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Abstract The Mw = 7.6 earthquake, known as Centenary Earthquake, occurred in
the Scotia Sea region near the South Orkney Islands, Laurie Island, where is located
the permanent Argentinean Antarctic Base Orcadas, here from 1997 operates a seis-
mographic station ORCD, which has recorded several thousands of aftershocks, the
most energetic ones recorded by all the instruments of the Antarctic Seismographic
Argentinean-Italian Network (ASAIN). The aftershocks data available at ORCD sta-
tion, till 60 days following the main shock were compiled. The plot of aftershocks
rate with time was found to be oscillatory decay. Then, we inverted regional wave-
forms from ASAIN and International Federation of Digital Seismograph Networks
(FSDN) stations to determine source parameters and source time functions for a set
of aftershocks with magnitudes in the range 4.3–5.6 mb. For the regional inversion
we applied a methodology for the determination of the seismic moment tensor by
means of full waveform inversion. The results obtained reflect the normal character
of the main system fault, characterizing the study area.

1 Introduction

The South OrkneyMicrocontinent (SOM), is the largest (250× 350 Km) continental
element of the South Scotia Ridgewhich located between theAntarctic and the Scotia
plates, and represents a remnant of the original continuous ridge linking the tip of
South America with the Antarctic Peninsula (Dalziel and Elliot 1973; De Wit 1977;
Dalziel 1984).

The South Scotia Ridge is located along the Antarctic—Scotia Plate boundary,
and is characterized by a geodynamic setting reflecting the complicated evolution of
the Scotia Sea area which included several spreading episodes (Barker et al. 1991).
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The main tectonic feature is the left-lateral transcurrent fault running all along the
plate boundary located at the northern shelf edge of the SOM (Forsyth 1975). A
broad area of complex deformation accomplishes the strike-slip movements, with
both extension and compression tectonics along it.

The western part of the Antarctica Plate-Scotia Plate boundary, north of Pow-
ell Basin, has been interpreted by Acosta and Uchupi (1996) as characterised by
transtensional tectonic; while evidences of accretionary prism at the northern side
were considered as indication of compression, due to plate convergence, in the west-
ernmost part of the plate boundary (Lodolo et al. 1997) and along the northern side
of the SOM (Kavoun and Vinnikovskaya 1994; Maldonado et al. 1998). Busetti et al.
(2000) suggested that the northern edge of the SOM is characterised by strain parti-
tioning with strike-slip zone accommodating the transcurrent motion and oceanward
a trust zone accommodating the convergent component, that according to Braun
and Beaumont (1995) model, correspond to an obliquely convergent plate boundary
dominated by transcurrent condition. Eastward, at the plate boundary between the
SOM and Discovery Bank, Pelayo and Wiens (1989), from seismological studies,
suggested a transtensional tectonic, characterised by a combination of extension and
transcurrentmotion, by zones of oblique extension aswell as discrete transform faults
and extensional segments. The southeast and southwest borders of the SOM are pas-
sive margins connecting the SOM to the proto-oceanic Powell Basin on the west and
to the oceanic Jane Basin on the east sides, relative to the rifting that separated the
SOM from the Antarctic Peninsula.

2 Data

Even if the SOM is a small continental fragment of the Scotia Sea region, the study of
its tectonic characteristics benefited from the integration between seismological data
and other geophysical data. A large amount of seismological data have been made
available after the deployment of broadband instruments in the Scotia Sea region
since the early 90 as an extension of the global seismological network.

In the last 15 years several at least seven permanent seismographic stations were
deployed in the Scotia Sea regions and Antarctica. Esperanza, Hope Bay (ESPZ),
Jubany—King George Islands (JUBA), Despedida—Tierra del Fuego (DSPA),
Orcadas—South Orkney Islands (ORCD), San Martín—Marguerite Bay (SMAI),
Belgrano II—Nunatak Bertrab (BELA) and Marambio—Seymour Island (MBIO)
stations constitute theAntarcticSeismographicArgentinean ItalianNetwork (ASAIN),
a cooperation between the Italian Programma Nazionale di Ricerche in Antartide
(PNRA) and the Argentinean Dirección Nacional del Antártico (DNA); while East
Falkland Islands (EFI), Palmer, Anvers Islands (PMSA) and South Georgia Island
(HOPE) are also distributed by the Incorporated Research Institutions for seismol-
ogy (IRIS) consortium. In spite of the development of a permanent seismographic
network in the area, the application of seismological methodologies to the study of
the South Orkney region was not possible until the end of 2003, because the low level
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Fig. 1 Seismicity of the Scotia Sea region, 1973–2007. NEIC catalogue. Stars represents ASAIN
stations and triangles global network stations

of seismicity. Figure1 shows the distribution of earthquakes in the Scotia Sea region
until 2007. This gap in the seismicity of the South Orkney area was filled after the
Centenary Earthquake sequence which started on August 4, 2003 with a Mw = 7.6
earthquake, located offshore of the South Orkney Island and 2 years later a low level
seismicity had yet remained.

This studyprovides an analysis of theCentenaryEarthquake sequence centered on
the determination of the source parameters for seven aftershocks. The determination
of source mechanisms for the earthquakes in the South Orkney region can provide
information about the stress conditions and the tectonic setting in the area and help
to remove the limitations posed by the scarcity of events recorded in the past.

3 The Centenary Earthquake and Its Aftershock Sequence

OnAugust 4, 2003 amajor earthquake occurred in the south-eastern Scotia Sea, along
the South Scotia Ridge and about 70Km East from the Argentinean Base Orcadas
(Laurie Island, South Orkney Islands), where the ASAIN station ORCD has been
operating since 1997 (Russi and Febrer 2001). The moment magnitude was esti-
mated as Mw = 7.6 according to CMT-Harvard. The August 4, 2003 earthquake was
nicknamed Orcadas Centenary Earthquake because the Orcadas Base was opened
exactly 100 years before and has been continuously operating since then. The Cen-
tenary Earthquake is the strongest event recorded in the SOM region. Recordings
of the main shock from the ASAIN broadband digital stations ORCD and JUBA are
shown in Fig. 2. The top trace corresponds to the clipped ORCD station records at
a distance of about 100Km from the epicenter, the bottom trace shows records at
JUBA station at a distance of about 700Km from the epicenter. All ASAIN stations
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Fig. 2 Centenary Earthquake seismograms recorded by ORCD and JUBA, ASAIN stations

are equipped with Güralp broad-band seismographs: CMG-3T seismometer 0.01 s–
50 Hz, CMG-DM24 24-bit Datalogger, GPS timing, great capacity storage media,
allowing continuous recording of more than 2 years of the three component seismic
channels at 100, 20 and 2 samples/s and connected to Internet.

Immediately after the Centenary Earthquake a noticeable aftershock sequence
started. Within three hours from the main shock about twenty events, with magni-
tude larger than 4.0 occurred. In the following 24 hours, more than 50 events with
magnitude within the range 3.6–5.6 mb were recorded. The stress energy following
a main shock is slowly released as a sequence of aftershocks. According to Omori
law, the rate of aftershocks decays with time as 1/t , where t is the time from the
main shock. A generalization of Omori’s Law was proposed by (Utsu 1961): the
rate of aftershocks decays with time as 1/(t + t0)n , where t0 is a constant and n is
the exponent. From this generalized Omori’s relation, the number of aftershocks, N ,
occurring per unit time is proportional to 1/tn , when t � t0. The aftershocks activity
of the California earthquakes gave the value of n lying between 0.5 and 1.5 (Reasen-
berg and Jones 1989), which is also observed in most of the aftershock activity in
the rest of the world. The plot of the rate of aftershocks against time for 60 days,
following the main shock, is shown in Fig. 3.

In the Fig. 4 dash and dash-dotted lines indicate the hyperbolic fit, 77.58 t−1.1, and
the exponential fit, 41.41 e−0.17 t , respectively.

The superimposed oscillations present in the rate of decay of aftershocks are
analytically extracted by subtracting the exponential and hyperbolic fits from the
observed decay curve. Then we calculated the amplitude and phase spectra of the
resulting curves. In order to find the nature of aftershocks it is necessary to examine
the phase spectra, whether these oscillations correspond to random time series or
deterministic series.

The result of this test is called z score or test statistic value. If |z| score is greater
than 1.96, then the data under consideration are not random at a confidence level of
95%. Using the test, the z score of the phase spectra of hyperbolic and exponential
cases are found to be −7.52 and −6.97 respectively. Hence the oscillations present
in the aftershocks activity are not random.
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The ORCD station recorded several hundreds of aftershocks. The geographical
distribution of aftershocks with magnitude larger than 3.6mb, occurred in the period
August-December 2003, covers an ellipsoidal area, with the major axis extending for
more than 150Km in the E-W direction, along the main trend of the border between
the Antarctica and the Scotia plates.

4 Determination of Source Mechanisms

To study the source mechanism we considered events occurred between August 4,
2003 and December 3, 2003. To investigate the source characteristic of the main
shock we applied an amplitude spectra inversion methodology (Bukchin 1995) to
teleseismic records from FSDN stations. We were able to determine source charac-
teristics for the larger aftershocks using a regional waveform inversion methodology
(Šileny̌ et al. 1992; Šileny̌ 1998). We selected 7 events, among those with magnitude
greater than 4.3 mb, which have sufficient signal to noise ratio and were recorded of
FDSN stations that operates in the Antarctic area.

Themoment tensor inversion is performed through the following processing steps.
After data acquisition and pre-processing (we need data that have a good coverage of
the focal sphere), linear trends are identified and removed. High frequency noise in
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Fig. 3 Number of aftershocks per hour after the Centenary Earthquake, observed at ORCD station,
for sixty days following the main shock
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Fig. 4 Continuous trace shows the plot of rate of aftershocks of Centenary Earthquake, 2003,
against time, dash trace shows the hyperbolic fit and dash-dotted shows the exponential fit

the data is removed by low-pass filtering. We low-pass filter the data at the frequency
of 0.07Hz for all the events. This filtering frequency was chosen because it enables
us to make use of the point source approximation when studying the source in that
frequency range. To consider the instrument effect we apply the instrument response
to the synthetic Green’s functions and compare them with the observed data. We do
not deconvolve the instrument response from the data. Aftermean removing, tapering
and filtering, we select the temporal window of the seismograms to be inverted for
the retrieval of the moment tensor components. The synthetic Green’s functions are
calculated using the structural models obtained by Vuan et al. (2000) from group
velocity tomography.

To study the lower magnitude events of the aftershock sequence we used the
regional waveforms recorded by the broadband instruments of the ASAIN network
and the IRIS consortium located in the Scotia Sea region. For the source character-
istics determination we decided to use a methodology that had already been applied
for earthquakes in the Scotia Sea region (Vuan et al. 2001; Guidarelli et al. 2003;
Guidarelli and Panza 2006) and produced reliable results.

The INPAR (INdirect PARameterization) method, developed by Šileny̌ (1992,
1998), proved to give reliable results even when only a few seismograms from a
limited number of stations are available (Kravanja et al. 1999); such possibility
is particularly important in regions where logistics is a major problem like in the
Scotia Sea region. Kravanja et al. (1999) demonstrated that the INPAR method can
absorb part of the inconsistency caused by poor forward modeling, which makes the
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availability of average models sufficient for our purposes. Limits and possibilities of
this approach have been discussed in several papers (e.g., Panza 2000; Sarao et al.
2001; Šileny̌ et al. 1996).

The method works in the point source approximation and consists of two main
steps. In the first step (linear) the six Moment Tensor Rate functions (MTRF),
obtained deconvolving from the data the Green’s functions computed by the modal
summation (e.g., Panza 1985; Panza et al. 2000) are inverted, without any constraints,
with a damped least squares algorithm. In the second step (non-linear) the retrieved
MTRFs, describing a source mechanism varying in time, are reduced to a constant
moment tensor and the corresponding source time function taking only the correlated
part from eachMTRF. This is a basic point of the Šileny̌’s method since, when taking
only the coherent part at different stations, the influences on the solutions of strong
non-modelled structural heterogeneities and of scattering can be reduced. The prob-
lem is non-linear and is solved iteratively by imposing constraints such as positivity
of the source time function and, when clear readings of first arrivals are available,
consistency with polarities. The genetic algorithm is employed in the search of the
solutions and in the estimate of the error areas (Šileny̌ 1998).

5 Aftershocks Source Mechanisms

Here we will describe in detail the solution obtained for each event analysed. The
map with the fault plane solution of events is reported in Figs. 5, 6.

The resulting mechanisms for events 1 and 2 are normal faulting mechanisms,
and our solution agrees with the results given by Harvard Centroid Moment Tensor
(CMT). Both of the events are shallow. Event 3 present a normal source mechanism
with a small strike slip component, and also agrees with the results of the Harvard-
CMT. Event 4 show a normal fault solution while the Harvard-CMT present a domi-
nantly strike slipmechanism. Event 5 is characterized by a normal sourcemechanism
with strike slip component. For events 2–5 a Harvard-CMT solution is available,
the main differences exist for the event number 4. The possibility of relocation of
hypocentral coordinates even for shallow events is one of the main features of the
INPAR method, since it permits a refinement of focal depth mainly when depth
values are fixed (15.0 Km) a priori in Harvard-CMT inversion scheme.

6 Conclusions

The source characteristics of the most relevant aftershocks have been investigated
by means of the INPAR method, which is a suitable tool to study medium energy
sources in areas where a small number of stations is available to record the regional
seismicity and the standard procedures employing first arrival data are not effective
to analyze situations where a relevant noise level is present (Kravanja et al. 1999).
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Fig. 5 Aftershocks focal mechanisms determined with constrained epicenter location

Fig. 6 Aftershocks focal mechanisms determined with not constrained epicenter location
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Fig. 7 Mapwith the location of events analysed in this study, stars: USGS locations, circles: INPAR
locations and triangles: Harvard-CMT locations, in grey the rupture area

Still few information is available on the structural of the South Orkneys micro-
continent and its tectonical setting. Most of the existing information on the structural
and geodynamics setting comes from some seismic profiles performed by Italian,
Spanish and Russian vessels during the late decade of the twentieth century, and
the of average structural parameters for the lithosphere of the Scotia Sea region by
surface waves tomography (Vuan et al. 2001).

According to the interpretation of this information plus gravity and bathymetry
data a structural map for the SOM area has been constructed, this map is displayed
in Fig. 7 together with the focal mechanisms of the events analised. The strike slips
kinematics of the fault system on the northern border, which is also part of the Scotia
Plate–Antarctic Plate margin along the South Scotia Ridge, and the existence of a
convergent component responsible for the subduction of the Scotia Plate below the
Antarctic Plate are put into in evidence.
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Besides allowing us to fill a relevant gap in the seismicity map of the South Scotia
Ridge the analysis of Centenary Earthquake and its aftershock sequence waveform
data resulted in an increased seismological information about the characteristics of
the seismic sources acting in the areawhich confirm the structural evidences collected
by seismic experiments and gravimetry and the hypotheses of the existence both of
transpresive and transtensive areas along the northern border of the SOM found in
the literature.
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