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Abstract: The understanding of the evolution of Antarctica is one of the main challenges in
Earth sciences and the structure of its crust is a key to investigate the tectonic processes. One
of the most interesting areas of the West Antarctica is the transition from the oceanic crust of
the Pacific Plate to the continental crust of the Antarctic Peninsula through the South Shetland
Trench and the volcanic arc of the South Shetland Islands toward the Bransfield Strait rift. In
2007, a 3D seismic survey was performed in the Admiralty Bay (King George Island, South
Shetland Islands). It targeted the shallow crustal structure of the volcanic arc. The air-gun
shots were recorded using 47 seismic land stations in two deployments. Good quality data
allowed for 3D tomographic modelling of the study area. Sonar measurements data were used
to generate the bathymetry. The first-arrival travel times were inverted for the P-wave velo-
city models using two different methods: “smooth” seismic tomography with the use of the
Iterative Back Projection code (IBP) and tomography with layers (JIVE3D). Obtained
velocity anomalies are correlated with the fault structures determined from surface mapping.
We were able to trace the Ezcurra Fault down to the depth of 2 km and to recognize the velo-
cities related to the Barton Horst (4.5 km/s) and the Warszawa and Krakéw blocks (3.5 km/s).
The Mackellar Fault can not be recognized in the deeper part of our model. The estimation of
the model uncertainty indicates that the inferred fault structures are resolvable by our dataset.

Key words: Antarctica, King George Island, seismic tomography, crustal structure, wide
angle experiment.

Tectonic framework

The South Shetland Islands were separated from the Antarctic Peninsula in the
Tertiary (Dalziel and Elliot 1973). The Drake Passage and Western Scotia Sea were
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Fig. 1. The King George Island is a part of the South Shetland Islands archipelago located in the West

Antarctica (map after Taylor et al. 2008). This tectonically active area is located in the contact zone of

the Scotia Plate and the Antarctic Plate. It is a part of the Cenozoic subduction system that includes

Meso/Cenozoic intrusions of volcanic rocks connected to rifting processes in the Bransfield Strait.

Localization of the area of investigation in the Admiralty Bay is marked with a frame in the insert.
AR — Aluk Ridge.

P

opened at the same time when the North and South Scotia Ridges were separated
from the southern part of South America (Acosta et al. 1992). This area is character-
ised by a complicated subduction history and its schematic tectonic map is presented
in Fig. 1. The western margin of the Antarctica between the Shackleton Fracture
Zone and the Hero Fracture Zone and the Aluk Ridge was a convergent margin dur-
ing the last 21 Ma. This subduction was countervailed by the generation of a new
oceanic crust in the western Drake Passage. The subduction has stopped about 4 Ma
ago and there is no observed activity at present (Barker 1982; Barker and Dalziel
1983). The Bransfield Rift, and the Bransfield Platform represent a back-arc basin of
the South Shetland Islands volcanic arc active in the late Mesozoic—Cenozoic. The
initiation of the Bransfield Basin is dated at the late Oligocene—Early Miocene
(Birkenmajer 1989). In the late Cenozoic a tensional regime generated a 40 km wide
rift in the Bransfield Strait which separates the Bransfield Platform and the South
Shetland Islands Microplate (Gonzalez-Ferran 1985). The crustal structure of the
Bransfield Trough and the South Shetland Island has been studied using deep seis-
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Fig. 2. The geological map of the Admiralty Bay (after Birkenmajer 2003) with marked geometry of

the experiment: red dots — air gun shots, triangles — stations localization (black — 1C Texan station,

yellow — 3C Hungarian station). The main faults: Ezcurra and Mackellar divide the area into three

blocks: Barton Horst to the north, Warszawa and Krakéw blocks to the south. Ez. In. — Ezcurra Inlet;

CC - Cordozo Cove; DI — Dufayel Island; Mac In. — Mackellar Inlet; KP — Keller Peninsula; Mar. In.

— Martel Inlet; Adm. Bay — Admiralty Bay. The geological details (marked with numbers 1-31) as in
Birkenmajer 2003.

mic sounding that revealed its complicated structure (Guterch et al. 1985, 1998;
Birkenmajer and Keller 1990; Sroda 1991, 2002; Sroda et al. 1997; Grad et al. 1992,
1993, 2002; Janik et al. 2003; Christeson et al. 2003). Teleseismic observations
shows NW-SE tension and remarks of the rifting (Pelayo and Wiens 1989). Our ex-
periment focused on the area of the Admiralty Bay, King George Island, South Shet-
land Islands. This area forms a contact zone of the three tectonic blocks: Barton
Horst, Warszawa block and Krakéw block. These blocks are separated by several
faults known from surface geology (Birkenmajer 2003). The main goal was to
delineate these faults in depth, especially the SW-NE trending Ezcurra Fault and the
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whole experiment

Table 1
Coordinates of all stations in two deployments of the experiment. Some of the stations were
deployed almost in the same place, while some were moved to different localization. The
three component stations (HUN1-HUNS) were operating in the same place during the

Deployment 1

Deployment 2

Deployment 1

Deployment 2

Name

Long W
[deg]

Lat S
[deg]

Name

Long W
[deg]

Lat S
[deg]

Name

Long W
[deg]

Lat S
[deg]

Name

Long W
[deg]

Lat S
[deg]

TXI1A

62.22734

58.44949

TX28A

62.07920

58.42370

TX28B

62.07920

58.42370

TX2A

62.20518

58.43715

TX29A

62.08942

58.41202

TX29B

62.08942

58.41202

TX3A

62.19779

58.43717

TX30A

62.07026

58.39595

TX30B

62.06973

58.39575

TX4A

62.17467

58.44514

TX31A

62.07088

58.37614

TX31B

62.07088

58.37614

TXS5A

62.15547

58.48491

TXS5B

62.15549

58.48488

TX32A

62.07680

58.35403

TX32B

62.07661

58.35397

TX6A

62.16108

58.49465

TX6B

62.16097

58.49488

TX33A

62.08177

58.35024

TX33B

62.08174

58.35006

TX7A

62.16727

58.50605

TX7B

62.16719

58.50613

TX34A

62.07600

58.33597

TX34B

62.07580

58.33617

TX8A

62.17303

58.52050

TX8B

62.17297

58.52047

TX35A

62.08084

58.31205

TX35B

62.08086

58.31234

TX9A

62.17716

58.54095

TX9B

62.17711

58.54090

TX36A

62.09350

58.31319

TX36B

62.09347

58.31438

TX10A

62.18152

58.57352

TX10B

62.18152

58.57352

TX37A

62.10131

58.32725

TX37B

62.10103

58.32715

TX11A

62.18340

58.59960

TX11B

62.18337

58.60007

TX38A

62.10365

58.34690

TX38B

62.10363

58.34726

TX12A

62.18451

58.61653

TX12B

62.18446

58.61698

TX39A

62.10731

58.36613

TX39B

62.10728

58.36614

TX13A

62.18236

58.62409

TX40B

62.11045

58.37976

TX14B

62.17260

58.61003

TX41A

62.11630

58.39054

TX41B

62.11640

58.39098

TX15A

62.17043

58.59355

TX15B

62.17046

58.59349

TX42A

62.12914

58.38979

TX42B

62.12860

58.38976

TX16A

62.16747

58.60775

TX16B

62.16759

58.60743

TX43A

62.13112

58.36823

TX17A

62.15926

58.59319

TX17B

62.15926

58.59319

TX44A

62.16106

58.32457

TX18A

62.16763

58.57078

TX18B

62.16754

58.57081

TX46B

62.16309

58.45867

TX19A

62.16492

58.54887

TX19B

62.16460

58.54916

TX47B

62.12123

58.39666

TX20A

62.15458

58.55716

TX20B

62.15466

58.55627

TX48B

62.10318

58.45999

TX21A

62.14850

58.52954

TX21B

62.14850

58.52954

TX49B

62.15227

58.54260

TX22A

62.13986

58.50399

TX22B

62.13986

58.50399

HUN1

62.158200

58.465810

HUNI1

62.15820

58.46581

TX23A

62.12577

58.47891

HUN2

62.216270

58.440700

HUN2

62.21627

58.44070

TX24A

62.09396

58.46708

TX24B

62.09396

58.46708

HUN3

62.183740

58.292170

HUN3

62.18374

58.29217

TX25A

62.09199

58.48739

TX25B

62.09199

58.48739

HUN4

62.121230

58.396660

HUN4

62.12123

58.39666

TX26A

62.06480

58.41698

TX26B

62.06480

58.41698

HUNS

62.086430

58.392350

HUNS

62.08643

58.39235

TX27A

62.07415

58.41947

TX27B

62.07415

58.41947

NW-SE trending Mackellar Fault and to recognize the differences of the blocks in
the uppermost structure of the crust.

Data acquisition and seismic wave field

The experiment was done in February 2007, and its geometry is presented in
Fig. 2. A total number of 47 seismic stations were located on the coast of the Ad-
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Fig. 3. The estimated shape of the sea floor. For each shot point the depth to the sea floor was mea-

sured by the ship echosounder. All measurements with additional points for stations (with the depth

value of 0 m) were used to interpolate the shape of the sea floor. The result of bicubic spline interpola-
tion is presented in the colour scale. The coast line is marked with white line.

miralty Bay, Ezcurra Inlet, Mackellar Inlet and Martel Inlet in two deployments.
42 one-component (1C) Reftek 125 “Texan” stations with 4.5 Hz geophones
were recovered after the first part of the experiment to secure the data and to re-
place the batteries. The original power supply of the Reftek 125 was not suffi-
cient in Antarctic conditions, therefore additional external battery packs were
used. In the second deployment some of the stations were installed in different
sites (see Table 1 for details) to improve the ray coverage of the experiment. The
position of each station location was determined by GPS. We used also five
three-component (3C) Hungarian stations (constructed at Eotvos Lordnd Geo-
physical Institute in Budapest — ELGI) with 1 Hz Mark4 geophones that were re-
cording continuously during the whole experiment. Two air-guns with the total
capacity of 40 dm?3 were used as seismic sources. The seismic waves were gener-
ated along 21 profiles with a shot spacing of 0.7 km (every 4 minutes in average).
Spacing between the profiles was about 1 km. The effect of the water depth on
the observed travel times is significant, therefore it was necessary to include the
bathymetry in our model. During the experiment we used an echosounder to
measure the depth to the sea bottom beneath each shot. A total number of 449
values for shots and 52 localizations of stations with zero depth were used to cre-
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Fig. 4. An example of trace normalized, vertical component seismic record sections from experiment
in the Admiralty Bay. The P waves are clearly observed for all offsets, most of the sections contains
also water waves. In some sections S waves were recorded.

ate the bathymetric map of the study area (Fig. 3) by simple linear interpolation.
Examples of the recorded seismic wave-field are presented in Fig. 4. The strong
P-wave energy is observed at all stations even at the maximum distance of 17 km.
In some of the record sections we can also distinguish strong S-waves. Relatively
large distances between the shot points make it hard to correlate reflected waves
because of the complicated system of multiples and converted waves. We de-
cided to use the first arrivals of the Pg waves for tomography since this phase was
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Fig. 5. The ray distribution of 11,341 manually picked and verified travel times of Pg waves used in

interpretation. The white triangles mark the position of the stations. The area of the Admiralty Bay is

well covered. Good coverage is also observed for the part of the land areas of Warszawa and Krakéw
blocks.

easily and indisputably observed for all stations and was characterised by a good
signal-to-noise ratio. All traces were manually correlated, picked and verified
using ZPLOT software (Zelt 1994). The total number of 11,341 ray paths cover
the entire area (Fig. 5) and the full first arrival travel times data set is presented in
Fig. 6. Observed scattering of the travel times (ca 1 s) for the same distance is
caused mostly by varying water depth beneath the shots (Fig. 6 top) but it also
suggests differences in the uppermost crustal structure. This is especially visible
after removing the water-layer effect (Fig. 6 bottom).

Modelling of the upper crustal structure

Dimensions of the modelling area were 20 x 21 x 4 km (X, y, z) and geograph-
ical area is bounded by longitude 58.66-58.27 W and by latitude 62.25-62.06 S.
Topography was not included because all stations were located at the coast only a
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Fig. 6. All travel times plotted against the distance (top) shows significant scattering up to 1 second at
the distance of 10 km. This suggests significant difference in the water column thickness beneath the
shot points. The maximum distance between the shot and receiver was about 18 km. Travel times af-
ter the effect of the water layer was removed (bottom) are less scattered. 1D starting models for the in-
versions are presented in the inserts. Black lines present calculated starting model travel times.

few meters above the sea level and all shots were a few meters below the sea level.
Modelling of the P-wave velocity structure of the uppermost crust was done using
two methods of first arrival travel time tomography: “smooth‘ tomography (IBP)
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and tomography with layers (JIVE3D). Results of the modelling are presented in
Figs. 7-10.

“Smooth” tomography (IBP). — We started our tomographic modelling
with the Iterative Back Projection code (IBP) of Hole (1992). It allows to create a
minimum structure, “smooth” velocity model based on first arrival travel times.
In this application the whole model is described by velocity values in a regular
grid. It is not possible to include the water layer but it is still possible to correct
travel times and remove the effect of variable water depth. For each shot, the
travel time through the known thickness of the water layer was calculated (sea
water Vp taken as 1.48 km/s) and all travel times from that shot were corrected by
subtracting this time. In this way, shots are treated as they were located at the sea
bottom and thus the travel time variations reflect only the differences in the
crustal structure. A cubic cell with 0.2 km length was used to parametrize the
model. To find the best starting model, the corrected travel times were used to cal-
culate an initial 1D velocity model (see Fig. 6 bottom). This assures that the start-
ing model is close to the real structure, which reduces the non-linearity posed by
tomographic inversion. We performed the inversion in following steps: (1) limi-
tation of maximum offset (up to 4, 8, 12 km, no limit) and (2) several sub-inver-
sions with different smoothing factors 32x32x8 and 16x16x4 cells in x, y and z
direction respectively. That assures stability and allows to model the shallow
structures first. Together the inversion went through 16 iterations (2 steps for each
parameter set). Obtained results are presented as the depth slices in Fig. 7 (left). In
order to present only reliable results all cells that were not covered by rays are
masked. We observe significant difference in the velocities between NW and SE
part of the study area. It is especially visible at 400 m depth, where over 1 km/s
differences in P-wave velocity exists between units divided by the Ezcurra Fault.
When interpreting results of the “smooth” tomography based on first arrivals
only, one should bear in mind that the sharp velocity contrast (e.g. faults, intru-
sions) can not be modelled. Such a structures are usually recognised as zones of
higher velocity gradient. Modelled strong velocity gradient in the Ezcurra Inlet
correlates well with the SW-NE Ezcurra Fault from surface mapping. Similar gra-
dient zone in the Martel Inlet can be interpreted as the NE part of the Ezcurra
Fault. In general, the study area can be divided into two units with: Vp >4 km/s at
7. =200 m and Vp > 5 km/s at Z =400 m in NW part (Barton Horst) and with Vp
ca 3.6 km/s at Z = 200m and Vp ca 4.3 km/s at Z = 400 m in the SE part
(Warszawa block). A strong gradient zone in SW-NE direction with relatively
smaller gradient in the middle part separates these regions. The vertical slices pre-
sented in Fig. 8 show a strong gradient zone interpreted as the Ezcurra Fault in the
Ezcurra Inlet (slice x = 5 km). This gradient disappears eastwards (slices x = 10
and 15 km). The contrast in Vp corresponding to the Ezcurra Fault is also visible
at the slice y = 10 km. For y = 15 km this contrast is weaker and observed at the
edge of the area covered by rays.
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Fig. 7 .The horizontal slices through the IBP (left) and JIVE3D (middle) models at 200, 400, 800 and
2000 meters. Corresponding uncertainties for JIVE3D are presented in the right column. The white
line marks the coast line. The high gradient zones in the Ezcurra Inlet and the Martel Inlet indicate the
faults. Significant difference for the shallow structures in the velocities are visible between northern
part (Barton Horst) with velocities about 4.5 km/s and the southern blocks with 3.5 km/s.
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Fig. 8. The vertical slices through the IBP model at x equal 5, 10 and 15 km and y equal 5, 10 and 15

km. The velocities are presented in the areas with the ray coverage reaching to the depth of 2 km. A

high gradient zone visible at x = 5 km is weakening northward. Aty slices the strongest gradient is
visible for y = 10 km. E.F. — Ezcurra Fault.

Tomography with bathymetry (JIVE3D). — We tested also another imple-
mentation of seismic tomography —JIVE3D code (Hobro, 1999). It allows to build
velocity models with interfaces and separate velocity grids in each layer using not
only first arrival travel times but also secondary phases including reflected waves.
However, similarly to the IBP method, we used only first arrivals. The only differ-
ence was that we explicitly included bathymetry as one of the model interfaces.
Because JIVE3D uses different model parameterization and interpolation (cubic
B-splines) in comparison to IBP method, the obtained velocity fields are smoother.
Velocity model was parameterized on the 1x1x0.5 km grid and 1x1 km grid was
used for defining bathymetry. The inversion procedure was divided into 4 itera-
tions with different smoothing factors and further subdivided into 6 iteration (24
steps in total). JIVE3D algorithm allows to obtain the a posteriori covariance ma-
trix of the tomographic inversion and hence produces a measure of the model pa-
rameter uncertainty. This is a good way of estimating the relative reliability of the
model parameters. The obtained results are presented as slices through the model
with corresponding slices through the uncertainty field (Figs. 7, 9, 10). The depth
slices (Fig. 7 middle) shows similar results as the IBP inversion. In the Ezcurra In-
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Fig. 9. The vertical slices through the JIVE3D model at coordinate y equal 5, 10 and 15 km with cor-

responding uncertainty estimation. The localization of the fault is easily visible as a rapid change in

the isolines. It is more significant at y = 15 km and disappears southward. The fault can be traced to

the depth of about 2 km. For deeper areas the uncertainty is too high for this model to be reliable. E.F.
— Ezcurra Fault.

let and the Martel Inlet strong gradient are visible. This strong gradient can be
traced as a continuous line up to the depth of 800 m, but it is not so significant in
the middle part for deeper areas. The velocities in the NW block are much higher
(Vp =4.5 km/s at the depth of 200 m) in the area which is reliable according to the
uncertainty values, while in the SE block velocity reaches only 3.4 km/s. In the
deeper slices strong differences in the velocity can be also observed. Looking at
the vertical slices (Fig. 9) we can clearly see position of the Ezcurra Fault, which is
visible as a rapid change in the shape of isolines. It is more significant aty = 15 km
and disappears southward. Taking into account the uncertainty values, we can
trace the fault to the depth of 2 km. At the second set of slices (Fig. 10) this fault is
visible at x = 5 km disappearing eastward.

Conclusions

The 2007 experiment allowed successful imaging of the shallow crustal struc-
ture in the Admiralty Bay. Good data quality, especially the first arrivals of Pg
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Fig. 10. The vertical slices through the JIVE3D model at x equal 5, 10 and 15 km with corresponding
uncertainty estimation. The fault is easily visible at x = 5 km and disappears eastward. E.F. — Ezcurra
Fault.

waves allowed us to perform 3D tomographic inversion. Our interpretation is pre-
sented in Fig. 11. We were able to track the Ezcurra Fault from the Ezcurra Inlet
down to the depth of 2 km in the SW part of our area up to the Martel Inlet in the
NE part (marked with thick black lines). We can not confirm the existence of this
fault below 1 km depth in the middle part of the area and the stronger gradient is
visible to the north from previously postulated location. Because of the insufficient
ray coverage in the Krakow block (land area) we could not verify the existence of
the Mackellar Fault. By comparing the velocities we can easily distinguish the
Barton Horst with higher velocities of 4.5 km/s in the shallow structures from
Warszawa and Krakow blocks with velocities of 3.5 km/s, which suggests that the
Barton Horst was uplifted. Additionally the isoline of 4 km/s was presented to
show an estimated edge of the Barton Horst, that is marked with gray fill. It was not
possible to observe a difference in the structure of Warszawa and Krakéw blocks.
There were no significant differences between parts of Barton Horst: Cordozo
Cove, Dufayel Island and Martel Inlet group. Supposed sharp boundaries or faults
between them were to small comparing too the resolution of our data. Neverthe-
less, velocities observed in the western part of Barton Horst (Cordozo Cove and
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Fig. 11. Schematic interpretation with marked localization of confirmed faults (thick black lines).
The middle part of the Ezcurra Fault was not confirmed, as well as no proof for the Mackellar Fault
near the Krakéw block was found. Significant difference in the velocities on both sides of the fault
system indicate the uplift of the Barton Horst. The 4.0 km/s isoline marks the edge of the Barton
Horst. The yellow lines mark the positions of the vertical slices. Other markers as in Fig. 2.

Dufayel Island) are higher that those in eastern part (Keller Peninsula and Martel
Inlet) on all verified depths.

Additionally, we managed to effectively use the Reftek 125 “Texan” stations
with external battery packs in the antarctic conditions. For particular profiles it
would be possible to perform more detailed ray tracing analysis using also re-
corded S-waves and other P-waves.
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