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Three-dimensional modelling of the crustal structure
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ABSTRACT: During four Polish Geodynamical Expeditions to West Antarctica between 1979
and 1991, seismic measurements were made along 21 deep refraction profiles in the Bransfield
Strait and along the coastal area of Antarctic Peninsula using explosion sources. Recordings
were made by 16 land stations and 8 ocean bottom seismometers. Good quality recordings were
obtained up to about 250 km distance. This allowed a detailed study of the seismic wave field
and crustal structure. Three-dimensional tomographic inversion was carried out using first arriv-
als from the complete data set including off-line recordings. As a result, we obtained a 3-D
model of the P-wave velocity distribution in the study area. In the area adjacent to the Antarctic
Peninsula coast, sedimentary cover of 0.2 to 3 km thickness was found, whereas in the shelf area
and in the Bransfield Strait sedimentary basins with thickness from 5 to 8 km were observed. In
the Bransfield Strait a high velocity body with Vp > 7.5 km/s was found at 12 km depth. The use
of the off-line data allowed for determination of the horizontal extent of the body. The thickness
of the crust varies from more than 35-40 km in the coastal area south of the Hero Fracture Zone
to 30-35 km in the area of Bransfield Strait and South Shetland Islands and about 12 km in the
Pacific Ocean NW of South Shetland Islands.
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Introduction

The seismic data analyzed in this work were collected during four Polish Geo-
dynamical Expeditions to West Antarctica organized by the Institute of Geophys-
ics of the Polish Academy of Sciences over a span of 11 years starting in
1979/1980. The main purpose was to investigate the deep structure and physical
properties of the Earth’s crust in the area between Adelaide Island and Elephant Is-
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land (Fig. 1), especially in the tectonically active zones and contact zones between
lithospheric plates.

The seismic experiments yielded a rich and unique data set containing infor-
mation about the structure of the Antarctic Peninsula area. A tomographic inver-
sion method was applied to the data in order to create a 3-D model of the Vp veloc-
ity distribution in the Earth’s crust in the approximately 1000 km long and 300 km
wide area along the western coast of the Antarctic Peninsula. The results of the
tomographic modelling are described in this paper.

During the refraction and wide-angle reflection studies, seismic waves were
generated by underwater explosions of TNT charges ranging from 16 to 144 kg in
size, usually 50-100 kg, at depth of 60 m. The distance between shot locations was
about 6 km. About 510 shots were detonated. Seismic waves were recorded on land
by portable seismic recorders. All expeditions used a total of 16 land locations.
During the last expedition, land stations were supplemented with 9 Ocean Bottom
Seismometers (OBS), provided by the Hokkaido University.

Geology of the study area

The Antarctic Peninsula, a part of West Antarctica, is a 1500 km long strip of
the continental crust separating the southeast Pacific Ocean from the Weddell Sea
(Fig. 1). According to Garrett and Storey (1987), West Antarctica was a place of
continuous subduction of Pacific and proto-Pacific lithosphere from at least the
early Mesozoic until the late Tertiary. At the beginning of the Gondwana breakup,
about 170 Ma ago (Early Jurassic), the Antarctic Peninsula partially began to sepa-
rate from the Antarctic continent due to spreading which created the Weddell Sea
(L.awver et al. 1991), a back-arc basin filled by thick clastic sediments. This
extensional episode lasted until the earliest Cretaceous. The arc and back-arc were
subject to heavy deformation during the Early to Middle Cretaceous compres-
sional episode (Meneilly et al. 1987). During the Late Cretaceous—Tertiary, the
intra-arc extension occurred. The extension has been probably caused by slowing
and finally stopping of subduction due to ridge crest-trench collisions (Garrett and
Storey 1987). *

Subduction of the Pacific seafloor has ceased progressively from SW to NE
following ridge crest-trench collisions. The first collision probably occurred in the
south of the Antarctic Peninsula at about 50 Ma (Henriet et al. 1992). When
subduction and spreading in a given segment stopped, the corresponding part of
the subduction zone became a passive continental margin. The magmatism ceased
and the segment was uplifted and eroded. The last collision took place in the seg-
ment south of the Hero Fracture Zone during the Pliocene, 6.5 to 4 Ma ago (Barker
1982). Subducted fracture zones are reflected in the overlying crust of the Antarc-
tic Peninsula as the transverse megafractures, dividing it into regions with different



%

f\g;DDELL

Fig. 1. Map of the study area. Shot locations are marked by red points, seismic stations are marked by
black circles. Station DC is on Deception Island. The black rectangle shows the horizontal extent of
the tomographic model.
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Fig. 2. Map of aeromagnetic anomalies over Antarctic Peninsula after Maslanyj et al. (1991).
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tectonic histories. In the plate segment located between the Hero Fracture Zone and
the Shackleton Fracture Zone, the oceanic Aluk ridge and the last segment of Aluk
plate were preserved as the subduction stopped or slowed significantly about 4 Ma
ago, before the ridge reached the margin (Henriet et al. 1992, Lawver eral. 1991).

Barker (1982) suggests that the end of subduction and spreading between HFZ
and SFZ, together with continuing sinking of the subducted plate, might result in
opening of the Bransfield Strait (1.3 Ma ago according to Roach (1978)) due to
extensional forces.

The oceanic crust of the Pacific Ocean, adjacent to the margin, belongs to the
Antarctic plate and is fragmented by several prominent fracture zones, approxi-
mately perpendicular to the margin: Tula FZ (north of Alexander Island), Adelaide
FZ, Anvers FZ, Hero FZ and Shackleton FZ (south of South Shetland Islands),
which define several plate segments (Fig. 2) (Anderson et al. 1990, Larter and
Barker 1991). The extensions of the Hero FZ and Shackleton FZ on the shelf de-
limit the South Shetland Islands microplate, separated from the Antarctic Penin-
sula by the rift basin of the Bransfield Strait and bounded from NW by the
subduction zone along the South Shetland trench. Off the South Shetland wench,
between Hero FZ and Shackleton FZ, the last fragments of Drake plate (the last re-
maining fragment of partially subducted Aluk plate) and Aluk oceanic ridge, active
until recent times, are preserved (Henriet et al. 1992).

Paleozoic basement under the Antarctic Peninsula is covered by Mesozoic/Ce-
nozoic accretionary plex rocks and calc-alkaline pl ic and volcanic rocks.
They are located on a fragment of continental crust and are built mainly of the
Paleozoic and Mesozoic subduction complex created as the result of the accretion
at the margin, later intrusion of Late Mesozoic and Cenozoic subvolcanic plutonic
rocks (Barker and Dalziel 1983) and, finally, Pliocene to Recent magmatism due to
the back-arc spreading.

Over the shelf area several elongated fore-arc basins were detected by seismic
reflection measurements (Anderson ef al. 1990, Henriet et al. 1992) and by refrac-
tion modelling ($roda er al. 1997). The basins are filled with volcanic mudstones
and sandstones, covered by glacial and glacial-marine sediments. The basins are
separated from the outer shelf area by a mid-shelf high (Larter and Barker 1991).
These structures may represent an ancient back-arc basin and an eroded island arc,
respectively (Gamboa and Maldonado 1990).

The Bransfield Strait contains a back-arc basin with a Late Cenozoic exten-
sional grabenlike structure called the Bransfield rift (Birkenmajer 1992). The rift
and the islands are located between the extensions of the Hero FZ and Shackleton
FZ, which delimit also the remaining segments of the Aluk ridge. The sedimentary
cover consists mainly of glacial-marine sedi organic-rich hemipelagic sedi-
ments and glacially eroded terrigenous sediments (Jeffers and Anderson 1990).

In the rift zone, volcanic activity is observed along the volcanic ridge at the
stratovolcano of Deception Island and several submarine volcanos (Saunders and
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Tamey 1982). The composition of the volcanic rocks is intermediate between bas-
alts typical for ocean ridges (Weaver et al. 1979) and calc-alkaline magmas com-
mon for early phase of back-arc spreading.

Geophysical data

The results of gravity measurements carried out by the British Antarctic Survey
from 1959 in the Antarctic Peninsula region were described by Davey (1972),
Renner e# al. (1985) and Garrett (1990). Along the axis of the Antarctic Peninsula
negative gravity anomalies are observed, with —10 to 0 mGal values over Graham
Land. Elongated positive anomalies in 10-80 mGal range occur on the shelf between
Adelaide and Anvers Islands. The Bransfield Strait area is characterized by positive
B with plex pattern: a local gravity high (100130 mGal) coin-
cld.mg with South Shetland Islands, a maximum of 150 mGal in the NE part of the
Bransfield Strait caused by shallow high density material (Davey 1972), and local
minima over Deception Island and SW Bransfield Strait. In the Drake Passage over
the South Shetland Islands shelf, an elongated local minimum exists that is probably
caused by thick layer of low density sediments and relatively thick crust.

The studies of magnetic anomalies over the northern Antarctic Peninsula are
based on the British Antarctic Survey data from aeromagnetic and marine mag-
netic profiles (Maslanyj et al. 1991). Over the South Shetland Is]ands Graham

Land and near Anvers Island, negative with des reach-
ing 700 nT are observed. The whole area of the Scotia arc 15 characterized by lin-
ear belts of positive lies along the i ] areas of the arc. The

'most prominent anomaly, extending for about 1300 km along the Antarctic Penin-
sula coast, is called the West Coast Magnetic Anomaly (WCMA) (Renner et al.
1982). The WCMA is about 50-100 km wide, with average anomaly amplitude of
about 500 nT. High magnetic gradients are observed along its margins. The eastern
portion of the WCMA is located offshore southern Graham Land and in the
Bransfield Strait, and its maximum amplitude is 900 nT. The western portion has a
maximum exceeding 1000 nT in the area NW of the South Shetland Islands. Both
components are adjacent in the south, while in the north they are separated by the
South Shetland Islands archipelago.

According to Garrett et al. (1986/1987) and Garrett and Storey (1987), the
‘WCMA is caused by a long batholith of mafic to intermediate composition. The
correlation of WCMA with positive gravity anomalies (Renner ez al. 1985), and
the information about the surface geology supports this interpretation. Garrett and
Storey (1987) suggest that the batholith might be formed during Early Tertiary
intra-arc extension by several intrusions of mafic and intermediate material. Later
extension in the Bransfield Strait about 2 Ma ago split the northern part of the
batholith in two parallel components.
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First ion surveys in the A tic Peni region were carried out by the
British Antarctic Survey in the sixties. Cox (1964) interpreted the data from 5 refrac-
tion lines in the NE Bransfield Strait and found anomalously high velocity (6.4-7.1
kmy/s) at shallow depth (about 5 km). Ashcroft (1972) describes the results of the re-
fraction survey in the Bransfield Strait. His model of the seismic wave velocities up
to the depth of about 25 ki shows significant variability of the crustal structure when
moving from the Antarctic Peninsula through the Bransfield Strait and the South
Shetland Islands to the Drake Passage. The upper crust beneath the Antarctic Penin-
sula shows relatively low P-wave velocities (6.2 km/s up to 20 km depth), indicating
a typical continental character for the crust. Along the central part of the Bransfield
Strait the crust consists of 2.5 kan thick sediments, a 1 km thick layer of acidic crys-
talline rocks with Vy in the range of 5.3-5.6 km/s, and a 10 km thick layer of basic
rocks with Vj equal to 6.6 km/s. Below these layers, at 15 km depth, the P-wave ve-
locities of 7.7 km/s have been found. The crustal structure of the South Shetland Is-
lands is similar to that of the Antarctic Peninsula. In the Drake Passage, NW of the
South Shetland Islands, a 12 km thick oceanic crust has been found. On the basis of
the geological data and of the modelling results, Ashcroft suggested that until Ter-
tiary times, the South Shetland Islands and the Antarctic Peninsula formed one
crustal block, and were separated when rifting started, opening the Bransfield Strait.

The results of seismic experiments carried out by Polish expeditions provided
new information on the crustal structure of the passive continental margin of the
Antarctic Peninsula south of the Hero Fracture Zone and in the Bransfield Strait.
The 2-D modelling of the crustal structure in the Bransfield Strait and its vicinity
was the subject of numerous papers (Guterch et al. 1985, Guterch ez al. 1991, Grad
et al. 1993, 1997, Janik 1997a). Results of the modelling allow to.distinguish be-
tween different types of crust in separate crustal blocks: the continental crust be-
neath the Antarctic Peninsula, about 40-45 km thick with thin sedimentary cover
and three crystalline layers with velocities of 5.5, 6.6 and 7.2 km/s; the thinner con-
tinental block of South Shetland Islands with a similar velocity structure, but shal-
lower Moho depth (30-35 km); 12 km thick oceanic crust in the Drake Passage
NW of South Shetland Istands; and anomalous crust in the Bransfield Strait, char-
acterized by the occurrence of a high velocity body with velocities exceeding
7.4 km/s in the 14-30 km depth range, and Moho boundary at 30 km depth.

According to Sroda ez al. (1997) and Guterch et al. (1998), the Earth’s crust be-
neath the Antarctic Peninsula south of the HFZ is continental in character. This is
justified by the information about the P-wave velocity distribution and crustal
thickness. Thickness of the sedimentary cover varies from 0.2-1.5 km in the
coastal area to 5 km in the sedi y basins on the i I shelf. The seismic
velocities can be divided into three classes: 6.3-6.4, 6.6-6.8 and 7.1--7.2 km/s. The
thickness of the crust varies from 36 to 42 km with maximum thicknesses below
the Adelaide, Biscoe and Anvers Islands. A decrease of crustal thickness to about
25-28 km is observed towards the Pacific Ocean.
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Fig. 4. Seismic record sections from Bransfield Strait and Drake Passage: station 3, profile DSS-1;

station 13, profile DSS-17 and station 2, profile DSS-5 (fan recordings). Reduction velocity is 8 km/s,
sections are ized to i trace i

OBSs are single-ch 1. In case of multict i the ime of the
central channel was picked and used for the inversion.

Examples of the seismic data are shown in Figs 3, 4 and 5. Most of the seismic
sections show good quality first arrivals in the whole offset interval.

The seismic P-wave field in the study area shows highly varying character. In the
area north of the Hero Fracture Zone (the Bransfield Strait), the first arrivals show




136 Piotr $roda

STATION 6 (ML), PROFILE DSS—10

4 6 8 10

RED. TME T-X/8 (s)

2

~150 ~100 -50 o 50 100 150

RED. TME T-X/8 (s)
4 6 B 1

2

a0 -120 ~100 -0
OFFSET (km)

)

6

RED, TME T-X/8 (s)
4

2

130
oFFSET am)
Fig. 5. Seismic record sections from Anvers Island region: station 6, profile DSS-10; station 10, pro-

file DSS-12 and station 7, profile DSS-15. Reduction velocity is 8 km/s, sections are normalized to
‘maximum trace amplitude.

generally higher apparent velocity and higher intercept time than sections from the
area south of the Hero Fracture Zone. This indicates a thicker sedimentary layer and
higher P-wave velocities in the middle and lower crust in the Bransfield Strait area.
The data from the Bransfield Strait prove the complexity of the crustal struc-
ture, sediment distribution and bathymetry in this area. On the seismic sections
from profile DSS-20 (Fig. 3), situated along the axis of the Bransfield Strait, appar-
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Fig. 6. Left: first arrivals data used for inversion (total 1670 points). Red points — traveltimes from the

area north of HFZ, green points — traveltimes from the area south of HFZ. Corresponding average

traveltime curves are shown (black curve is the average for all picks). Right: average 1-D model.
Black line — calculated 1-D model, red line — smoothed model used as the initial model.
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Fig. 7. Comparison of inversion results for IBP method (top) and RI method (bottom). Left: horizon-
tal slices at 6 km depth, right: vertical slices at X = 640 km (Bransfield Strait). The interval of thick
and thin velocity isolines is 1 km/s and 0.2 km/s, respectively.
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Fig. 8. Topography and horizontal slices through the V, velocity distribution.
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ent velocities of 6.10—6.30 km/s are observed. At larger offsets (from 80-120 km)
the first arrivals show high (7.6-7.8 km/s) apparent velocities. The traveltime
curve is regular and smooth. This is not the case for seismic sections from profiles
situated perpendicular to the axis (e.g. DSS-1 and DSS-17 in Fig. 4), where the ap-
parent velocity of first arrivals changes abruptly, reflecting changes of water depth
and crustal structure in this direction. On the section for profile DSS-17 and station
AP (Fig. 4) the apparent velocity of first arrivals in the Bransfield Strait (offset
range 30-100 km) changes from 6.7 to 8.0 km/s. In the profile fragment located
NW from the South Shetland Islands (offsets 50-140 km) the apparent velocity
changes abruptly from 5.2 to 10 km/s. The recordings from profile DSS-1, Station
HB, show apparent velocities of about 6.2 km/s (offsets 10-80 km), 5.0 km/s (off-
sets 80—110 km) and about 9.2 km/s (offsets 110-150 km).

The data collected in the area south of the Hero Fracture Zone (from Anvers Is-
land to Adelaide Island) do not show such irregularities (Fig. 5). It is interesting
that for almost all sections (except the profile DSS-9) only the P, wave is visible in
first arrivals in the whole offset interval (up to 230 km). Phases with apparent ve-
locity of km/s, which could be interpreted as a P, wave, are practically not ob-
served. This is an indicator of a large crustal thickness. Because of the lack of arriv-
als refracted at the Moho discontinuity, the thickness of the crust can be estimated
only using the information from reflected arrivals. Generally, refracted arrivals at
offsets to about 100 km have relatively high apparent velocity of 6.3—6.4 km/s. At
larger offsets, velocities of about 6.7-6.8 km/s are dominant. In the distance inter-
val from 80 to 170 km, reflected waves with maximum amplitudes at 100-140 km
were found. They are interpreted as reflections from the Moho boundary.

The input data for the inversion procedure were collected from all seismic sec-
tions with good signal-to-noise ratio by manual picking of the first onsets. A cor-
rection removing the effect of water layer on traveltimes has been applied to each
trace start time before picking. All shot points and receivers are located at the flat
upper boundary of the model, equivalent to the ocean bottom, and the depth of any
point of the model is respective to the ocean floor, rather than ocean level. The cor-
rection has been applied because one of the inversion packages does not allow for
defining an interface above which the velocity is held fixed, as it is usually done in
order to simulate the water layer.

Input data for the tomographic inversion consisted of 1670 picked traveltimes
of first arrivals. Fig. 6 shows first arrivals picks divided in two groups: picks from
the region south of HFZ (Anvers Island) are plotted as green points, while the red
colour marks picks from the area north of HFZ (Bransfield Strait and its vicinity).
The plot shows clearly the difference of shape (slope and intercept time) for two
groups of picks, suggesting strong lateral variability in crustal structure. Generally,
high intercept time and lower slope for picks from the Bransfield Strait means
thicker sedimentary layer and higher P-wave velocities in the middle and lower
crust when compared to the southern part of the study area. Fig. 6 also shows the



138 Piotr $roda

mean traveltime curves, fitted to both groups of picks and to all picks together us-
ing least squares method. These curves were used for determination of the average
velocity structure which served as the 1-D input model for inversion.

The uncertainty of the picked traveltimes has been estimated to be 0.1 s. The
common procedure for removing picking errors in the case of seismic modelling us-
ing refracted waves from reversed shooting geometry is reciprocity checking. Unfor-
tunately, it could not be applied here due to specific geometry of the experiment.

The initial model used in this work consists of a 1-D velocity distribution, cal-
culated by 1-D trial-and-error modelling using an average traveltimes curve. The
model obtained, shown as a black line, has been modified in order to decrease the
velocity gradient in the first 4 km near the surface.

The velocity model has been defined in the rectangular area shown in Fig. 1. The
dimensions of the model are km, with cell size of 4 km. Profiles DSS-9, DSS-14 and
part of the profile DSS-17 were deliberately left outside the model because no
off-line recordings were available and the ray coverage was poor and limited to the
profile lines. In this way, substantial reduction of the model size has been obtained.
The values were defined at the nodes of the cubic grid with spacing of 4 km.

Inversion method and modelling procedure

The tomographic inversion was carried out with two software packages ap-
plied to the same data set in order to compare both results. The iterative back-
projection (IBP) package by Hole (1992) uses an efficient method of determining
the seismic velocity distribution in a 3-D medium using first arrivals. The algo-
rithm uses an approach of linearization of a non-linear relation between the
traveltime t and the slowness u=1/v. The linearization results in an approximation:

ot = .[8 u(r)dl,
L{u0(r)]

where 3t is the traveltime perturbation, du is the slowness perturbation and u is the
reference slowness field and L is the integration path. The solution of the above
equation is found iteratively. The model of the slowness field used for inversion is
parametrized using a function defined along the ray path. This leads to the follow-
ing solution for the slowness perturbation:

&t /1, for r along the path j
ou(r)= 0

otherwise

By summing the reference model and perturbations we obtain a new reference
model u,. This procedure is repeated iteratively until a model with satisfying
traveltime residuals is obtained.
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Fig. 9. Vertical slices in the Y-plane through the V, velocity distribution. The interval of thick and
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The velocity model is defined by the rectangular grid with equidistant nodes.
The traveltimes are calculated using the finite differences algorithm by Vidale
(1990) adapted for media with high velocity contrasts by Hole (1992). The ray
paths are traced from the receivers back to the source along the maximum
traveltime gradient curves.

The slowness perturbation in each grid node is calculated as an average of du in
all nodes in a block around the given node. This procedure allows for the para-
metrization of du on an equidistant grid, and stabilizes the inversion by smoothing
the velocity field. .

Another program used in this work is the FAST package (Zelt and Barton,
1998). It implements the regularized inversion (RI) method with smallest rough-
ness constraint. The solution of the inverse problem is sought iteratively. In each it-
eration, the algorithm minimizes a function which is a linear combination of the
data misfit and the measure of the model roughness:

®(m) =5t"C;'8t+A(m”"C;'m+s, m"C;'m),

where 5t is the traveltime residual vector, C, is the data covariance matrix, C, and
C, are finite difference operators measuring the horizontal and vertical model
roughness, A is the trade-off parameter weighting the importance of the roughness
constraint and s, determines relative weights of horizontal and vertical smoothing
constraint.

The obtained slowness perturbation field dm is used to update the reference
model and the new model is used as the input for next iteration step. In each itera-
tion, different variants of model are calculated with different values of the trade-off
parameter A and the variant which produces the smallest data misfit is selected for
next iteration. The algorithm attempts to find a solution producing RMS residual
approximately equal to the level of data uncertainty. In the case when this condi-
tion is satisfied before the end of iterations sequence, the algorithm does not overfit
the theoretical traveltimes to the data, but the smoothest/flattest possible model is
sought.

The sequence of iterations for the IBP package has been designed to allow for
gradual increasing of the thickness of the modelled area. In this way, early iteration
steps resolved the near-surface structures before the deeper parts were modelled.
The smoothness of the velocity distribution was decreased in the process. It stabi-
lized the model in the beginning and allowed for gradual introduction of smaller-
size structures. The iteration steps were run repeatedly in three nested loops: the in-
nermost loop contains N iterations with constant parameters, middle loop is per-
formed with decreasing values of smoothing operator size and in the outer loop the
values of X, (maximum offset of picks used for inversion) are increased. Total
number of 30 iterations was used.

For the modelling using the RI package the velocity distribution is para-
metrized in a similar way as for IBP method. The modelling sequence consists of a
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user-defined number of nonlinear iterations. For each iteration, several values of
trade-off parameter A are tested. The operator can set several inversion parameters
concerning e.g. the overall smoothness or flatness of the model. Different values of
these parameters were tried during synthetic tests and inversion of the real data.
Optimal values were used for final modelling. Regularized inversion was per-
formed with 3 nonlinear iterations and 7 A values for each iteration, using the mini-
mum smoothness constraint.

The description and interpretation of the velocity model

Selected slices from two versions of a final model were compared to check
how the methods influence the result. Fig. 7 presents slices in the Z and X plane for
model obtained with IBP package, and model obtained with RI package.

The models are essentially very similar when comparing location of large scale
inhomogeneities and velocity distribution with depth. The only difference is in the
minimum wavelength of observed inhomogeneities. The IBP model contains
short-wavelength features (size of 50 km and smaller). They are mostly of no im-
portance for interpretation, as their size is often below the estimated resolution.
The RI model is smoother. The differences are in some degree due to the choice of
the smoothing parameters in inversion procedures. The wavelength of the anoma-
lies is larger than 50 km, approximately. Further discussion is based on the IBP
model.

The final velocity distribution obtained with IBP package is shown in Figs 8, 9
and 10. The velocity model has been cut in 2-D slices in selected places in order to
allow visual inspection of the 3-D volume. For horizontal slices in the Z-plane, ve-
locity values for each node were plotted only if the ray density in the corresponding
cell had non-zero value, in order to show only constrained areas. For vertical slices
in the X and Y planes, the ray density in the 8 cells wide swath around the cutting
plane was summed to create a mask used for finding the constrained areas in the
given slice. This procedure is somewhat misleading, as the figures obtained in this
way show better ray coverage than actual, but on the other hand it helps to present
the velocity field without too many empty areas due to the fact that the slices are
not paralle! to the lines of seismic profiles.

The example diagram of the ray coverage is presentd in Fig. 11. In large parts
of the constrained area the ray density is poor (1-2 rays per cell), which indicates
that caution is needed in interpreting the results based on data with such spatial
density of measurements.

The results of modelling reflect the complex structure of the Earth’s crust in the
study area and allow for determining the regions which underwent different tec-
tonic and geological evolution,
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In the horizontal slices, low velocity areas with Vp less than 5.0 km/s at shallow
depths correspond to sedimentary basins found previously along the Antarctic
Peninsula shelf and in the Bransfield Strait by means of reflection and refraction
seismics(Anderson et al. 1990, Henriet et al. 1992, Sroda et al. 1997).

In the northern part of the Bransfield Strait at depth 16 km, an area of anoma-
lously high velocity ( 7.4 km/s) is observed. The location of this area is consistent
with the results of Janik (1997b), obtained by 2-D raytracing and trial-and-error
seismic modelling. Extremely high velocities at shallow depth can be explained by
the existence of large amounts of ultramafic mantle material that replaced the
lower and middle crust, thinned during crustal extension.

The vertical slices in the Y-plane show clearly the difference in the crustal
structure between the areas south and north of the extension of the Hero Fracture
Zone. In the large parts of the Bransfield Strait, observed velocities are generally
high for continental crust, especially in the high velocity anomaly area. Overall
values of Vy, are smaller in the vicinity of the Anvers Island south of the Hero Frac-
ture Zone, where the velocity distribution is similar to normal continental crust, ex-
cept of some areas of slightly higher velocity (6.5 km/s) at shallow depth in the
coastal area (this may be caused by the existence of the mafic plutonic bodies along
the Antarctic Peninsula postulated by Garrett ez al. (1986/1987) to explain the
West Coast Magnetic Anomaly).

The velocities of 8 km/s practically do not occur in the constrained area of the
model. The highest value of Vj in the ray covered area is about 7.9 km/s. This is
primarily caused by the absence of clear P, phases, which would allow to deter-
mine the depth ot the Moho discontinuity. Phases with apparent velocity of more
than 8 km/s were found only in some sections from the Bransfield Strait, but appar-
ently they are not numerous enough to sufficiently constrain the deepest parts of
the model. Moreover, modelling of strong velocity contrasts, as the Moho bound-
ary, with tomographic algorithms described here is problematic.

Because of these limitations, the exact determination of the crustal thickness
based on the inversior methods used is difficult. In the final model, variations in
the crustal thickness can be observed taking into account the depth to the high ve-
locities (7.6-7.8 km/s) areas. In the region south of the Hero Fracture Zone the
crust is significantly thicker than in the Bransfield Strait area, with approximate
thicknesses estimated to 40-45 km and 30 km or less, respectively. The crustal
thickness beneath the South Shetland trench NW of South Shetland Islands is ap-
proximately 10 km.

Estimation of the errors, model resolution and quality

The calculation of the inversion model is usually followed by the model
quality assessment using various methods. The methods used in this work in-
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cluded: checking of RMS residuals and values, plots of RMS residuals distribu-
tion, calculating of the ray density distribution and dependence of the average
ray density on depth, synthetic checkerboard tests (Zelt and Barton 1998), and
inversion of Gaussian noise (Hole 1992). Only selected results of the above
methods are presented.

As a general measure of the consistency of the final model and the data, the
RMS traveltime residuals (RMS ) were analysed. It describes the difference be-
tween the experimental traveltimes and theoretical traveltimes calculated for a
given model. The RMS values for final IBP and RI models are 0.15 s and 0.14 s.
These values exceed the assumed level of noise in the data — 0.1 s. This may
mean that the level of the noise has been underestimated, and in reality it is prob-
ably at about 0.15 s. This is probably due to timing and location inaccuracies and
to the lack of reciprocity checking, which would help to reduce data inconsis-
tency.

The diagrams of traveltime residual distribution (an example for the IBP
method is shown in Fig. 12) give more detailed information about the quality of
data fit. Histograms of RMS values for initial and final models are shown, as well
as the dependence of the RMS values on the offset. Both histograms are centered
on the zero value and show substantial improvement of the fit compared to the ini-
tial distribution of residuals (green bars). The RMS values are more or less regu-
larly distributed in the whole offset interval, what means that the errors are not due
to some specific group of arrivals.

The ray coverage of the final model obtained by IBP method (the coverage for
RI model does not show significant difference) presented in Fig. 11 is highly
inhomogeneous, as shotpoints and receivers were spaced irregularly. Moreover,
rays are concentrated mainly along the profiles, as the experiments were oriented
primarily for 2-D modelling. The ray coverage depends strongly on depth, reach-
ing a maximum at 8-12 km. The ray coverage is best in the area of the Bransfield
Strait and in the vicinity of Anvers Island, because of high concentration of shot
points and receivers in these areas.

The test of inversion of the Gaussian noise shows that the synthetlc data with
uncertainty of 0.15 s produce the model with velocity fluctuations with average
amplitude of the order of 0.06 km/s. This value is an average for the whole model -
the amplitude varies with depth and location in the model. This test does not take
into account other factors affecting the uncertainty of the velocity distribution that
are difficult to estimate.

The resolution tests showed that the horizontal resolution of the model is highly
variable and depends on the ray density. In almost whole constrained model area, the
tomographic modelling can detect inhomogeneities of about 100 km size or smaller.
In the area with good ray density (the central part of the Bransfield Strait) at moder-
ate depth (less than about 15 km) crustal structures of 50 km size can be resolved.
The resolving capability of the method decreases strongly with depth.
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Conclusions

— Tomographic inversion of 1670 first arrival traveltimes produced a velocity dis-
tribution model down to about 40 km depth. The cell size of 4 km has been con-
sidered optimal for given geometry of survey and shots/stations density. The
main results of the modelling are as follows:

— At depths down to 8 km, the areas with P-wave velocity less then 6 km/s were
observed. They correspond to sedimentary basins in the area of Antarctic Penin-
sula shelf and in the Bransfield Strait.

— Relatively high velocities (6.3-6.5 km/s) occur at depths of 5-10 km in the
coastal area, coinciding with the location of positive acromagnetic anomalies
(WCMA).

— An area of anomalously high velocities (more than 7.4 km/s) was found at
depths of 16 km and deeper in the northern part of the Bransfield Strait. This
confirms previous results of 2-D forward modelling and provides more informa-
tion about the extent of the high velocity area.

— The crustal thickness south of the HFZ extension is estimated to 40-45 km.
North of the HFZ extension, in the Bransfield Strait area, characterized by gen-
erally high velocities, the crust is thinner and probably does not exceed 30 km.
The crustal thickness under the South Shetland trench was estimated to about
10 km.

— Obtained model is consistent with results of previous seismic research, mainly
2-D modelling, as well as with the distribution of magnetic and gravity anoma-
lies, described earlier in this paper. Moreover, application of 3-D modelling
method to the data from off-line recordings allowed for more detailed determi-
nation of the crustal structure in areas covered by dense network of profiles,
mainly in the Bransfield Strait. The results clearly show the continental charac-
ter of the Earth’s crust beneath the Antarctic Peninsula and South Shetland Is-
lands. The results confirm also the tectonic view of the Bransfield Strait as a rift
basin with prominent sedimentary cover and anomalous crust, thinned and
underplated by high velocity ultramafic material during extensional processes.

— The inversion methods applied in this study allows for assessment of the model
uncertainty and resolution, what is a substantial advantage when compared to
trial-and-error methods. Another advantages of the method is that if new
traveltime data are acquired in future surveys, they can be easily incorporated
into the existing data set and inverted jointly. In this way, a new velocity model
can be created using all available information.

— Presented results were obtained using only a part of the collected traveltimes
data — the traveltimes of first arrivals of seismic waves. Future incorporation of .
the reflected wave arrivals in the inversion procedure will significantly enhance
of the velocity model. In particular, it will allow for more exact determination of
the velocity distribution of the lower crust and of the Moho depth.
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Streszczenie

W pracy przedstawiono wyniki tréjwymiarowego modelowania struktury skorupy ziemskiej w
rejonie Pélwyspu Antarktycznego (fig. 1-2). Wykorzystano materialy z 21 profili sejsmicznych o
1acznej dlugosci okoto 3500 km (fig. 3-6). Do modelowania wykorzystano metodg inwersji tomogra-
ficznej. Zastosowany algorytm inwersji wykorzystuje czasy pierwszych wstapieni fal sejsmicznych.
Jako dane wejsciowe uzyto okolo 2500 rejestracji sejsmicznych (fig. 3—5). Obszar objety modelowa-
niem (fig. 1) jest prostopadloscianem o rozmiarach 816 km x 320 km i gl¢bokosci 64 km. Predkosé
fal podluznych jest zadana w sze$ciennych komérkach o rozmiarze 4 km. W wyniku przeprowadzo-
nego modelowania otrzymano rozklad predkosci fal podiuznych w rejonie badar do glgbokosci
okolo 40 km (fig. 7-12). Przy powierzchni modelu wystgpuja obszary o predkosci fal podiuznych <6
km/s odpowiadajace basenom osadowym na szelfie P6lwyspu Antarktycznego. Grubos$é skorupy
ziemskiej zmienia si¢ od okolo 30 km pod Ciesning Bransfielda do 3540 km w poludniowej czesci
obszaru badafi. W centralnej czgsci Cie$niny Bransfielda na gigbokosci okolo 10 km i wiecej wyste-
puja anomalnie wysokie predkosci fal podiuznych — powyzej 7,4 kin/s, zwiazane ze strukturg ryf-
towa. Uzyskane wyniki wskazujg, iZ badany obszar mozna podzieli¢ na cz¢$¢ polozona na potudnie
od strefy roztamowej Hero, o typowo kontynentalnej budowie skorupy, i cz¢éé p6inocna, o anomal-
nie wysokich predkosciach fal podiuznych i ciefiszej skorupie ziemskiej.



