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Abstract The Antarctic Peninsula is a unique sector of the circum‐Pacific continental margin arc where
subduction ceased due to a series of ridge‐trench collisions, preserving a relatively un‐deformed magmatic arc.
This region, therefore, has the potential to provide key insights into how subduction systems behave during their
final stages. However, the remote nature of the region means that both geological and geophysical data coverage
is often sparse, limiting the ability to interpret its tectonic evolution. Here we present a new analysis of gravity
and magnetic data collected from a Windracers Ultra Uncrewed Aerial Vehicle (UAV). The survey targeted a
75 × 25 km region where the Antarctic Peninsula bends and magnetic signatures change, which has been
attributed to the onshore influence of adjacent oceanic transform faults running approximately orthogonal to the
Peninsula. Using joint inversion of magnetic and gravity data based on a “Variation of Information” approach,
we show the region is dominated by two large intrusions, of likely granodiorite composition. Our data indicate
little evidence for structural control on magma emplacement, however, coincident imagery suggests that after
magma emplacement the region was subject to significant deformation approximately parallel to the Peninsula
margin. We interpret these features in terms of the processes occurring as subduction ceased.

Plain Language Summary The Antarctic Peninsula was formed over millions of years from a string
of volcanoes and the underlying pools of magma, which turned to solid rock. The processes which control where
and how these magmatic rocks formed are related to subduction, the process where dense oceanic crust is forced
under the continental margin, releasing water, and triggering melting. Unfortunately, due to sparse data
coverage and harsh working conditions the details of these important processes are poorly understood. Using a
Windracers Ultra UAV, adapted for environmental science data collection, we collected high resolution gravity
and magnetic measurements over an area where the pattern of magmatism was known to change. Using joint
inversion of this data, where a computer model finds the rock properties which simultaneously match gravity
and magnetic data, assuming magnetic and density (gravity) properties of the rocks are linked, we reveal the
shape and type of the hidden rocks. These shapes and rock properties are interpreted, together with photographs
of remote rocky islands, to give insights into the subduction processes occurring on the Antarctic Peninsula 20–
50 million years ago.

1. Introduction
The Antarctic Peninsula is a long‐lived magmatic arc which developed on the Paleo‐Pacific margin of Gondwana.
Unusually, subduction ceased in this region without the closure of the adjacent ocean, preserving a unique record
of arc magmatism (Larter & Barker, 1991). Of especial interest is the apparent link between oceanic fracture
zones and the pattern of deformation and magmatism within the continental margin (Johnson, 1997). Using new
high resolution geophysical data, we aim to better understand the magmatic processes occurring in this region.

The oldest exposed basement on the Antarctic Peninsula is Early Ordovician in age (∼485 Ma) with subsequent
magmatism and deformation continuing through the Paleozoic (Millar et al., 2002; Riley et al., 2012b). The
Antarctic Peninsula records multiple episodes of extensive magmatism during the Mesozoic (Figure 1), including
widespread silicic magmatism during the Jurassic associated with the breakup of Gondwana (Millar et al., 2001;
Riley & Leat, 1999). Subsequent arc magmatism, associated with ongoing eastward subduction of the Phoenix
Plate beneath the Antarctic Peninsula, peaked at c. 100 Ma (Leat et al., 2009; Riley et al., 2018; Vaughan
et al., 2012). From ∼50 Ma subduction began to cease as the Phoenix spreading center arrived at the continental
margin. Subduction and associated arc magmatism, stopped from the south to the north, with ridge trench
collision outboard from Marguerite Bay occurring at c. 19.9 Ma and adjacent to Adelaide Island at c. 16.7 Ma
(Larter & Barker, 1991; Larter et al., 1997). Each ridge‐trench collision was distinct due to fracture‐zones, which
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segmented both the spreading ridge and subducting plate. Magmatism today, is restricted to the northern tip of the
Antarctic Peninsula on the South Shetland Islands crustal block.

Marguerite Bay is an embayment on the western side of the Antarctic Peninsula separating Adelaide Island and
Alexander Island (Figure 1a). It is ∼130 km wide from N to S and marks a ∼90 km inboard step in the coastline.
The embayment corresponds with a ∼60° change in strike of the Antarctic Peninsula and the transition between
the generally narrower and lower elevation Graham Land region to the north and the broader Palmer Land region
in the south. Regional aeromagnetic data is marked by the ∼3,000 km long positive magnetic Pacific Margin
Anomaly (PMA) (Figure 1b) attributed to intrusive rocks emplaced due to the protracted arc magmatism along the
Antarctic Peninsula (Johnson, 1999). In detail, the PMA also shows changes across the Marguerite Bay area
(Figure 1b). Over northern and western parts of Adelaide Island narrow linear anomalies with a NNE trend reflect
the last stages of magmatism within this part of the Antarctic Peninsula (Jordan et al., 2014). These linear
anomalies stop on the edge of Marguerite Bay, while the main band of PMA magnetic anomalies continues in‐
board. Within Marguerite Bay the main magnetic anomalies appear to form a series of offset blocks bounded by
major fault zones attributed to linking of oceanic fracture zones to continental deformation during regional
magmatism and extension (Johnson, 1997).

Inboard of Marguerite Bay the intrusive rocks associated with the PMA are predominantly dated to c. 100 Ma. In
contrast intrusive rocks on the eastern part of Adelaide Island and on Alexander Island are dated to between 44
and 58 Ma (Figure 1a) (Burton‐Johnson et al., 2023; McCarron & Millar, 1997; Millar et al., 2001; Riley
et al., 2012a). On the Faure Islands within Marguerite Bay, massive intrusive tonalite, quartz‐diorite, and gabbro,
indicating a hybrid magma source, are dated to 48–47 Ma (Karaoğlan et al., 2023), reflecting some of the last
stages of magmatism in Marguerite Bay. Further north, on the Sillard Islands (Figure 1a), magmatism associated
with the linear magnetic anomalies is dated to c. 23 Ma (Jordan et al., 2014). These younger ages are not seen in
magmatic rocks in Marguerite Bay, but apatite fission track data points to a rapid cooling/uplift event ∼20 Ma on
the Faure Islands (Karaoğlan et al., 2023) and elsewhere on the western margin of the Antarctic Peninsula (Twinn
et al., 2022). This uplift has been attributed to opening of a local slab window due to the cessation of subduction
and may be part of the same tectonic event which drove magmatism on western Adelaide Island (Jordan
et al., 2014; Karaoğlan et al., 2023), but the presence of a slab window has been contested (Twinn et al., 2022).

Figure 1. Regional topography and magnetic anomalies of the central Antarctic Peninsula region. (a) Subglacial topography
and bathymetry from Bedmachine Antarctica v3 (Morlighem et al., 2020). Inset locates study in Antarctica. Red box locates
Figures 2 and 3. Solid white lines mark Adelaide and Tula Fracture Zones (AFZ and TFZ) with zone of interpreted
continental influence dashed (Johnson, 1997). Colored dots indicate magmatic ages (Burton‐Johnson et al., 2023). White
numbers denote age of ridge‐trench collision (Larter & Barker, 1991). Abbreviations; Continent Ocean Boundary (COB),
Adelaide Island (AI), Alexander Island (Alex. Isl.), Sillard Islands (SI), Rothera Research Station (RRS) and Faure Islands
(FI). (b) Regional magnetic data from ADMAP2 (Golynsky et al., 2018), with data from sub‐surveys flown in 1990/91 (blue
outline) (Johnson & Swain, 1995) and 2010 (yellow outlines) (Jordan et al., 2014). Dashed white lines enclose the composite
positive magnetic Pacific Margin Anomaly (PMA) (Johnson, 1999).
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The apparent offset of upper crustal blocks seen in magnetic data from the Marguerite Bay region is attributed to
interaction between adjacent oceanic transform faults and the overriding continental margin. However, the
detailed structure and composition of the intrusions, and the form and extent of the continental faulting has not
been resolved. In this study, we analyze new aeromagnetic and aerogravity data that crosses the proposed onshore
continuations of the Adelaide Fracture Zone (Johnson, 1997). The data was collected over the northern part of
Marguerite Bay using the first deployment in Antarctica of a long‐range Windracers Ultra UAV (Figure S1a in
Supporting Information S1) (Jordan et al., 2025). Using joint inversion of airborne gravity and magnetic data
based on the “Variation of Information” (VI) approach (Lösing et al., 2023; Lowe, Jordan, Moorkamp,
et al., 2024; Moorkamp et al., 2011), we investigate the structure and composition of the intrusions. In addition,
we analyze opportunistic GoPro® camera footage collected on the survey flights to provide structural information
on the remote Faure Islands.

2. Methods
2.1. Survey Design, Platform and Instruments

To interpret the origin of the tectonic structures observed in Marguerite Bay we carried out a new aerogeophysical
survey as part of the wider “SWARM” project demonstrating the capabilities of the Windracers Ultra UAV as a
platform for Antarctic environmental science (Jordan et al., 2025). The Windracers Ultra platform is a fixed wing
UAV with a wingspan of 10 m, a payload of up to 100 kg and a range of up to 1,000 km. The platform was
operated from the crushed rock airstrip at Rothera Research Station. It was directed by a ground‐controller and
routine missions were flown fully autonomously, including take‐off and landing. The survey collected gravity and
magnetic data within a 25 × 75 km region (Figure 1a) grid south of Rothera Research Station in February/March
2024. The survey had a line spacing of 2 km and was conducted at an altitude of 500 m above the sea surface,
increasing to 800 m altitude on a single line over Jenny Island (Figure S1c in Supporting Information S1). The
survey orientation placed the main flight lines orthogonal to the trend of the offsets seen in the previous magnetic
data over Marguerite Bay (Johnson, 1997), providing the best opportunity of resolving the detail of these
structures.

Airborne gravity data was collected using an iMAR iCORUS Strapdown Airborne Gravity system. This light-
weight (∼18 kg) thermally stabilized strapdown gravity sensor was installed at the approximate center of mass of
the UAV (Figure S1b in Supporting Information S1). Magnetic data were collected simultaneously with the
gravity data using a GEM System's GSMP‐35U potassium scalar magnetometer. The magnetometer was mounted
in the rear door of the Ultra UAV, with the data logger, fluxgates and IMU fixed to the payload floor (Figure S1b
in Supporting Information S1). In addition to gravity and magnetic data downward looking imagery was collected
at 1 s (∼30 m) intervals using a GoPro® camera, including an internal GPS based time stamp. The camera was
mounted on the UAV floor giving a broad overview of the terrain overflown.

2.2. Data Processing

Gravity anomalies were recovered from the recorded GNSS and INS data using the commercial GNSS processing
package TerraPos, with subsequent statistical leveling implemented in the Geosoft™ software package to
minimize line to line noise (Jordan, Robinson, et al., 2024; Jordan et al., 2025). After leveling the error of the
gravity data, calculated from the standard deviation of the difference between repeat flights, was 1.66 mGal. Line
gravity data were interpolated onto a 1 km mesh raster using a minimum curvature algorithm implemented in the
Geosoft software package. The initial stage of processing provided gravity disturbances, referenced to the
ellipsoid, which were further corrected to free air anomalies referenced to the EIGEN‐6C4 geoid (Figure S2a in
Supporting Information S1). The free air anomalies are dominated by the signature of the local bathymetry
(Figure S2b in Supporting Information S1). We therefore implemented a full Bouguer correction calculated out to
a radius of at least 165 km, using topographic, bathymetric and ice thickness data from Bedmachine Antarctica
(Morlighem et al., 2020). The topographic data were interpolated onto a 1 km mesh raster and the Bouguer
correction calculated at an observational altitude of 500 m, equal to the flight elevation of the majority of the
survey. Standard densities of 2,670, 915, and 1,028 kg·m− 3 were assumed for rock, ice and water respectively.
Rock and ice above the observation altitude in mountain ranges around the survey area were assumed to generate
a negative field, proportional to their density, height and thickness. The correction was calculated using a GLQ
prism method (von Frese et al., 1981), with the gravity impact of ice, water and rock below and above the survey
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altitude calculated as separate layers and summed to give the full correction. We note that there is not complete
bathymetric coverage of the study area (Dorschel et al., 2022) (Figure S2b in Supporting Information S1), which
may introduce artifacts into the recovered Bouguer gravity anomaly. Features away from bathymetric coverage
should be interpreted with some caution. However, the presence of numerous small islands indicates relatively
shallow water, consistent with the interpolation across the gaps in swath coverage. Additionally, visually, no
significant artifacts, such as abrupt jumps in the Bouguer anomaly are apparent (Figure S2c in Supporting In-
formation S1), suggesting the interpolated bathymetry is a reasonable approximation.

A further correction for the gravity effect of varying crustal thickness was made assuming the observed topog-
raphy/bathymetry was isostatically compensated at theMoho. This correction was calculated using GMT (Wessel
et al., 2013), with the routine gravfft assuming a reference Moho depth of 23 km, in line with a continental wide
reference model of crustal thickness from gravity data constrained by sparse seismic observations (Pappa
et al., 2019). We assumed an Airy isostatic compensation model, with densities for the crust and mantle of 2,670
and 3,300 kg·m− 3 respectively, giving a smooth model of the gravity field due to a theoretical isostatically
balanced Moho (Figure S2d in Supporting Information S1). After subtracting the isostatic correction from the
Bouguer anomaly, the Airy Isostatic residual gravity anomaly provides the most easily interpretable view of the
density structures within the upper crust (Figure 2a). We cannot rule out discrepancies due to incomplete un-
derstanding of isostatic compensation in the region. However, such discrepancies are likely to be long wavelength
in nature and have minimal impact on the bodies recovered by our joint inversion.

The new magnetic data were subject to standard corrections for aircraft motion, diurnal variations, and the In-
ternational Geomagnetic Reference Field (IGRF) (Jordan, Lowe, et al., 2024; Jordan et al., 2025). In addition, the
line data were leveled to match existing higher altitude airborne surveys, with between 1.5 and 3 km line spacing,
provided via the ADMAP2 compilation (Golynsky et al., 2018; Johnson & Swain, 1995). The statistical leveling
procedure was carried out after all data was upward continued to 2,440 m, the highest elevation for the data in this
region from ADMAP2. The calculated leveling correction was then applied to the new UAV data‐set at the 500 m
observation altitude, allowing the resolution of the more recent lower altitude data to be maintained (Jordan,
Lowe, et al., 2024; Jordan et al., 2025). To minimize the distortion of the shape and position of the magnetic

Figure 2. Data sets input into joint inversion. (a) Airy isostatic gravity anomaly. Yellow triangle indicates Rothera Research
Station (RRS). Small yellow rectangle locates GoPro image (Figure 5). G1‐G4 indicate gravity anomalies discussed in the
text. JI: Jenny Island, FI: Faure Islands. For flight lines see Figure S1c in Supporting Information S1. (b) Reduced to pole
total field magnetic anomaly. Contour shows 0° tilt angle marking theoretical edge of source bodies and colored dots indicate
theoretical source elevation. M1‐M4 indicate magnetic anomalies discussed in the text. (c) Rose diagram of source body edge
strike, from the direction of 0° tilt angle contour, showing cumulative length in each 5° direction. FZ marks approximate
projected direction of Adelaide Fracture Zone (Johnson, 1997).
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anomalies relative to their sources the gridded magnetic data was reduced to the pole (RTP) (Cooper &
Cowan, 2006), using local values of inclination and declination from the IGRF model of − 59.59° and 20.07°
respectively (Figure 2b). Low magnetic latitudes, the presence of significant remnant magnetization, or complex
anomaly patterns can lead the RTP procedure to introduce significant artifacts into the field. These conditions do
not appear to be relevant in our study area and artifacts associated with the transformation are therefore likely to
be minor.

To highlight the edges of magnetic source bodies, and to make a first approximation of their depth, we applied the
tilt angle digital enhancement (Salem et al., 2007). This places the 0° tilt angle contour over the source edge, while
the distance to the adjacent positive and negative tilt contours gives an approximation of source depth, assuming
no remanence and vertical contacts (Figure 2b). We used the distance to the ±30° contours to calculate depth,
rather than the standard 45° contours (Salem et al., 2007), as they are closer to the zero contour, hence are less
disturbed by interference between adjacent anomalies. Deviations between the depths recovered from and the
directions to the positive and negative 30° tilt contours were used to screen for the reliability of the recovered
depths (Jordan & Becker, 2018). To estimate the dominant trends in the magnetic data we used the direction and
length between each node of the 0° tilt angle contour. The cumulative length in each 5° directional bin from 0 to
180° was calculated and plotted on a rose diagram to highlight any trends (Figure 2c). For display the data was
reflected to create a full 360° image.

2.3. Inversion Scheme

Recovering lithology, source geometry or volume from gravity or magnetic data alone is challenging as models of
such potential field data are non‐unique. Forward models as presented in the literature, although mathematically
robust, are often subjective, as researchers directly define source geometry, density and susceptibility, using their
knowledge and assumptions about a region. This can give a good fit to the data, but subjective assumptions are
embedded in the model result. In contrast inversions reduce the subjective influence of the researcher and enhance
reproducibility, yet they can struggle to provide geologically plausible results. Specifically working with gravity
and magnetic data independently in inversion schemes often fails to resolve the base or deeper edges of bodies due
to the non‐unique nature of the solutions.

One method to help overcome the limitations of independent inversion of gravity or magnetic data is to use a joint
inversion approach. Gravity and magnetic anomalies are typically generated within the crust by bodies with set
geometries and relatively consistent internal density/susceptibility ratios, which contrast with the density/sus-
ceptibility of their surroundings. This means that the geometry which generates the magnetic anomaly must also
create the gravity anomaly and vice versa. By considering both magnetic and gravity data together the degree of
freedom of the inversion is reduced, resulting in a more constrained and geologically plausible result. One method
to implement such a joint inversion is to calculate how well the geometry of the susceptibility model predicts the
geometry of the density model, and vice versa. This variation of information (VI) parameter can be minimized
within an inversion scheme, together with the fit to input gravity and magnetic data allowing constraint of an
inversion output beyond what is possible for either a magnetic or gravity inversion alone (Lowe, Jordan,
Moorkamp, et al., 2024). This method will work best in areas where the sub‐surface bodies have an internally
fixed density and susceptibility ratio, which contrasts with the surrounding region. Areas with spatially coincident
gravity and magnetic anomalies are likely to fulfill this criteria. Areas with no spatial correlation between gravity
and magnetic anomalies may, for example, result in geometric features in the density model associated with the
magnetic anomalies. However, the amplitude of these features will be low, reflecting the requirement for the
geometry to create a minimal gravity anomaly. We implemented the joint inversion scheme, including VI, using
the jif3d joint inversion framework software (Moorkamp, 2021; Moorkamp et al., 2011). The suitability of VI
inversion for recovery of subsurface body geometry and properties from gravity and magnetic data has been
recently demonstrated in an Antarctic context (Lösing et al., 2023; Lowe, Jordan, Moorkamp, et al., 2024).

Our input data were the Airy gravity and RTP magnetic anomalies, each interpolated onto a 500 m cell size raster.
Grids were used as they allowed full and consistent consideration of the field geometry both along and between
the flight lines. The inversion data were re‐projected from standard polar stereographic, to a projection with a
longitude of origin of 45°E, facilitated by use of RTP data which assumes vertical inclination, meaning the
inversion in insensitive to rotation of the data. This re‐projection enabled us to construct the required rectangular
inversion mesh aligned with the survey, minimizing the number of padding cells required to complete the
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rectangular mesh, saving significant computational time. Use of RTP data may introduce processing artifacts
influencing the inversion result, but the scale of such errors in our study region is likely small and will create
minimal bias in our final interpretation.

We assume the base of the model is at 20 km, close to previously estimated Moho depth in this region (Pappa
et al., 2019). The inversion space has a vertical cell resolution of 100 m at the top of the model, increasing by a
factor of 1.1 with depth, so that cells at 20 km depth have a height of 2,111 m. The model has a constant horizontal
resolution of 250 m and an observation altitude of 500 m, coincident with the survey altitude. Bathymetry and
topography were from BedMachine Antarctica (Morlighem et al., 2020). The model space was initialized with
uniform values of zero for magnetic susceptibility and density. Cells which fell within the water column were
fixed so density and magnetic susceptibility could not vary. The imposed error assumption for gravity and
magnetic data was 2 mGal and 10 nT respectively. This represents a conservative estimate of the gravity error,
estimated to be 1.66 mGal from repeat measurements. The magnetic error is below the 37 nT estimated from
internal crossovers of the SWARM magnetic data. However, as the magnetic data were fit by the inversion with
error values significantly below this, the inversion scheme is not highly sensitive to this value. We tested a range
of coupling factors, which defines how closely the density and susceptibility output must correlate. A value of
20,000 for the final model was chosen as it gave an inversion which converged (Figure S3a in Supporting In-
formation S1) and had low residual errors (Figures S3c and S3d in Supporting Information S1). The inversion was
run for 30 iterations which gave an adequate convergence between observed and modeled fields (Figures S3 and
S4 in Supporting Information S1). The variation of information was still evolving at this point (Figure S2b in
Supporting Information S1), however, further iteration did not improve the fit to the data or model output (see
results). The inversion output is a 3D data cube with relative density and susceptibility at each node. This output
data set can be sliced horizontally (Figure 3) or vertically (Figure 4), and the association between recovered
density and susceptibility can be plotted to aid interpretation of the geological structures and lithology.

2.4. GoPro Feature Analysis

The majority of the survey flights were over open water, however, some crossed remote islands, where basic
optical imagery of the exposed rocks can provide additional insights into the regions tectonic structure. Images of
the Faure Islands (Figure 2a) were assessed and an image of a representative island,∼600 m long and with limited
snow cover, was identified for further analysis (Figure 5). To quantify the structures on the island the image was

Figure 3. Depth‐slices from recovered density (a) and susceptibility (b) data cubes at a depth of 1.9 km. While line locates tilt
0° contour marking theoretical edges of magnetic source bodies. Black lines labeled A‐A′ and B‐B′ locate profiles in
Figure 4.
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ortho‐rectified based on the image time stamp and UAV position and heading from processed navigation data.
Due to poor knowledge of the lens system, it was not possible to precisely adjust the image, however, alignment
with independent coast‐line information confirm the broad‐scale adjustment of the image is correct (Figure 5a).
Lineations within the image were identified using the Canny Edge Detection algorithm (Canny, 1986) imple-
mented within the OpenCV python package. Detected edges were extracted as vector objects by contouring the
edge raster. Short contours with less than 60 nodes were excluded as likely noise. As we aim to detect linear
features, each remaining contour (excluding those in the sea) was fit with a linear trend using the polyfit function
from the python numpy library. The length and angle of the extracted linear segments was then used to create a
rose diagram indicative of the regional structural fabric on the island (Figure 5c). This automated pick of line-
ations includes in several cases the edges of snow bodies and sections of the coast. Although not strictly direct
images of geological features, we argue that at this scale they most likely reflect topographic features associated
with the geology, such as snow filled elongate gullies, or edges of the elongate topographic highs which form the
islands themselves.

3. Results
3.1. Gravity and Magnetic Information

The Airy isostatic gravity field across the study region has a mean value of ∼0 mGal and shows three broad
positive anomalies (G1 to G3) with peak amplitudes of 10–15 mGal (Figure 2a). In addition, in the grid southwest,
there is a strong negative anomaly (G4) with an amplitude of <− 30 mGal. The magnetic data show similar areas
of broad high amplitude anomalies (M1 to M4) with peak amplitudes of 500–1,200 nT (Figure 2b). Anomalies
M1‐M3 loosely correlate with gravity anomalies G1‐G3, but anomaly M4 is associated with indistinct but

Figure 4. Profiles of inversion input/output and vertical sections of recovered crustal properties. See Figure 3 for location. Vertical dashed line locates intersection. For
Profile A panels are: (a) Input and modeled magnetic field. (b) Input and modeled gravity field. (c) crustal susceptibility. (d) Relative crustal density. For Profile B
panels are: (e) Input and modeled magnetic field. (f) Input and modeled gravity field. (g) Crustal susceptibility. (h) Relative crustal density.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030909

JORDAN ET AL. 7 of 16

 21699356, 2025, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

030909 by T
est, W

iley O
nline L

ibrary on [16/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



generally negative residual gravity anomalies. Although the magnetic data is marked by long wavelength (10–
20 km) positive and negative anomalies, there are also higher frequency anomalies indicative of more complex
structure at shallow depths not resolved by the gravity data.

The tilt depth contours outline magnetic anomalies M1‐M4, providing a first estimate of the location of key
sources. Complexity in the contour pattern, especially associated with M2 and M4 are indicative of multiple
overlapping sources, or a geometrically complex source, which together give rise to the observed anomalies. The
estimates of source elevations are between − 200 and − 1,000 m, which indicates the sources are likely at or near

Figure 5. Selected Faure Islands GoPro camera image and analysis. (a) GoPro image after rotation and scaling, note fit to
coastline from Antarctic Digital Database (black line). (b) Detail of island at maximum zoom. Note broad NNE trend.
(c) Rotated image overlain with edge features from Canny edge detection (red), all best fit linear trends (yellow), and linear
features>10 m long (blue). (d) Detail of island with lineations overlain. Note that the automatically picked lineations broadly
correspond to the main visually observed trend, although not all apparent lineations are automatically picked. (e) Rose
diagram showing total lineation length within five‐degree bins. Dashed line (FZ) indicates direction of onshore extension of
Adelaide Fracture Zone (Johnson, 1997).
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the seabed. This is consistent with geological observations which show igneous rocks of the Adelaide Island
Intrusive Suite composed of granodiorite ‐ gabbro hybrid plutons, which are the likely source bodies, exposed on
Jenny Island and close to Rothera Research Station (Riley et al., 2011) as well as on the Faure Islands (Karaoğlan
et al., 2023). The magnetic source edges show a generally preferred WNW/ESE trend (Figure 2c), however, this
preferred direction is not particularly dominant, or well‐focused.

3.2. Inversion Results

The inversion returns a model with a range of susceptibility and density values between − 0.04 and 0.08 SI and
− 150 and 100 kg·m− 3 respectively (Figures 3 and 4). The distribution of recovered density and susceptibility
values seem reasonable, with high density and susceptibility values associated with the key positive gravity (G1‐
G3) and magnetic anomalies (M1‐M4) (Figure 3) respectively, as expected. The calculated magnetic anomalies fit
the input data well, with a standard deviation of ∼3 nT (Figure S4f in Supporting Information S1, Figures 4a and
4e). The calculated gravity anomalies fit the observed data with an equivalent standard deviation (∼2.5 mGal),
however, due to the lower absolute amplitude of the gravity anomalies, the peak amplitudes do not appear as well
modeled (Figure S4c in Supporting Information S1, Figures 4b and 4f). The apparent poor fit of the inversion to
the observed gravity data reflects a combination of the imposed error threshold of 2 mGal and the imposed
coupling between the susceptibility and density values in the model which together prevent a better fit being
achieved. Tests show that reducing the gravity error threshold can force the inversion to match the gravity ob-
servations better (Figure S5a vs. Figure S5b in Supporting Information S1). However, the improved fit included
matching low amplitude (<2 mGal) short wavelength gravity anomalies which may be noise, and gives rise to
numerous small and shallow bodies with extreme fluctuations in density, which we are not confident are real.
Running the inversion for additional iterations also did not reduce the errors, but rather more sharply defined the
breaks in density/susceptibility at the edges of inverted bodies (Figure S5c in Supporting Information S1). The
location of such sharply defined edges and specific uniform values of density/susceptibility within bodies are
unlikely to be robust, reflecting instead an inversion artifact. We therefore prefer to halt the inversion when the
gravity and magnetic error have ceased to converge at ∼30 iterations.

Vertical sections through the inversion result indicate the sources for M2/G2 and M3/G3 are large high sus-
ceptibility and dense bodies extending to depths of 10 km or more (Figure 4). In contrast the source for anomaly
M4 appears not to exceed 5 km depth. It is apparent from the cross sections that the recovered density and
susceptibility models share common structures (Figure 4). A cross plot of the recovered susceptibility and density
values (Figure 6a), confirms that the recovered values for physical properties generally lie within distinct clusters.
The primary cluster is around a susceptibility and density of zero, the inversion input value. The second most
common cluster is for susceptibility and densityof 0.01 (SI) and − 25 kg·m− 3. When the spatial location of cells
forming these two clusters are plotted no clear formation into localized discrete bodies is seen (Figure S6 in
Supporting Information S1). We therefore consider that these two clusters reflect the numerical and crustal
background values within our study area. By excluding these background values, and only considering values
within the other key clusters outlined in colored polygons in Figure 6a, we can create a 3D sub‐surface model of
the inversion result (Figure 6b and Figure S10 in Supporting Information S1).

A high density (>20 kg·m− 3) and susceptibility (>0.0175 (SI)) cluster is noted (Figure 6a, Figures S7 and S10 in
Supporting Information S1). This cluster can be split into sub‐provinces, reflecting different branches in the cross
plot within this broader group (Figure 6a). Spatially this cluster is localized in two main areas associated with
positive magnetic and gravity anomalies M2/3 and G2/3, with some association with anomalies M1/G1. The
lowest susceptibility/density part of this cluster (Figure S7a in Supporting Information S1) covers the largest area,
forming the outer “shell” of the two main recovered bodies. Higher susceptibility/density parts of the wider
cluster (Figures S7b–S7d in Supporting Information S1) lie within the main bodies, with the most extreme density
and susceptibility clusters localized in different areas. The Supplementary Movie S1 File shows how the con-
stituent parts of the broader high density/susceptibility bodies fit together. The 3D view of the recovered locations
with these density/susceptibility relationships shows the two main bodies extending to a depth of ∼20 km with an
approximately spherical shape, tapering slightly with depth (Figure 6b, Figure S10 in Supporting Information S1),
in line with what is expected from the cross sections of recovered density and susceptibility (Figure 4). A
shallower body with the same density/susceptibility relationship is noted in the northern corner of the region
associated with anomalies G1/M1 (Figure 6b).
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A cluster with negative density and high susceptibility is also observed (Figure 6a and Figure S8a in Supporting
Information S1). Spatially this cluster plots in two distinct regions (Figure S8a in Supporting Information S1). In
the grid north this cluster is associated with magnetic anomaly M4, while a secondary spatial grouping of the
density/susceptibility cluster is seen adjacent to anomaly M3. Because the northern cluster is a localized body
associated directly with an identifiable magnetic anomaly, we consider this a reasonable inversion of the source
properties causing anomaly M4. In contrast the southern expression of this density/susceptibility cluster lies away
from the peak of anomaly M3 and on the boundary between gravity anomalies G3 and G4 (Figure 6b and Figure
S10 in Supporting Information S1). This feature may therefore be an artifact of the inversion, forming at the
boundary between two other features.

The final set of density/susceptibility clusters are associated with low density (<− 50 kg·m− 3) and low <0.01 (SI)
or even negative susceptibility. The strongly negative density values and low but positive susceptibility values are
focused over negative gravity anomaly G4 (Figure S8b in Supporting Information S1) reflecting a low‐density
source body in this region. In contrast the negative susceptibility values (Figure S9 in Supporting Informa-
tion S1) are quite widely dispersed and lie over negative magnetic anomalies. These negative susceptibility
features are likely artifacts where the inversion works to fit the negative magnetic anomalies with negative
susceptibility, rather than as the side‐lobes of other positive anomalies.

3.3. GoPro Features

The imagery over the Faure Islands shows that many of the component islands have an apparent linear in-
ternal fabric, as seen on the un‐named island shown in Figure 5. This fabric is consistent with the direction of
the coastline of many of the islands, which appear to be elongated in a NNE/SSW direction. Analysis of
lineations extracted from the image using Canny edge detection method (Figures 5c and 5d) confirm the
dominant NNE/SSW trend (Figure 5e). Many shorter lineations appear at a high angle to this main trend, but
such features are not dominant, and do not appear to cross‐cut the main lineations, suggesting they may be an
earlier fabric.

Figure 6. Analysis of density/susceptibility relationship recovered from joint inversion. (a) Cross plot showing density and
susceptibility relationship as a heat map. Colored polygons outline main visually significant clusters of density and
susceptibility. The 3D spatial location of each of these groupings is shown in panel (b), color coded to match the polygons in
panel (a). Black polygons mark clusters of values interpreted to be background values, or potential inversion artifacts.
Histograms clipped to 100,000 counts. (b) 3D view of interpreted bodies, looking approximately north. Bodies formed of
cells colored according to clusters outlined in panel (a). Black lines mark the coast, with surface elevation as a semi‐
transparent layer for reference. JI and FI are Jenny Island and Faure Islands respectively. G1‐G4 and M1‐M4 locate key
gravity and magnetic anomalies from previous figures. Gray lines mark approximate edge of study area. See Supporting
Information S1 for alternative perspectives (Figure S10 in Supporting Information S1) and for 3D video.
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4. Interpretation and Discussion
The elevated susceptibility values recovered by our inversion are in line with values measured on igneous rocks
across the Antarctic Peninsula (Figure 7a) (Wendt et al., 2013). However, magnetic susceptibility alone is not
diagnostic of lithology. Considering the relationship between rock density and susceptibility reduces the ambi-
guity of inferred rock lithologies interpreted from geophysical inversion (Lowe, Jordan, Ebbing, et al., 2024). The
inversion recovers relative density, which can be converted to absolute values based on the reference density used
for the Bouguer correction of 2,670 kg·m− 3, which is a widely accepted average for crustal rocks. Assuming this
conversion, the recovered densities for the key clusters are a little lower than that recovered for many igneous
rocks across the Antarctic Peninsula (Figure 7b) (Sanchez et al., 2021), but are in‐line with those reported for
granites and granodiorites. The distinct higher and lower density clusters we resolve suggest that distinct denser
granodiorite bodies form the main features associated with anomalies M1/G1, M2/G2 and M3/G3, while lower
density granites form the smaller structures in the east associated with magnetic anomaly M4. The highest
recovered densities point toward diorites, or even gabbroic diorites being present in some places. The suggestion
that the main bodies are granodiorites is consistent with the observed susceptibility data, which show slightly
more positive values than for the granites (Figure 7a), in‐line with the longer tail of higher susceptibility values
recovered by the inversion for the denser bodies (Figure 6a). Field observations confirm that granodiorites/di-
orites are a common lithology in the region, outcropping on both Jenny Island and the Faure Islands (Karaoğlan
et al., 2023; Riley et al., 2011). However, the main source body for anomalies G3/M3 identified from the
geophysical data lies northeast of the Faure Islands (Figure 6b), so may be distinct from the outcrop. Although
granodiorites dominate the region, gabbroic rocks are mapped on Jenny Island (Riley et al., 2011), and bi‐modal
magmatism is suggested on the Faure Islands (Karaoğlan et al., 2023). Hybrid sources within the main magmatic
bodies are in‐line with the distinct high density and high susceptibility zones identified within the main intrusions,
which could reflect bi‐modal magmatism. The fact that the inversion does not recover densities high enough to be
consistent with the outcropping gabbro may be an artifact of the chosen parameters. If the inversion were tuned to
give a better fit to the peak amplitudes observed in the gravity data (Figure 4), higher densities, closer to those
expected of gabbro, would likely be recovered.

Figure 7. Compilation of Antarctic Peninsula susceptibility and density values. (a) Measured magnetic susceptibility
values (Wendt et al., 2013). Black arrow marks approximate value of high susceptibility clusters from joint inversion
(Figure 5a). Note Log10 scaling. (b) Density values calculated from the PetroChron Antarctica geochemical database
(Sanchez et al., 2021), grouped to approximately the same lithologies as the magnetic values. Arrows show mean of high‐
and low‐density clusters.
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Gravity anomaly G4 is associated with negative recovered densities, between 2,620 and 2,570 kg·m− 3, and low,
but non‐negative susceptibility values. The associated body extends to a depth of ∼15 km (Figure 6b and Figure
S10c in Supporting Information S1). As the bathymetry is not well constrained in this region (Figure S2b in
Supporting Information S1), it is hard to be fully confident of this result, due to the uncertainty in the gravity
anomaly corrections. However, the presence of several small islands across the region points to shallow water
depths, consistent with the interpolated bathymetry grid, so errors in the Bouguer correction are likely to be
relatively minor. We suggest two possible interpretations for the body; either a low density and low susceptibility
granite, or a relatively low‐density sedimentary body. Although low susceptibility granites are present on the
Antarctic Peninsula (Figure 7a), studies of measured susceptibility suggest that these rocks are typically focused
on the east coast (Wendt et al., 2013). We therefore favor the hypothesis that the recovered body reflects a low‐
density sedimentary unit. We cannot confidently constrain the thickness of the proposed sedimentary sequence,
due to uncertainty about its precise lithology. If the sedimentary body is well lithified material, it may have a
density and thickness close to that predicted by the inversion. If the sedimentary unit is less well lithified, it may
have a lower density and hence the body would be thinner. As the region is extensively glaciated, soft sediments
are likely to have been eroded, and we therefore suggest an older well lithified sedimentary body is more likely to
have been preserved. This interpretation is consistent with the geology of the area where Late Mesozoic fore‐arc
sedimentary rocks outcrop extensively from Alexander Island to the south (Figure 1) and continue northward
along the main axis of Adelaide Island. The fore‐arc units are predominantly sandstone‐shale sequences with rare
interbedded volcanic tuffs (Riley et al., 2012a, 2024). Ultimately, direct observations are required to verify this
hypothesis.

We interpret the main recovered bodies as intrusive igneous features, associated with arc magmatism, with a most
likely age of ∼50 Ma, based on dated exposures on Adelaide Island and the Faure Islands (Karaoğlan et al., 2023;
Riley et al., 2012a). It was hypothesized that the apparent segmented nature of the intrusions across Marguerite
Bay was due to upper crustal structures created by interaction between the continental crust and the adjacent
oceanic fracture zones within the subducting Phoenix Plate (Johnson, 1999). However, our survey, which spe-
cifically targeted the proposed structure associated with the continuation of the Adelaide Fracture Zone through
the Faure Islands, fails to reveal clear evidence for control of magma emplacement by the fracture zone, either in
magnetic or visual data (Figures 2 and 5 respectively). Such evidence would include linear magnetic fabric
reflecting magma emplaced along existing or active fault systems, or sharp truncation of bodies which could be
attributed to post‐emplacement faulting. Instead, the key magnetic anomalies, and associated interpreted
magmatic bodies recovered by our inversion, show little evidence of a preferred orientation (Figures 2b and 6b).
The trends of the edges of the magnetic anomalies do reveal a slight preference for a WNW/ESE trend, however
this is oblique to the expected NE/SW trend of the Adelaide Fracture Zone (Figure 2c). Although we find no clear
evidence for deformation of the upper crust associated with the expected fracture zone trend, oceanic fractures
split the subducted slab and may therefore influence where magma is generated. The location of the major in-
trusions, and apparent bands of intrusive rocks observed in magnetic data across Marguerite Bay (Johnson, 1997),
may therefore reflect the influence of subducted transform faults on magma generation, rather than faulting in the
upper crust.

The relationship between magmatism, deformation and subduction along the Antarctic Peninsula appears to have
evolved over time. In Marguerite Bay we find limited evidence of direct structural control on magma
emplacement linked to subduction. However, the volume of the two largest interpreted intrusions is ∼7,400 km3,
requiring formation of significant accommodation space and hence an extensional environment in the upper plate
around 50Ma. This interpreted magmatic event coincides with an abrupt slow‐down in subduction of the Phoenix
Plate between 50 and 40Ma, and with cessation of subduction between the Tharp and Heezen fracture zones 400–
600 km south of Marguerite Bay (Figure 8) (Burton‐Johnson et al., 2023; Eagles et al., 2009; Müller et al., 2018).
Slowing subduction likely acted to focus slab dehydration (Magni et al., 2014), locally increasing the volume of
magma generated. At the same time, opening of a slab window south of Marguerite Bay would have favored
toroidal mantle flow around the slab edge driving extension within the over‐riding plate and slab role‐back
(Schellart, 2024). We propose that together these factors created the magma volumes, accommodation space
and oceanward shift in the locus of magmatism required to explain the large intrusions we observe in our
geophysical interpretation.

Although the main set of intrusive rocks we interpret show relatively limited structural control on emplacement in
Marguerite Bay, analysis of the GoPro imagery reveals a well‐defined NNE structural fabric (Figure 5e). If this
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fabric pre‐dated or was coincident with the main ∼50 Ma phase of magmatism, correlation with the magnetic
trends might be expected. We therefore interpret this fabric as a younger feature. Thermal history modeling
suggests a rapid ∼20 Ma cooling (uplift and denudation) event on the Faure Islands (Karaoğlan et al., 2023). This
age approximately coincides with∼23 Ma magmatism to the north on the eastern edge of Adelaide Island, which,
in contrast to the intrusions within Marguerite Bay, shows a well‐defined NNE trend (Jordan et al., 2014),
corresponding closely with the trend in the GoPro imagery. This correspondence leads us to suggest that a major
tectonic event occurred ∼20 Ma driving deformation parallel to the subduction zone, but with magmatism
restricted to the north. It has been proposed that subduction against the northern Antarctic Peninsula margin
(∼62°S) was highly oblique through the Cenozoic (Eagles & Scott, 2014), which could favor strike‐slip defor-
mation parallel to the trench. However, analysis of recent reconstructions (Burton‐Johnson et al., 2023) focusing
specifically on the region of Marguerite Bay (∼66.5°S), show that convergence was approximately orthogonal
until collision (Figure 8). An alternative mechanism for driving trench parallel deformation must therefore be
sought. We propose that cessation of subduction at ∼20 Ma between the Tula and Adelaide fracture zones
immediately out‐board of Marguerite Bay was the key driver of deformation. This event may have triggered more
intense local toroidal mantle flow around the newly developed slab edge (Schellart, 2024). Such flow would be
trench parallel, exerting basal shear stress on the overlying crust and creating trench parallel deformation within
the upper crust. The impact of trench parallel flow on deformation has not been robustly considered, with most
previous studies of subduction systems focusing on compressional or extensional end‐members (Schellart, 2024).
Toroidal‐mode mantle flows associated with subduction of broken plates have been seismically imaged and
theoretically modeled in the mantle in Central America (Zhu et al., 2020). However, we propose that the
Marguerite Bay region of Antarctica may hold critical evidence of this process impacting upper crustal defor-
mation and magmatism.

Figure 8. Example Phoenix plate flow‐line (green line) tracking a particle from 61 to 0Ma from the rotation model of Burton‐
Johnson et al. (2023), implemented in GPlates (Müller et al., 2018). Pink dots mark particle location at 1 Ma intervals.
Arrows show subduction direction directly adjacent to the study area at 30 Ma (blue) and 20 Ma (red). Fracture Zones as
yellow lines include Tharp (ThFZ), Heezen (HzFZ), Tula (TFZ), Adelaide (AFZ), Bisco (BFZ) and Hero (HFZ) (Larter
et al., 1997). Small white numbers show age of ridge‐trench collision (Larter et al., 1997). Inset profiles show convergence
rate and angle relative to the Continent Ocean Boundary (COB), outboard from southern Adelaide Island. Note velocity and
angle calculated for distinct flow lines, each intersecting the COB at 2.5 Ma increments.
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5. Conclusions
Joint inversion of new high‐resolution gravity and magnetic data reveal the size, shape and composition of
igneous intrusions in the Marguerite Bay region of the Antarctic Peninsula. Two main intrusions of granodioritic
composition are identified, which have a combined volume of ∼7,400 km3, forming ∼20% of the crustal volume
in the study area. Additionally, minor granitic intrusions and a likely thick sequence of sedimentary rocks are also
interpreted in the study region.

The absence of any structural control on the main granodiorite intrusions points to their emplacement independent
of crustal deformation associated with the onshore continuation of oceanic fracture zones, although we cannot rule
out a role for such structures in the subducted plate controlling the locus of magma generation. The interpreted
intrusions were most likely emplaced at∼50Ma,∼30Ma before the local cessation of subduction. However, they
are temporally associated with slowing subduction and ridge‐trench collision to the south, which likely facilitated
regional extension, focusing of magmatism and a shift in magma locus toward the continental margin.

There is evidence from aerial imagery of a major structural event running parallel to the Peninsula margin, which
we attribute to deformation associated with enhanced toroidal trench parallel mantle flow created as subduction
shut down at ∼20 Ma. This event was generally a‐magmatic in Marguerite Bay where subduction ceased, but
likely contributed to structurally controlled magmatism further north on the Antarctic Peninsula.

We propose that the spatial and temporal pattern of magmatism and deformation point to the importance of
teleconnection in the magmatic system along the subduction system, as well as across it, likely driven by changes
in mantle flow. This hypothesis requires verification with more detailed understanding of the relative ages and
pattern of structural control of magmatism along the Antarctic Peninsula.

Data Availability Statement
Airborne geophysical data including magnetic (Jordan, Lowe, et al., 2024) and gravity (Jordan, Robinson,
et al., 2024) information collected by this project, together with the inversion output (Lowe & Jordan, 2024) are
available from the NERC UK Polar Data Centre. Python notebooks required to run the jif3d inversion
(Moorkamp et al., 2023) are available from Zenodo (Lowe, 2024). Other data sets and code referenced in the text
are available from the sources cited. Unless otherwise stated in the text geophysical data processing and
visualization was carried out in the commercially available Geosoft package, available from Seequent Ltd.
https://www.seequent.com/.
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