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Highlights
o  Geodynamic activity in the Victoria Land is evidenced from VLNDEF network measurements;
e By a preliminary comparison, the ICE-6G_C-VM5 and W12A_v1 GIA models overestimate uplift rates with
respect to GPS-derived ones;
o The up component confirms the presence of active extensional/transtensional faulting along the SE segment of

the Tucker Fault and the central segment of the Leap Year Fault.

Abstract

GNSS networks in Antarctica are a fundamental tool to define actual crustal displacements due to geological and
geophysical processes and to constrain the glacial isostatic models (GIA). A large network devoted to the detection and
monitoring of crustal deformations in the Northern Victoria Land (Victoria Land Network for DEFormation control -
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VLNDEF), was monumented during the 1999-2000 and 2000-2001 field campaigns, as part of Italian National Program
for Antarctic Research and surveyed periodically during the Southern summer seasons.

In this paper, GPS observations of VLNDEF collected over a more than 15-year span, together with various selected
POLENET sites and more than 70 IGS stations, were processed with Bernese Software, using a classical double
difference approach. A solution was obtained combining NEQs by means of ADDNEQ2/FODITS tools embedded in
Bernese Software. All the Antarctic sites were kept free and a subset of 50 IGS stations were used to frame VLNDEF
into ITRF2008. New evidence provided by analysis of GPS time series for the VLNDEF network is presented; also
displacements along the vertical component are compared with the recently published GIA models. The absolute
velocities indicate an overall displacement of the northern Victoria Land region along the south-east direction (Ve=10.6
mm/yr, Vn=-11.5 mm/yr) and an average uplift rate of Vu=0.5 mm/yr. Two GIA models have been analyzed: ICE-6G_C-
VM5a proposed by Argus et al. (2014), Peltier et al. (2015) and W12A_v1 by Whitehouse et al. (2012a,b). Up rates,
predicted over the VLNDEF sites by the mentioned GIA models, have been extracted and compared with those
observed. A preliminary comparison with GPS-derived vertical rates;-shows that the Victoria Land ICE-6G_C-VM5 and
W12A_v1 GIA models predict overestimated uplift rates of 0.7 and 0.9 mm/yr weighted mean residuals respectively. The
mean horizontal relative motions within the Victoria Land (VL) area are in most cases negligible, while only a few points
exhibit horizontal velocities greater than the confidence level. Such a residual horizontal velocity field could represents
some of the tectonic characteristics affecting VL, characterized by block faulting, tilting along NE striking and SE dipping
extensional faults. Uplift rates, highlighted in the present paper depict a well defined spatial pattern in the investigated
areas. Northward, all sites show a general positive trend up to 2.3 mm/yr. In the central and southern areas small
negative trends (up to -1.3 mm/yr) were detected in the vertical displacements. Only the site VLO06, located atop the Mt.
Melbourne volcano, does not concord with such a general reading, as it is representative of the volcanic complex's
evolution. Observed and predicted uplift rates increase westward (inland) where the ice-load increases. The same
behavior is predicted southward by the GIA models; whereas; GPS values decrease toward the south pole, due to the

movements of a few sites reflecting the neotectonic phenomena acting in the Victoria Land region.
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1 - Introduction

The GNSS technique is widely employed to detect crustal deformations and to characterize the kinematics of the Earth's
lithosphere (on small medium and large scale) all over the world.

Antarctica is a hostile continent almost entirely covered by ice where GNSS data are sparse, as well as incredibly difficult
and expensive to collect due to the extreme conditions and difficulties with travel logistics. Only 0.18 % of the Antarctica
is ice-free and suitable for GNSS installation on stable outcrops (Burton-Johnson et al., 2016). This produces an uneven
distribution of the GNSS stations, which are mainly located along coastal areas.

The northern Victoria Land area (NVL; Fig. 1) is located in the East Antarctic craton. While the East Antarctic is
considered a stable continent surrounded by passive margins, NVL is characterized by evidence of neotectonic
movements: block faulting, as well as, tilting along NE striking and SE dipping extensional faults connected to the
fracture system of the Balleny and Tasman Fracture zones (e.g.,Salvini et al., 1997, 1999). GNSS measurements may
be an efficient tool for highlight the geodynamics and neotectonics of NVL through the detection of crustal deformation.
The analysis of GNSS data derived from continuous or discontinuous networks provides three-dimensional information
about the position and movements of the stations. However, the observed solid Earth deformation includes several
signals produced by different geophysic phenomena which are often difficult to separate. Recent works show that the
main displacements detected in the NVL are consistent with those of the East Antarctic plate (Capra et al., 2008). A
standard approach to highlighting tectonic movements is based on the residual rate evaluation obtained by the Euler
pole estimation and the subtraction of the plate movement from the absolute site rates. The residual velocities should
reflect deformation, due to glacial isostatic adjustment (GIA) horizontal components which, in Antarctica, are not
negligible (King et al., 2016). Furthermore, residual rates may be biased by the number, quality of data delivered and
geographical distribution of the GNSS stations used to compute the Euler Pole.

The task of detecting such a residual velocity field, on a selected spatial scale, was made easier by the analysis of
continuous GNSS time series, which were provided, from permanent stations in Antarctica, on decadal timescales. The
drawback of using permanent GNSS stations to detect surface motions is the limited number and density of stations
whenever a detailed picture of regional deformation phenomena is sought.

In addition discontinuous GNSS campaigns with a long series of data, like those with high spatial station densities
carried on VLNDEF network, are able to produce reliable results for the characterization of the present-day

geodynamics; they also may be able to shed light on the residual velocities which are due to active tectonic structures in
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the region. Eventually GNSS networks can be used to constrain and test the reliability of GIA models (King et al., 2010,
2014; Steffen and Wu, 2011).

Previous studies have attributed the main horizontal displacement field within Antarctica to a rigid plate rotation and
deformation related to the change in ice-loading (Amalvict et al., 2009; Argus et al., 2014; Bevis et al., 2009; Bouin and
Vigny, 2000; Torsvik et al., 2008; Thomas et al., 2011). The ice melting began at the end of the last ice age and
produced a slow crustal deformation which is affected nowadays by the alteration of glacier flows, themselves due to
climate change and neo-tectonic movements. Even the breakup of ice shelves produces regional variations in the
displacement pattern: this happened in the Northern Antarctic Peninsula following the 2002 breakup of the Larsen ice
shelf, which was due to the combined effects of solid Earth's elastic response ef-and the viscoelastic process roughed on
by the recent ice unloading (Nield et al., 2014; Thomas et al., 2011).

Deformations associated with earthquakes contribute to the general displacement field, although large-magnitude
seismic activity is quite limited in Antarctica (Reading, 2007). Deformations associated with large-magnitude
earthquakes, such as: the A98 which occurred in 1998, 500 km north of the Dumont d'Urville French station (Nettles et
al., 1999), in 2004, the Macquarie Ridge earthquake (Watson et al., 2010); in 2004, the Sumatra earthquake; in 2010,
the earthquake in Chile; and finally, in 2011, the Tohoku earthquake in Japan, are capable of inducing modifications in
superficial crustal movements in Antarctica. The nonlinear, post-seismic deformations which occurred in Antarctica could
be misinterpreted as concerns secular geodetic estimates of plate motion and even the GIA rate. King and Santamaria-
Gomez (2016) attributed to the 1998 Macquarie Ridge's earthquake the cessation of movement in a northern direction
as well as a reduction in speed of movement towards the east and up in East Antarctica. This paper presents evidence
of crustal deformations in VL, obtained from recent data collected under the auspices of the VLNDEF project. Site
velocities now refer to a larger period; from DOY 349 of 1998 to DOY 040 of 2015. Compared to previous works (Capra
et al., 2007, 2008; Dubbini et al., 2010; Zanutta et al., 2008 ), the network time extension has been improved with
additional measurements and more repetitions.

From the data processing, coordinates and velocities of the sites were estimated. With the aim of obtaining relative
velocities, Euler pole and angular velocity of the Antarctic plate were evaluated inverting the GPS-derived motions of all
VLNDEF sites together with IGS permanent stations located in Antarctica. A detailed analysis of the horizontal velocity
components was made, and a possible interpretation provided, as regard the neotectonic characteristics of the VL

region.



Vertical velocity components have been compared with those obtained by two GIA models: the ICE-6G_C-VM5a (Argus
et al., 2014; Peltier et al., 2015; Professor W.R. Peltier's personal website http://atmosp.physics.utoronto.ca/
~peltier/data.php), and the W12A_v1 model (Whitehouse et al., 2012b; http://cryolist.464407.n3.nabble.com/W12a-

Glacial-Isostatic-Adjustment-model-for-Antarctica-td4025202.html).

2 - Data acquisition

The VLNDEF network, whose surveying is based on periodic campaigns, was established in 1999 (Capra et al., 2001,
Mancini, 2001) and completely surveyed 5 times, even if some sub-network measurements have been performed more
frequently over certain areas of interest for purposes mostly related to the investigation of local geodynamic phenomena.
The GNSS sites are distributed over all VL, fixed in bedrock on iron pillars, where the antenna is mounted directly onto
the marker.

Due to the hostile environment and the-considerable distances (up to about 450 km) from the Mario Zucchelli Stations -
MZS (where TNB1 GNSS station is located, Fig. 2), the collecting of GNSS measurements in VL poses several logistic
difficulties, mostly because the majority of sites are only accessible by helicopters.

Since the beginning of the VLNDEF project, the simultaneous data acquisition sessions lasted at least 24hrs, typically
72-h, recorded by geodetic GNSS receivers powered by a set of batteries and solar panels. In order to minimize the
effect of bias over time series, only a single model of choke ring antenna was used during the surveys of the sites. Up to
the present day, 27 sites were surveyed in the VL and related time series produced on a regular basis.

In the 2014-15 ltalian Antarctic expedition, the VL01, VL12, VL30 sites were transformed into permanent stations framed
within the POLENET project (Polar Earth Observing NETwork, http://polenet.org/ accessed on December 2016). The

locations of the GNSS sites are shown in Figure 1. The data base used in this study is summarized in Table 1.

Fig.1. GNSS Antarctic stations (IGS, POLENET) used in this paper. The VLNDEF network is represented in the upper -

right inset.

Table 1 - GNSS sites in the VL region. For each year the number of daily observations is given. The last two columns

indicate the accumulated total amount of daily observations (Tot) and the number of repetitions (Rep).



3 - GNSS data processing

The VLNDEF data, covering more than 15 years, were analyzed in a double-difference approach, using a modified
version of the Bernese V.5.0 software (Dach et al., 2015), which enables the use of hydrostatic and wet Vienna Mapping
Functions (VMF1; Boehm et., al 2006), as well as the Global Pressure and Temperature 2 (GPT2) model (Lagler et al.,
2013). The implementation of such models allowed a better estimation of the Zenith Total Delay (ZTD), thus providing
more reliable results in coordinate computation, particularly in the Antarctic regions. Given the availability of a long time
series of observations, the whole dataset was completely reprocessed to obtain consistent and unbiased estimates of
the geodetic parameters (Steigenberger et al, 2006, 2009; Tesmer et al., 2009; Rothacher et al., 2011).

A two-step analysis was implemented. Firstly, a “regional” solution was set-up: this step includes the data processing
from the VLNDEF project, in addition to that provided by POLENET FTP0/4, FLM1/2/5 and ROB0/1/4 stations within the
Antarctic framework, established by the use of a limited number of IGS permanent stations (CAS1, DAV1, DUM1,
MAW1, MCM4. OHIG/OHI2, PALM, SYOG, VESL; Figure 1).

The subset of IGS stations was used to define the geodetic datum, performing a minimum constraint solution, applying a
No-Net Translation (NNT) condition during the NEQ stacking process. During this step, daily solutions were obtained.
Secondly, a "global” solution was set-up using data from the permanent Antarctic stations, coupled with the global
network of more than 70 IGS stations, selected following criteria of homogeneity, geographical distribution and length of
the observation. Products derived from the IGS repro1 campaign (ftp://cddis.gsfc.nasa.gov/gps/products/repro1),
including IGS station coordinates, satellite orbits and Earth Orientation Parameters, were used, together with absolute
phase-center corrections, applied for both satellite and receiver antennas. Corrections for solid-earth ocean and pole
tides were applied following the IERS2013 Conventions; FES2004 (Letellier, 2004) + TPX0.6.2 (Egbert and Erofeeva,
2002), including the CoM, correction for the Earth's motion due to ocean tides was applied.

The geodetic datum was defined by a NNT condition, performing a minimum constraint solution and fixing a sub-set of
approximately 50 IGS stations, which were chosen as having the most reliable and stable a priori coordinates into
ITRF2008 (Altamimi et al., 2011). Even during this step, daily solutions were computed. Further details about the
implementation of the “global” solution can be found in Negusini et al. (2016).

Finally, the NEQs obtained by the “global” process were combined with those taken from the “regional” weekly solutions.
The weekly NEQs were combined with Bernese 5.2 (Dach et al. 2015), using the time series analysis routine FODITS

(Find Qutliers and Discontinuities in Time Series), embedded in the Bernese GNSS Software (Dach et al., 2015; Ostini et
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al., 2008, 2010; Ostini, 2012). FODITS is able to identify discontinuities in station velocities and te estimate
representative periodic functions. All three components of coordinate time series are processed together in a fully
combined mode. The program FODITS verifies the significance of lists of predefined events: such as a list of equipment
changes, as well as a list of worldwide registered earthquakes (derived from the database of the U. S. Geological Survey
Earthquake Hazards Program); at the same time, FODITS identifies discontinuities and outliers in the time series. It
identifies the stations affected by worldwide earthquakes following the model proposed by Delle Donne et al. (2010).
Within FODITS, station velocities are assumed to be linear in time while the time series are analyzed station by station.
In order to simplify the analysis and reduce the processing time, coordinate time series of different stations are assumed
to be independent.

Seasonal signals (annual and semi—-annual periods) are estimated and their related components checked for
significance (Dong et al., 2002). No time correlation is assumed between the data points of the time series. Only the
space correlations (between the North, East, and Up component) are taken into account. The full covariance matrix is
considered in a consecutive network solution using ADDNEQ2 after the time series analysis by FODITS. By means of
this procedure embedded in the Bernese software 5.2 no VLNDEF stations showed significant discontinuities, nor
change in rate. In the last ADDNEQ2 run, all the Antarctic sites were kept free and the same subset of 50 IGS stations
were used to frame VLNDEF into ITRF2008.

It is well known that Bernese formal errors (RMS) are underestimated when analyzing big amounts of data (Dietrich et
al., 2005; Marquez-Azua et al., 2004; Mao et al., 1999; Saleh, Becker, 2015; Williams, 2003; Williams et al., 2004; Zhang
et al., 1997). For long time series of data, different tools are available for studying both spatial and temporal correlations,
but these methods are not useful for campaign data. Argus et al (2014) estimated the uncertainty in the GPS site
velocities from the effective time period of observations. They take the standard error in the vertical component to be 10
mm, divided by the effective time period of observations in yrs and to be 4.5 mm divided by the effective time period of
observations in the horizontal components. Errors in episodic campaigns are assumed to be 33 per cent larger than in
continuous observations. Using this method, we are able to assign more reliable uncertainties to the velocity

components of the VLNDEF sites, as shown in Table 2 and in Figure 2.

Fig. 2. Victoria Land absolute velocities.



The solution appears to be consistent with a general motion toward south-east. The vertical (color-coded) mean
velocities depict a weak uplift of 0.5 mm/yr. VLO6 shows a positive trend compatible with the evolution of the Mt.
Melbourne volcanic complex on which it is installed. In the Ross Sea coastal region, few VLNDEF sites seem to be
affected by block faulting, tilting along NE striking and SE dipping extensional faults, all related to the Ross Sea

embayment (Figure 7).

Table 2 - List of VLNDEF sites with coordinates, absolute and relative velocities along the north and east components

(from DOY 349 of 1998 to DOY 040 of 2015) and their estimated uncertainties (+o).

The Euler pole and the angular velocity of the Antarctic plate were calculated by inverting the GPS-derived motions of all
VLNDEF sites together with IGS and POLENET permanent stations located in Antarctica (CAS1, DAV1, DUM1, FLMS,
FTP4, MAW1, MCM4, OHI2, PALM, ROB4, SYOG, VESL) than compared with the location provided within the definition
of the ITRF2008 (Altamimi et al., 2012; see Tab. 3). Afterward, relative movements among stations were determined by
subtracting the rigid body movement of the continent, derived by applying the above mentioned Euler Pole, from the
absolute VLNDEF site velocities (Fig. 3).

This computation, including the VL sites, well constrains the motion of the Antarctica plate and tends to minimize the
relative velocities among the VLNDEF stations. In this way the computed residuals are expected to be smaller than the
previously used (Dubbini et al, 2010). As a result, this paper shows reduced residual velocities that cannot be ascribed
merely to improvements in accuracy, nor to dramatic reductions (approx. 50%) in tectonic activity in the last few years.
Even within this restriction, the residual velocities largely confirm the tectonic framework which is active in VL, as

proposed by Dubbini et al. (2010) and Zanutta et al. (2008).

Table 3 - Geographic Coordinates and the rotation rate of the Euler pole position projected onto the Southern

Hemisphere. ITRF2008 from Altamimi et al. (2012); VLNDEF, this work.

Fig. 3. Victoria Land horizontal relative velocities with respect to VLNDEF plate model. The very small displacement
vectors indicate the general agreement of the VLNDEF model with the Antarctic plate movement, except for some points
of the northern part, which confirm the influence of displacements due to tectonic patterns across the region.
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4 - Results: a comparison between GIA models and observed data

In this work, the vertical change predicted by GIA models are compared to the GPS observations, considered as an
independent means, to verify the GIA local accuracy.

ICE-6G_C (VMb5a viscosity model) is a global postglacial rebound model constrained to fit geological and geodetic
observations (Argus et al., 2014; Peltier et al., 2015). This is a laterally homogeneous model with a simplification of
viscosity structure VM5 (upper mantle viscosity 0.5x102' Pa s; lower-mantle viscosity nuv = 10 x 102 Pa s.) and a
lithospheric thickness h = 100 km. A detailed comparison with observed GNSS site velocities in Argus et al. (2014),
demonstrates that in Antarctica the model well fits the GNSS uplift rates, with a weighted mean residual of -0.31 mmiyr.
The GIA model predicts a little larger uplift than observed. Purcell et al. (2016) showed that the radial uplift rates of
Peltier et al. (2015) were too high along Antarctic coastline and on the eastern side of the Ross Ice Shelf with an
estimated bias of 5 mm/yr. The same authors, by means of CALSEA software package, produced the ICE6G_ANU
which minimize these disagreements.

WA12A_v1 (Whitehouse et al., 2012a,b) is an Antarctic GIA model that covers spatially from 90S to 55S, with 0.5 degree
grid intervals in both longitude and latitude. The deglacial ice model used to guide the W12a model includes an Antarctic
component (Whitehouse et al. 2012a) and a far field component embedded in the ICE-5G model (Peltier, 2004). The
W12A_v1 model ‘B’ (best) has been adopted, corresponding to lithospheric thickness h = 120 km, upper-mantle viscosity
num =1 x 102" Pa s, and lower-mantle viscosity nw = 10 x 102" Pa s.

The comparison of up rates from GIA models and GNSS observations requires further consideration. The GIA models
refer to displacements under several assumptions related to the lithosphere state: ice-loading/unloading history; mantle
viscosity; global / regional isostatic and/or Earth models (Peltier, 2004; Simon et al., 2010). Furthermore, ice models use
gravity data, geoid anomalies and relative sea level (RSL) fluctuations during the last 20 kyr. RSL variation is strongly
dependent on ice sheet advances and retreats, and is poorly sensitive to mantle viscosity (Mitrovica and Vermeersen,
2002). The GIA model output includes the influence of sea-level changes and induced perturbations to Earth rotation
(Mitrovica and Milne, 2003; Mitrovica et al., 2005). Both GIA models considered in this work use, as a frame of
reference, the Earth's centre (CE); whereas, GPS solutions define Earth's frame of reference, using the velocity of mass
centre (CM) in ITRF2008. The use of the ITRF2008 in Antarctica produces a bias in the vertical motion of up to 0.5

mm/yr (Argus, 2012). Argus et al., 2014, estimated a positive bias of 0.48 mm/yr at the southernmost latitudes, which
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can affect the comparison between GNSS-derived vertical rates and up rates predicted by the ICE-6G_C-VM5a model.
In particular, the GIA models overpredict uplift rates compared to those from GNSS ITRF2008. Whitehouse et al.
(2012b) highlight the fact that the W12a_V1 GIA model does not include the effect of present-day surfaces mass-
transport upon the centre of mass. The combined effect of such phenomena amounts to 0.5 mm/yr (Klemann, Martinec
2011; Rietbroek et al., 2012). Moreover, in the comparison between GPS vertical rates and GIA model response issues,
the effects of elastic deformations and rapid changes in polar motion during the last two decades should also be taken
into account. As suggested by Riva et al. (2016), the increase in melt rates, which occurred over the last two decades,
produced significant variations of deformation rates not only in the areas nearest to those involved in the ice-melting
process, but also in the far field as a global solid earth response. In particular, the recent acceleration is connected to an
increase in loss of mass from the Greenland and the Antarctic ice sheets. Vertical displacement, due to the above
mentioned phenomena, could introduce a bias as regards the GIA model, the latter being representative of deformations
on a century scale. Riva et al. (2016), determined the solid earth elastic response by including recent assessments of
ice-loss for glaciers as well as the Greenland and the Antarctic ice-sheets. The resulting time series of vertical land
motion on a global scale showed the largest uplift values at the location of melting sources, while negative responses as
well as smaller uplift rates (up to 1mm/yr during the last decade) were identified in the far field where several competing
processes may interact. However, the Northern Victoria Land does not fall within the areas that are most affected by
elastic responses to recent ice-melt processes (a few tenths of mm/yr were predicted using available models). In
addition, the quantification of ice-loading changes is not an easy task. Thus, we decided to ignore the elastic responses,
induced over the VLNDEF sites within the time-span of measurements, in order to avoid the correction of vertical rates
by small values, themselves characterized by unknown level of accuracy. King and Watson (2014) introduced an
additional, relevant point to the discussion of put forth by the present paper. They showed the potential effect introduced
by the rapid motion of the rotation pole starting in around 2005. Worldwide, a bias of up to tenths of mm/yr could affect
estimates of vertical velocity detected since 2005 with respect to the longer-term deformation picture. Especially for
those areas where anomalies to the average pattern are expected due to the recent rapid polar motion, site velocities
from geodetic observations collected since 2005 could not be representative of deformation rates at century scale.
Geodetic measurements on VLNDEF sites commenced in 1998. Thus, time series are less affected from incorrect
modelling of polar motion in recent years. King and Watson provided a modelled deformation pattern within the period

2001-2015. In the investigated area the magnitude of unmodelled terms is less than half mm over the whole period.
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However, over long-term geodetic measurements, the presence of residual non-linear signals could affect the level of
uncertainty of site velocities, due to a combination of bias and noise. A correction to the IERS pole tide model would be
able to take into account such non-linear phenomena (King and Watson 2014).

To estimate the level of agreement between the observed uplift rates and those predicted by the GIA models, statistical
parameters are evaluated and shown in Table 4. In particular, Table 4 reports the weighted mean (WM) and the weight
root mean square (WRMS) values of differences as proposed by Martin-Espafiol et al., 2016.

In the NVL region the observed vertical rates range between +2.9 mm/yr and -1.3 mm/yr (negative rate at VL04 site).
The absolute vertical velocities reveal an average uplift across the VL with a mean value of 0.5 mm/yr (Fig. 4). The sites,
VL12, VL29 and VL30 exhibit the highest values, respectively, 1.7, 2.9 and 2.3 mm/yr (Tab. 2, 4). Figure 4 provides a
visual comparison between the predicted vertical rates of the three models and the uplift rates measured by GPS

observations.

Fig. 4. Predictions by postglacial rebound models across the NVL and GPS observed uplift rates. a) ICE-6G_C-VMba
(Argus et al., 2014); b) W12A_v1 (Whitehouse et al., 2012a,b). The circles indicate the difference ranges between the

predicted and the observed vertical rates.

The overall predicted rates by the mentioned models are very similar in NVL. At the present time, all of them are
revealing maximum and minimum uplift rates in the southern and northern areas, respectively, with values which are a
little larger than those provided by the GPS time series. The weighted mean (WM) of the differences, respectively of 0.7
mm/ yr (reference model ICE-6G_C-VMba) and 0.9 mm/yr (reference model W12A_v1), highlights the fact that the
predicted uplift rates at GPS sites are overestimated.

The discrepancies between predicted and detected uplifts are likely related to the tectonic features of the region, which

are also of interest to this work. In particular, the highest and lowest observed values are not confirmed by the models

(Fig. 5).

Fig. 5 Comparison between vertical rates as estimated by GPS observations on VLNDEF sites (blue diamonds) and GIA

models: ICE 6G C VMb5a (red triangles); W12A (yellow circles). Error bars are +o.
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Both the GPS-derived movements and those predicted by GIA models show positive vertical rates westward. Northward,
GPS-derived uplift rates and values predicted by the above mentioned GIA models are not in agreement, even though
the very small absolute values do not facilitate such validation. Again, this disagreement could be due to the relative

motion among the few sites experiencing tectonic activity in the VL region (Fig. 6).

Fig. 6 - The uplift movements of VLNDEF sites in the NVL area predicted from the models and observed by GPS. ICE

6G C-VMb5a (red triangles); W12A_v1 (yellow circles); GPS observations (blue diamonds). Error bars are #o.

Table 4 - Predicted rates (vu) and differences (Av,) between the estimated and observed values at each VLNDEF
station. The weighted mean (WM) and the weight root mean square (WRMS) of the residuals show the degree of

agreement between the solutions.

5 - Discussion

Looking at the figure of the absolute velocities (Fig. 2), it is possible to observe that the GNSS stations of the VLNDEF
network are iso-oriented in a direction towards SE and have comparable modules. The horizontal residual rates,
calculated after the Euler pole estimates (569.536°S, 52.417°E, 0.220°/Myr), are obtained by subtracting the rigid
movement of the Antarctic plate from the absolute velocity of the stations (Fig. 3). The mean residual velocities of the
VLNDEF sites are generally small with respect to the absolute velocities.

To identify GNSS sites with significant movements, the residual velocities were analyzed with respect to the
corresponding errors. Considering the rates with lower values than the sigma, not significative for the geodynamic
interpretation, 19 points show meaningful movements: along the horizontal (VL02, VL03, VL10, VL14, VL23, VL32.
VLHG), along the vertical (VL04, VLO05, VL07, VL18), and in 3D components (VL06, VL08, VL12, VL19, VL21, VL22,
VL29, VL30).

Residual velocities reported from the above mentioned sites could provide information about the presence of local or
regional deformation phenomena, not accounted for in the rigid plate movement mechanism.

The average rate of observed upliftin VL is negligible (0.5+0.97 mm/yr) but few sites show significant movements. From

the spatial point of view, a general increase in the uplift rates was found westward, toward the areas with maximum ice-
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load. These vertical movements show the same trend as the GIA models but with lower values. Northward (Fig. 6) the
observed up rate is influenced by the few sites which register neotectonic displacements.

The high quality of the GPS up components permits in inference of information concerning tectonic-related vertical
movements.

Both the absolute values and the residuals from their comparison with the GIA models show a relative vertical
displacement between the north and east sectors and the southern one. The first block is characterized by a relative
uplifting with respect to the southern one, considering the post-glacial rebound effect from the GIA models. An exception,
VLO06, shows a relative uplift with respect to the surrounding stations (e.g. TNB1, VL10, VL08 and VL07). This tectonic
activity can be easily ascribed to the active Mt. Melbourne Volcano, on top of which the station is located. The boundary
between the two zones is located at the exactly latitude where Tucker Fault's SE termination meets the central Leap

Year Fault, Evans Nevé and the central Aviator Fault (Fig. 7).

Fig. 7 - Active tectonic uplifting in Victoria Land. Vertical rates computed by subtracting ICE up rates from GPS observed
values. Pink area denotes the relatively uplifting sector. The light blue one corresponds to the relatively downlifting
sector. Vertical movements are framed in the neotectonic model from Dubbini et al. (2010) which showed
extensional/transtensional regimes along segments of the Cape Adare, Tucker, Leap Year, and Aviator faults, here
highlighted in yellow segments. Extensional reactivation of transversal normal faults is inferred and indicated with

dashed yellow lines.

Along this corridor, Dubbini et al., (2010), using the residual horizontal components of the GPS in the period 1999-2006,
proposed active extension (transtension) along the Tucker and Leap Year Faults a horizontal displacement velocities
between 2 and 5 mm/yr. Results from the up component presented in this paper confirm the presence of active
extensional faulting along the SE segment of the Tucker Fault and the central segment of the Leap Year Fault.

A vertical displacement is also active along the fault connecting Tucker to the Tasman Fracture Zone II. A vertical
displacement, with SW down-throw, can be also be inferred, in the central Aviator Fault where horizontal displacements
are not present (Fig. 7). The central sector of the Lanterman Fault, near VL12, shows a vertical offset with NE down-

throw. Along the boundary between the uplifting and downlifting sectors, transverse normal faults are active and
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accompanies the down-throw of the southern sector (Fig.7). The high-up component present in VL23 may relate to the
activity of the Cape Adare Fault along its SE part.

The new up component analysis allows a complete definition of the tectonic frame of Victoria Land. This includes the
relative up displacement of the Victory Block, with respect to the Rennick Block as well as that of the northern Victory
Block with respect to the Admiralty Block, which in turn is uplifting with respect to the southern Victory Block (Fig. 7). The
Lanterman Block (VL21), characterized by strong horizontal displacements, is downlifting with respect to the northern
sector of the Victory Block. The vertical uplifting computed from VL06 confirms the activity of the Mt. Melbourne Volcano.
It is worth noting that a similar behavior can be observed on the absolute up displacements, without applying GIA
models. Actually, these corrections reduce the vertical velocities among blocks of about 1 mm/yr. This new GPS dataset
further strengthens the presence of active tectonics in the region and its role in the relative (small) movements among
the rigid crustal blocks that form the VL region. The inland SE continuation of the Tasman Fracture Zone corresponds to
the uplifting sector of VL. The present-day activity of this fracture zone, as proven by intense seismicity, may continue in
the northern sector of VL and be responsible for the observed tectonic uplifting. As reported in the introduction, large
earthquakes may have contributed to the observed geodetic vertical velocities, thus reducing/enhancing the role played

by Victoria Land faults, even if no clear evidence is present in our dataset.

6 - Conclusion

The VLNDEF network, periodically active since 1999, is able to detect reliable vertical rates at the stations and to
separate the local from the regional horizontal displacements, as a function of the computed Euler pole. The periodical
solutions which are characterized by improved accuracy are confirmed by the length of the time series and detected,
applying different processing strategies (Capra et al., 2007; Dubbini et al., 2010; Negusini et al. 2005, Zanutta et al.
2008).

Differences in vertical rates highlighted the presence of transtension across the Tucker and Leap Year faults, resulting
from the relative uplift of the N-NE sector of the VL. This may easily relate to the SE propagation of the activity along the
Tasman Fracture Zone.

The differences in tectonic-related horizontal velocities between our results and those previously proposed by Dubbini et

al. (2010) may relate to the Euler pole re-computations that included the VLNDEF stations. The horizontal velocity
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differences may also reflect changes in the plate motions of large earthquakes over the last couple decades, although
the software used tends to eliminate the steps in the series corresponding to the these events.

Even though the displacements from GPS observation represent a fundamental verification of outcomes from GIA
models, the direct comparison between GPS-derived displacements and outcomes from GIA modelling is not an easy
task. Certainly, load variations, the choice of upper-mantle viscosity and thickness of the lithosphere, may improve,
thanks to the availability of dense geodetic measurements derived from the VLNDEF project. However, some signals are
still left unconsidered by authors and deserve further efforts to quantify of their magnitude and potential bias: both of
these were introduced in the comparison between the results provided by GIA models and GPS-derived displacements,
in the vertical as well as horizontal components. In particular, some signals have been introduced in the present paper
and recent scientific literature. The effects of elastic deformations and recent changes in polar motion need careful
evaluation along with an even more detailed reconstruction of melt-rates occurring over the last two decades. The
northern VL is not within the areas most involved in ice-melting processes but possibly signals in the far field might also
affect the displacements from GPS data processing. A few tenths of mm/yr were predicted by available models of the

investigated areas. A better estimation of these signal values represents a stringent need for future work.
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List of figures
Fig.1. GNSS Antarctic stations (IGS, POLENET) used in this paper. The VLNDEF network is represented in the upper -

right inset.

Fig. 2. Victoria Land absolute velocities.

Fig. 3. Victoria Land horizontal relative velocities with respect to VLNDEF plate model. The very small displacement
vectors indicate the general agreement of the VLNDEF model with the Antarctic plate movement, except for some points

of the northern part, which confirm the influence of displacements due to tectonic patterns across the region.

Fig. 4. Predictions by postglacial rebound models across the NVL and GPS observed uplift rates. a) ICE-6G_C-VMba
(Argus et al., 2014); b) W12A_v1 (Whitehouse et al., 2012a,b). The circles indicate the difference ranges between the

predicted and the observed vertical rates.

Fig. 5 Comparison between vertical rates as estimated by GPS observations on VLNDEF sites (blue diamonds) and GIA

models: ICE 6G C VMb5a (red triangles); W12A (yellow circles). Error bars are +o.

Fig. 6 - The uplift movements of VLNDEF sites in the NVL area predicted from the models and observed by GPS. ICE

6G C-VMb5a (red triangles); W12A_v1 (yellow circles); GPS observations (blue diamonds). Error bars are +o.

Fig. 7 - Active tectonic uplifting in Victoria Land. Vertical rates computed by subtracting ICE up rates from GPS observed
values. Pink area denotes the relatively uplifting sector. The light blue one corresponds to the relatively downlifting
sector. Vertical movements are framed in the neotectonic model from Dubbini et al. (2010) which showed
extensional/transtensional regimes along segments of the Cape Adare, Tucker, Leap Year, and Aviator faults, here
highlighted in yellow segments. Extensional reactivation of transversal normal faults is inferred and indicated with

dashed yellow lines.
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List of tables
Table 1 - GNSS sites in the VL region. For each year the number of daily observations is given. The last two columns

indicate the accumulated total amount of daily observations (Tot) and the number of repetitions (Rep).

ID 99000203040506070809 10 11 12 13 14 15Tot. Rep
VLO1T 1 - 1888633 9 - 3598 10247 106 136 109 40 855 14

vtz 6 21 20- 49--- - - 14 - 16 - 728
Vvl 6 2 - 16- 3 19- 10- - - 12 - 33 - 1018
VLo4 - - 3 17- 3 2 - - 16 - - 17 - 58 6

VLO5 3 - 2143332637- 4810086 11791 67 1182581514

VLO6 - 1 - 1536- 17- - - - 215 21 251418
VLo7 4 5 6 15- 7 10- 7 - 15 - 15 - 33 - 11710
veog - 6 - 9--13-9- - - 6 - 4 23707
VL9 6 2 - 19- - 13- 5 - -9 - 1B3-0677
VL10 4 4 - 25341133- 4 - - - - - 13 - 1288
Vit - 4 - 9 - - 17- - - - 4 6 - 13 - 53 6
V12 6 2 5 52552636- 10- - - 7 - 15 40254 11
vt 2 7 - 10- - 13- 7 - 7 - 13 - 6 299% 9
VL14 102 - 46342626- 5 - 4 - 15 - 10 - 17810
VL1 - 6 - 19- - 7 - - 2 17 4 14 - - 269 8
vLite - 8 - 1511- 13- 71 5 1 - - 20 - 81 9
vulr - 7 - 2746- 13- -1 1 65 - - 7 301379
VL18 - 4 - 116 - 13- - 1 12813353 14514040684 10
vil9 - 4 - 9 52- 11- -1 26 - - - 4 8 1158
viz1 4122 - 10--4- 3 - 9 - 20 3 5 10
Vlizz22352-565---9 - - 6 - 21359
VL23 - - - 40264 2 - - - - - 13 - 15 - 1006
iz 13 -2-1---- - - 9 - 21387
Visb - 232 -565- - - - - - 9 - 114072 7
2 2 - 32 - 39 - - - - - 16 - 18 - 737
VLHG- 3 - - - 2229- - - - - - - - 2672 4
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Table 2 - List of VLNDEF sites with coordinates, absolute and relative velocities along the north and east components

(from DOY 349 of 1998 to DOY 040 of 2015) and their estimated uncertainties (+o).

Absolute velocities  Relative velocities Errors

Longitude Latitude H Ve Vn Vy Ve Vn t6w Fowm Tow

() (°) (m)  (mmy) (mm/y) (mm/y) (mm/y) (mmly) (mmly) (mmfy) (mm/y)
TNB1 164.10294 -74.69881 723 101 -116 041 0.05 -0.08 028 028 0.65
VLO1 169.72507 -72.45014 5969 119 -111 01 0.07 -005 040 040 0.89
VL02 167.37814 -72.56488 2047.211.8 -111 -06 048  0.10 040 040 0.89
VL03 162.92641-72.95051 2469.6 10.7 -120 04 0.34 042 040 040 0.89
VL04 169.74865 -73.51821 18345115 -11.0 -1.3 0.07 -0.01 050 050 1.11
VL05 169.61219 -73.06307 4785 11.7 -11.1 -09 0.12 -0.02 040 040 0.89
VL06 164.69065 -74.35000 2671.010.6 -11.5 19 036 -0.01 040 040 0.89
VLO7 165.37930-73.75990 2039.2 104 -115 -0.7 -018 -0.05 040 040 0.89
VL08 163.73954 -73.76428 2655.4 104 -11.3 1.0 018 027 040 040 0.89
VL09 162.16940 -73.33078 2270.510.3 -120 05 023 -032 040 040 0.89
VL10 162.76859 -73.68846 2619.410.3 -120 0.2 027 -041 040 040 0.89
VL11 162.54167 -74.37143 2362.3 10.1  -115 041 027  0.10 040 040 0.89
V0L12 163.72700 -72.27444 1933.0 111 -119 1.7 0.34 -0.34 040 040 0.89
VL13 162.20497 -74.84780 1460.49.7 115 03 017  0.22 040 040 0.89
VL14 165.90570 -73.22825 2084.0 114 -115 -05 057 -015 040 040 0.89
VL15 163.71567 -74.93426 -28.1 9.9 -11.6 04  0.01 -0.08 043 043 095
VL16 162.54549 -75.23256 311.3 9.7 -119 05 016 -021 043 043 095
VL17 161.53874 -75.09513683.5 9.3 -116 04 -0.04 0.10 043 043 095
VL18 162.59371-75.89853580 94 -115 0.7 0.06  0.17 043 043 095
VL19 161.78162 -75.80497 809.8 9.6 -114 11 045 035 043 043 095
VL21 163.73294 -71.66866 1899.49.7 -120 12 -118 -042 040 040 0.89
VL22 162.04044 -71.42187 2749 112 -119 15 047 -023 040 040 0.89
VL23 170.30467 -71.34582 1119.012.3 -102 1.0 0.09 0.76 0.67 067 148
VL29 163.89628 -71.15408 1624.511.8 -116 29 065 -006 040 040 0.89
VL30 162.52514 -70.59872 14915109 -120 23 -016 -031 040 040 0.89
VL32 166.16457 -71.73310 1784.011.8 -11.3 06 0.40 0.01 040 040 0.89
VLHG 162.20172 -75.39797 165.7 9.3 122 -03 011 -053 043 043 0.9
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Table 3 - Geographic Coordinates and the rotation rate of the Euler pole position projected onto the Southern

Hemisphere. ITRF2008 from Altamimi et al. (2012); VLNDEF, this work.

Model Lat. °N Lon °E w °/Myr
ITRF2008 -58.545+0.29 68.664+0.40 0.209+0.004
VLNDEF -59.540+0.42 52.370+0.44 0.220+0.002
Table 4 - Predicted rates (vu) and differences (Av,) between the estimated and observed values at each VLNDEF

station. The weighted mean (WM) and the weight root mean square (WRMS) of the residuals show the degree of

agreement between the solutions.

ICE-6G W12~ W12-ob ICE-6G-0b

Vu Vu Avy Avy

(mm/y) (mmly) (mmfy) (mmfy)
TNB1 1.7 1.7 15 1.5
VLo1 03 09 07 0.2
VL02 0.8 12 17 14
VLO3 1.2 13 09 0.7
VLO4 0.3 12 25 1.6
VLO5 0.4 1120 1.3
VLO6 1.5 16 -03 -04
VLO7 1.3 15 23 2.1
VL0 1.4 14 04 0.4
VLO9 1.2 1.3 08 0.7
VL10 1.4 13 1.2 1.2
VL1 1.7 14 13 1.6
VL2 1.1 13 -03 -06
VL13 1.8 14 11 1.5
VL14 1.2 14 19 1.7
VL15 1.7 1.7 13 1.3
VL16 1.9 16 1.2 1.5
VL7 1.9 14 10 1.5
vk 20 20 13 1.3
VL19 20 18 07 1.0
VL21 0.9 1.3 0.1 -0.2
VL22 0.9 13 01 05
VL23 00 04 -06 -1.0
VL29 0.8 12 A7 21
VL30 0.7 12 11 -16
VL32 0.8 11 05 0.2
VLHG 2.0 16 19 22
WM 0.9 0.7
WRMS 1.3 1.3
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