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Geodetic GNSS observations at 43 sites well distributed over the Southern Patagonian Icefield region
yield site velocities with a mean accuracy of 1 mm/a and 6 mm/a for the horizontal and vertical
components, respectively. These velocities are analyzed to reveal the magnitudes and patterns of
vertical and horizontal present-day crustal deformation as well as their primary driving processes.
The observed vertical velocities confirm a rapid uplift, with rates peaking at 41 mm/a, causally
related to glacial-isostatic adjustment (GIA). They yield now an unambiguous preference between two
competing GIA models. Remaining discrepancies between the preferred model and our observations
crustal deformation point toward an effective upper mantle viscosity even lower than 1.6 - 10'® Pas and effects of lateral
glacial-isostatic adjustment rheological heterogeneities. An analysis of the horizontal strain and strain-rate fields reveals some
GNSS complex superposition, with compression dominating in the west and extension in the east. This
Patagonia deformation field suggests significant contributions from three processes: GIA, a western interseismic
tectonic deformation field related to plate subduction, and an extensional strain-rate field related to active
Patagonian slab window tectonics.
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1. Introduction ing the largest extra-polar ice mass in the southern hemisphere,

have experienced substantial fluctuations in glacier extent and

The Southern Patagonian Icefield (SPI) has been identified as
a locus of exceptionally rapid crustal uplift (Dietrich et al., 2010;
Lange et al.,, 2014). Models show that observed vertical deforma-
tion in this region can be explained by glacial-isostatic adjustment
(GIA) (Ivins and James, 1999, 2004; Klemann et al., 2007). Verti-
cal site velocities observed in Patagonia exceed those reported for
other regions affected by glacier retreat such as Alaska (Larsen et
al., 2005), Greenland (Khan et al., 2007; Dietrich et al., 2005) and
West Antarctica (Groh et al., 2012).

The large-amplitude GIA response in Patagonia results from
the coincidence of a large, rapidly changing temperate ice mass
and a unique tectonic setting. The Patagonian icefields, represent-

* Corresponding author at: Technische Universitit Dresden, Institut fiir Planetare
Geodadsie, Dresden, Germany.
E-mail address: andreas.richter@tu-dresden.de (A. Richter).

http://dx.doi.org/10.1016/j.epsl.2016.07.042
0012-821X/© 2016 Elsevier B.V. All rights reserved.

mass throughout the Pleistocene (e.g. Strelin et al., 2011, 1999;
Mercer, 1976) and Holocene (e.g. Strelin et al., 2014; Aniya, 2013;
Masiokas et al., 2009) until present (e.g. Floricioiu et al., 2012;
Willis et al., 2012; Glasser et al., 2011; Casassa et al., 2002). GIA
models suggest, however, that the uplift observed today in Patag-
onia is caused by ice-mass changes since the Little Ice Age (LIA)
with its maximum extent between AD 1630 and 1870 (Ivins and
James, 2004; Lange et al., 2014). The uplift predicted from the elas-
tic crustal response to ongoing ice loss shows a more localized
pattern than the complete gravitational visco-elastic rebound, but
may reach about half the total uplift rate close to fast-retreating
glaciers like Upsala (Lange et al., 2014, Fig. 1c).

The short-lived memory of the solid earth for load changes in
southern Patagonia, compared to other regions affected by GIA, is
due to the peculiar regional rheology characterized by a thin litho-
sphere and very low viscosities in the asthenosphere and upper
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Fig. 1. Maps of the region under investigation. a) Location of the Northern (NPI) and Southern Patagonian Icefields (SPI) in southernmost South America. Triangles depict the
IGS stations, dots RAMSAC stations included in the GNSS data processing. Grey lines show the boundaries of the tectonic plates Nazca (NZ), South America (SA), Antarctica
(AN) and Scotia (SC) according to Bird (2003). Red lines delimit the Patagonian slab window according to Breitsprecher and Thorkelson (2009). Dotted line: national border
between Chile (CL) and Argentina (AR). Box: area shown in the maps in Figs. 1b, 3 and 4. b) Topographic map of the SPI region. Black dots show the location of GNSS sites,
numbers according to Table 1, numbers of sites 1-31 correspond to those in Lange et al. (2014). Dots with white circles: continuously logging GNSS sites. Lagos Argentino
(A), Viedma (V) and San Martin/O’'Higgins (S) are labeled as topographic reference. White boxes: towns, topography: SRTM digital elevation model (Rodriguez et al., 2005).

mantle (Lange et al., 2014). These rheological conditions, in turn,
are imposed by the geologically young thermomechanics of the re-
gion. At the Chile Triple Junction, some 200 km NNW from the
SPI, material of the relatively hot Chile Ridge is subducted be-
neath the South American plate (Fig. 1a). The subduction of this
active spreading-ridge system between Nazca and Antarctic plates
is accompanied by the opening of the Patagonian slab window. The
existence and extent of this slab window has been established by
geochemical analysis of Patagonian lavas and basalts (Gorring and
Kay, 2001; Boutonnet et al., 2010), seismic imaging (Russo et al.,
2010a; Gallego et al., 2010), shear wave splitting measurements
(Murdie and Russo, 1999; Russo et al., 2010b) and plate kinematic
modeling (Breitsprecher and Thorkelson, 2009). The slab window
environment beneath the southernmost South American continent
is characterized by upwelling of hot mantle material and enhanced
mantle flow through the window with a strong ridge-parallel com-
ponent (Russo et al., 2010b).

From structural-geological point of view, most of our sites per-
tain to the Southern Patagonian Andes fold-thrust belt. Most au-
thors agree that fold deformation and activity of minor faults
in our study area are of late-Miocene age or older (e.g. Gia-
cosa et al, 2012; Fosdick et al., 2011; Ghiglione et al.,, 2009;
Kraemer, 1998). Coutand et al. (1999) suspect that basement faults
along the cordillera in the Lago Viedma area “appear to be ac-
tive in strike-slip reverse mode”. Currently, evidence for active
faulting in the SPI region is difficult to find. International seismo-
logical catalogues (ISC, 2015; USGS, 2015; Villasefior et al., 1997;
Sabbione et al., 2007) report also only a small number and low
magnitude of seismic events for this area. There are active volca-
noes along the crest of the Southern Patagonian Andes. However,
the deformation associated with volcanic activity is usually re-
stricted to the vicinity of the volcano edifice, and none of our sites
are located close enough to be affected by volcanic deformation.
We assume, therefore, that our observed site velocities essentially
represent the long-wavelength deformation field.

Both plate collision and slab window opening are expected in
addition to GIA to produce large-scale surface deformations af-
fecting the SPI region. Tectonic deformations are reflected primar-
ily in the horizontal components (e.g., Elliott et al., 2010). How-
ever, previous works on crustal deformation in southern Patag-
onia focused on the vertical component (Dietrich et al., 2010;
Lange et al,, 2014). Global compilations of the horizontal defor-
mation field, in turn, expose Patagonia as a region lacking geodetic
observations (Kreemer et al., 2014).

This paper presents results of GNSS observations in a regional
network of 43 sites. Compared to previous work, the network ex-
tension and geometry are improved and allow, for the first time,
a detailed analysis of the horizontal velocity components. The ob-
served vertical and horizontal site velocities are interpreted with
regard to the magnitude, patterns and driving processes of present-
day crustal deformation across the SPI.

2. Observations

The first geodetic GNSS observations in the area of the SPI were
carried out as early as 1996 (Lange et al., 2014). Until 2001, seven
sites were observed, mainly on top of the hard-to-reach icefield on
Chilean territory. In 2003, a network of eight sites was set up in
the area of Lago O’Higgins (Chile; “S” in Fig. 1b) in the northern
part of the SPI for a systematic observation of GIA (Dietrich et al.,
2010). This was complemented by a network of eleven sites set up
in 2009 across the southern tip of the icefield (Lange et al., 2014).
Since 2010 the setup and observation of new GNSS sites has been
extended to Argentine territory, connecting the isolated networks
to the north and south of the icefield. At present, 12 sites have
been observed repeatedly on the Argentine side. The locations of
the GNSS sites are shown in Fig. 1b.

All our markers are fixed in bedrock. The sites set up since 2003
provide for direct mounting of the GNSS antenna onto the marker.
Five of the early sites were occupied using a tribrach while three
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Table 1

GNSS sites in the SPI region. For each site, the number according to Fig. 1b, the coordinates, the years of the first and last observation, the number of campaign occupations,
the accumulated total amount of daily observation files and the north (N), east (E) and up (U) velocity components with their estimated uncertainties o are given. Numbers
of sites 1-31 correspond to those in Lange et al. (2014). “C” in column 8 denotes a continuously logging GNSS site.

Site Lat. S Lon. W First Last Campaigns Data VN +ov, Ve +ov, Vu +ovy,
°] Il °] Il observation observation [d] [mmy/a] [mm/a] [mm/a] [mm/a] [mm/a] [mm/a]

1 48 3.32 72 58.39 2003 2010 4 31 13.0 0.54 6.4 0.58 22.5 3.87

2 48 15.93 72 26.63 2003 2010 4 38 12.0 0.54 7.5 0.58 18.7 3.86

3 48 2550 72 59.41 2003 2010 3 24 13.1 0.54 7.4 0.58 26.8 3.87

4 48 29.08 72 35.64 2003 2010 6 121 12.4 0.54 6.0 0.58 213 3.86

5 48 42.12 73 2.78 2003 2010 3 24 12.9 0.54 8.3 0.58 29.7 3.87

6 48 52.05 72 44.42 2003 2010 3 21 12.1 0.54 9.3 0.58 24.9 3.87

7 48 5586 73 8.06 2006 2010 2 15 12.1 0.93 7.0 1.01 30.5 5.23

8 48 59.83 73 1.70 2003 2010 5 73 14.5 0.54 7.4 0.58 33.4 3.87

9 49 7.57 74 24.54 2008 2011 2 6 7.8 1.20 9.3 1.29 3.1 10.78
10 49 9.05 73 13.03 1998 2010 3 4 10.8 0.31 5.7 0.34 41.0 4.27
11 49 9.51 73 8.33 2003 2010 5 41 11.1 0.54 7.3 0.58 34.6 3.88
12 49 9.61 73 8.39 1998 2010 3 10 11.9 0.31 8.7 0.33 39.0 4.26
13 49 998 73 21.16 2007 2010 2 8 13.2 1.23 3.0 132 33.1 6.25
14 49 14.75 74 5.23 1996 2011 3 16 9.9 0.25 6.9 0.27 17.7 3.86
15 49 18.43 73 8.55 2001 2010 2 7 10.5 0.42 9.1 0.45 33.2 5.05
16 49 2229 73 17.38 2001 2010 2 5 9.6 0.42 4.5 0.45 38.3 5.06
17 49 3126 73 55.27 2006 2011 2 12 13.4 114 1.6 119 20.4 8.30
18 49 35.95 73 27.25 1996 2010 3 9 9.7 0.27 2.8 0.29 28.2 3.94
19 50 2756 73 3498 2009 2011 2 8 8.4 1.75 6.9 1.88 15.9 8.05
20 50 29.83 73 42.07 2008 2011 4 16 9.4 0.97 4.6 1.05 7.0 5.37
21 50 37.75 73 42.56 2009 2011 3 14 12.5 174 7.0 1.88 6.0 8.03
22 50 3819 73 37.66 2009 2011 C 737 10.5 174 9.2 1.88 10.7 8.04
23 50 50.09 74 8.75 2009 2011 3 17 10.0 1.74 8.9 1.88 9.2 8.03
24 50 50.17 72 53.63 2009 2012 C 864 11.9 1.55 8.8 1.67 7.9 7.38
25 50 52.65 73 51.91 2009 2011 3 17 9.2 1.74 8.6 1.88 7.1 8.03
26 50 59.52 73 14.87 2009 2014 3 29 10.7 0.833 10.7 0.90 16.9 4.88
27 51 714 73 16.78 2009 2011 2 22 10.0 175 9.5 1.89 16.8 8.06
28 51 1064 72 57.19 1999 2009 2 6 11.2 0.37 10.5 0.40 52 4.72
29 51 10.68 72 57.11 2009 2014 4 34 11.0 0.833 10.0 0.90 6.5 4.89
30 51 19.00 72 50.06 2009 2011 3 29 11.0 1.77 6.7 1.91 6.5 8.14
31 51 35.02 72 35.97 2009 2011 3 23 12.2 1.77 7.5 191 23 8.14
32 49 5.92 72 54.73 2012 2014 3 24 12.0 1.88 9.0 2.02 18.1 8.49
33 49 3098 72 59.51 2011 2014 3 20 115 1.22 8.8 132 26.6 6.24
34 49 3997 72 51.89 2011 2014 4 29 10.5 1.23 11.1 132 21.2 6.25
35 49 5437 73 10.91 2010 2014 5 35 7.8 0.93 10.5 1.00 26.8 5.21
36 49 5552 72 51.21 2011 2014 4 27 9.4 1.21 12.0 1.30 19.7 6.19
37 50 029 72 852 2011 2014 4 29 11.7 1.22 7.7 132 5.3 6.24
38 50 11.07 72 48.63 2011 2014 2 15 9.1 119 10.1 1.29 14.5 6.13
39 50 11.83 73 14.07 2011 2014 4 13 9.6 1.20 8.3 1.29 22,5 6.14
40 50 11.88 73 14.05 2012 2014 C 494 8.8 2.71 6.9 2.92 18.2 11.39
41 50 20.81 72 29.11 2011 2014 4 41 10.4 119 8.4 1.29 9.9 6.13
42 50 21.11 73 15.14 2010 2014 5 37 9.1 0.93 8.6 1.00 15.8 5.20
43 50 39.44 72 57.18 2011 2014 3 21 11.3 1.23 7.8 132 7.7 6.24

further early points were observed using a tripod (Lange et al.,
2014). During all occupations geodetic GPS receivers and antennas
were employed to log dual-frequency code and phase observations.
Starting in 2009, part of the equipment also supported GLONASS in
addition to GPS. In order to minimize systematic effects, the same
antenna was used during all occupations of the individual sites.
This was not possible for nine of the earliest sites (Lange et al.,
2014). Occupations were mainly carried out in campaign style and
generally involved several complete 24 h sessions per campaign.
A few exceptions to this rule were imposed by logistic challenges
of the early observations interior to the icefield at high elevation.
Usually all occupations of a site were carried out at the same time
of the year in order to reduce the impact of seasonal effects on the
determination of site velocities.

In this work, we make use of GNSS observation data of 43 re-
gional sites. The 31 sites on Chilean territory are the same used
by Lange et al. (2014), with new observations added for two sites
(26, 29). These data are complemented for the first time by obser-
vations of 12 sites in Argentina. Three of our sites (22, 24, 40) are
continuously logging stations (Fig. 1b). The remaining sites accu-
mulate on average 24 daily observation sessions distributed over
slightly more than three campaign occupations each. The average
time span between the first and last observation on these regional

sites is 5 yrs. Table 1 summarizes the observational data used in
this study. In addition to our regional network, continuous GNSS
data of eight permanent stations of the global network of the In-
ternational GNSS Service (IGS) and four stations of the Argentine
RAMSAC network (Red Argentina de Monitoreo Satelital Continuo,
by IGN, 2015) are introduced in the data processing to link our ob-
servations to the IGSO8 terrestrial reference frame (Rebischung et
al., 2012) (Fig. 1a).

3. Analysis
3.1. GNSS data processing

The entire set of GNSS data was processed using the Bernese
GNSS Software 5.1 (Dach et al., 2007). Products derived from a
joint reprocessing of global GPS, GLONASS and SLR data (Fritsche
et al.,, 2014), including IGS station coordinates, satellite orbits and
earth orientation parameters, are introduced and provide state-of-
the-art consistency and stability. Absolute phase-center corrections
are applied for both satellite and receiver antennas. The Vienna
mapping function (Kouba, 2008) and 2-hourly zenith delay esti-
mates are used to correct for the tropospheric delay. Higher-order
ionospheric delays are accounted for following the approach de-
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Fig. 2. Position time series determined at the continuous GNSS sites 24 (left) and 40 (right). Residual daily positions, corrected for tidal and non-tidal atmospheric and ocean
loading, after subtraction of the derived linear position model are shown for the North (top) and East (center) components. Bottom: observed daily vertical positions. Red
line: derived linear position model (i.e. vertical velocity). Time is shown in quarters (top) and days (bottom), vertical dashed line: date of the Mw 8.8 Maule earthquake.

(Note that site 40 is regarded the least accurate in our regional network.)

scribed by Fritsche et al. (2005). Corrections for solid-earth tide,
ocean-tidal loading (Savcenko and Bosch, 2012) and tidal atmo-
spheric loading are applied. In addition, we applied the 6-hourly
GRACE AOD1B de-aliasing product (GFZ, 2015) to correct for non-
tidal atmospheric and ocean loading. The products of the global
reprocessing by Fritsche et al. (2014) are available only until 2013.
Therefore, operational products provided by the IGS for 2014 are
used to include also the data acquired during the last campaign
(early 2014). In order to assess the impact of this change in the set
of products on the derived site velocities, the observations between
2003 and 2013 are additionally processed using the operational
IGS products. The comparison with the velocities obtained for this
interval applying our reprocessed products yields velocity differ-
ences below 2 mm/a and 1 mmy/a for the vertical and horizontal
components, respectively.

3.2. Estimation of confidence intervals

Daily normal equations are formed based on double-difference
phase observations. These daily normal equations are stacked in
a combined solution yielding a mean position and velocity for
each site and coordinate component. In addition, the daily normal
equations are solved also individually yielding time series of daily
positions for each site and coordinate component. Fig. 2 shows the
time series of daily positions for the two regional continuous sta-
tions 24 and 40. The position time series of further sites are shown
in the supplementary material. The residual position time series
(i.e. after removing the linear position change implied by the ob-
tained velocities) of our three regional continuous stations (22, 24,
40) are used to derive individual uncertainty estimates for each
site and velocity component. Based on these residual time series
the standard deviation of a single daily position solution in the
three coordinate components is determined accounting for tem-
poral correlations (Williams, 2008). We obtain daily positioning
accuracies of 2.6 mm, 2.8 mm and 9.0 mm for the north, east and
up components, respectively. For the sites and occupations, where
the antenna was not directly mounted onto the marker, a 10 mm
antenna eccentricity uncertainty is added in all three coordinate
components (Table 1). The positioning uncertainties are then prop-
agated for each site individually to its velocity estimates according

to the time span between first and last observation day. The dis-
regard of the actual amount of observation days within this time
span makes this a conservative accuracy estimate. For the verti-
cal velocity component, a 2 mm/a reference frame uncertainty is
added (Bevis and Brown, 2014). An alternative approach to esti-
mate trends and their uncertainties in GNSS time series by deter-
mining and incorporating their actual autocorrelation (Nilsson and
Elgered, 2008) confirms our velocity uncertainty estimates as con-
servative. The resultant site velocities, along with their site-specific
uncertainty estimates, are included in Table 1. On average the un-
certainties obtained for the N, E and vertical components amount
to 1.1 mm/a, 1.1 mm/a and 6.0 mm/a, respectively.

Throughout the time covered by our GNSS observations, the
Maule Mw 8.8 earthquake (February 27, 2010) has been the event
with the greatest potential to produce jumps in the position
time series that would affect our velocity estimates (ISC, 2015;
USGS, 2015; Sabbione et al., 2007). However, no significant change
in the behavior of the time series of our continuously operated
sites is observed at that date (Fig. 2 left; suppl. material). In addi-
tion, careful inspection of our time series does not reveal any tran-
sient deformation signal. Moreover, the application of the MIDAS
velocity estimator (Blewitt et al., 2016), designed to be resistant
to coordinate jumps, confirms our velocities. We conclude that
in the region under investigation and throughout the observation
time span neither co-seismic or post-seismic deformation reach
sufficient amplitude to affect our velocity estimates and that the
observed (horizontal) site velocities represent interseismic crustal
deformation rates.

3.3. Strain analysis

In order to quantitatively characterize the horizontal surface
deformation in the region under investigation, the approach of
Mendoza et al. (2015) is applied to derive a locally uniform strain
rate field from the observed horizontal site velocities. The three
components of the strain rate tensor (&ee; &nn; €en), together with
a rigid rotation rate, are estimated for each point of a regular grid
of 5 km spacing. The inversion involves a least-squares adjust-
ment, in which the observed velocities are reweighted by a factor
of Aexp(—d/o). Here, A weights the contribution of each GNSS
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Table 2
Characteristics of the GIA models A and B from Lange et al. (2014).

Model Lithosph. thickness Viscosity Ice-load history: piecewise linear mass loss rates
[km] [Pas] [Gt/a]
1630-1869 1870-1943 1944-1975 1976-1994 1995-2013
A 36.5 1.6-1018 0.0 -11.2 —-4.5 —-8.6 -10.7
B 36.5 8.10'8 —0.009 —6.8 —4.7 —10.5 -25.9

site according to the area of its corresponding cell in a Voronoi
tessellation of the site locations, d is the distance between the site
and the grid point being evaluated and o is a smoothing factor
chosen to be 50 km. For each grid element the second invariant
of the strain rate is calculated as v/ (g2, + &2, + 2¢2,) (Kreemer et
al., 2003). For an identical grid the standard deviation of this sec-
ond invariant is derived by formal propagation of the uncertainties
of the observed horizontal velocity components. Finally, a grid of
the signal-to-noise ratio of the second invariant of strain-rate is
derived by point-wise dividing the second invariant value by its
standard deviation (Kreemer et al., 2014).

3.4. GIA modeling

We employ regional models of the glacial-isostatic adjustment
to explain our observed vertical velocities. These models pre-
dict the GIA-induced present-day vertical deformation rate as the
gravitational visco-elastic response of the solid earth to past and
present changes of the ice mass in the Patagonian icefields. The
forward modeling requires the introduction of a load model, which
describes the ice-load history in space and time, and an earth
model, which quantifies the response of the solid earth to an ap-
plied force. We compare our observational results to the two re-
gional models of GIA-induced vertical deformation rate presented
in Lange et al. (2014). These models result from a series of pro-
gressive refinement of the regional ice-load history and adjustment
of the effective earth model parameters (Ivins and James, 1999;
Ivins and James, 2004; Dietrich et al., 2010; Ivins et al., 2011;
Lange et al., 2014). The earth model consists of a Maxwellian visco-
elastic half-space beneath an elastic lithosphere. The parameters of
the model that have greatest sensitivity to the data are the litho-
spheric thickness and the viscosity of a homogeneous mantle. The
ice-load model comprises the evolution of ice mass in the SPI and
NPI back in time to the Pleistocene Llanquihue glaciations. Previ-
ous works have shown, however, that the observable present-day
deformation in Patagonia is almost completely due to the ice-mass
changes since the Little Ice Age.

The two models, referred to as model A and B, represent the
end members of the search in the earth model parameter space
(lithospheric thickness, mantle viscosity) for an optimum fit of the
modeled deformation rates to observed uplift rates. Both mod-
els differ in the underlying post-LIA ice-load histories as well as
in the mantle viscosity yielding the optimum model fit. The to-
tal ice mass lost since the LIA maximum is identical for both
models, but the distribution of the mass loss rates in time is
different for both cases. Model A assumes moderate present-day
mass loss, but wasting rates immediately following the LIA max-
imum exceeding slightly the present ones. This model implies a
very low viscosity of 1.6 - 10!8 Pas. Model B, in turn, is charac-
terized by vast present-day mass loss rates more than twice those
of model A and relatively small historic ice-mass losses. It allows
for a somewhat more prevalent mantle viscosity of 8 - 10'8 Pas.
Despite their significant differences in ice-mass loss timing and
mantle viscosity, both models produce an almost equal fit with
the set of observed uplift rates used in Lange et al. (2014). Both
competing models coincide consistently in the best-fit lithospheric

thickness of 36.5+5.3 km. Models A and B are summarized in Ta-
ble 2.

4. Results
4.1. Vertical velocities

The vertical velocities observed at our GNSS sites, together with
their estimated uncertainties, are included in Table 1 and dis-
played in Fig. 3a. All the observed vertical velocities are positive,
indicating uplift with respect to the global reference frame. They
range from 2.3 mm/a at our southernmost site 31 to 41.0 mm/a
at site 10. The site-specific uncertainties of the vertical velocities
range from 3.9 to 11.4 mm/a. The consistency found in general
between neighboring sites suggests that the observed variation in
the vertical velocities is dominated by a common, long-wavelength
pattern. It consists of a dome-like uplift distribution, with its cen-
ter at the eastern margin of the SPI between Lagos Viedma and
San Martin/O’Higgins, and from where the uplift rate decreases in
all directions.

4.2. Mean horizontal velocity vector

The horizontal velocity components of our regional sites rela-
tive to the IGSO8 terrestrial reference frame are dominated by a
common movement. The mean velocity vector of the regional sites
amounts to 13.4 mm/a directed 35.6° NNE (Fig. 4a, black vector).
This common horizontal movement primarily reflects the motion
of the South American tectonic plate with respect to the IGS08
reference frame. Among the permanent IGS/RAMSAC sites included
in this study we chose six (E, W, G, M, A, R) to derive the rotation
vector of the rigid South American plate from their horizontal ve-
locity components. We obtain an Euler pole at 37°19’S, 108°18'W
with a rotation rate of 0.243°/Ma and residuals of the introduced
horizontal velocities below 2 mm/a. The green vector in Fig. 4a
shows the horizontal motion implied by this rigid plate rotation
for the average coordinates of our regional sites. This rigid plate
motion vector (green) differs from the mean horizontal velocity
vector (black) by a difference vector (mean minus plate rotation)
of 5.2 mm/a towards 90.3°E. This difference reflects the fact, that
our regional network does not belong to the rigid portion of the
South American plate, but rather is affected by a common, large
scale deformation.

4.3. Residual horizontal velocities

The residual horizontal site velocities after subtraction of the
mean velocity vector (black) from the observed horizontal velocity
components are shown in Fig. 4a in red. The maximum residual
velocity is 6.7 mmy/a (site 17; i.e. half the mean horizontal velocity
with respect to the terrestrial reference frame), and the average of
the 43 residual velocities is 2.3 mmy/a (i.e. almost half of the de-
viation of the mean velocity vector from the rigid plate motion).
The residual velocity vectors are dominated by a general pattern,
pointing radially away from a center located close to the east-
ern margin of the SPI about halfway between Lagos Viedma and
San Martin/O’Higgins. A distinct exception from this pattern is re-
vealed by our westernmost sites 9 and 14, and in a less extent also
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Fig. 3. Vertical site velocities. a) The vertical velocities observed at our GNSS sites are shown as colored dots. Size of the dots indicates the estimated accuracy of the vertical
velocity (see scale at the bottom, right). Background shows in the same color scale the vertical crustal deformation predicted by GIA model A in Lange et al. (2014). Grey
line: SPI. b) Residual vertical velocities after subtraction of the GIA model A prediction from the observed vertical velocities. White area: SPI ¢) Same as b) after subtraction
of the GIA model B (Lange et al., 2014) prediction from the observed vertical velocities.
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Fig. 4. Horizontal site velocities and deformation. a) Residual horizontal site velocities after subtraction of the mean velocity from the observed velocities. Color of the vectors
indicates their estimated uncertainty. The subtracted mean velocity vector is shown in black at the bottom, left. Green vector: velocity implied by the derived rigid plate
rotation at the mean network position. White area: SPI. b) Strain map. Color shows the second invariant of the strain rate, strain crosses indicate the type and (by size)
magnitude of surface deformation. Dark grey line: SPI, light grey line: Antarctic slab edge according to Breitsprecher and Thorkelson (2009). ¢) Signal-to-noise ratio of the
second invariant of strain rate (Fig. 4b). Black dots: GNSS sites.

23 and 25, featuring a dominant SSE orientation. However, these our regional network) and are therefore difficult to interpret. The
residual velocity vectors depend in their magnitude and orienta- general pattern of residual horizontal velocity vectors emanating
tion on the choice of their reference (here: the mean velocity of away from the center of uplift is consistent with what is gener-
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ally predicted for late-Holocene rebound following century-long ice
losses (see Fig. 9b in Ivins et al., 2002).

4.4, Strain-rate map

The strain map in Fig. 4b depicts the horizontal surface defor-
mation independently from any datum definition. The background
color shows the second invariant of the strain-rate tensor and the
vector crosses indicate the magnitude and orientation of the max-
imum extension (minimum compression) and maximum compres-
sion (minimum extension). The map in Fig. 4c shows the signal-to-
noise ratio as obtained by point-wise dividing the second invariant
of the strain rate by its estimated uncertainty (Kreemer et al.,
2014). Over most of the area shown, the second invariant of the
strain-rate remains below 50 - 1072 a~!, i.e. 5 mm per year over
100 km. Within the area encompassed by our GNSS sites, the un-
certainty does not reach 25-1079 a~!, but increases, as expected,
towards the periphery of our network. The deformation pattern is
characterized by a transition from a roughly E-W directed com-
pression in the west to a roughly E-W directed extension in the
east. This transition in the deformation regime is accompanied by
a local minimum of the second invariant of the strain-rate and
coincides approximately with the main axis of the SPL Over the
eastern part of our network the deformation regime changes ori-
entation from north to south. In the north there is NW-SE directed
extension (around Lago San Martin/O’Higgins), via SW-NE directed
extension (around Lago Viedma) to NW-SE directed compression
(south of Lago Argentino).

A striking compression signal, responsible also for the maxi-
mum of the strain second invariant of up to 100-10~2 a~!, is re-
vealed in the Pacific fjords at the latitudes between Lagos Viedma
and San Martin/O’Higgins, at the western margin of our region
under investigation. The westernmost portion of the mapped de-
formation anomaly is not constrained by observation sites. Never-
theless, the SE part of the anomaly is supported by the horizontal
motions of three GNSS sites, and the exclusion of any of these
sites from the strain analysis does not remove this anomaly. It can,
therefore, not be explained as an artifact due to observation errors
or local effects of an individual site, but should be recognized as
actual signal (as indicated by the signal-to-noise ratio in Fig. 4c).

5. Discussion
5.1. Vertical velocities

Fig. 3a shows the observed vertical velocities together with the
vertical deformation predicted by the GIA model A in Lange et al.
(2014). The general agreement between model and observations,
especially regarding the concentrical, dome-shaped uplift pattern,
demonstrates that the visco-elastic response to regional ice-mass
changes since the LIA is the primary process reflected in the verti-
cal velocities. This model results from a fit, via the adjustment of
the earth model parameters, to a subset of our GNSS data. The gen-
eral consistency in the magnitude of the predicted and observed
uplift rates is therefore not surprising. Nevertheless, the pattern of
uplift is governed by the applied ice-load history and the physics
of the solid earth response (both independent from the GNSS ob-
servations).

Fig. 3b depicts the residual vertical velocities after subtracting
model A from the observational results. It shows an approximate
balance between positive and negative residuals. The maximum
and minimum residuals amount to +9.16 mm/a and —20.33 mm/a,
respectively, and the mean weighted misfit (Larsen et al., 2005) is
0.05. Fig. 3¢ shows in analogy the residual vertical velocities af-
ter subtraction of model B. In this case the residuals are primarily
negative, suggesting that model B overestimates the uplift rates

over most of the area. The maximum and minimum residuals of
+5.71 mm/a and —19.98 mm/a, respectively, are slightly smaller
compared to model A. However, the mean weighted misfit of 0.41
exceeds clearly that for model A. The more limited set of obser-
vations used by Lange et al. (2014) provided less discriminatory
information for supporting one model over another. From a glacio-
logical and tectonic point of view, model A was regarded as less
plausible. However, our extended and updated set of uplift obser-
vations yields now a clear preference for this model. It thus favors
an extremely low effective viscosity, a more moderate present-day
ice mass loss and a rapid deglaciation during the decades follow-
ing the LIA maximum, when more total ice at lower elevations
was highly unstable in the face of a changing climate. Should, how-
ever, new data emerge that provide for a refinement of the ice-load
history model this would lead to a further improvement of the es-
timate of mantle viscosity.

Nevertheless, the distribution of the residuals in Fig. 3b reveals
remaining systematic discrepancies of this model: positive resid-
ual velocities are concentrated along the eastern edge of the SPI,
while negative residuals are found to the east and west beyond
the icefield. It suggests: 1) a westward shift of the modeled lo-
cus of maximum uplift (center of the icefield) compared to the
observations (eastern margin of the icefield); 2) a slight underes-
timation of the maximum uplift; and 3) a smoother decay of the
uplift rate at the flanks of the icefield than observed. The more
localized uplift, as suggested by the observed steeper slopes of
the radial decay, as well as the larger maximum uplift rate point
toward an even lower effective viscosity and/or lithospheric thick-
ness than implied by model A. The observed offset of the uplift
maximum towards the east from the load center (i.e. SPI central
axis), as well as a steeper uplift decay across the western flank
than to the east, indicate an asymmetry in the visco-elastic re-
sponse predicted by Klemann et al. (2007) as a consequence of
lateral variations in the lithosphere/mantle rheology. In fact, ac-
counting for a subducting slab, low-viscosity zones in the fore-arc
mantle wedge and a ductile layer near the base of the continen-
tal crust (10'® Pas both), and an asthenosphere (10!° Pas), their
model reproduces important features which would improve the fit
of model A to our observations, in particular, a more localized up-
lift and asymmetrically steeper uplift gradients to the west than to
the east of the load (Fig. 5 in Klemann et al.,, 2007). Additional,
or alternative, causes for the observed eccentricity of the uplift
maximum with respect to the main axis of the SPI could be an un-
derestimation of the ice-mass loss the at eastern flank of the SPI
by the ice-load model used by Lange et al. (2014) and the rather
sparse spatial sampling by our GNSS sites at high elevation within
the icefield.

5.2. Horizontal displacements and deformation

Previous quantitative information on the present-day horizontal
surface deformation in southern Patagonia was limited to global
strain models. The global strain-rate model by Kreemer et al.
(2014) indicates for this region a roughly constant second invari-
ant of the strain rate at the 64- 102 a~! level and contraction
as the prevailing deformation regime. These results, however, are
based on very few observations in southern Patagonia. Our regional
GNSS network provides for the first time a reliable, detailed picture
of the surface deformation in this geodynamically complex envi-
ronment. In our strain-rate map (Fig. 4b) the second invariant is
below 50 - 102 a~! over most of the area. Although contraction
is indeed responsible for the maximum deformation, it is confined
to a small area, while extension dominates the major part of the
region. Past global models of this scalar representation of the de-
formation field in southern Patagonia were unable to resolve the
spatial variations that are revealed by our new data.
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In fact, our strain-rate map depicts an intricate structure of di-
verse deformation regimes which results from the superposition of
the effects of different processes.

The relatively intense compression in the west is consistent
with the expected interseismic tectonic deformation. The NW-SE
direction of the principal compression axis agrees approximately
with the relative convergent motion of the Antarctic with respect
to the South American plate. In addition, the difference between
the network’s mean horizontal velocity vector (black vector in
Fig. 4a) and the vector of rigid plate rotation (green vector) sug-
gests that the bulk of our GNSS sites is affected by the plate
collision resulting in a common eastward movement of the entire
network with respect to the rigid South American plate. However,
at a distance of 200 to 300 km from the trench a smooth and rela-
tively homogeneous strain-rate field would be expected, with NW-
SE dominated compression rates roughly constant parallel to the
trench and decreasing towards E. The narrow localization of the in-
tense compression in our strain map, in part, owes to the limited
distribution of our GNSS sites. Both the northern and southern ex-
tent of our network does not sample the strain field close to the
trench, and the cluster to the SW (sites 19-23, 25) is less sensi-
tive for NW-SE deformations as indicated by the signal-to-noise
ratio (Fig. 4c). Nevertheless, this effect cannot explain why exten-
sion is observed over most of the area that is so well sampled by
our network. Consequently, additional processes must contribute
to the observed deformation.

The glacial-isostatic adjustment, with its efficiency clearly evi-
denced in the vertical deformation, is expected to produce a radial
pattern with minimum horizontal strain at the uplift maximum
and extension directed away from the uplift center (e.g., Ivins et
al,, 2002; Ivins and James, 2004, suppl. mat.). Indeed, our strain
map reveals a minimum of the second invariant in the area of
the SPI. However, this strain minimum is situated some 150 km
to the SSW from the uplift maximum. To the east and north of
this strain-rate minimum the observed extension direction is in
concert with the expected GIA-induced deformation pattern. The
compression observed to the west of the strain minimum, however,
cannot be explained by GIA. We suspect that both the compres-
sion prevailing to the west of the strain minimum, and the shift
of the strain minimum with respect to the uplift maximum, result
from the superposition of the GIA-induced deformation with the
far-field tectonic deformation of the converging plates.

We might additionally conclude that the complex ties trans-
ferred to the crust/lithosphere from transient slab-window mantle
dynamics are either longer wavelength than our network cover-
age, or that these have migrated to the NE, as in several tectonic
models. However, the combination of GIA and simple plate conver-
gence processes fail to explain the widespread extension through-
out the eastern part of our network with directions essentially
unaligned with the uplift maximum or strain minimum. We in-
terpret this stretching as the surface effect of enhanced flow and
upwelling of mantle material through the Patagonian slab win-
dow (Gorring and Kay, 2001; Breitsprecher and Thorkelson, 2009;
Boutonnet et al., 2010; Russo et al., 2010a, 2010b). The transition
from observed compression to extension coincides indeed with the
location of the Antarctic slab edge according to Breitsprecher and
Thorkelson (2009) (Fig. 4b). The NW-SE directed extension ob-
served north of Lago San Martin/O’Higgins might be caused by an
enhanced mantle flow focused along the central axis of the slab
window (following roughly the projection of the ridge beyond the
Chile Triple Junction). The existence of this SE directed mantle flow
through the slab window is supported by fast polarization direc-
tions determined by Murdie and Russo (1999). The change in the
extension orientation to SW-NE observed further to the south, in
turn, may indicate that off the axis of focused flow the spreading
component associated with the opening of the ridge and window

becomes prominent. This assumption is confirmed by explicit re-
gional 3D model simulation of mantle circulation (Lin, 2014). These
simulations establish the viability of a small-scale toroidal circula-
tion and a flow that has a transition between trench-normal and
trench-parallel flow direction. These predicted patterns are sup-
ported by inferences of fan-shaped patterns of seismic anisotropy
(Russo et al.,, 2010a, 2010b). The flow velocities presented by Lin
(2014) for the uppermost layers (her Figs. 5a, 5d and 11), however,
are roughly one order of magnitude too large (cm/a) to be con-
sistent with our residual site velocities and strain rates observed
at the surface (mmy/a), and this may be due to weak coupling ei-
ther at the top of the asthenosphere or near the base of the lower
crust.

6. Conclusions

Our GNSS network extents for the first time into Argentina and
completes now a circumferential coverage around the SPL. The ob-
served vertical velocities confirm a rapid uplift with a maximum
rate slightly exceeding 4 cm/a and GIA as the primary cause (Lange
et al., 2014; Dietrich et al., 2010). But our updated and extended
data set yields now an unambiguous preference for one of the two
competing GIA models presented by Lange et al. (2014). And the
improved network geometry allows now also the interpretation of
the horizontal velocities.

The observed velocities reveal the contribution of three major
processes: GIA, plate tectonics and the opening of the Patagonian
slab window. They document a dual interaction between the pe-
culiar tectonic situation and the visco-elastic response to ice-load
changes: First, a mechanical superposition of the characteristic pat-
terns of each of the three processes, which results in the complex
composite of horizontal deformation revealed by our strain anal-
ysis. And second, the lateral differentiation of the glacial-isostatic
response imposed by the three-dimensional rheological structure
and mantle flow as revealed by the observed localized, asymmet-
ric uplift pattern. The mantle circulation, in turn, is affected by
the load-induced movement of mantle material. Future improve-
ment in modeling and understanding the present-day crustal de-
formation in southern Patagonia calls for careful integration of the
three processes that we have identified here from observations,
within a three-dimensional, time-dependent framework of rheo-
logical structure and mantle circulation.
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