 2020 orthographic mosaic. Visible man-made
structures still in place, such as the British base silos and the Argentinean base buildings,
were used for matching. The thickness of ashfall makes these structures identifiable, but
they are geometrically less clear on the 1968 orthographic mosaic (Figures 6 and 8).

Even if height differences should be statistically significant with a 95% confidence level
only above 8.4 m among the 1956 and 1968 digital elevation models, the computed volume
of erupted ash of about 0.056 km? agrees with those of previous studies of 0.05 km? [29]
and 0.057 km? [12], yet only in the area where the volcanic structures developed then. Since
REMA has submeter uncertainties [40], height differences should be statistically significant
with a 95% confidence level only above 7.4 m between the 1968 and REMA digital elevation
models. The erupted ash volume from 1969 was not possible to compute on these new
cartographic products. In 1970, the volume of erupted ash, 0.49 km?, within the areas of
the developed volcanic structures also agrees with the previous values of 0.04 km3 [29] and
0.053 km3 [12].

The erupted ash volumes are from the areas with previous cartographic products,
mainly from the Deception Island northern sector close to the submerged caldera coast.
In this study, the estimated volume of 0.104 km? covering Deception Island after the 1967
eruption was added. In addition, in 1970, the volume of excavated ash was not totally
computed with these cartographic products. In fact, the 2020 orthographic mosaic and the
REMA digital elevation model register the height of an alluvial fan that completely fills and
covers the 100 m depth and 300 m diameter crater of 1970 on land [31], perhaps favoured
in recent years by the rise in mean annual atmospheric temperature and snowfall [53].

Therefore, these new orthographic mosaics have provided the opportunity to study the
geomorphological, man-made structure, and biological changes on Deception Island with
metric accuracy. The basis for generating additional orthographic mosaics from available
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sets of historical aerial frames and successive satellite imagery of Deception Island was
also established.
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Appendix A

Figure Al. Telefon Bay perspective view based on 1956 (a), 1968 (b), and 2020 (c) orthographic
mosaics and digital elevation models (height exaggeration by 3). Includes material ©KARI 2020,
copyrighted distribution (SI Imaging Services, Republic of Korea), all rights reserved.
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Appendix B
Table Al. Coordinates of ground control points in WGS84-UTM20S.

GNSS 1956 1968 2020
X (m) Y (m) X (m) Y (m) X (m) Y (m) X (m) Y (m)
616,400.428 3,014,773.067 - - 616,399.353 3,014,773.858 616,401.355 3,014,774.258
616,398.094 3,014,772.781 - - 616,396.950 3,014,773.698 616,398.312 3,014,774.418
616,397.882 3,014,775.195 - - 616,396.790 3,014,776.261 616,398.152 3,014,777.462
616,548.713 3,014,881.153 - - - - 616,548.803 3,014,881.260
616,571.922 3,014,909.085 - - 616,571.709 3,014,909.452 616,571.709 3,014,908.331
616,573.190 3,014,912.727 - - 616,572.991 3,014,912.816 616,572.671 3,014,912.015
616,570.457 3,014,913.903 - - 616,570.268 3,014,913.457 616,569.947 3,014,912.976
616,569.054 3,014,909.696 - - 616,568.986 3,014,910.093 616,568.506 3,014,908.812
616,551.933 3,014,909.751 - - 616,552.167 3,014,909.212 616,551.046 3,014,908.411
616,547.347 3,014,906.706 - - 616,548.002 3,014,906.970 616,547.041 3,014,907.290
616,541.279 3,014,916.869 616,539.032 3,014,904.407 616,539.032 3,014,904.567 616,538.231 3,014,904.887
616,539.739 3,014,909.211 616,531.504 3,014,906.489 616,531.824 3,014,906.809 616,540.153 3,014,908.732
616,538.606 3,014,904.795 616,539.833 3,014,909.372 616,539.833 3,014,909.372 616,531.664 3,014,906.809
616,531.758 3,014,906.453 616,541.435 3,014,917.061 616,541.755 3,014,917.381 616,541.915 3,014,917.061
616,533.926 3,014,915.593 616,534.521 3,014,915.284 616,534.256 3,014,915.813 616,533.992 3,014,915.416
616,529.113 3,014,912.659 616,530.023 3,014,912.109 616,529.626 3,014,913.035 616,529.097 3,014,912.770
616,526.710 3,014,918.052 616,527.245 3,014,917.665 616,529.097 3,014,911.976 616,526.186 3,014,918.062
616,537.317 3,014,924.062 616,537.431 3,014,923.486 616,534.653 3,014,916.077 616,537.299 3,014,923.883
616,526.149 3,014,928.643 616,525.922 3,014,928.248 616,526.848 3,014,918.459 616,526.054 3,014,928.645
616,545.441 3,014,921.745 616,545.633 3,014,921.369 616,545.369 3,014,922.031 616,544.972 3,014,921.898
616,550.641 3,014,924.271 616,550.793 3,014,924.015 616,550.396 3,014,924.147 616,550.528 3,014,924.809
616,551.420 3,014,929.410 616,551.057 3,014,929.571 616,552.248 3,014,932.878 616,551.057 3,014,929.703
616,552.423 3,014,932.971 616,552.248 3,014,933.275 616,552.248 3,014,932.878 616,552.248 3,014,932.878
616,549.195 3,014,934.023 616,548.676 3,014,933.540 616,548.941 3,014,934.201 616,548.941 3,014,933.672
616,538.748 3,014,935.236 616,539.151 3,014,934.863 616,539.151 3,014,934.995 616,538.622 3,014,935.127
616,538.957 3,014,930.255 616,538.886 3,014,929.703 616,539.019 3,014,930.100 616,538.754 3,014,929.968
616,555.562 3,014,941.081 616,555.291 3,014,940.816 616,555.555 3,014,940.684 616,555.687 3,014,941.345
616,557.280 3,014,946.949 616,557.143 3,014,946.372 616,556.878 3,014,946.108 616,557.143 3,014,946.108
616,551.016 3,014,942.213 616,550.660 3,014,942.271 616,550.396 3,014,941.874 616,550.925 3,014,942.139
616,552.956 3,014,949.106 616,552.248 3,014,948.489 616,552.248 3,014,948.357 616,552.645 3,014,948.753
616,541.318 3,014,945.563 616,541.665 3,014,945.182 616,541.268 3,014,945.049 616,541.797 3,014,945.314
616,543.624 3,014,951.815 616,543.252 3,014,951.002 616,543.517 3,014,951.002 616,543.649 3,014,951.532
616,548.336 3,014,992.703 616,548.544 3,014,991.881 616,547.485 3,014,992.277 616,548.147 3,014,992.145
616,721.362 3,015,040.519 - - 616,721.052 3,015,040.961 616,720.787 3,015,041.490
616,700.576 3,015,041.205 616,701.208 3,015,040.035 616,700.811 3,015,040.299 616,699.224 3,015,040.696
616,666.176 3,015,041.956 616,667.077 3,015,041.225 616,667.342 3,015,041.754 616,666.548 3,015,041.622
616,654.683 3,015,047.262 616,655.303 3,015,046.914 616,654.774 3,015,046.517 616,654.642 3,015,047.178
616,668.352 3,015,075.181 616,669.326 3,015,073.901 616,669.061 3,015,074.960 616,668.665 3,015,075.489
622,202.551 3,019,264.360 622,201.896 3,019,263.711 622,201.234 3,019,263.314 622,201.499 3,019,263.578
622,196.579 3,019,264.044 622,194.487 3,019,263.843 622,195.546 3,019,263.049 622,195.017 3,019,263.446
622,195.831 3,019,281.200 622,194.223 3,019,281.173 622,194.752 3,019,280.776 622,195.149 3,019,280.512
622,194.891 3,019,289.453 622,194.091 3,019,289.111 622,194.487 3,019,288.449 622,194.620 3,019,289.243
622,194.726 3,019,291.951 622,194.091 3,019,292.550 622,194.620 3,019,291.624 622,194.620 3,019,291.492
622,197.156 3,019,291.930 622,197.266 3,019,292.418 622,197.001 3,019,291.624 622,197.001 3,019,291.624
622,197.093 3,019,289.361 622,197.398 3,019,289.508 622,197.133 3,019,289.375 622,197.001 3,019,289.375
623,371.825 3,014,483.666 623,371.784 3,014,484.410 623,372.677 3,014,482.822 623,371.288 3,014,484.013
623,380.936 3,014,487.817 623,381.706 3,014,487.188 623,383.591 3,014,487.386 623,380.813 3,014,488.577
623,428.358 3,014,507.872 623,428.537 3,014,507.428 623,429.232 3,014,507.627 623,429.232 3,014,507.825
623,440.511 3,014,513.288 623,440.642 3,014,512.786 623,441.336 3,014,513.382 623,440.543 3,014,513.580
623,438.680 3,014,515.133 623,438.658 3,014,514.771 623,438.558 3,014,515.366 623,438.757 3,014,514.969
623,437.702 3,014,517.809 623,437.665 3,014,517.549 623,437.765 3,014,518.541 623,437.765 3,014,517.747
623,429.404 3,014,514.572 623,428.140 3,014,514.175 623,429.033 3,014,514.969 623,429.827 3,014,514.771
623,430.354 3,014,511.936 623,428.934 3,014,511.596 623,430.621 3,014,511.794 623,430.422 3,014,511.794
623,394.171 3,014,576.698 623,394.307 3,014,576.981 623,394.604 3,014,576.882 623,394.704 3,014,577.080
623,393.688 3,014,582.304 623,393.711 3,014,581.148 623,393.612 3,014,581.842 623,394.108 3,014,583.430
623,402.655 3,014,583.675 623,403.236 3,014,583.728 623,403.733 3,014,583.628 623,404.427 3,014,584.819
623,403.574 3,014,578.981 623,404.030 3,014,578.370 623,404.526 3,014,578.469 623,405.022 3,014,580.652
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