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Abstract: In Antarctica, the severe climatic conditions and the thick ice sheet that covers the largest
and most internal part of the continent make it particularly difficult to systematically carry out ge-
ophysical and geodetic observations on a continental scale. It prevents the comprehensive under-
standing of both the onshore and offshore geology as well as the relationship between the inner part
of East Antarctica (EA) and the coastal sector of Victoria Land (VL). With the aim to reduce this gap,
in this paper multiple geophysical dataset collected since the 1980s in Antarctica by Programma
Nazionale di Ricerche in Antartide (PNRA) were integrated with geodetic observations. In particu-
lar, the analyzed data includes: (i) Geodetic time series from Trans Antarctic Mountains DEFor-
mation (TAMDEF), and Victoria Land Network for DEFormation control (VLNDEF) GNSS stations
installed in Victoria Land; (ii) the integration of on-shore (ground points data and airborne) gravity
measurements in Victoria Land and marine gravity surveys performed in the Ross Sea and the nar-
row strip of Southern Ocean facing the coasts of northern Victoria Land. Gravity data modelling
has improved the knowledge of the Moho depth of VL and surrounding the offshore areas. By the
integration of geodetic and gravitational (or gravity) potential results it was possible to better con-
strain/identify four geodynamic blocks characterized by homogeneous geophysical signature: the
Southern Ocean to the N, the Ross Sea to the E, the Wilkes Basin to the W, and VL in between. The
last block is characterized by a small but significant clockwise rotation relative to East Antarctica.
The presence of a N-S to NNW-SSE 1-km step in the Moho in correspondence of the Rennick Geo-
dynamic Belt confirms the existence of this crustal scale discontinuity, possibly representing the
tectonic boundary between East Antarctica and the northern part of VL block, as previously pro-
posed by some geological studies.

Keywords: VLNDEF; GNSS time series; strain rate; gravity anomaly; Moho; Antarctica geodynam-
ics; crustal deformations; PNRA
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1. Introduction

The geodynamic interpretation of the Antarctic continent and geological sub-regions
is particularly challenging because of the gaps and spatial heterogeneity of data. Gravi-
metric, geodetic, and magnetic dataset was collected from terrestrial and marine environ-
ments over the past decades, nevertheless their use and integration into geodynamic mod-
els at continental or regional scale requires further efforts.

Among the available observations, continuous Global Navigation Satellite Systems
(CGNSS) and airborne or shipborne-based gravimetric surveys provided the fundamental
data compilation to derive geodynamic and geophysical models of the Antarctic regions.
Such geodetic and gravimetric signatures could reflect the complex interaction mecha-
nisms between the solid earth and the cryosphere and provide insights about the structure
of the upper mantle, crustal thicknesses, active tectonic, and geodynamic processes in
Antarctica. In particular, strain rate field, from the analysis of CGNSS time series, and
Moho depth models, from the inversions of gravimetric dataset, could be adopted to im-
prove the geodynamic modelling of Antarctic regions and interpretation of modern pro-
cesses.

Within geodetic initiatives, about a hundred of CGNSS stations have been installed
in Antarctica in the last two decades by several research initiatives coordinated by the
scientific committee on Antarctic research (SCAR). Most of them belong to the Interna-
tional GNSS Service (IGS) network, and the observations contributed to the realization of
the International Terrestrial Reference Frame (ITRF) at relevant epochs. Data processing
of continuous and discontinuous Antarctic GNSS station contributed to the studies related
to geodynamics [1,2], glaciology [3], crustal motions [4-8], and glacial isostatic adjustment
(GIA) modelling [9-13]. Some of the mentioned studies adopted a set of extra-Antarctic
CGNSS stations to define a reference frame for further investigations of surface motions
and geodynamics within the Antarctic plate. For instance, Zanutta et al. [14] used a total
of 235 GNSS stations worldwide (95 of which located in Antarctica, Figure 1A) for esti-
mating the Eulerian pole of the Antarctic plate.

By calculating the Euler pole, it was possible to subtract the contribution due to the
rigid rotation of the Antarctic plate from the absolute plate motion. This way, residual
velocity vectors can be therefore used to highlight the relative motions among rigid blocks
and to compute the stain rate field resulting from tectonic-related movement and geody-
namic phenomena at a continental and regional scale. Data gaps, heterogeneity in the spa-
tial distribution of GNSS stations, and the very low magnitude of displacement residues
require careful statistical analysis capable of selecting reliable values for a potential geo-
dynamic interpretation. For instance, regional deformation fields from clusters of contin-
uous and discontinuous GNSS stations and successive geodynamic modelling at regional
scale has been introduced by a couple of projects in the Victoria Land (VL, East Antarc-
tica). In particular, those implemented by the United States (US) and Italian projects,
namely TAMDEF (Trans Antarctic Mountains DEFormation), and VLNDEF (Victoria
Land Network for DEFormation control) [4,5]. Figure 1B shows the locations of VLNDEF
and TAMDEF GNSS stations distributed in VL.
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Figure 1. (A) Geographical distribution of the Global Navigation Satellite Systems (GNSS) stations
used for estimating the Eulerian Pole (VLNDEF18), [14], 95 of which are in Antarctica. Victoria
Land (VL), the object of this study, is represented in a black frame, bottom-right inset. Yellow tri-
angles identify the International GNSS Service (IGS) stations adopted to frame the network within
the ITRF14 datum; IGS, POLENET, and VLNDEF GNSS stations are respectively represented by

purple diamonds, red and cyan circles; blue and orange stars in the bottom of the figure show
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VLNDEF18 and VLNDEF20 (proposed in this work) Euler poles. (B) Map of VL shows the 36
GNSS stations used in this work and the location of the gravimetric data collected during the last
20 years within the PNRA projects. Yellow circles identify the locations of terrestrial gravimetric
measurements; yellow polylines show the tracks of shipborne gravimetric data acquisition; red
and cyan circles identify POLENET, and VLNDEF GNSS stations.

Despite geodetic investigations having revealed to be a good tool for making infer-
ences about the geodynamics of Antarctica sub-regions, additional information from ma-
rine and on-shore terrestrial and airborne gravimetric measurements as well as the inte-
gration of data at regional and continental scales have constrained and strengthened the
final geodynamic model. At continental scale, knowledge about the crust thickness of Ant-
arctica has been greatly improved by extensive airborne geophysical campaigns, includ-
ing measurements of gravity and magnetic fields, coupled with surface and shipborne
gravity data [3,15-21]. Because of the limited number of surface gravimetric stations and
minor gaps in the coverage of airborne geophysical surveys, the gravimetric compilation
has been integrated by the more uniform spatial coverage provided by the satellite data.
Several satellite missions, including CHAMP (Challenging Mini-satellite Payload) [22],
GRACE (Gravity Recovery and Climate Experiment), and GOCE (Gravity field and steady
state Ocean Circulation Explorer) [23], provided gravity data with consistent accuracy and
uniform spatial coverage and resolution. To support the modelling of geodynamic pro-
cesses with additional information on Antarctica’s crustal thickness, the inversions of the
Moho depth can be performed. Referring to the Antarctic continent, possible approaches
to Moho depth inversions using satellite gravity data were proposed by Block et al. [24].
O’Donnell and Nyblade [25], Pappa et al. [26] inverted the crustal thickness of Antarctica
using different algorithms and constrained results by Moho depths estimated from 3D
Rayleigh wave dispersion analyses and from regional seismological surveys. Discrepan-
cies were found among resulting models with possible explanations based on modes of
isostatic compensation and upper mantle composition variations. At regional scale, to bet-
ter define discontinuities in crustal structures and along the coastal boundaries, geody-
namic investigations supported by the inversions of geodetic and gravimetric observa-
tions could benefit from more accurate and dense measurements from surface, aerial, and
shipborne surveys [14].

In this study, we improved the geodynamic interpretation of VL using new surface
strain rates estimates derived from GNSS observations and Moho depth computations
derived from the inversion of new gravimetric data collected from both onshore and off-
shore in the frame of the Italian national program for Antarctic research, PNRA (see Fig-
ure 1B to locate gravimetric measurements from surface shipborne gravimetry). Results
better highlighted the VL tectonic framework, characterized by the presence of a series of
NW-SE regional faults representing the inland propagation of the Southern Ocean frac-
ture zones [27,28]. In particular, the study suggests the existence of four geodynamic
blocks characterized by homogenous geodetic and geophysical features. We propose the
presence of a clockwise rotation of VL with respect to the East Antarctica (EA), with larger
relative motions along the Rennick Geodynamic Belt (RGB), [14]. A crustal discontinuity
within this area is also visible from the interpretation of Moho depths and may represent
the tectonic discontinuity between EA and VL that allows the abovementioned clockwise
rotation. We conclude that the integration of high-density geophysical and geodetic data
allows an improved geodynamic interpretation of VL by the delineation of sub-regions
with different geodetic and gravimetric signatures.

2. GNSS and Gravimetric Data

The dataset used in this work consists of superficial velocity field coming from GNSS
observations collected during several research campaigns [14]. Terrestrial, airborne, and
shipborne gravimetric data come from geophysical surveying carried out within the
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PNRA campaigns over the past two decades [14,19], which were integrated with data pro-
vided by the Bundesanstalt fiir Geowissenschaften und Rohstoffe (BGR), [29], British Ant-
arctic Survey (BAS), [20,30], Osservatorio Geofisico Sperimentale (OGS), and satellite
gravimetric data supplied by the international geosciences community [23,31].

2.1. GNSS Dataset

The estimation of the strain rate field of the current crustal motion derives from the
absolute velocities of 235 GNSS stations distributed worldwide (Figure 1A), including
permanent IGS and POLENET stations, and discontinuous VLNDEEF stations, whose ob-
servations have been collected since 1998 within the PNRA activities [2,6,8,14,32,33].

Thirty-six of the above mentioned stations are located in VL and, among them, 27
belongs to VLNDEF and 9 to the POLENET (Figure 1B).

The Bernese GNSS Software Version 5.2 [34] was used adopting the double-differ-
ence approach for estimating the position of the GNSS stations over time.

2.2. Gravimetric Dataset

The present work starts from the gravimetric dataset and products presented by Za-
nutta et al. [14], which was built starting from three different sources: (1) Terrestrial grav-
ity surveys carried out in the austral summer at 180 sites located over the bedrock, dis-
tributed in VL; (2) marine gravity measures from the 1980-1981 profiles acquired by the
German research institution (Bundesanstalt fiir Geowissenschaften und Rohstoffe —BGR)
on the Southern Ocean (Explora Vessel), later supplemented with data provided by the
OGS (Osservatorio Geofisico Sperimentale) [29]; (3) the 1988-2005 gravity data acquired
along profiles in the Ross Sea (Antarctica) in the framework of the OGS international re-
search programs, and the airborne gravity data collected by the British Antarctic Survey
(BAS), [20]. The aforementioned dataset has been merged with data outside the studied
area to reduce boundary effects in the method adopted to estimate the Moho depth.

Areas not covered by shipborne gravimetric measures are filled with data derived
from satellite altimetry [35]. The complete dataset is defined onto a 10 x 10 km? regular
grid.

The Uieda and Barbosa [36] approach was adopted to calculate the gravity disturb-
ance, which is the free air correction reduced to the normal Earth ellipsoid (WGS84) in-
stead of the geoid [37]. Since the gravity disturbance will be used to estimate the Moho
depth, the calculated disturbance has been upward continued to a reference height of 50
km. This elevation was chosen because it would reduce anomalies created by the near
surface and short wavelength density anomalies in the crust [38]. The upward continued
field should enhance the deep crustal regional sources.

Gravity disturbance has been corrected for topography, ice, and water to obtain the
Bouguer disturbance. All calculations have been done with Tesseroids, which are mass
elements defined in spherical coordinates and bounded by two meridians, two parallels,
and two concentric circles [39]. Each correction has been calculated at the same height of
the disturbance (50 km). Density values of 2670 kg/m3, 1030 kg/m?, and 917 kg/m? were
adopted for rocks, water, and ice respectively. Bedrock elevation, ice thickness, and ba-
thymetry are from the Bedmap?2 dataset [40]. Moreover, we also removed the gravity ef-
fect of the sediments that fill the Ross Sea basin up to 8-km thick [41]. We assumed a den-
sity contrast of 270 kg/m?3 between the sediments and the underlain basement. The result
is the Bouguer sediment-corrected gravity disturbance at 50 km of height that should re-
flect the gravity attraction of the crust-mantle boundary. Another gravity model has been
defined by just setting the reference height for the upward gravity continuation to 30 km.
All the other corrections have been done as in the 50 km case. This calculated Bouguer
sediment-corrected gravity disturbance, at 30 km, should enhance shorter wavelengths
deep crustal features.
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3. Strain Map Rate from GNSS Observations

Velocities coming from GNSS observations demonstrate relative motions among sta-
tions while strain rate field shows strain concentration rates among stations. This may
help to better understand the tectonic framework of a region. The strain rate is the local
horizontal gradient of the velocity field.

Velocity errors are directly reflected on estimated strain rates, so it is important to
analyze only meaningful data. Furthermore, anomalous movement of stations may gen-
erate errors in rates field of the surrounding area. Therefore it is important to adopt a
correct strategy of computation [42] in order to optimize the interpolation of the strain
rates using discrete geodetic measurements.

The geographical distribution of GNSS stations plays a fundamental role in the esti-
mation of deformations coming from the velocities derived from the GNSS network solu-
tion but the homogeneous distribution of GNSS stations in Antarctica remains an unat-
tained utopia.

In Antarctica, GNSS stations located on rocky outcrops are distributed in areas not
covered by ice along the coasts, so the strain rate field analysis can only be performed
along these narrow strips of the continent. This is also applied to VL, which is located near
the boundary between West and East Antarctica (Figure 1).

The Cardozo and Allmendinger approach [43] was applied to characterize the hori-
zontal surface deformation of VL.

The strain rate field of the current crustal motion was obtained from the horizontal
observed velocities of GNSS stations published in [14]. The only assumption in this pro-
cedure was that strain is homogeneous within the region of the stations used in the anal-
ysis.

On one side, especially in Antarctica, it is important to eliminate the common move-
ments of the stations in order to analyze the residual rates, which can highlight defor-
mations due to GIA horizontal components and tectonic movements. The subtraction of
the plate movement from the absolute velocities of the GNSS station produces relative
velocities. This result was achieved by calculating the Euler pole position and the angular
velocity by inverting the rate of the stations [10]. The number and geographic distribution
of GNSS stations used in the calculation can influence the result. Zanutta et al. [14] derived
the position of the Euler pole assessed with the angular velocity of the Antarctic plate
using a subset of 95 GNSS stations located throughout the Antarctic plate (VLNDEF18 in
Table 1). This made it possible to understand the movements at regional and continental
scale of East and West Antarctica.

On the other side, the Euler pole was here evaluated using 36 GNSS stations located
only within VL, in order to minimize the residual effects in relative velocities induced by
external areas with respect to VL (VLNDEF20 in Table 1). This computation was per-
formed using the Euler Pole Calculator (EPC) software [44] and adopting the absolute
velocities estimated in Zanutta et al. [14], (Tables 1 and 2).

Table 1. Rotational and geographic coordinates of the Euler poles (“mas yr”= milliarcsecond/yr;
“° Myr'” = degree/Millions yr). VLNDEF18 from Zanutta et al. [14]; VLNDEF20 in this work.

Model NS @  wx(mas yr?) wy (mas yr) wz(masyr?!) w(CMyr?!) Lon(®) Lat(°)
-0.260 -0.325 0.638 0.212 51.4018  56.8956

VLNDEF18 95
+0.005 +0.004 +0.016 +0.004 0.6815 0.6290
-0.217 -0.339 0.798 0.248 57.3652  63.2239
VLNDEF20 36 +0.012 +0.004 +0.039 +0.009 1.6439 0.9491

@ Number of sites.
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Table 2. Coordinates and relative velocities of GNSS stations adopted to evaluate the strain rate
field of VL. These rates were obtained using relative velocities obtained with VLNDEF20 Euler
Pole estimation. TNB1 and VLXX sites are VLNDEEF stations; the others are POLENET. Velocities
and errors are in mm/yr.

1D Lon (°) Lat (°) H (m) Ve +0e Vn +0n
TNB1 164.1029 -74.6988 72.24947 0.03 0.06 -0.18 0.06
VLO01 169.7251 -72.4501 596.904 0.15 0.05 -0.19 0.07
VL02 167.3781 -72.5649 2047.183 0.24 0.05 1.00 0.06
VL03 162.9264 -72.9505 2469.591 0.57 0.05 -0.01 0.06
VL04 169.7487 -73.5182 1834.54 0.26 0.05 -0.39 0.07
VL05 169.6122 -73.0631 478.4783 0.11 0.05 0.12 0.07
VL06 164.6907 -74.35 2671.024 0.18 0.06 -0.12 0.06
VL07 165.3793 -73.7599 2039.205  -0.70 0.05 0.04 0.06
VL08 163.7395 -73.7643 2655.37 0.23 0.05 0.04 0.06
VL09 162.1694 -73.3308 2270461  —-0.02 0.05 0.14 0.06
VL10 162.7686 -73.6885 2619.389  -0.30 0.05 0.10 0.06
VL11 162.5417 -74.3714 2362.313 0.02 0.06 0.52 0.06
VL12 163.727 -72.2744 1932.967 0.05 0.05 -0.86 0.06
VL13 162.205 -74.8478 1460.353  -0.33 0.06 0.43 0.06
VL14 165.9057 -73.2282 2084.013 0.39 0.05 -0.20 0.06
VL15 163.7157 —-74.9343 -28.0657  —0.40 0.06 -0.06 0.06
VL16 162.5455 -75.2326 311.3152 0.66 0.07 -0.39 0.06
VL17 161.5387 -75.0951 683.5092  -0.49 0.07 0.17 0.06
VL18 162.5937 -75.8985 58.0139 -0.08 0.08 0.11 0.06
VL19 161.7816 -75.805 809.8439  -0.25 0.08 0.26 0.06
VL21 163.7329 -71.6687 1899.384  -2.69 0.06 0.24 0.06
VL22 162.0404 -71.4219 274.8542  -0.15 0.06 -0.06 0.06
VL23 170.3047 -71.3458 1118.984 0.11 0.06 0.16 0.07
VL29 163.8963 -71.1541 1624.468  -0.02 0.07 0.03 0.06
VL30 162.5251 -70.5987 1491.51 -0.67 0.07 -0.59 0.06
VL32 166.1646 -71.7331 1784.029 0.66 0.06 -0.72 0.06
VLHG 162.2017 -75.398 165.6562  -0.10 0.07 -0.17 0.06
BRIP 158.4691 -75.7957 2110.894  -0.08 0.08 -0.38 0.07
BURI 155.8942 -79.1474 2006.296  —0.36 0.14 -0.49 0.08
COTE 161.9978 -77.8059 1878.372 0.42 0.11 0.05 0.06
FIEO 168.4235 -76.1446 153.8106 0.45 0.08 0.52 0.06
FLM5 160.2714 -77.5327 1869.704  -0.34 0.11 -0.07 0.06
FTP4 162.5647 -78.9277 243.185 -0.14 0.14 0.01 0.06
MCM4 166.6693 -77.8384 97.97845 0.18 0.12 -0.15 0.06
MINO 167.1638 -78.6503 676.8787  -0.19 0.13 0.41 0.06
ROB4 163.1901 -77.0344 -41.6182 0.46 0.10 -0.32 0.06

The differences of the station velocities obtained by the VLNDEF18 Euler pole and
those coming from this work, show a residual clockwise rotation that characterizes the
region (Figure 2). The apparent rotation has a pole located near the barycentre of the net-
work. The Figure 2 shows the residual velocity vectors and their errors. Significant values,
identified according to the +o sigma criterion, are highlighted in red.
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Figure 2. The difference between the relative velocities of the GNSS stations obtained using
VLNDEF18 Euler pole and those obtained using the VLNDEF20 pole. Significant vectors are high-
lighted in red according to the o criterion; blue star in the middle of the figure identifies the Euler
pole of the differences.

The horizontal principal strain rate and dilatation were evaluated at a center of each
square cell of a regularly spaced grid, by means of the grid-distance-weighted approach
[43,45-47]. The computation was done using all the 36 GNSS stations of the area and a
distance weighting factor alpha of 38.67 km. Weighting data by distance produces a
smoothed regional pattern strain and rotation rate field and is particularly effective to
visualize the regional patterns over large areas. A grid spacing of 20 km was adopted to
display the strain directions in the graphs in a more readable way, while a grid spacing of
5 km was adopted to highlight, by means of colored areas in the graph, only the significant
values (at 1o level).

Figures 3 and 4 show the strain rate field computed from GNSS relative velocities.
The Figure 3 shows the behavior of VL, where dilatation is shown in red and compression
in blue. The Figure 4 shows the maximum shear strain rates and the direction of right-
lateral component. Both figures highlight the heterogeneities of the deformations within
VL.
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4. Computation of the Moho Depths from Gravimetric Data

The gravity dataset, build from the gravity disturbance upward continued to a refer-
ence height of 50 km, described in Section 2.2, has been used to estimate the Moho depth
with the method proposed by Uieda and Barbosa [36]. This is a non-linear inversion
method that requires gravity data and seismic estimations of the Moho as constraints. The
inversion method needs the estimation of three hyperparameters that influence the solu-
tion: (1) A regularization parameter (pt), which stabilizes and smooths the solution; (2) the
best normal Earth Moho depth (Az); (3) the density contrast (Ap) at the crust-mantle
boundary. The best pt in the range 10-1°-10-2 was found at the value of 10-1°. This low value
suggests that the regularization parameter did not affect so much the Moho final value.

For the best estimating of Ap and Az, the Moho depth obtained by seismic surveys is
also required. We used the combined dataset built and proposed by Pappa et al. [26]. This
dataset combines seismic estimations of the Moho depth from several sources.

Since both the average value of Moho depth and its density contrast are poorly
known in VL area, we set a wide range for these parameters: a radius in the range 20—40
km at a 2.5-km step for Az; a radius in the range 200-600 kg/m? at a 25 kg/m? step for Ap.
For each Az-Ap pair the accuracy of the solution is evaluated against the seismic Moho
depth. The solution that gives the smallest mean square error has been taken as the best
fitting one. The best-fit values of Az and Ap are 24 km and 450 kg/m? respectively.
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The Moho final grid shows a maximum depth of 38 km below the Transantarctic
Mountain and a minimum of 17 km beneath the Ross Sea. The gravity effect of the esti-
mated Moho shows a deviation from the calculated gravity anomalies of 0.93 + 5.87 mGal,
while for the predicted Moho depth the difference from the seismic Moho is 0.58 + 5.18
km.

The Moho final grid shows a bimodal distribution: a maximum depth below the
Transantarctic Mountains and a minimum of 17 km beneath the Ross Sea.

In the Ross Sea area, thin crust shows a good fit with seismic Moho depths measured
along the Antarctic CRUstal Profile (ACRUP), [48], with differences in the range of 4.5-
2.4 km and an average error of 1.8 km, which is comparable with the error of the seismic
estimates. The Moho depth pattern agrees with the same estimated by a sophisticated 3D
gravity inversion recently carried out in the RS area [49]. In this area, deviations from
results obtained with the same inversion method [26] were observed, since the gravity
effect of the sedimentary cover, which is not negligible [41], has been taken into account.

The Transantarctic Mountains show deeper Moho, however, because of the little and
poorly distributed Moho values in the reference dataset for the area, an uncertainty re-
mains in such a statement. Differences from the Moho reference dataset are within a range
of +10 km with an average error of 4.3 km. The gravity model built from a reference height
for the upward gravity continuation of 30 km, as described in Section 2.2 was used to do
another inversion. This second inversion should enhance short wavelength Moho undu-
lations that could be filtered out by the 50 km height inversion. The difference between
the Moho depth of the two models, 50 and 30 km, is small but points out some areas where
short wavelength Moho changes occurs.

5. Discussion

The residual velocity vectors (Figure 2) highlight the presence of relative motions
within VL region with respect to East Antarctica plate rotation. Three sectors can be iden-
tified. A northern sector with prevailing eastward relative movements, a southern one
where the movements are westward, and a central, intermediate zone where the residual
movements are negligible since below the errors. The northern sector, approximately lo-
cated in the range of latitude 70°5-74°S, presents the larger residual velocity values along
the northern coastal zones where they reach up to 0.5 mm/yr. These eastward velocities
are present along the Rennick Geodynamic Belt (Figures 5, 7), [14] and along the eastern
coast of NVL, where the velocity vectors rotate to SE.

The southern sector extends approximately in the range of latitude between 77° S and
80° S. The two meaningful residual vectors indicate a westward motion around 0.2 mm/yr.

The residual vectors of VL are well described by a relative rotation of VL with respect
to EA, with a pole falling inside VL at 74°21'13”S and 161°53"17”E and a clockwise rotation
of 0.045°/Myr (Figure 2). The strain analysis in VL carried out starting from VLNDEF data
presents two highly deformed sectors with contrasting values in the northern region (Fig-
ure 3). The western sector is characterized by a relative compression and contrasts with
the eastern sector where extension dominates. Absolute values reach 15 nstrain/yr and
both compression and extension directions are around E-W.

These two sectors correspond to the region where active tectonic uplifting has been
recognized [2] together with the possible presence of active fault segments including the
RGB and the Lillie Fault that roughly locate between the two sectors.

A third sector with minor compressive deformation could be identified to the East.
Several sub-ordered zones with extension and compression are scattered in VL and may
result from residual velocities below the error. The shear strain rate analysis (Figure 4)
confirms the dichotomy of the two sectors with absolute values of shear rate up to 55
nstrain/yr, corresponding to a dextral NE/NS component in the western sector (where the
E-W compression occurs). The eastern sector shows a NW dextral component (where the
E-W extension has been computed). Once again, the RGB lies between the two sectors.
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The NW dextral shear in the eastern sector is located at the onland continuation of
the Tasman Fracture Zones where the same active movement has been proposed [6,27].
The Moho depth (Figure 5) as derived from gravity anomaly data shows the presence
within the investigated region of four main sectors. The first to the N, corresponds to the
Southern Ocean with thinned continental crust that fades into oceanic crust and has Moho
depths between 11 and 15 km. The Ross Sea is the second sector and corresponds to a
thinned continental crust with Moho depths between 17 and 25 km. The presence of local
yet large depressions and rises strongly suggest the presence of N-S tectonic discontinui-
ties that ruled the crustal thinning. The third sector corresponds to VL and is characterized
by a Moho depth between 30 and 38 km with a strong asymmetry in the crustal thickness
between the eastern sector, facing the Ross Sea, and the western one that decreases toward
the W. The former is characterized by a strong EW negative gradient of about —0.4 km/km.
The latter presents an E-W smoother negative gradient of 0.1 km/km toward the Wilkes
Basin. This basin represents the fourth sector and is characterized by a Moho depth that
gently decreases from about 30 km to the E up to 27 km in its N-W portion. Moreover, a
N-S decrease from 31 km (to the S) to 27 km (N) exists.

Oa
LJ

_70° TR 0 % s

\\ Extensional faults

Faults with prevailing strike-slip
component (thicker lines are the
fault strands ofthe RGB)

Km
-40 -30 -20 -10

Figure 5. The estimated Moho depth in the Ross -TAM region derived from the inversion of grav-
ity data and known Moho depth from the combined dataset of Pappa et al. [26]. The gravity dis-
turbance used in the computation is upward continued to a reference height of 50 km.

The third sector (VL) can be split into a northern and a southern part. The latter is
characterized by the largest depth, in which the Moho reaches a depth greater than 35 km
in the southernmost zone. Moving toward the north, an irregularly distributed rising of
the Moho is observed, with values up to 30 km. The 76°S parallel represents the boundary
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between the two sectors. The Northern Sector is characterized by the presented differen-
tial rising along the western and eastern sides, and its central region presents a rather
homogeneous Moho depth at around 35 km. The northern part is characterized by a gentle
decreasing of the Moho depth, reaching less that 25 km along the northern coastline. Major
changes in depth are present along the Matusevich Glacier to the west, where it isolates a
deeper zone of the Moho down to more than 32 Km. A rather N-S elongation of deeper
Moho of down to 33 km is present in correspondence of the RGB (centered between 71°—
72° S parallels and 162° E meridian). To better highlight the presence of this N-S elongated
depression of 1 km in the Moho, we calculated a new Moho depth, with the same inver-
sion method depicted in Section 4, adopting a gravity disturbance upward continued to a
reference height of 30 km instead of 50 km. We choose a shallower height to enhance the
local Moho changes that could be filtered out by the 50 km height inversion. Then, the
difference between the two Moho (50-30) (Figure 6) should enhance short wavelength
Moho undulations. Since the 30-km Moho is more affected by its local variation, the re-
sulting (50-30) image enhances their presence, despite the expected differences along the
coastline and related to the presence of lighter sediments only on the offshore side. This
anomaly may well relate to the presence of a N-S to NNW-SSE step in the Moho of the
order of 1 km in correspondence of the RGB.

160° 170 _
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Figure 6. Difference between two Moho depth estimates assuming 30 km and 50 km for the refer-
ence height of the gravity disturbance upward continuation.

Performed geodetic and potential gravity field analyses provide some constraints for
the geodynamic framework of the VL region and its surroundings.
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The region is split into four geodynamic blocks with homogenous geodetic and geo-
physical characteristics (Figure 7). They are: the Southern Ocean to North, the Ross Sea to
the E, the Wilkes Basin to the W and the VL in between.

Extensional faults

Faults with prevailing strike-slip
component (thicker lines are the
fault strands of the RGB)

Clockwise rotation of VL with
respect to EAC

Figure 7. Geodynamic framework of VL region and its surroundings, characterized by four blocks
with homogeneous geodetic and geophysical characteristics. The blocks are: the Southern Ocean
to North (pink), the Ross Sea to the E (cyan), the Wilkes Basin to the W (green), and VL in between
(orange).

The first block is the southernmost portion of the Southern Ocean included this
study. The Moho depth illustrates a continental crust progressively thinning and fading
into oceanic crust from the coastline (26 km) to the N-NE with a thickness reduced to 11
km. The Moho isobaths follow the ocean one and describe the right lateral offset along the
Tasman and Balleny Fracture Zone. In this way, these tectonic structures rule the staircase
geometry and associated horizontal offsets of the crust of the Southern Ocean in this sec-
tor. In the Eastern sector the presence of N-S alignment on crustal thinning testifies for the
fading of the Balleny Fracture Zone into the N-S extensional tectonics that characterizes
the Ross Sea. The Ross Sea represents the second geodynamic block and is bounded, in
the studied area, by the Southern Ocean to the N and Victoria Land to the W. The Ross
Sea has a thinned continental crust with thickness ranging from 17 to 25 km, and it is
characterized by the presence of large, N-S elongated thinned sectors. These features cor-
respond to seafloor depressions and relate to the activity of major N-5 normal faults of
crustal importance as proved by the presence of volcanic activity of deep-seated origin
(e.g., Mt Erebus, Mt Melbourne). The gravimetric data indicate that these N-S trending
thinner crust elongations continue to the S, below the Ross Ice Shelf. To the N, the N-S
normal fault system merges into the oceanic fracture zone in a transtensional kinematics.

The third, and westernmost geodynamic sector is the Wilkes Basin, which is bounded
to the E by VL and to the N by the Southern Ocean. Its crustal thickness varies from 31 km
to the E, where it merges with the TAM in NVL, to less than 28 km to the NW. These
thicknesses describe a thinned continental crust and confirm its geodynamic setting as an
intracratonic basin. The same crustal thinning characterizes also its N-S trend, leaving
open the possibility of a possible connection of its origin with transtensional activity of
the oceanic fracture zones propagating into the continent.
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The high density of geophysical and geodetic data in VL allows us to better highlight
and allowed to produce a more detailed analysis for the region, which represents the
fourth geodynamic block in the studied area. This block is characterized by continental
crust with thickness ranging between 37 km to the S and 30 km to the N.

The region, included between 75.5° S and 78° S, presents a slightly thinner crust down
to 33 km. This may testify that VL is constituted by the juxtaposition of two crustal blocks.
An alternative hypothesis on this crustal thinning may relate to the SE active propagation
of the Wilkes Basin. The eastern margin of VL is characterized by a rather steep thinning
toward the Ross Sea block and testifies for the tectonic control of this margin. In the south-
ern sector (S to 75°S) this margin is nearly parallel to the NS tectonic depressions/crustal
thinning in the Ross Sea. To the N, the margin rotates to NE following the coastline and
shows a smooth thinning. This may relate to the interference in this sector between the N-
S Ross Embayment related extensional faults and the SE offshore propagation of the re-
gional strike-slip faults cutting through VL [27].

The northernmost sector of VL is characterized by a homogeneous crustal thickness
around 32-33 km with a nearly E-W boarder to the south. In its western area, a NS 1-km
thicker elongation is present, which roughly corresponds to the strain inversion zone de-
scribed by the strain analysis. Again, this corridor corresponds to the RGB. These results
confirm the presence of a crustal scale discontinuity in this sector, which is possibly pro-
duced by the interaction between the EA motion and the Southern Ocean activity.

This crustal discontinuity could represent the boundary between EA and VL and
would allow the limited relative clockwise rotation of VL. This rotation is the effect of the
propagation of the Balleny and Tasman Fracture Zone into VL by their merging with the
NW-SE regional strike-slip faults. The presence of a strong right-lateral shear in the north-
ernmost NVL, as revealed by the GNSS data analyses, enforces this interpretation.

From W to the N-S elongation of thicker crust, as above mentioned, an E-W elongated
area with thinner crust is present and may relate to a secondary E-W propagation of the
Wilkes Basin activity that interacts with the NVL tectonics as described in Jordan et al.
[19].

The results of our computations confirm an active tectonic regime within Victoria
Land characterized by strain field values similar to other regions in the world as Califor-
nia, Italy, Greece [50]. The geodynamic implications provide clues on the active role of the
Rennick Geodynamic belt as an important, active tectonic corridor separating the kine-
matics of North Victoria Land (to the E) and East Antarctica craton (to the W). Moreover,
a Cenozoic-to-Recent active extensional tectonics has been advanced for the origin of the
Adventure and Aurora subglacial trenches in the eastern part of the East Antarctic craton
e.g., [51,52]. These results are undermining the current paradigm of a “tectonically stable
cratonic/intraplate” setting in East Antarctica.

6. Conclusions

Results from the analyzed geodetic and potential gravity field data collected in the
last decades in the framework of the PNRA field activities allow to address the following
issues.

The difference in relative velocities of the 36 VLNDEF and TAMDEF GNSS stations
in Victoria Land, obtained by using the two reference Euler poles, VLNDEF18 [14] and
VLNDEEF20 (present work), reveals the presence of relative rotation of VL with respect to
East Antarctic craton (EAC). This motion is well described as a clockwise rotation of
0.045°/Myr around a pole centered at 74°21'13” S and 161°53'17” E. The described different
kinematics between the northern part of VL and the EAC (specifically the northern part
of the Wilkes Basin) occurs where the active fault segments of the Rennick Geodynamic
Belt (RGB) and Lillie Faults are located. Moreover, these fault strands develop at the elon-
gated boundary separating the two regions in the western part of northern VL character-
ized relative compression (to the W) and extension (to the E), as revealed by the strain rate



Remote Sens. 2021, 13, 87 16 of 19

analysis. In this way, the elongated strip including the RGB and Lillie Faults represents
the regional discontinuity separating the kinematics of northern VL and EAC.

The estimate of the Moho depth from gravity measurements took into account the
presence of offshore sediments with density contrast of 270 kg/m? and highlighted the
crustal thinning that characterizes the southern part of the Ross Sea.

Four geodynamic blocks with homogeneous geodetic and geophysical characteristics
have been better identified. These blocks are: the Southern Ocean to North, the Ross Sea
to the E, the Wilkes Basin to the W and the VL in between. In particular the boundary
between the Wilkes Basin and VL blocks is articulated and characterized by several in-
dentations.

The boundary between the Wilkes basin (EAC) and VL is characterizes by two main
indentations, where relative thinner crust, associated to the Wilkes basin, penetrate in VL.
These are located in the northern sector, west to the RGB (71°S, 160°E) and to the south
(75°S, 160°E) and show that the relations between EAC and VL are more complex and will
require further studies. The integrated analysis of GNSS time series from VLNDEF (Vic-
toria Land Network for DEFormation control) and TAMDEEF (Trans Antarctic Mountains
DEFormation) and the potential gravity field measurements from Victoria Land and Ross
Sea proved an effective tool to highlight the relationship between East Antarctica, VL, and
its offshore regions in the Ross Sea and Southern Ocean.

Further geodetic and potential field measurements, including both gravity and mag-
netic data, and their integration will improve the continuity and spatial homogeneity of
the data necessary for better refining the geodynamic model of Victoria Land and its off-
shore surroundings.
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