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A reappraisal of surface wave tomography in the remote Scotia Sea region and surrounding ridges is presented.
New group velocity dispersion curves were obtained from local and regional earthquakes recorded at permanent
Antarctic stations from 2001 to 2013 and used to update themeasurements reported by Vuan et al. (2000). Ray-
leigh and Love group velocity maps for periods ranging from 15 to 50 s were retrieved using a tomographic in-
version. The group velocity anomalies are clearly associated with the major crustal and upper mantle features
of the Antarctic, Scotia and South American plates. The updated dataset allows for considerable decrease of the
correlation length of the crustal heterogeneities that can be resolved, especially in the west Scotia Sea, central
Scotia Sea and Bransfield Basin. Surface wave tomography results were comparedwith CRUST 1.0 group velocity
maps and revealed specific areas where more detailed information is made available by our regional study. In
particular, low group velocity anomalies of the Bransfield Strait rifting and continental fragments that are de-
tached from the Antarctic Peninsula and spreading along the South Scotia ridge are not shown by the reference
CRUST 1.0 model. A comparison between the average seismic velocities beneath the west and central Scotia Sea
shows that both have an oceanic-type structure; however, the crust of the central sea is thicker (12–14 km) and
slower than that of the 20 Ma old western sea.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The high seismicity occurring in the Scotia Arc (see Fig. 1) can pro-
vide valuable information to help illustrate the tectonic framework
even though the permanent seismological stations are primarily de-
ployed on islands along theNorth and South Scotia ridges and continen-
tal regions in South America and the Antarctic Peninsula. Such
seismicity might hamper the tracing of the plate boundaries on a re-
gional scale (e.g., Lodolo et al., 2010; Civile et al., 2012) because earth-
quake locations in the southern hemisphere that were determined by
international seismological centres are generally complete from 1960
to the present but only for body wave magnitudes greater than 5
(Rouland et al., 1992).

Reliable regional earthquake locations require refined crustal and
upper mantle velocity models, and tomographic studies can help to im-
prove such models. Even in this case, the poor seismic station coverage
of the area is a critical factor, and it prevents regional ambient noise to-
mography from improving the resolution of global-scale tomography. In
such cases, the regional surface-wave tomography that is based on the
use of earthquake records can aid in detailing crustal structures and in
sharpening our understanding of the geological and tectonic features
of the region.

Many rises in the Scotia Arc represent submerged continental frag-
ments detached from stable continents or islands arcs or basaltic piles
formed by hotspots and spreading centres. Such rises can only be un-
equivocally classified based on drill holes, core records and dredging.
Seismic reflection data and refraction measurements (e.g., Grad et al.,
1997; Barker et al., 2003) may indicate the nature of these areas, but
when such information is scarce or not available because costs are too
high, surface wave tomography can help to address the problem and
help in the planning of future geophysical marine research and seismic
network installations (Vuan et al., 2005a). To gain the necessary ray
path density and azimuthal coverage, earthquake-based tomography
requires a long-term period of seismic network efficiency.

Over the last 20 years, the OGS (Istituto Nazionale di Oceanografia e
Geofisica Sperimentale) and IAA (Instituto Antártico Argentino) de-
ployed and managed the Antarctic Seismographic Argentinean Italian
Network (ASAIN), which is a broadband seismic network (see Fig. 1
and Table 1) operated in the Scotia Sea region. Data from this network
are sent in real time by satellite transmission to IRIS (Incorporated Re-
search Institutions for Seismology) and ORFEUS (Observatories and Re-
search Facilities for European Seismology) and are freely accessible.

Using the data from ASAIN and the International Federation of Digi-
tal Seismic Networks (FDSN) relative to earthquakes within and around
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Fig. 1.General physiographicmap of the Scotia Arcwith the principal tectonic and geologic features discussed in the text and in tomographic results. Bathymetry is from satellite-altimetry
derived gravity data. Abbreviations are as follows: ANT, Antarctic Plate, SAM, South American Plate, SCO, Scotia Plate, NSR, North Scotia Ridge, SSR, South Scotia Ridge, SFZ, Shackleton
Fracture Zone. Seismic stations and earthquakes used in this study are represented by red triangles and yellow stars, respectively. Small dots are earthquakes included in the EHB bullettin
(International Seismological Centre, 2013). The location of S1, S2, and S3 S-wave velocity profiles is also shown.
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the Scotia Sea from 2001 to 2013, we performed new dispersion mea-
surements of Rayleigh and Love waves to be used with surfacewave to-
mography to improve the definition of the crust and upper mantle.
Finally, we conducted a resolution analysis and comparison with
CRUST 1.0 (Laske et al., 2013) surface wave group velocities to deter-
mine areaswhere the primary discrepancies occurred and retrieved av-
erage S-wave velocities crossing the Scotia Sea fromN to S at longitudes
−60 W, −48 W and −40 W.

2. Regional setting

The tectonic evolution of the Scotia plate region is described in sev-
eral papers (e.g., Dalziel, 1983; Barker et al., 1991; Cunningham et al.,
1995; Maldonado et al., 2000; Barker, 2001; Eagles et al., 2005; Lodolo
et al., 2006; Civile et al., 2012; Dalziel et al., 2013). The main discrepan-
cies between the various reconstructions are mainly due to the difficult
recognition of oceanic magnetic anomalies, and to the uncertainties in
determining the position of the various continental/transitional crustal
fragments in Oligocene.
Table 1
Stations used in this study.

Station Lat (°) Long (°) Height (m) Network

BELA −77.875 −34.6269 262 ASAIN
EFI −51.6753 −58.0637 110 IRIS
ESPZ −63.3981 −56.9964 31 ASAIN
HOPE −54.2836 −36.4879 20 IRIS
JUBA −62.2373 −58.6627 16 ASAIN
ORCD −60.7381 −44.7361 20 ASAIN
PMSA −64.7744 −64.0489 40 IRIS
SMAI −68.1302 −67.1059 9 ASAIN

ASAIN = Antarctic Seismographic Argentinean Italian Network, IRIS = IRIS/USGS Global
Seismograph Network (GSN).
Locally emergent shallow continental banks and elongated depres-
sions are present (see Fig. 1) along both the North Scotia Ridge (NSR)
and the South Scotia Ridge (SSR). These fragments were once part of
the continental connection between southernmost South America and
the Antarctic Peninsula at the subducting Pacific margin (Barker,
2001). Aurora andDavis banks in NSR exhibit rocks that represent Creta-
ceous calc-alkaline arc volcanics, similar to those found in South America
(Pandey et al., 2010), and in South Georgia (Carter et al., 2014). This im-
plies that a continuous continental link existed from southern South
America to South Georgia, which has also been documented by a contin-
uous deep gravity low (e.g., Sandwell and Smith, 1997).

In contrast to the NSR, the SSR is a complex system of structural
highs, small basins and narrow depressions that marks the morpholog-
ical limit of the south Scotia Sea (e.g., Maldonado et al., 1998; Civile
et al., 2012). The largest of these continental blocks is represented by
the South Orkneymicro-continent. The distinctive feature of this south-
ern branch is the presence of a propagating rift in the western region
along the Bransfield Strait (e.g., Lawver et al., 1995; Galindo-Zaldivar
et al., 1996; Catalán et al., 2013).

Three large oceanic basins are enclosed by the Scotia Arc: the west,
central and east Scotia Sea. The west Scotia Sea, which is the largest
basin (see Fig. 1), was created during the Oligocene and Miocene at the
now-extinct west Scotia Ridge spreading system (e.g., Eagles et al.,
2005; Geletti et al., 2005; Lodolo et al., 2006). The age and origin of the
central Scotia Sea are still debated, and its formation was originally
thought to be a result of the N–S-oriented sea-floor spreading that oc-
curred in the Miocene (Hill and Barker, 1980). Eagles et al. (2005) sug-
gested that the central Scotia Sea might be older than the west and east
Scotia Sea; more recently, Eagles (2010) interpreted magnetic anomalies
of Jurassic andEarly Cretaceous age. Dalziel et al. (2013) presented results
of dredged remnant arc rocks indicating the presence of an ancestral
South Sandwich arc in the central Scotia Sea which could make the sea-
floor shallower than in the west Scotia Sea. The easternmost oceanic



Table 2
Earthquakes included in this study.

Date Time hh:mm:ss Lat (°) Long (°) Depth (km) M

2000-01-05 17:55:11 −56.10 −58.44 10 5.6
2000-01-07 23:37:20 −54.33 −55.13 10 5.5
2000-08-21 09:16:25 −53.02 −45.97 10 6.1
2000-10-14 20:38:56 −60.19 −46.81 10 5.3
2000-11-26 23:09:58 −60.23 −47.07 10 5.2
2003-01-09 15:43:56 −60.01 −58.11 10 5.3
2003-02-14 19:03:21 −61.53 −54.04 10 5.0
2003-08-04 04:37:20 −60.53 −43.41 10 7.6
2003-08-04 11:21:07 −60.52 −43.42 10 5.3
2003-08-04 12:53:51 −60.52 −42.70 10 5.6
2003-08-04 18:18:29 −60.59 −43.04 10 5.3
2003-08-06 17:01:54 −60.34 −45.03 10 5.2
2003-08-14 08:41:31 −60.54 −43.89 10 5.2
2003-08-29 14:50:34 −60.56 −43.21 10 5.0
2004-10-09 23:38:21 −60.74 −50.88 10 5.9
2004-10-10 00:13:33 −60.70 −50.71 10 5.0
2005-06-07 17:19:56 −53.49 −51.16 10 5.1
2005-06-19 13:59:46 −63.48 −61.94 10 5.4
2006-03-10 10:12:18 −60.42 −46.51 10 6.1
2006-12-05 06:47:22 −58.90 −61.07 10 5.2
2007-01-17 18:34:14 −57.91 −64.53 6 5.6
2007-04-27 15:33:53 −61.83 −59.73 10 5.0
2007-12-08 03:54:46 −60.51 −52.38 10 5.8
2007-12-11 17:20:54 −62.06 −65.83 10 5.9
2008-02-11 07:00:39 −59.90 −58.39 10 5.2
2008-02-14 03:47:29 −59.88 −58.45 10 5.1
2008-02-20 02:12:39 −53.03 −46.62 10 5.1
2008-02-20 12:11:20 −52.92 −46.49 10 5.5
2008-02-20 12:49:44 −53.01 −46.54 10 5.6
2008-02-29 16:10:28 −53.01 −46.44 10 5.4
2008-05-25 15:39:49 −54.35 −55.89 40 5.2
2008-07-09 04:17:47 −60.44 −45.47 10 5.1
2008-08-31 01:15:25 −61.23 −67.74 10 5.5
2008-10-20 03:39:16 −60.54 −51.86 10 5.2
2009-04-09 03:31:28 −60.55 −49.82 10 5.1
2009-10-27 00:04:46 −59.96 −65.16 10 6.0
2010-01-17 12:00:01 −57.66 −65.88 5 6.3
2010-01-20 19:07:38 −57.77 −65.81 10 5.1
2011-06-10 17:06:19 −62.72 −57.35 17 5.0
2011-06-15 07:05:43 −62.03 −57.94 10 5.0
2011-09-01 12:07:09 −60.34 −49.88 41 5.1
2012-01-15 13:40:19 −60.95 −56.11 8 6.6
2012-01-15 14:21:31 −60.88 −55.97 10 6.0
2012-01-15 18:41:09 −61.33 −53.57 10 5.1
2012-01-16 03:59:44 −60.75 −56.10 10 5.6
2012-01-26 15:52:57 −60.58 −51.41 37 5.4
2012-04-14 10:56:19 −57.68 −65.29 15 6.2
2012-05-05 07:57:09 −60.48 −44.30 10 4.6
2012-05-16 19:56:56 −54.14 −63.12 10 4.3
2012-05-23 08:13:55 −60.71 −51.85 10 4.8
2012-07-19 01:17:58 −60.43 −51.35 10 4.5
2012-08-02 14:32:08 −61.40 −58.26 10 5.0
2013-01-12 14:32:38 −53.11 −46.97 14 5.1
2013-07-16 19:41:56 −63.30 −62.48 20 5.7
2013-07-22 00:05:05 −61.61 −58.30 15 5.2

Parameters are taken from National Earthquake Information Center of the U.S. Geological
Survey.
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basin, the east Scotia Sea, is an active back-arc basin that opens by sea-
floor spreading at the east Scotia Ridge (Barker, 1972, 1995; Larter
et al., 2003; Nicholson and Georgen, 2013) and is bounded by a volcanic
chain (Larter et al., 2003; Tonarini et al., 2011; Leat et al., 2013), i.e., the
emergent South Sandwich Islands. Below the South Sandwich trench,
the subducting slab is relatively steep (approximately 70°) and is current-
ly descending at a rate of about 0.5 cm/year (Syracuse and Abers, 2006).

Most of the information on the tectonic and crustal structure of the
Scotia Arc (see Fig. 1), which is accurate near the surface but poor in
themiddle-lower crust and uppermantle, is obtained frommarine geo-
physical surveys (e.g., Maldonado et al., 1994; Platt and Phillip, 1995;
Klepeis and Lawver, 1996; Coren et al., 1997; King et al., 1997;
Galeazzi, 1998; Lodolo et al., 2010), satellite altimetry-derived gravity
(e.g., Livermore et al., 1994; Sandwell and Smith, 1997), analyses of
major plate motions (DeMets et al., 1994, 2010; Smalley et al., 2007),
seismic investigations based on earthquake locations and focal mecha-
nisms (Forsyth, 1975; Pelayo and Wiens, 1989) and large-scale surface
wave tomography (Roult et al., 1994; Vdovin et al., 1999; Danesi and
Morelli, 2000; Ritzwoller et al., 2001; Kobayashi and Zhao, 2004). Con-
tinental crust is generally assumed for Burdwood Bank, Davies Bank,
Aurora Bank, Shag Rocks, South Georgia Island in NSR and for Clarence
Islands, South Orkney Islands, Terror Rise, Pirie Bank, Bruce Bank, and
Discovery Bank in SSR (e.g. Barker, 2001; Vuan et al., 2005a;
Maldonado et al., 2006). Oceanic crust is found for the Protector Basin
(Eagles et al., 2006; Galindo-Zaldívar et al., 2006), Dove Basin (Eagles
et al., 2006), Jane Basin (Maldonado et al., 2006) and Powell Basin
(Coren et al., 1997; Eagles and Livermore, 2002), in addition to the
east, central andwest Scotia seas. Jane Bank andHerdman Bank are con-
sidered as remnant of intra-oceanic volcanic arc (Barker, 2001), even if a
continental origin cannot be ruled out.

The relative motion of the South America and Antarctica plates is
presently partitioned along the left-lateral NSR and SSR (see Fig. 1) of
the Scotia plate (Pelayo and Wiens, 1989; Smalley et al., 2007). Dis-
tinct from the surrounding plates, the small Sandwich plate is mov-
ing rapidly eastward, both with respect to the major plates and in
an absolute hotspot reference frame (e.g., Gripp and Gordon, 1990;
Smalley et al., 2007).

The distribution of earthquake epicentres highlights the plate
boundaries. Most of the seismic activity is located in the eastern region,
where the SouthAtlantic oceanic crust bends below the South Sandwich
plate. Forsyth (1975) and Pelayo and Wiens (1989) investigated the
present plate boundaries and relative motions in the region using the
strongest earthquakes. Their results are consistent with those of
DeMets et al. (1994, 2010) and Thomas et al. (2003), who estimated
that in the Scotia Sea area, the Antarctic plate is slowly moving (1.7 to
2.0 cm/year) easterly relative to the South America plate, and with
those of Smalley et al. (2007) using recently acquired GPS crustal data
combined with earthquake slip vector, transform azimuth, and spread-
ing rates from the South American, Scotia and South Sandwich plates.

Uncertainties persist regarding the exact plate boundaries and pro-
cesses, particularly in Tierra del Fuego, around South Georgia and
along the eastern South Scotia Ridge, where earthquakes are sparse
(see Fig. 1). In addition, numerous moment tensor slip vectors are dis-
crepant but may indicate the importance of existing lineaments in
channelling stress release or the need to adopt more complex models
than those proposed by Pelayo and Wiens (1989).

3. Earthquake data

The dataset described in Vuan et al. (2000) has been enhanced in the
present studywith new single-station dispersionmeasurements of Ray-
leigh and Love fundamental modes. These measurements were obtain-
ed from approximately 50 earthquakes in themagnitude range from 4.3
to 7.6 (see Table 2) and recorded by 8 broadband seismic stations (see
Table 1). Because of the high level of microseismic noise, Love wave
measurements are fewer than those from Rayleigh waves. Rayleigh
wave measurements are performed both for the radial and vertical
components, which might present possible problems on single-station
recording channels and create redundancy. The new ray path distribu-
tion compared with the old distribution obtained by Vuan et al.
(2000) at 20 s and 40 s is shown in Fig. 2. We increased the ray path az-
imuthal distribution in thewestern part of the Scotia Sea,whereas in the
east Scotia Sea, the ray coverage is mostly W–E oriented because of the
lack of seismic stations.

The technique employed here to measure the group velocity of
Rayleigh and Love waves is the frequency–time analysis (FTAN)
(e.g. Levshin et al., 1992). This dispersion analysis is a suitable tool
for the investigation of the lithosphere, even in regions that are diffi-
cult to access and are characterised by complex tectonic features be-
cause such investigations require a small number of recordings.
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Single-station group velocity measurements of Rayleigh and Love
waves at periods of 20 s, 30 s, and 40 s were compared in Vuan et al.
(2000) and Vuan et al. (2005a) with the measurements obtained in
the framework of large-scale tomographic studies of Antarctica
(Ritzwoller et al., 1998; Danesi and Morelli, 2000) using similar tech-
niques for similar paths and periods. The observed discrepancies are
within the estimated average standard deviation of our dataset and
can be explained by the different earthquake parameters employed (or-
igin time and location). Ritzwoller et al. (1998) selected the earthquake
parameters from the Centroid Moment Tensor (CMT) database
(Ekström et al., 2012) to correct for source effects on the surface wave
group travel time for periods above 75 s (Levshin et al., 1999). We
adopted the National Earthquake Information Center (NEIC) bulletins
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Fig. 3. Frequency distribution of the Rayleigh and Love wave data. Both radial and vertical
components are used in the Rayleigh wave distribution (white histograms) while trans-
verse component only is associated to Love waves (grey histograms). Path frequency
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because many of the analysed events are not contained in the CMT da-
tabase due to their relatively small magnitude. Although uncertainties
in earthquake location can be large, the discrepancies observed by
comparing bulletins from different agencies with different seismic sta-
tions patterns are limited horizontally to 10–20 km (International
Seismological Centre, 2013) and consistent with the error ellipses pro-
vided by Pelayo and Wiens (1989) for relocated historical earthquakes
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(from 1958 to 1962). The average length of our paths ranges from
1750 km at 15 s to 2350 km at 50 s and is considerably shorter than
what has been used in previous group velocity tomography studies of
the South American continent (Vdovin et al., 1999) and Antarctica
(Ritzwoller et al., 1998; Danesi and Morelli, 2000).

Because the recorded earthquakes are mainly located beneath the
South Sandwich trench and offshore Chile trench (Fig. 1), the resulting
dataset exhibits considerable redundancy,which allows for the rejection
of inaccurate observations and the estimation of measurement uncer-
tainty. Measurements sharing the same general path, with starting and
ending points that lie within 2% of the path length, are sorted in a single
cluster, which is useful for the estimation of frequency-dependent
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(see Fig. 4) for 15 s Rayleigh and Love waves at approximately 0.05–
0.08 km/s ismost likely caused by the scattering resulting from relatively
small-scale features, which makes these measurements less reliable. For
paths shorter than the average length, the effect of source mislocations
can partially explain the larger average standard deviation of the
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observations. The azimuthal coverage is inhomogeneous across the in-
vestigated region, and most of the paths have a large path fraction in
the oceans; therefore, the azimuthal anisotropy effect can be a possible
source of bias. However, as indicated by numerous authors
(e.g., Levshin et al., 2005), biases of several per cent should not be a
−72˚

72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

6˚ −56˚

−72˚

72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

6˚ −56˚

1.5 2.0

thal distribution of the ray paths. Small values of the elongation (less than 1) imply that the
e area. On the contrary, if the values of the elongation are greater than 1, paths have a pre-
anels the elongation including the new dataset at periods of 25 s (left) and 40 s (right) for
he same periods.



−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−56˚ −56˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−56˚ −56˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−56˚ −56˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−56˚ −56˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−56˚ −56˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−56˚ −56˚

−72˚

−72˚

−56˚

−56˚

−40˚

−40˚

−24˚

−24˚

−64˚ −64˚

−30 −20 −10 0 10 20 30

Fig. 9. Rayleigh group velocity tomographymaps at different periods, from 15 to 50 s. In eachmap the percent variation of the group velocity, dU/U, with respect to themean velocity value
calculated on the whole area is plotted at the chosen period. At the bottom, the scale of the velocity percent variation is presented. In R15 and R20 panels white color indicates group ve-
locities lower than 30% with respect to the mean.
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critical factor for Rayleigh waves at periods below 50 s; therefore, the
major features that appear on the maps should not be heavily affected
by errors caused by azimuthal anisotropy.

4. Tomography

The tomography of the region was conducted using two different
methods: an improved technique that exploits the Backus and Gilbert
(1968) formalism and Yanovskaya et al. (2000) tomographic codes
and the Fast Marching Surface Tomography (FMST) package by
Rawlinson and Sambridge (2003). Neither method requires any a priori
parameterisation or truncation of any expansion, and both are widely
tested. Because incorrectmeasurements can cause artefacts, an accurate
selection of dispersion data is of the utmost importance. Outliers must
be rejected a priori, andmaps must be smoothed a posteriori. Both algo-
rithms are iterative, and the quality of the solution can be estimated by
comparing the initial mean square travel-time residual with the re-
maining unaccounted residual. The Yanovskaya and Ditmar (1990)
method can reject data when the travel-time residual is three times
higher than the remaining unaccounted residual, in which case the so-
lution is recalculated.

We assume that each wave path follows the great circle from the
earthquake source to the receiver and that the seismic source group
time shift for the periods and path length is negligible. The density of
paths, azimuthal coverage and average path length control the resolu-
tion of the dataset. We expect that our solution is averaged mostly in
the W–E direction in the east Scotia Sea, where there is a predominant
orientation of station-to-epicentre ray paths (Fig. 2).

A 2-Dmesh on a spherical surface with square elements of 1° length
is used. The group velocity is calculated at the nodes of each square from
dispersionmeasurements on intersecting propagation paths, and a line-
ar interpolation is used to evaluate themodel within each element. Fur-
ther details on the tomographic methods can be found in Yanovskaya
and Ditmar (1990) and Rawlinson and Sambridge (2003).

Because surface waves propagate along the earth’s surface, measure-
ments of their velocities characterise average elastic properties of the
crust anduppermantle between seismic sources and stations. The veloc-
ity of Rayleigh waves depends principally on the vertically polarised S-
wave velocities in the crust and upper mantle and on P-wave velocity
and density. The velocity of Love waves depends primarily on the hori-
zontally polarised S-wave velocity and on the density. Surface wave
depth sensitivity is dependent on the period: the longer the period, the
deeper within the earth the waves sample. The sensitivity curves are
the Fréchet derivatives of the group velocities of the fundamental-
mode Love and Rayleigh waves with respect to S-wave velocities at dif-
ferent depths. The derivatives shown in Fig. 5 were computed for a con-
tinental, 1-D earth model with a 37 km thick crust at 4 different periods
(15, 25, 35, and 45 s). Each graph is scaled independently. From the
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Fig. 10. Love group velocity tomographic maps at different periods, from 15 to 50 s. In eachmap the percent variation of the group velocity, dU/U, with respect to themean velocity value
calculated on the whole area is plotted at the chosen period. At the bottom, the scale of the velocity percent variation is presented. In L15 and L20 panels white color indicates group ve-
locities lower than 30% with respect to the mean.
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sensitivity curves, it is possible to infer the resolution at depth of the dis-
persion curves. Short-period Rayleigh waves that are calculated for a
continental model between 15 s and 25 s sample the ice cover, near-
surface sediments and upper-middle crust, whereas longer periods
from 35 s to 45 s sample the lower crust and upper mantle. For the
sameperiod and specific continentalmodel, Rayleighwaves are general-
ly able to sample the crustal structure at greater depths than Lovewaves.

The assumptions made here in the formulation of the tomography
problem are simplifications that can affect the final result. The effect of
azimuthal anisotropy is not considered, even if it might introduce mod-
erate error at periods higher than 45–50 s, which was shown by
Ritzwoller et al. (1998), of 1%–2% for Rayleigh waves and 3%–6% for
Love waves. Moreover, in the presence of large lateral heterogeneities,
the ray theory is an approximation that is sometimes invalid. The Fres-
nel zonemust be smaller than the scale length of the heterogeneity, and
this requirement can place limitations on the lateral resolution of seis-
mic models based on ray theory (Levshin et al., 2005).

5. Tomography resolution

The estimation of the resolution in 2-D (Yanovskaya, 1997) follows
the method proposed by Backus and Gilbert (1968) for the 'averaging
length' in 1-D inverse problems and considers the azimuthal
dependence of the resolution. Path density, azimuth and average path
length influence the dataset resolution. The criterion to define the reso-
lution at a point along a single direction uses a functional s(x, y) value
for different orientations of the coordinate system to determine sizes
of the averaging area along different directions. The averaging area pro-
vides an idea of the resolution (Yanovskaya et al., 1998) and can be ap-
proximated by an ellipse centred at a point of the regionwith axes equal
to the largest smax(x, y) and smallest smin(x, y) values of s(x, y). Because
the resolution is closely correlated with the density of the crossing ray
paths in each cell, it is clear that small values of the mean size of the av-
eraging area (corresponding to high resolution) should appear in the
areas that are crossed by a large number of ray paths and vice versa.

The half elongation (stretching) of the averaging area, derived from
the ratio (smax(x, y)− smin(x, y)) / (smax(x, y) + smin(x, y)), can pro-
vide information on the azimuthal distribution of the ray paths. Small
values of the elongation (less than 1) imply that the paths are distributed
more or less uniformly along all directions. However, if the values of the
elongation are large, then the paths have a preferred orientation and the
resolution in this direction is likely to be quite small (Yanovskaya, 1997).

Regularisation is usually necessary in solving seismic tomo-
graphic inversions because the problem is undetermined or might
show a mix of overdetermined and undetermined parameters. Be-
cause small variations in the observed data can cause large
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Fig. 11. CRUST 1.0 (Laske et al., 2013) predictedRayleighwave group velocity values at different periods, from15 to 50 s. In eachmap the percent variation of the group velocity, dU/U, with
respect to themean velocity value calculated on thewhole area is plotted at the chosen period. At the bottom, the scale of the velocity percent variation is presented. In R15 and R20 panels
white color indicates group velocities lower than 30% with respect to the mean.
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differences in the resulting inverted model, it is necessary to restore
stability by using regularisation.

We selected a regularisation parameter so that (1) the regionalised
velocities are within the velocity range defined by the individual ob-
served dispersion relations and (2) the final unaccounted travel-time
residuals are distributed randomly (Yanovskaya et al., 1998). The to-
mography resolution is greatly improved with respect to Vuan et al.
(2000), where average correlation lengths exceeded 300–400 km for
both the Rayleigh and Love waves. The obtained correlation lengths,
which included the new dataset and were estimated in Vuan et al.
(2000), are shown in Figs. 6 and 7 for Rayleigh and Love waves, respec-
tively. The correlation length of the effective smoothing area is less than
or equal to 200 km in thewestern Scotia Sea and central Scotia Sea, and
lower spatial resolutions are found in the eastern Scotia Sea. A high cor-
relation length (N500 km) is observed with 40 s Love wave data (see
Fig. 7) along a vertical narrow (−46 W) band from −58 S to −55 S.
This anomaly is not apparent in the Rayleigh data correlation length of
Fig. 6 and can be explained by the lack of data resolution in the Love
data over longer periods.

A common approach to estimating the tomographic resolution is
based on synthetic checkerboard tests and was applied by using differ-
ent grids and FMST codes by Rawlinson and Sambridge (2003). The re-
sults confirm the correlation length shown in Figs. 6 and 7.
A good azimuthal distribution of ray paths is found in the western
and central Scotia Sea, with elongation values lower than 0.8 (see
Fig. 8). Larger values of elongation (poor resolution) are found in the
eastern part of the Scotia Arc, east Scotia Sea and South Sandwich oce-
anic ridge.

6. Tomography results

Rayleigh and Love wave energy penetrates deeper as the wave peri-
od increases, and the group velocity maps demonstrate the lateral vari-
ations related to the S-wave velocity structure for increasingly greater
depth ranges. Maps for 15 s–25 s are influenced by the crust, whereas
maps for 40 s–50 s are controlled by lithospheric features. Intermediate
periods (25 s–40 s) provide control for the crustal thickness and mag-
matic activities in the region. The group velocity maps display the per-
centage change in group velocity anomalies. In the Scotia Sea region,
negative group velocity anomalies are mainly associated with
continental-type crust and positive velocity anomalies are expected to
be found in the oceanic crust. Using the tomographic inversionmethods
(Yanovskaya et al., 2000; Rawlinson and Sambridge, 2003), we can cal-
culate Rayleigh and Love wave group velocity maps at 15, 20, 25, 30, 40,
and 50 s. Because no remarkable differences are found by applying the
different tomographic inversions, hereinafter we discuss only the
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Fig. 12. CRUST 1.0 (Laske et al., 2013) predicted Love wave group velocity values at different periods, from 15 to 50 s. In each map the percent variation of the group velocity, dU/U, with
respect to the mean velocity value calculated on the whole area is plotted at the chosen period. At the bottom, the scale of the velocity percent variation is presented. In L15, L20 and L25
panels white color indicates group velocities lower than 30% with respect to the mean.
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results obtained by using the Yanovskaya et al. (2000) code. We have
produced maps for several smoothing parameters and selected a
regularisation parameter of 0.15, which results in relatively smooth
maps with small solution errors.

Because of the variety of tectonic and geological features, lateral var-
iations of up to 35% are found in group velocitymaps. Group velocities at
15 s (Figs. 9 and 10) are sensitive to shallow features and, in particular,
to sedimentary basins, thick ice, and topographical features. In the fol-
lowing interpretation,we refer to the physiographicmap in Fig. 1 for lo-
cating geological and tectonic features.

In continental regions such as along the thick sedimentary basin in
the Falkland Plateau or Bransfield Basin, we found low group velocities
at 15–20 s for both Rayleigh (Fig. 9) and Love waves (Fig. 10). The low-
velocity anomaly in the Bransfield Strait is related to the rifting of the
continent, high upper crust temperatures and active volcanism. The
Bransfield Basin anomaly is now well resolved by including the new
dataset, which improved the definition of the crustal properties
analysed in Vuan et al. (2005a). Slightly low group velocities are
found even at the South Sandwich trench, where the sea floor is
characterised by a young back-arc crust, and along the western part of
the South Scotia Ridge.

The 25 s–30 s group velocitymaps show similar low-velocity anom-
alies that are mainly localised in continental areas and along the ridges
surrounding thewestern and eastern Scotia Sea. TheMoho depth in the
oceanic crust is usually resolved at these periods. Rayleigh and Love
wave maps are characterised by marked positive group velocity anom-
alies in the Scotia Sea, and fast group velocities that define oceanic-type
crust are found in the southern Pacific Ocean, western Scotia Sea, east-
ern Scotia Sea, and Powell Basin.

Group velocity maps for 40 s–50 s can be related to the upper mantle
S-wave velocities of the continental crust. Compared to shorter period
maps from 15 s to 30 s, these maps have a lower resolution because of
the poorer ray density; this is especially apparent in the east Scotia Sea ac-
cording to the predominant W–E direction of dispersion measurements.
Because of this limitation, the imprint of the East Scotia oceanic ridge is
still not well defined. However, at 50 s (see Fig. 9), a large part of the cen-
tral Scotia Sea is characterised byRayleighwave group velocity anomalies
lower than in the west Scotia Sea at comparable periods. In the western
part of the Scotia Sea, the crustal nature is well defined by magnetic
anomalies and evidence of an extinct oceanic ridge spreading system.
However, the shallow floor of the central Scotia Sea (where we observe
negative anomalies) does not show well-expressed oceanic ridges and
unambiguous magnetic data. Plate kinematics models (Eagles, 2010) ex-
plain the seafloor shallowingwith subduction-related processes that pre-
ceded the back-arc extension in the east Scotia Sea. The shape of the
Rayleigh wave fundamental mode in the central Scotia Sea suggests an
oceanic-type crust even though the Rayleigh and Love group velocity dis-
persion curves for this area are lower than in the west Scotia Sea.
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Fig. 13. CRUST 1.0 predicted Rayleigh wave dispersion curves against the local Rayleigh wave dispersion curves from the tomography inversion (this study) for a) Antarctic Peninsula,
b) Bransfield Strait, c) West Scotia Sea and d) Falkland Plateau.
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The South Orkney microcontinent, which we expected to be
highlighted by a low group velocity anomaly, is not visible in our results.
The Rayleigh and Love low group velocity anomalies at 25 s and 30 s fol-
low the spread of the continental fragments along the SSR north to the
South Orkney microcontinent. The correlation lengths of the heteroge-
neities resolved by the tomographic inversion in the Bransfield Basin
and South Orkney continent are comparable. Neither the available glob-
al tomographic models nor CRUST 1.0 (Laske et al., 2013) reflects the
continental signature of the South Orkney block. The lack of low group
velocities at the South Orkney microcontinent might be interpreted as
an addition of younger magmatic components related to the Weddell
Sea subduction during the evolution of the Scotia Sea (e.g., Barker,
2001; Civile et al., 2012). To infer the crustal and uppermantle structure
in this region, a further analysis is required that is based on data from
the ASAIN ORCD seismic station on Laurie Island and possibly on a re-
ceiver function and surfacewave data joint inversion,which has already
been performed beneath the Antarctic Peninsula (Vuan, 2001).

7. Comparison with CRUST 1.0 group velocities

CRUST 1.0 (Laske et al., 2013) is an isotropic global crustal model
that can be used to develop a detailed global model of the earth’s crust
and lithosphere. It consists of a database of crustal types, and for each
cell, an 8 layer crustal profile is provided in terms of Vp, Vs and density.
The comparison of global group velocity tomographic maps and predic-
tions fromCRUST 1.0 for both Rayleigh and Lovewaves in a period range
in which the group velocity is primarily sensitive to crustal structure
and Moho depth (25 s–35 s) produces a discrepancy of less than 15%,
which is primarily a result of the influence of the uppermost mantle
structure, which is not detailed in CRUST 1.0. The largest discrepancies
are found in the subduction zones, where the overriding crust is consid-
ered but the deeper structure is not; back-arc basins (Laske et al., 2013);
and sedimentary basins, where velocity functions are not well repre-
sented. However, CRUST 1.0 can still be considered a reference model
to evaluate our group velocity tomography at a regional scale, especially
in the range from 15 s to 35 s, because it is defined on a 1° grid, which is
similar to our velocity maps.

To compare CRUST 1.0 with group velocity maps of the Scotia Arc,
we extract the local structures from the model at each grid point in
terms of thickness, P-wave and S-wave velocities. For each CRUST 1.0
local structure, Rayleigh and Love fundamental modes are computed
by using themodal codes developed byHerrmann (2013). The synthetic
dispersion curves are resampled to obtain group velocities at the same
periods of observed data (15, 20, 25, 30, 40 and 50 s). The predicted
group velocities spanning the 2-D grid are then sorted together at
each single period for comparison with observed group velocity maps.
The predicted group velocities are shown in Figs. 11 and 12 for Rayleigh
and Love waves, respectively.
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Fig. 14.CRUST 1.0 predicted Lovewave dispersion curves against the local Lovewave dispersion curves from the tomography inversion (this study) for a)Antarctic Peninsula, b) Bransfield
Strait, c) West Scotia Sea and d) Falkland Plateau.
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CRUST 1.0 group velocities show larger variability than that of the
observed data, especially at 15 s for both Rayleigh and Love waves
(see Figs. 9 and 10 in comparison with Figs. 11 and 12). The CRUST 1.0
predicted values are slower than those observed in the Falkland Plateau
thick sedimentary basin and slightly higher on average for the oceanic
upper crust in the entire Scotia Sea region. Our 25 s–30 s group velocity
tomographymapshighlight geological and tectonic features that are not
present in CRUST 1.0. In particular, the Bransfield continental rifting and
continental fragments that are spread along the South Scotia Ridge,
whose crustal nature has been detailed in Vuan et al. (2005a) and
Vuan et al. (2005b), are clearly shown in Figs. 9 and 10. The fast oceanic
crust of the Scotia Sea iswell delimited in the tomography results by low
group velocities along both the NSR and SSR. This crust is found in the
same periods of the CRUST 1.0 predicted maps. Other discrepancies
are observed over longer periods (40–50 s), where group velocities
are affected by upper mantle P- and S-wave velocities and where
CRUST 1.0 predicted maps cannot be used for comparison. In Figs. 13
and 14, the CRUST 1.0 predicted Rayleigh and Love wave dispersion
curves are matched against the local wave dispersion curves from the
tomography inversion (this study) for the a) Antarctic Peninsula,
b) Bransfield Strait, c) west Scotia Sea and d) Falkland Plateau. Each of
the dispersion curves in Figs. 13 and 14 represents the local group
velocity at a grid node. The curves are sorted together in a 2°-by-2°
area. The relevant discrepancies, which are apparent in the group veloc-
ity maps, are found in the continental rifting of the Bransfield Basin
(Figs. 13b and 14b) and in the sedimentary basin of the western
Falkland Plateau (Figs. 13d and 14d). The short period group velocities
produced by CRUST 1.0 are significantly lower (less than 2.5 km/s)
than those observed in the Falkland Plateau. The dispersion curves are
consistent in the Antarctic Peninsula (Fig. 13a) and west Scotia Sea
(Fig. 13c) for the Rayleigh waves. In the west Scotia Sea, the Love
waves in Fig. 14c are inconsistent at 40 s and 50 s; however, the
CRUST 1.0 isotropic model cannot be used as a reference for the mantle
structure.

8. S-wave velocity profiles

Tomographic maps are used for defining local group velocities on a
1°-by-1° grid. The local dispersion relations for both the Love and Ray-
leigh fundamental mode are inverted using a linearised scheme
(Herrmann, 2013) to obtain refined S-wave velocity models across the
Scotia Sea (see Fig. 1). The CRUST 1.0 S-wave velocity models are con-
sidered a reference in the inversion when its predicted dispersion
values are consistent with local observations. If the CRUST 1.0 group
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velocities in specific sub-regions are inconsistent with local dispersion
curves (e.g., in Bransfield Basin), we use the reference S-wave velocity
models that were previously defined as starting models (Vuan et al.,
2000; Vuan, 2001; Vuan et al., 2005a,b).

The Love and Rayleigh group velocity data range from 15 s to 50 s
sampling with maximum sensitivity depths which vary between ap-
proximately 5 km and 50–60 km. The structure is modelled as a stack
of N homogeneous isotropic layers that are each defined by compres-
sional and shear wave velocity, thickness, density and attenuation. The
S-wave velocity is the only independent parameter that varies in the in-
version. The P-wave velocities and densities are S-wave-dependent pa-
rameters that are iteratively changed during the linearised inversion.
Other parameters of the model, such as thickness, attenuation and
water layer depth, are fixed a priori. Two criteria are used to accept
a model: (1) the group velocity curves compared at any given period
must lie within the uncertainty bounds of the observed data
(0.080 km/s), and (2) the rootmean square difference between the syn-
thetic curve and the observed data must be less than 0.030 km/s.

After the inversion, a simple linear interpolation scheme between
the centres of the cells is adopted and 2D images of the S-wave structure
of the Scotia Sea are obtained. The S-wave velocity profiles crossing the
Scotia Sea from N to S at longitudes −60 W, −48 W and −40 W are
shown in Fig. 15. Along the 3 profiles, the thin and fast oceanic-type
crust of the Scotia Sea is bounded by the thick and slow continental-
or transitional-type crust at the NSR and SSR.

The west Scotia Sea crust (Fig. 15: S1 and S2) is faster and thinner
than that of the central Scotia Sea (Fig. 15: S3); from W to E, the
oceanic-type crust of the Scotia Sea thickens and the upper crustal S-
wave velocities decrease. In the central Scotia Sea (Fig. 15: S3), the
crustal thickness is approximately 12–14 km and the upper mantle S-
wave velocity of 4.4 km/s is found at depths of 20 km.

Beneath the Falkland Plateau (Fig. 15: S1) and Shag Rocks close to
South Georgia Islands (Fig. 15: S3), a thick continental-type crust is
found, whereas in thewestern part of the South Orkneymicrocontinent
(Fig. 15: S2) and Bruce Bank (Fig. 15: S3) along the SSR, the crust is thin-
ner than in the NSR.

An anomalously low S-wave velocity at depth (less than 4.0 km/s)
characterises the mantle upwelling beneath the Bransfield Basin
(Fig. 15: S1). The strong low-velocity anomaly is also highlighted
at depths from 100 km to 300 km by P-wave tomographic images
(Park et al., 2012).

At depths greater than 40 km (see Fig. 15: S3) beneath NSR and SSR,
low S-wave anomalies (3.6 km/s–4.1 km/s) occur that can be associat-
ed with a continental-type crust.

A fast mantle lid (4.5–4.7 km/s) deepening at a low angle from the
Scotia Sea northward is represented along the S2 profile (Fig. 15). A pos-
itive S-wave perturbation with respect to the global 1D model AK135
(Kennett et al., 1995) in the northern part of the west Scotia Sea is con-
firmed by CRUST 1.0 (Laske et al., 2013) and an anisotropic model by
Shapiro and Ritzwoller (2002). The extension of the fast S-wave velocity
body at depth in the west Scotia Sea is supported by the group velocity
positive anomalies presented in Figs. 9 and 10. However, 3D S-wave ve-
locity imaging is required to correctly interpret the shape and extent of
this feature. A continuous updating of data and the deployment of ocean
bottom seismometers are essential to improve and homogenise the cor-
relation length of the crustal heterogeneities that can be resolved by the
surface wave tomography.

9. Discussion and conclusions

Regional broad-band seismological studies that supplement infor-
mation derived from global seismology can contribute to the determi-
nation of the locus of modern plate boundaries, particularly where
plate motions are slow and large earthquakes are sparse. When crustal
models are well constrained, the mantle anisotropy can be investigated
by measuring shear-wave splitting, which is of particular importance in
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the Scotia Sea region in the validation of the hypothesis of Alvarez
(1982), who claimed that the imbalance in the mantle between the ex-
cess of a shrinking Pacific province and the deficit of an expanding
Atlantic–Indian province would be reduced by shallow eastward sub-
lithospheric flow in regions such as the Scotia Sea, where the supposed
barriers to shallow flow (sinking slab, deep continental sub-lithospheric
root) are absent. Previous measurements of the mantle anisotropy off
Peru–Chile (Russo and Silver, 1994) have suggested that a trench-
parallel mantle flow occurs, which supports part of the Alvarez hypoth-
esis. Geochemical data confirmed that there has been some outflow of
Pacific mantle into the Drake passage— but probably in response to re-
gional tectonic constraints, rather than global mass-balance require-
ments (Pearce et al., 2001). Other lines of evidence for the derivation
of an oceanic age grid that are based on comparisons between the
present-day isostatically corrected topography and reconstructions of
the kinematic history of the region show that there is no outlet of Pacific
mantle into the Scotia Sea (Nerlich et al., 2012).Well-constrained crust-
al and upper mantle models would be important for determining
whether the shallow eastward mantle flow in the Scotia Sea region is
a present or past process. Therefore, data that are recorded by the
ASAIN seismic network in the Scotia Arc and freely available online pro-
vide an advancement towards defining the seismicity patterns in the
southern hemisphere and detailing the earth’s crustal models.
Detailed crustal and upper mantle structures help to distinguish be-
tween island arcs (active or extinct) and continental fragments based
on differences in the lower crust and uppermantle P- and S-wave veloc-
ities (Nur and Ben-Avraham, 1982). Different lower crust and upper
mantle velocities are expected between island arcs and continents be-
cause of their different mafic and andesitic bulk composition at depth.
As an example, upper-mantle S-wave velocities greater than 4.4 km/s
at 30 km of depth for island arcs and mature accreted terranes have
been found (e.g., Christensen and Mooney, 1995; Morozov et al., 1998;
Holbrook et al., 1999). In contrast, the upper-mantle S-wave velocities
from 4.0 km/s to 4.2 km/s that are found beneath the Bransfield Basin
(Vuan et al., 2005a) and Discovery Bank (Vuan et al., 2005b) can help
in distinguishing different tectonic features and continental fragments.
Thisfindingmust be considered and used in reconstructions and discus-
sions of the regional tectonic evolution of the Scotia Arc.

The dispersion measurements presented in Vuan et al. (2000) are
updated here to improve the resolution of the Rayleigh and Love wave
group velocity tomography. New group velocity maps are provided
that demonstrate a good correlation with the main geological and tec-
tonic features of the Scotia Sea and the Scotia plate margins. The com-
parison with predicted dispersion maps in the period range from 15 s
to 50 s shows that the observed data reveal details not present in the
CRUST 1.0 model. In particular, low group velocity anomalies of the
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Bransfield continental rifting and continental fragments that are de-
tached from the Antarctic Peninsula and spread along the South Scotia
Ridge are not shown in the CRUST 1.0 model.

The tomographic resolution is greatly improved with respect to
Vuan et al. (2000). The correlation length of the resolved crustal hetero-
geneities for Rayleigh and Love waves is generally below 200 km in the
western and central Scotia Sea. A comparison between the average seis-
mic velocities beneath these two areas shows that both have an
oceanic-type structure; however, the crust of the central Scotia Sea is
thicker (12–14 km) and slower than that of the 20-Ma-old west Scotia
Sea (see Fig. 16).

In the near future, the technical development of both seafloor seis-
mological instrumentation for investigating oceanic environments and
techniques based on long-term ambient noise recordings will allow
for an improved definition of the properties of the crust and upper
mantle.
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