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Abstract

The Antarctic Digital Magnetic Anomaly Project is an international research effort to construct a magnetic map of the con-
tinent based on ground, satellite, marine, and aeromagnetic surveys. This paper reports the magnetic mapping of the shelf
zone in the SE part of the Wilhelm Archipelago, West Antarctica, based on magnetic surveys conducted with Zodiac boats.
A spectacular feature of this area is the strong magnetic anomaly of the Antarctic Peninsula (AP) batholith, which was the
product of subduction-related Mesozoic—Cenozoic arc magmatism on the former margin of Western Gondwana. We con-
structed and analyzed a detailed magnetic map of magnetic field anomalies using field observations of rock exposures on
the islands and magnetic properties of rocks from laboratory data. The oldest volcanic rocks of Jurassic to Lower Cretaceous
age relate to N-NE trending bands of negative magnetic field. The largest feature in the study area is an Upper Cretaceous/
Paleogene granodiorite complex that produces a positive magnetic anomaly. Many smaller anomalies are also present over
gabbroid bodies of Cretaceous age. Two-dimensional magnetic modeling shows that heterogeneities in the upper crust may
have magnetic susceptibilities in the range of 0.005-0.13 SI. Magnetic field anomalies also delineate an orthogonal system
of tectonic faults, including the main NE fault along the Penola Strait (sub-parallel to the AP coastline) and four intersect-
ing faults. These fault systems may be associated with different stages of continental margin evolution along the Antarctic
Peninsula.
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Introduction

Over the past 15-20 years, a unified database for the Ant-
arctic continent and surrounding seas has been in develop-
ment under the Antarctic Digital Magnetic Anomaly Project
(ADMAP; Golynsky et al. 2001, 2013). The existing mag-
netic database has been supplemented by the results of sat-
ellite measurements (5.8 million line-km) from the Magsat,
@rsted, and CHAMP missions, which allowed the construc-
tion of a new magnetic map of Antarctica (Kim et al. 2004,
2007). In the last decade, the ADMAP database has been
significantly supplemented by new marine and aeromagnetic
surveys, as well as by previously unpublished surveys. The
bulk of the new data (around 500,000 line-km) is from East
Antarctica. In addition, new data from regions of Antarc-
tica, as well as from the continental margin of the Antarctic
Peninsula and the Ross Sea, was included in a new map of
magnetic field anomalies in East Antarctica (Golynsky et al.
2013), and more complete version of ADMAP-1 (von Frese
et al. 2002; Ferraccioli et al. 2013) was prepared.

The second generation Antarctic magnetic anomaly com-
pilation (the ADMAP-2) contains more than 3.5 million
line-km of airborne and shipborne data and provides the
most complete dataset of magnetic properties of the Ant-
arctic crust (Golynsky et al. 2018). The map reveals a wide
variety of magnetic anomalies in crustal terranes of differing
lithology, age, geothermal activity and tectonic affinity.

The magnetic surveys, conducted in different parts of
Antarctica by various countries and organizations, con-
tribute strongly to the study of the magnetic field of the
continent and provide new constraints on composition and
tectonic processes in the crust. Our study area belongs to
the Antarctic Peninsula (AP), mainly its shelf zone. That
is the magmatic arc formed in Mesozoic—Cenozoic at the
Gondwana margin, which is characterized by extensive mag-
netic and gravity anomalies (Fig. 1A) and is the best studied
region in Antarctica by deep marine seismic studies (Sroda
et al. 1997; Janik 1997; Yegorova et al. 2011).

This paper represents the results of magnetic surveys con-
ducted during several field seasons in the area of Ukrainian
Antarctic Station (UAS) with the objective of constructing
the magnetic anomaly map. The new magnetic survey on
the AP could reveal great diversity of the rocks compos-
ing the magmatic arc of the AP-volcanic and plutonic ones
including mafic and ultramafic rocks that are rich in ore
mineralization. Since the composition of rocks is known
only where ice-free outcrops exist on islands and the AP
coast, the map of the magnetic field anomalies is essential
for tracing the areal distribution, size, and interrelations of
magmatic bodies.

Thus, the objective of our work is to build a magnetic
map of the area of the UAS, and its geological and tectonic
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interpretation carried out by taking into account new data
from field geological and structural studies, and laboratory
data for determining physical properties (primarily petro-
magnetic parameters). These results were used to identify
areas of the main rock types and to establish the geological
sequence and regularities of change of igneous and volcanic
rocks of different ages in the study region, which can give
a hint for reconstructing the tectono-magmatic evolution
of the magmatic arc (batholith) of the Antarctic Peninsula.
To evaluate the distribution of the main rock complexes on
depth, we performed 2D magnetic modeling.

Magnetic anomaly of the Antarctic
Peninsula batholith

The wide (~ 120 km) zone of intense magnetic anomalies
of the continental margin of Antarctica (Fig. 1) is known as
the Pacific Margin Anomaly (PMA; Maslanyj et al. 1991) or
the West Coast Magnetic Anomaly (WCMA; Renner et al.
1982), which extends for a distance of about 3800 km. Such
magnetic anomalies are rather typical for subduction-related
magmatic arcs worldwide (Blakely et al. 2005; Clowes and
Hyndman 2002; Saltus et al. 1999; Yegorova et al. 2011,
2022).

The PMA is interpreted as a strongly magnetized chain
of batholiths formed in a subduction environment, along
the shelf zone of the AP (Leat et al. 1995; Renner et al.
1985; Garrett 1990). It is widely thought that evolution
of the Antarctic Plate relates to the accretion of separate
domains during progressive subduction in a NE direction of
the Phoenix Plate below the western margin of the AP conti-
nental plate (Larter et al. 2002), and the AP block represents
a Mesozoic—Cenozoic magmatic arc consisting of two or
three separate domains (Storey and Garrett 1985; Ferrac-
cioli et al. 2006; Vaughan and Storey 2000; Zheng et al.
2018; Jordan et al. 2020). Ferraccioli et al. (2006) suggested
the occurrence within the Antarctic Peninsula batholith of
two distinct terranes (Early Cretaceous mafic western arc
juxtaposed against a more felsic eastern one). Vaughan et al.
(2012) suggested that the two arcs were sutured against the
Gondwana margin during the mid-Cretaceous Palmer Land
orogenic event. Gravity and magnetic modeling (Yegorova
and Bakhmutov 2013) showed that the AP around Anvers
Island is an accretionary assemblage formed during subduc-
tion in the Mid Cretaceous, where to the AP crust (Gond-
wana block) an accreted block was welded.

Burton-Johnson and Riley (2015) supported an alter-
native to the Ferraccioli et al. (2006) and Vaughan et al.
(2012) tectonic model of autochthonous continental mar-
gin development as an in situ continental arc. A suggestion
on extensive Paleogene and Neogene magmatism occurred
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along part of an inherited Mesozoic arc/fore-arc boundary
was made by Jordan et al. (2014) from higher resolution
aeromagnetic surveys across Adelaide Island.

A map of the magnetic field of the Drake Passage and the
AP, based on the international IceGrav project in the area
between South America, Palmer Land, and South Shetland
Islands (Ghidella et al. 2011) shows linear magnetic anoma-
lies on three segments of the extinct Phoenix plate, whereas
extended anomalies emphasize the sharp character of the
Shackleton fracture zone centered on an adjacent extinct
spreading ridge.

The magnetic field obtained for the Bransfield Strait
and the northern part of the continental margin of the AP
(Catalan et al. 2013) showed that the PMA anomaly splits in
places into individual nodes, indicating significant hetero-
geneities and/or variations in the depths of magnetoactive
bodies. Short wavelength positive magnetic anomalies are
associated with underwater volcanoes in the central part of
the Bransfield Strait.

Interpretation of the PMA in the southeastern part of
Palmer Land (Golynsky and Masolov 2000) shows that
magnetoactive bodies in the crust would be a series of
plutons of different age, composition, and magnetization,
limited to 8—10 km depth. The most intensive magnetic
anomaly with amplitude of up to 1900 nT can be associated
with a magnetized unit having a modeled magnetic suscep-
tibility of 0.09 SI.

In the central part of the AP, between Anvers Island and
the northern boundary of the Bransfield Strait, the PMA
splits into two branches: a western anomaly with a rela-
tively high magnitude, and a lesser eastern anomaly. The
modeling performed here showed that the sources of the
PMA are caused by bodies with magnetic susceptibilities
of 0.055-0.075 SI, depth of the upper edge in the range of
0-6 km, and of the lower edge-up to 20 km (Johnson 1999).

Gravity and magnetic models of the crust and upper man-
tle were constructed for the central part of the AP using
the seismic models as constraints (Yegorova et al. 2011).
A magnetic model along profile III in the area of Anvers
Island (Fig. 1B; Yegorova and Bakhmutov 2013) attrib-
utes the western branch of the PMA to a crustal magnetic
body, whereas the eastern branch is caused by a body at the
depth of 5-18 km. Their magnetic susceptibilities (0.074
and 0.065 SI correspondingly), characteristic of intrusive
rocks of the gabbro group (gabbro-diorites, gabbro-norites;
Yegorova et al. 2011; Shpyra et al. 2014), show that two
branches of the PMA having formed in the Early Cretaceous
within different blocks, i.e., the western branch of the PMA
is located within the accreted block, while the eastern PMA-
within the Gondwana margin of the AP.

So we can assume that high magnitudes of mag-
netic anomalies due to the presence of mafic rocks in the

magmatic arcs provided valuable information for the deep
structure of the crust of West Antarctica.

Geological setting

The geological setting of the Penola Strait area of the SE
part of Wilhelm Archipelago and adjacent coast of the Kyiv
Peninsula is shown in Fig. 2. Jurassic, Cretaceous and Pale-
ogene rocks related to AP arc magmatism are well exposed
on numerous islands.

The oldest exposures belong to the Antarctic Penin-
sula Volcanic Group (APVG), previously identified as the
Upper Jurassic Volcanic Group (Elliot 1964; Curtis 1966).
Recently, it has been proposed to divide the APVG on the
Kyiv Peninsula and Wilhelm Archipelago into two geo-
logical formations (Mytrokhyn and Bakhmutov 2019). The
Kyiv Peninsula Formation (KPF) is the most widespread
lithostratigraphic unit in the study area. Exposures on the
western coast of Kyiv Peninsula, as well as the Booth and
Hovgaard Islands, are of well-stratified pyroclastic rocks
including ash tuff, lapilli tuff and tuffite, as well as lesser
andesite and basaltic andesite. The volcanics have been
subjected to contact-thermal metamorphism and open fold-
ing. It is known that APVG ages can vary from Jurassic to
Paleogene (Thomson and Pankhurst 1983). An age limit
for the KPF is determined from the intrusion of Early Cre-
taceous granites and diorites (Tangeman et al. 1996). The
Argentine Islands Formation (AIF) has a much smaller areal
distribution, on the Galindez, Winter, Skua, Black, Leop-
ard, Shelter, Three Little Pigs, Grotto, Corner, Uruguay,
Irizar and Fanfare islands of the Wilhelm Archipelago. It
is represented by poorly stratified lapilli tuff, pyroclastic
breccia and andesite as well as subordinate ash tuff, tuf-
fite, sandstone, mudstone and chert. The AIF has under-
gone more intense tectonic deformation, contact-thermal
metamorphism and metasomatism than the KPF. The AIF
volcanism occurred between the Jurassic and Cretaceous
periods. The lower age limit coincides with the one accepted
for the APVG. The upper age limit is determined by Ar—Ar
isotope ages for Paleocene granitoids intruding AIF on the
Barchans Islands (Bakhmutov et al. 2013).

Non-metamorphosed intrusive rocks of Antarctic Penin-
sula batholith are widespread over the Wilhelm Archipelago
and Kyiv Peninsula. Due to tectonic uplift and exhumation,
both apical and bottom parts of individual intrusive bod-
ies have been exposed. Plutons of gabbroids, diorites and
granitoids intersect each other in a complex age sequence.
Intrusive relationships make it possible to determine relative
geological ages and to reconstruct the general direction of
shift in deep magmatism from the Early Cretaceous to the
Early Paleogene (Mytrokhyn et al. 2021). Numerous small
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«Fig. 1 The Pacific Margin Anomaly (PMA) over the Antarctic Penin-
sula (A), with the area of our magnetic survey marked by the dashed
rectangle, and the magnetic model of the Earth’s crust along profile
III (B) crossing the area near Anvers Island from the Bellingshausen
Sea to the Antarctic Peninsula (Yegorova and Bakhmutov 2013). The
inset map shows the Antarctic Peninsula with the area of the mag-
netic map in B marked by the black rectangle. The diagonal solid line
marks the location of the magnetic model on line III. Numbers on the
cross section indicate modeled magnetic susceptibility in SI units

outcrops of gabbro are exposed on the Petermann, Anagram,
Berthelot, Hovgaard, Vedel, Roca, Cruls Islands, as well as on
the neighboring mainland coastline in Waddington and Girard
Bays (Fig. 2). The boundaries of the gabbroid bodies lie below
sea level or are covered by permanent snow and ice. There-
fore, the sizes of outcropped intrusions can only be estimated
from magnetic survey data. The bodies studied are only small
exposed parts of much larger intrusive massifs, immersed
under the Bellingshausen Sea level or buried under glacial
cover. In many places, the gabbro exhibits magmatic layering
on various scales. The Tuxen-Rasmussen gabbroid intrusion
formed between the accumulation of Jurassic volcanites of
the KPF and the intrusion of Upper Cretaceous granitoids. A
gabbroid intrusion on the Petermann Islands is the same age
(Mytrokhyn et al. 2021). The geological ages of all other gab-
broid intrusions remain unclear. Granitoids and diorites are
more widespread than gabbroids. They are exposed on many
islands, including the Barchans, Forge, Roca, Cruls, Berthelot,
Petermann, Vedel, Dannebrog, Hovgaard and Booth Islands,
and stretch along the mainland coastline in Duseberg and Moot
Point areas, as well as Waddington Bay. Isotopic dating using
U-Pb, Rb—Sr and Ar—Ar revealed at least three age groups
in the granitoids (Pankhurst 1983; Tangeman et al. 1996;
Bakhmutov et al. 2013; Zheng et al. 2018). Early Cretaceous
granites outcrop on Rasmussen Island, whereas Late Creta-
ceous granodiorites are exposed on Mount Demaria and Peter-
mann Island. Paleogene granodiorite plutons are widespread
on the Barchans, Forge and Booth Islands. The formation of
diorite intrusions took place between the Early Cretaceous and
the Paleocene (Mytrokhyn et al. 2021).

Numerous mafic dykes intrude APVG and AP batho-
lith rocks in the Wilhelm Archipelago and on the adjacent
mainland (Elliot 1964; Mytrokhyn et al. 2022). Compared to
plutonic rocks, the areal proportion of dyke bodies is insig-
nificant. The dykes are mainly basalt, diabase, microgabbro
and microdiorite, and their distribution and orientation are
controlled by the NE-striking Lemaire—Penola regional fault
zone (Fig. 2). Mutual cross-cutting of dykes and dating of
host rocks demonstrated at least two stages of dyke intrusion
in the Mesozoic and Cenozoic.

Methods and results
Magnetic properties of rocks

Magnetic properties of rocks depend on conditions of their
formation and subsequent changes. In addition to main geo-
logical factors (thermodynamic conditions of rock forma-
tion, depth of the magma chamber, the rate of effusion and
crystallization, manifestation of metamorphism impact,
etc.), other factors such as concentration, composition, struc-
ture, magnetic fabric, can also be considered as key factors
determining the magnetic properties of rocks. The latter
primarily reflects the partitioning of iron between strongly
magnetic oxides and weakly magnetic material. This parti-
tioning depends on chemical composition, iron oxidation
ratio, and conditions of petrogenesis (e.g., Clark 1997; Frost
1991). It is generally accepted that among all Fe—Ti oxides,
spinel magnetite (Fe;0,) is the key mineral that determines
the magnetic susceptibility of rocks. Thus, the magnetic sus-
ceptibility is an indicator of the content of ferromagnetic
minerals of the titanomagnetite series. Because magnetite is
the strongest magnetic mineral, the measurements of mag-
netic susceptibility of highly magnetized rocks are a direct
indicator of the average magnetite content of the rocks.
Subsequent and secondary processes also affect the content
of titanomagnetite minerals. Some of them (chloritization,
albitization, etc.) lead to the destruction of primary magnetic
minerals. Vice versa, serpentinization, and frequent biotiza-
tion, facilitate the formation of magnetite in rocks.

In general, the mafic rocks, due to the higher iron con-
tent, contain more minerals of the titanomagnetite series
than the felsic ones. The concentration of magnetic miner-
als in igneous rocks is affected by redox conditions, which
are closely related to tectonic setting and magmatism. In
addition, the concentration of magnetic minerals also has
a certain relationship with the depth of magma formation.
Under the conditions of the Earth’s crust and upper mantle,
the maximum depth of existence of magnetic minerals is
estimated at 50-60 km.

The magnetic parameters of the Antarctic Peninsula rocks
are known from Garrett (1990), Wendt et al. (2013). The
magnetic analyses conducted by the authors include deter-
minations of the magnetic susceptibility (MS) and initial
natural remanent magnetization (NRM) on more than 500
samples of plutonic and volcanic rocks exposed on the Kyiv
Peninsula and adjacent islands (Bakhmutov and Shpyra
2011; Bakhmutov et al. 2013; Shpyra et al. 2014). All sam-
ples were collected from blocky, solid and visually unaltered
rocks on the sites that covered the maximum accessible (ice-
free) area. The locations of sites are presented on Fig. 1 in
(Bakhmutov and Shpyra 2011).
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The MS of samples was measured by Geofyzika Brno
Kappameter MFK-1B. The initial NRM of oriented speci-
mens cut out from these samples was measured by a JR-6
spinner magnetometer. The data were analyzed and com-
pared with the results of geochemical studies of magmatic
rocks from different locations. On the TAS diagram (total
alkali vs. silica Si0,—(Na,O + K,0)) the content of SiO,
varies from 40 to 70% (Suppl. Figure 1). Three groups of
maximum concentration related to gabbroids, diorites, and
granitoids could be allocated on the TAS diagram for the
silica content. Based on these geochemical data and geo-
logical field observations, intrusive rocks were divided
into three groups depending on the differences in magnetic
parameters—gabbroids, diorites, and granodiorites-granites
(Suppl. Figure 2).

The mafic rocks (gabbroids group) have the highest val-
ues of mean susceptibility and NRM-0.068 SI and 2.08
Am™!, respectively (Suppl. Table). The diorites are charac-
terized by half of the mean MS values (0.036 SI) and much
lower mean NRM (0.3 Am™"). The rocks, which we attribute
to granitoids, have two or three times lower mean MS and
NRM values (0.02 ST and 0.1 Am™", respectively).

The available NRM measurements for the intrusive rocks
of this region (Grunow 1993; Bakhmutov and Shpyra 2011;
Poblete et al. 2011) show that the prevailing NRM direction
is normal, i.e., parallel to the recent Earth’s magnetic field.
The Q-ratio (the ratio of induced to remanent magnetiza-
tions) is predominantly < 1.0 (Table 1). Only in gabbroids it
can be > 1.0, which indicates that the NRM can account for
a significant part of the total magnetization.

The volcanic rocks of the APVG are represented mainly
by lithic tuffs, andesites, rhyolites, dacites and character-
ized by minimal values of magnetic parameters. The known
volcanic succession of the Penola Strait area is character-
ized by large differences in magnetic susceptibility, even
for similar rock types. In general, the mean values of mag-
netic susceptibility (0.0044 SI) and NRM (0.03 Am™!) of
the volcanic rocks are, respectively, one and two orders of
magnitude lower than those of gabbro. The lowest values
of magnetic susceptibility belong to dacite tuffs from the
Argentine Islands (mean 0.00036 SI).

For further modeling on the Pr1 profile, the normal polar-
ity was assigned to magnetic bodies. The magnetic param-
eters of the rocks outcropped near the Prl profile are pre-
sented in Table 1.

Boat magnetic survey technique

In the case study, when the geology is known from the
outcrops on the ice-free islands and along the coastline of
the adjoining part of the AP, the informative method is a
magnetic survey, followed by the construction of a mag-
netic anomaly map. Offshore, near the UAS “Akademik
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Vernadsky” area, magnetic survey was carried out by the
authors of the paper during several summer field seasons
(2005-2019 yy) using Zodiac boats. Some early results of
the survey for several profiles were presented by Orlyuk
and Romenets (2009). In the course of further research, the
network of profiles was significantly expanded. The current
distribution of survey tracks is shown in Fig. 3.

Magnetic surveying was carried out using a PMP-8 (or
MMP-203) proton magnetometer mounted on the bow of
a Zodiac-type boat (Fig. 4). A distance of about 5 m from
the sensor to the engine (Johnson-40) on the rubber boat
Zodiac prevents the magnetic field being affected by the
metal engine. Logging of magnetic induction values and
GPS coordinates (by Garmin GPSMAP) was performed
every 10 s at a boat speed of 10 km/h. To monitor diur-
nal geomagnetic variations the data from Argentine Islands
magnetic observatory (AIA) at “Akademik Vernadsky” sta-
tion was applied.

Mapping the magnetic field of the study area
Data processing and correction

The correction for the magnetic field variation was applied
to the initial data:

B; = B.,—6B,, (1

where B, is the magnetic field strength value at the i-th point
that takes into account variations from external sources of
the magnetic field, B, is the observed value of the total vec-
tor modulus of the magnetic field at the i-th point, 6B, is the
magnitude of the magnetic field variation at the time of the
i-th observation point, calculated by the formula:

6B; = Byasi—Bp» )

where Byj,g; is the value measured by scalar magnetom-
eter at the AIA observatory at the time of the observation
point measurement, B, is the daily average measured at the
observatory.

Accounting for the standard component (By;) of the
international geomagnetic field was performed using the
International Geomagnetic Reference Field (IGRF) online
calculator (https://www.ngdc.noaa.gov/geomag-web/#
igrfgrid) on a grid with a 1° step in latitude and longitude
for the area limited by 60-70° S and 60-70° W. The result-
ing By, values were interpolated using Surfer by Golden
Software and gridded with a 0.01 degree grid step on lon-
gitude and latitude. The obtained B, values have already
taken into account the secular variations of the magnetic
field by automatic interpolation.

The values of the anomalous magnetic field at the meas-
urement points were calculated by the formula:


https://www.ngdc.noaa.gov/geomag-web/#igrfgrid
https://www.ngdc.noaa.gov/geomag-web/#igrfgrid
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B, = B,—B,,. 3)

The data of all surveys of the anomalous magnetic field
were put together in a single table that contains the coordi-
nates and the values of B,; of the points. This compiled the
data base for the construction of the anomalous magnetic
field map for the study area (Fig. 5).

Magnetic field of the study area

The distribution of the anomalous magnetic field B,; of
the Argentine Islands with the adjacent area, including the
western part of the AP, shows a wide range of magnitude
changes from 3200 nT to — 1400 nT (Fig. 5). In the central
part of the study area, there is distinguished a band of
negative values (from 0 to — 500 nT) of ~ NE extension,
which starts in the north near the islands of Booth and
Hovgaard, and Girard Bay on the AP. It follows the area
of Petermann Island, passes through the Argentine Islands,
and the Barchans Islands, where the strip reaches its maxi-
mum width and goes further south to about the latitude
of 65.35°S. A local area of a negative magnetic field is
distinguished in the Cape Tuxen area (Demaria Mount)
on the AP coast. A large area of negative values lies in the
southern segment of the map south of Berthelot Islands,
up to latitude 65.48°S (Fig. 5).

To the west and north—west of the band of negative
values of B,;, there is a band of positive values of magnetic
field (from O to 500 nT) of the same NE extension with
some local anomalies of high intensity (700-1500 nT) and
various configurations.

Between the described NE band of the negative val-
ues and the area of the negative field in the southern seg-
ment of the map (south of the Berthelot Islands), there is
another bizarre stripe of positive magnetic field (Fig. 5). It
begins in the south at latitude 65.42°S and passes north-
wards along the Berthelot Islands, Cape Tuxen, Wadding-
ton Bay, and Moot Point. This band includes more intense
anomalies inside with magnitudes in the range of 1000-2000
nT. Among them one can see three anomalous regions of
positive values of B,;: (1) the region near Cape Tuxen and
Moot Point that continues westwards in the shallow water
to about the longitude of 64.2°W; (2) the Berthelot Islands
area that extends to 64.3°W longitude; and 3) the shallow
water domain in the southern part the area, located between
65.35°-65.44°S and 64.3°-64.2°W (Fig. 5).

Magnetic maps of different wavelengths were obtained
and constructed by transformations of the anomalous mag-
netic field B,; (Fig. 5). To highlight the structure of the mag-
netic field from the deep magnetic sources, we undertook the
averaging of the B,; field with a 5 x5 km cell and obtained
the long wavelength component B,; (Fig. 6). The latter could
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be caused mainly by rocks of the lower and middle parts of
the crust. The short wavelength component (Fig. 7), calcu-
lated as the difference between the original B,; and its long
wavelength component (Fig. 6), is caused by magnetic inho-
mogeneities located in the basement and upper crystalline
crust at the depths range of 0.2-13.0 km (Fig. 7).

The described above areas of the anomalous magnetic
field, in the form of two bands of positive magnetic field
and two stripes of the negative magnetic field of general
NE strike, have a good correlation with the long wave-
length (regional) component of the magnetic field (Fig. 6),
where the maximum magnitudes (> 1000 nT) highlight
the anomaly near Cape Tuxen and Moot Point on the AP
coast. Within the south-eastern band of positive anoma-
lies (Fig. 6), the three mentioned above short wavelength
(local) magnetic anomalies are seen in the Cape Tuxen
and Moot Point area, near the Berthelot Islands, and in the
southern area between 65.35°-65.44° S and 64.3°-64.2°
W (Fig. 7). The stripes of the negative magnetic field
correspond well with low magnetic volcanics. Whereas
the bands of the positive magnetic field could be due to
the intrusive complex of the AP batholith, represented
by high magnetic granodiorites, diorites, and gabbroids.
Local anomalies within the areas of the positive mag-
netic field (Fig. 7) may be caused by bodies of gabbro and
gabbro—norites.

Two-dimensional magnetic modeling

Parameterization of the model and methodology
of the modeling

To study the structure of the upper part of the Earth’s crust
and to determine the shape of magnetic sources and their
magnetic parameters, we performed magnetic modeling on
the Pr1 profile (Fig. 8) extending almost across the magnetic
anomalies strike (Figs. 5, 6, 7).

For 2D magnetic modeling, we used the software devel-
oped by Zavoyskiy (1978) and Kovalenko-Zavoyskiy and
Ivashenko (2006) at the Institute of Geophysics of the
National Academy of Sciences of Ukraine for solving
the direct magnetic problem for bodies approximated by
prisms. The prisms define the areas of constant magnetic
susceptibility. During the modeling we set the extension
of the structures crossed by the profile. The magnetic bod-
ies are placed mainly in the upper crust interval, bounded
below by the Curie isotherm, which is estimated for the
AP continental margin at the depth of approximately
20-25 km (Johnson 1999). During the modeling, the
geometry of the crystalline crust bodies and their magnetic
susceptibilities should be determined.

The input data we used to construct the magnetic model
include the plots of the anomalous geomagnetic field B,;, the
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depth of the crystalline basement, and the laboratory data
on the magnetic susceptibility and NRM vector directions of
rock samples (see Section “Magnetic properties of rocks™).
The NRM direction (inclination I° and declination D°) was
taken into account from the paleomagnetic studies (Table 2
in (Bakhmutov and Shpyra 2011)). Further refinement of the
models was achieved with a better correspondence between
the calculated and observed magnetic fields by introducing
the corrections in the geometry of bodies and their suscepti-
bilities. The values of magnetic susceptibilities of key units
of the model were counter checked with the linear inversion
option that is offered by the software used.

Results

According to velocity modeling on the deep seismic marine
profiles (Sroda et al. 1997; Grad et al. 2002), the continen-
tal margin of the AP has a thin (0.2-1.5 km) sedimentary
cover above the crystalline crust consisting of the upper,
middle and lower crust with velocities of 6.3-6.4, 6.6—6.8,
and 7.1-7.2 km/s correspondingly. Depths to the Moho are
in the range of 36-42 km. The largest thickness of the crust
was found in the Adelaide, Bisco, and Anvers Islands (Grad
et al. 2002; Janik et al. 2006, 2014). Westwards, in the direc-
tion of the Bellingshausen Sea, the Moho depths decrease
to 25-28 km.

In the first approximation, the observed geomagnetic field
B, of the study area represents a set of prism-shaped mag-
netic field sources. The depths to the upper edges (bounda-
ries) constitute the first hundreds of meters, and the lower
limit of magnetic sources is in the range of 4-12 km (Golyn-
sky and Masolov 2000; Jordan et al. 2014; Soloviev et al.
2018). To parameterize the magnetic properties of the bod-
ies we used the laboratory data obtained at the sampling
points of the rocks in the study area (Yegorova et al. 2011;
Bakhmutov et al. 2013; Shpyra et al. 2014). The magnetic

model on the Pr1 profile consists of 12 bodies with depths to
the upper edge of 0.2—0.5 km, and their lower limits located
at a depth of 12 km (Fig. 8). The magnetic susceptibility of
the sources varies from 0.005 to 0.13 SI (Fig. 8, Table 2).

The modelings performed on the Prl profile allow to
identify two groups of magnetic bodies (bodies 1-5 and
7-10 in Fig. 8 and in Table 2), which cause the western
and eastern bands of positive anomalies with amplitudes of
500 and 850 nT, respectively (Figs. 5 and 7). The magnetic
susceptibility of these bodies, which have a predominant
shape of trapezes and prisms, and a vertical dip, varies in
the range of 0.03—0.13 SI (Table 2). This indicates that these
bodies belong to the gabbro group rocks. Between these two
bands of magnetic maxima above the gabbroid bodies, there
is a quite wide magnetic minimum of ~ — 200 nT, which is
caused (explained) by volcanic rocks with a magnetic sus-
ceptibility of 0.005 SI (Fig. 8, Table 2).

Interpretation of the magnetic map

As noted above, the anomalous magnetic field of the study
area is represented by the positive and negative field bands of
the general NE extension, within which anomalous domains
and individual anomalies of different shapes and sizes are
distinguished (Figs. 5, 6, 7). The anomalous magnetic field
is strongly differentiated, with anomalies of different size,
amplitude, configuration, and extent due to the significant
distribution of effusive and igneous formations of the AP.
They include all petrographic representatives of volcanic
rocks and the gabbro-diorite-granite association. Plutons of
different ages intersect in a complex sequence. Taking into
account the available information on the composition and
age of rocks and magnetic modeling data based on magnetic
parameters, it is possible to analyze the magnetic field with
the assessment of rock types.

Table 1 Magnetic parameters of rocks in the area of the Prl profile. The range (underlined) and mean values are given for NRM, magnetic sus-
ceptibility, and Q-ratio. The locations of sampling sites a-f are shown in Fig. 5

No  Sampling location Rocks Number of Natural remanent mag- Magnetic suscep-  Q-ratio
samples netization (NRM), Am™! tibility (MS), SI

a CapeTuxen (64.11°W, 65.27°S) Gabbro 19 0.8-4.7 0.04-0.25 03-1.1
3.0 0.13 0.6

b Rasmussen island (64.079°W, 65.257°S)  Gabbro 26 43-44 0.007-0.08 0.26-2.67
1.8 0.047 0.11

c The Barchans (64.32°W, 65.23°S Diorite 24 0.04-0.4 0.017-0.04 0.04-0.34
0.17 0.03 0.15

d Roca islands (64.48°W, 65.19°S) Diorite 10 0.05-0.53 0.015-0.084 0.02-0.2
0.26 0.055 0.125

e Roca islands (64.458°W, 65.206°S Diorite 6 .04-0.2 2-0.04 0.03-0.14
0.11 0.04 0.06

f Cruls islands (64.54°W, 65.19°S) Diorite, gabbro 14 0.39-0.98 0.006-0.03 0.39-2.83
0.6 0.015 1.23
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Fig.3 Scheme of magnetic
survey tracks for 2005-2019
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Preliminary geological interpretation
of the magnetic map

In the magnetic field, one can see two bands of the nega-
tive magnetic field (of a complex configuration) of general
N-NE strike, parallel to the AP shoreline (Fig. 5), which
may be caused by the oldest rocks belonging to the APVG.
The western strip passes through the islands of Booth, Hov-
gaard, Petermann, and the Argentine Islands. It then contin-
ues southward to 65.35°S. The second region of volcanic
rocks is located in the southern part of the region (south of
the Berthelot Islands).
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Between the two bands of negative magnetic field above
the volcanics and west of the western band of volcanics is
a region of positive magnetic field anomalies associated
with diorite—granodiorite complex. The latter is repre-
sented by a large variety of igneous rocks from medium to
acidic composition-diorites, granodiorites and granites of
different composition. Since the values of magnetic param-
eters of diorites and granitoids differ slightly, we combined
them into a single group with average values of magnetic
susceptibility of 0.02-0.03 SI and the NRM of 0.1-0.3
Am~! (see Supplementary Table and Fig. 2 in the Sup-
plement showing the MS and the NRM for the granitoids
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Fig.4 Boat Zodiac with set up of proton magnetometer PMP-8 used
for the magnetic survey. Shows the mounting of the magnetometer
sensor on the Zodiac rubber boat, and a panel of PMP-8 (top right

(127 samples) and diorites (131 sample). Modeled MS of
0.005 SI for body 10 could be explained by leucocratic
granite (Table 2), which is close to MS minimal values for
the group of granitoids (Supplementary Table). This cor-
responds with the modeled parameters on the Prl profile
that show magnetic susceptibility and the NRM values in
the shallow granitic body (body number 10 in Fig. 8) to
be 0.005 SI and 0.1 Am™", respectively.

These rocks are mapped in the outcrops on the islands
of Booth, Hovgaard, Pleneau, Barchans-Forge, Petermann,
Dannebrog, Vedel, Roca, Cruls, Berthelot, and some
small cliffs above sea level. Along the coast, diorites and
granitoids come to the surface near Duseberg Buttress,
Moot Point, Waddington Bay, and Cape Tuxen (Figs. 2,
9). On the Booth Island, the intrusive contact of diorites
and Jurassic volcanites of KPF was found, and the dior-
ites themselves were intruded by Paleogene granitoids
(Mytrokhyn et al. 2021). The Early Paleogene dating,
recently obtained by Zheng et al. (2018) for the quartz
diorites of Booth Island, is probably rejuvenated. U-Pb
isotopic dating of zircons from Moot Point diorites indi-
cates their Early Cretaceous age (Tangeman et al. 1996).

The distribution of granitoid intrusions is comparable
with that of diorite. Among granitoids, granodiorites are
the most common, while granites and tonalites are less
common. Isotopic dating distinguishes at least two age
groups of granitoids—Late Cretaceous and Paleogene
(Mytrokhyn et al. 2021). Late Cretaceous granitoids
were found only on Petermann Island. Granitoids on the
islands of Barchans, Forge and Booth have Paleogene age.
All other manifestations of granitoid magmatism on the
islands of the Wilhelm Archipelago remain undated.

According to field observations, granitoids are younger
than gabbroid and diorite plutons. Age relationships of
gabbroids and diorites are more complex. In some cases,

corner) in (a), and conducting the magnetic survey in the shelf
area where the magnetometer sensor moved forward and not being
affected by the magnetic noise from the engine on the boat stern (b)

they have features of magmatic mixing and they were crys-
tallized almost simultaneously. In other cases, diorites are
embedded in fully crystallized gabbroids.

In the positive magnetic field of granitoids, there is a
large number of local maxima (up to > 800 nT in ampli-
tude) which correspond to the gabbro group. The latter
is represented by a wide range of rocks from ultramafic
species to gabbro-norites, gabbro, and anorthosites. Some-
times they are observed as layered intrusions (Artemenko
et al. 2013).

Gabbroid intrusions of the Wilhelm Archipelago
occupy much smaller areas compared to granitoids. The
interpretation of anomalies as caused by gabbroids is
confirmed by mapping their outcrops on the islands of
Berthelot, Anagram, Petermann, Hovgaard, Vedel, Cruls,
as well as along the coast of the Girard Bay, Waddington
Bay, and Cape Tuxen (Figs. 2 and 9). None of the mapped
gabbroic bodies could be outlined on all sides. Therefore,
data on their size are incomplete, but can be estimated
from magnetic survey data (Figs. 5, 6, 7).

Our modeling of the Prl profile (Fig. 8, Table 2) shows
that the gabbroid bodies are located in the upper crust to
a depth of ~12 km and have a magnetic susceptibility of
0.031-0.10 SI, which corresponds to the range of MS of
gabbroids (Suppl. Table).

Fault tectonic

The tectonic lineaments in the magnetic field exhibit such
features as axes of magnetic minima, gradient zones, linear
anomalies and their chains, and chains of local anomalies.
Due to these patterns, tectonic faults were identified in the
magnetic field pattern in the study area.
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Analysis of the anomalous magnetic field map revealed an
orthogonal system of NW and NE tectonic faults (Fig. 10).
The NE fault extends subparallel to the AP coast along the
Penola Strait (Penola Strait Fault). In the north, it passes
through the Booth and Hovgaard Islands, the Petermann
Islands, along the chain of the Argentine Islands of gen-
eral NE strike, and southward along the magnetic minimum
axis at longitude 64.3°W longitude (Fig. 10). For most of
its extent, from Booth Island to the Argentine Islands, this
fault coincides with that identified from the bathymetry
data (Maksymchuk et al. 2009). Its position in Fig. 9 differs
from that in Fig. 2 south of the Argentine Islands, where,
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according to the magnetic data, it is drawn along the N-S
minimum.

The second fault system of NW strike includes three
faults in the central part of map and one fault crossing the
northern part of the Booth Island (Fig. 10). They inter-
sect the NE fault of the Penola Strait, and are most likely
transform faults as they locate sub-orthogonally to both the
Penola Strait fault and the AP coastline. Note that the same
NW strike is characteristic of the well-known Shackleton
and Hero transform faults that limit the South-Shetland
block at the northern part of the AP (Birkenmajer 1994). The
central fault of the NW faults corresponds to the Barchans
fault (Fig. 10), which crosses the Barchans and the Argentine
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Fig.6 Long wavelength
(regional) component of the
anomalous magnetic field of the
study area. For the explanations
of symbols see Fig. 5
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Islands. It is traced further southeast along the gradient ter-
mination of the magnetic maximum at Cape Tuxen (Fig. 10).
To the north of the Barchans fault and parallel to it, there is
another fault of the same strike, running near the northern
termination of the Argentine islands (Fig. 10) and corre-
sponding to the fault marked with “F” in Fig. 2. The position
of the southernmost transform fault is defined by a sharp
gradient of positive anomalies at the southern end of the
Berthelot Islands area (Fig. 10).

The isolation of the sub-orthogonal system of NE
and NW faults is quite natural in terms of paleotectonic
reconstructions and general geodynamic evolution of the

region as part of a continental margin whose tectonic and
magmatic activity ended relatively recently (Late Creta-
ceous—Paleogene), e.g., Larter and Barker (1991), Vaughan
and Pankhurst (2008), Zheng et al. (2018). The NE fault is
older than the transform NW faults. The former occurs in a
band of the ancient weakly magnetic rocks of the volcanic
complex along the Penola Strait (Fig. 2). Their formation is
most likely related to the Jurassic breakup of Gondwana and
the separation of Antarctica from it (Riley et al. 2001, 2017,
Pankhurst et al. 2000).

We interpret the NW strike-slip faults as younger trans-
form faults associated with the subduction-collision stage
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Fig. 7 Short wavelength (local) ]
component of the anomalous
magnetic field of the study area.
For the explanations of symbols
see Fig. 5
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of an active continental margin evolution during the Early
Cretaceous-Paleogene as a result of subduction of the Proto-
Pacific Plate (Phoenix Plate) under the AP continental shelf,
which was accompanied by melting of AP gabbro-granitoid
series rocks. The same nature and extent are characteris-
tic of the known Hero and Shackleton transform faults in
the northern part of the AP, delimiting the South Shetland
Islands block from the northwest and northeast, where sub-
duction is still thought to be active (Pelayo and Wiens 1989;
Stacey et al. 2003).
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Conclusions

(1) Magnetic surveys of the offshore area near the Argen-

tine Islands and adjacent islands have enabled us to
build maps of magnetic field anomalies, including
regional and local components. This is the first time
such detailed maps have been compiled in the SE part
of Wilhelm Archipelago, West Antarctica. This region
comprises a great variety of volcanic and magmatic
rocks with differing magnetic properties, producing
various magnetic field anomalies. These include vol-
canic series of the Antarctic Peninsula (andesites, dia-
bases, basalts, rhyolites, dolerites, dacites) of Upper
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Fig.8 Magnetic model of the upper crust on the Prl profile (upper
panel) and its geological interpretation (lower panel). The loca-
tion of the profile is shown in Figs. 6, 7, 8. The magnetic model is
represented by a set of bodies with magnetic parameters (Table 2):

Table 2 Magnetic parameters
obtained from magnetic
modeling on the Prl profile
(Fig. 8, where the number of
bodies corresponds to that in
the table) and the directions of
the vector of natural remanent
magnetization (declination and
inclination) in rocks of the study
area. The D° and I° values are
taken from (Bakhmutov and
Shpyra 2011)

granodiorites I [ |gabbro

L volcanics

magnetic susceptibility MS (value above the line) in SI units, natu-
ral remanent magnetization NRM (value in italics below the line)
in Am™!, NRM directions—declination (D°) and inclination (I°) in

degrees

No  Rock types Magnetic suscep- Natural remanent mag-  NRM directions
tibility (MS), SI  netization (NRM), Am™! — —
Declination D®  Inclination I°
1 Gabbro 0.046 0.65 15 -83
2 Gabbro 0.041 1.1 15 -83
3 Gabbro 0.043 0.7 15 -83
4 Gabbro 0.047 0.65 15 -83
5 Gabbro 0.031 0.62 15 -83
6 Gabbro 0.13 1.8 9 -82
7 Gabbro 0.1 1.5 9 -82
8 Gabbro 0.084 1.0 9 -82
9 Gabbro 0.057 2.0 9 -82
10 Leucocratic granite  0.005 0.1 18 -74
11 Volcanic rocks 0.036 0.3
12 Volcanic rocks 0.005 0.4
13 Granodiorites 0.02
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Fig.9 Local component of

the anomalous magnetic field
of the studied area with the
locations of the outcrops from
the geological map of Wilhelm
Archipelago (Fig. 2; Mytrokhyn
and Bakhmutov 2021). For the
explanations of symbols see
Fig. 5. Legend: 1-Jurassic—Cre-
taceous volcanics of Kyiv Pen-
insula formation and Argentine
islands formation; 2—gabbroid
intrusions of mainly Early-Cre-
taceous age; 3—diorite intrusions
of mainly early-cretaceous age;
4—granitoid intrusions of early-
cretaceous, late-cretaceous and
paleogene age; S—unidentified
rock outcrops
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Jurassic-Lower Cretaceous age, gabbroid intrusive
complexes of Cretaceous age (gabbro-norites, gabbro,
stratified gabbro, gabbro-anorthosites), granitoid intru-
sive complexes represented by diorites, granodiorites
and granite intrusions of Cretaceous to Paleogene age,
and many dykes of differing ages and compositions.
Since the composition of rocks is known only where
ice-free outcrops exist on islands and the AP coast, the
map of the magnetic field anomalies is essential for
tracing the areal distribution, size, and interrelations
of magmatic bodies.
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(2) Major and minor features were interpreted from the
magnetic field map taking into account field obser-
vations and laboratory data on rock composition and
magnetic properties. Distinct types of morphology
and polarity were determined and assigned to recog-
nized rock complexes. The oldest volcanic rocks of the
Jurassic—Lower Cretaceous age can be recognized in
two bands of the negative magnetic field around the
Petermann and Argentine Islands, which trend N-NE,
parallel to the AP coastline.

(3) The largest distinct body, with a positive magnetic
anomaly, is the Late Cretaceous—Lower Paleogene
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Fig. 10 Anomalous magnetic
field of the Wilhelm Archipel-
ago shelf zone with the identi- N
fied fault system (thick dashed
red lines). For explanations of
the symbols see Fig. 5
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granodiorite AP complex, which comprises diorites,
granodiorites, and granites of varied compositions.
Against a background magnetic field characteristic of
granitoids, there are many more minor discrete mag-
netic anomalies above the bodies of Cretaceous gab-
broids, along with local minima caused by granites
depleted of ferromagnetic minerals.

Two-dimensional magnetic modeling shows the distri-
bution of magnetic sources in the upper crust as a set
of prisms with upper edges at hundreds of meters, and
lower edges at 4-12 km depth. The magnetic suscepti-
bilities of source rocks are in the range of 0.005-0.13
SI. Strong magnetic anomalies of 500-850 nT are

“

caused by gabbroid bodies against a background of
weakly magnetic granitoids and volcanites.

The magnetic field pattern of the Wilhelm Archipelago
in the Penola Strait area indicates the presence of sub-
orthogonal tectonic faults. This includes a major NE-
trending fault along the Penola Strait, and four younger
NW-trending transform faults that cross the NE Penola
fault. This fault system could be associated with differ-
ent stages of continental margin evolution in the AP.

&)

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11600-023-01190-6.
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