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1 INTRODUCTION

SUMMARY

The Antarctic Peninsula (AP) is a composite magmatic arc terrane formed at the Pacific margin
of Gondwana. Through the late Mesozoic and Cenozoic subduction has stopped progressively
from southwest to northeast as a result of a series of ridge trench collisions. Subduction may
be active today in the northern part of the AP adjacent to the South Shetland Islands. The
subduction system is confined by the Shackleton and Hero fracture zones. The magmatic arc
of the AP continental margin is marked by high-amplitude gravity and magnetic anomaly
belts reaching highest amplitudes in the region of the South Shetland Islands and trench.
The sources for these anomalies are highly magnetic and dense batholiths of mafic bulk
composition, which were intruded in the Cretaceous, due to partial melting of upper-mantle
and lower-crustal rocks. 2-D gravity and magnetic models provide new insights into crustal
and upper-mantle structure of the active and passive margin segments of the northern AP. Our
models incorporate seismic refraction constraints and physical property data. This enables us
to better constrain both Moho geometry and petrological interpretations in the crust and upper
mantle. Model along the DSS-12 profile crosses the AP margin near the Anvers Island and
shows typical features of a passive continental margin. The second model along the DSS-17
profile extends from the Drake Passage through the South Shetland Trench/Islands system
and Bransfield Strait to the AP and indicates an active continental margin linked to slow
subduction and on-going continental rifting in the backarc region. Continental rifting beneath
the Bransfield Strait is associated with an upward of hot upper mantle rocks and with extensive
magmatic underplating.

Key words: Gravity anomalies and earth structure; Magnetic anomalies: modelling and inter-
pretation; Composition of the continental crust; Composition of the oceanic crust; Controlled
source seismology; Antarctica.

tial field data have been compiled into publicly available databases
of the ADMAP and ADGRAV projects and are published in many

The Antarctic Peninsula (AP) is the most accessible region of West
Antarctica for study of the deep structure and tectonic processes
which occurred along the southeast Pacific continental margin. The
peculiarities of the crustal structure and tectonic processes are man-
ifested in the patterns of geophysical fields. The continental margin
here is marked by belts of strong gravity and magnetic anomalies
that are generally attributed to a magmatic arc system consisting
of a series of plutons and batholiths of assumed different compo-
sition and age (Renner et al. 1985; Garrett & Storey 1987; Garrett
1990). Recent geophysical data suggest, however a more complex
situation. Aerogeophysical survey in Palmer Land, and southern AP,
provide support for a composite terrane history of the AP with a ma-
jor episode of accretion in mid-Cretaceous time (Vaughan & Storey
2000; Ferraccioli et al. 2006). Satellite, aero and ship-born poten-
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papers (McAdoo & Laxon 1997; Golynsky et al. 2001; Kim et al.
2002, 2007; Jokat et al. 2003; Ferraccioli et al. 2006, 2007).

The shelf of AP is the best-studied area in Antarctica by seismic
refraction study. During the last thirty years the Polish Academy of
Sciences has carried out a refraction seismic study on a network of
deep seismic soundings (DSS refraction study) profiles across and
along the AP shelf. These investigations allowed the study of crustal
and upper mantle structure of the region and the development of a
map of depths to the Moho boundary (Grad et al. 1992,2002; Sroda
et al. 1997; Guterch et al. 1998; Janik et al. 2006; Majdanski et al.
2008).

Despite great progress having been achieved through studying
the deep structure of the AP margin of the Pacific Ocean by a va-
riety of geophysical methods, there is a necessity to carry out a
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Figure 1. Main tectonic units of Antarctic Peninsula and Scotia Sea (Larter & Barker 1991). Dashed red line rectangle indicates the study area. Light blue

shows bathymetry shallower than 2000 m. SOB — South Orkney Block.

joint geophysical interpretation of these data by using models that
take into account several geophysical parameters. Thus the main
objective of our study is to develop a series of joint geophysical
models along the interpretation profiles that cross the continental
margin of the AP at the location of the DSS profiles (for location
see Figs 1 and 2). As a basis for implementing 2-D gravity and
magnetic modelling we used velocity models on the most repre-
sentative and lengthy seismic profiles within the study region. For
the modelling we used satellite-derived Free-Air gravity anoma-
lies (Sandwell & Smith 1997) and total field magnetic anomalies
(Golynsky et al. 2001). Our joint gravity and magnetic models are
further constrained by physical properties of rock samples includ-
ing the datasets collected during Ukrainian Antarctic expeditions.
By combining potential field modelling with seismic refraction and
physical property data we delineate the contrasting structure of the
lithosphere for the active and passive margin segments of the north-
ern AP.

2 GEOLOGICAL AND TECTONIC
SETTING

The AP consists of a number of large domains and is the largest
tectonic block of West Antarctica. In contrast to East Antarctica, the
main part of which consists of Precambrian rocks, West Antarctica
is a geologically complex entity with Phanerozoic rock complexes
(Grikurov 1973; Dalziel & Elliot 1982). The AP has been tradition-
ally regarded as a magmatic arc formed along the palaeo-Pacific
margin due to Gondwana breakup (Storey & Garret 1985). Re-
cent geophysical and geological studies suggest that the AP is a
composite magmatic arc comprising two or three separate terranes
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that were accreted and sutured along the Gondwana margin in the
mid-Cretaceous (Vaughan & Storey 2000; Ferraccioli ef al. 2006).
The two suspect terranes (the Western and Central Domains) have
faulted contacts with continental Gondwana margin rocks (Eastern
Domain), suggesting that any docking between the former domains
and the Gondwana margin was probably dextral-oblique (Vaughan
et al. 2002).

Recent palaeotectonic reconstructions show that in Late Creta-
ceous the AP was affected by southeastward subduction of Phoenix
Plate, all of which was subducted at the western AP continental mar-
gin (Larter et al. 2002). Through the late Mesozoic and Cenozoic
subduction has stopped progressively from southwest to northeast
as a result of a series of ridge trench collisions (Larter & Barker
1988). Subduction is only active today in the northern part of the AP
adjacent to the South Shetland Islands located between the Shack-
leton and Hero fracture zones (Fig. 1). There are three contrasting
interpretations for the subduction in the South Shetland Trench:
(i) it ceased ca. 4 Ma (Barker 1982); (ii) it is on-going, and slow
(Pelayo & Wiens 1989; Robertson et al. 2003) or (iii) slab-roll back
occurred in connection with the cessation of subduction ca. 3.3 Ma
(Gracia et al. 1996; Galindo-Zaldivar et al. 1996, 2004). These pro-
cesses led to the opening of a backarc basin in the Bransfield Strait
(Pelayo & Wiens 1989; Larter & Barker 1991; Galindo-Zaldivar
et al. 1996, 2004).

Origination of the Bransfield rift is related to the southwestward
progradation of tectonic strain associated with stress produced by
the South Scotia Ridge (Klepeis & Lawver 1996; Gonzalez-Casado
etal. 2000; Jin et al. 2002; Fretzdorff et al. 2004; Udintsev & Shenke
2004). This corresponds to the general geodynamic setting of the
study region (Fig. 1), which defines the evolution of the northern part
of the AP as having been affected strongly by microplate dynamics
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Figure 2. Bathymetry of the study region (Sandwell & Smith 1997) and location of interpretation lines I-I and II-II (red lines) together with selected seismic

profiles (white lines) used for 2-D gravity and magnetic modelling.

of the Scotia Arc, in particular by the kinematics and dynamics
of the South Scotia Ridge (strike-slip tectonics along the South
Scotia Ridge; Pelayo & Wiens 1989). In general, the present-day
geodynamics and seismicity of the region of the AP and Scotia Plate
are determined by the dynamics and kinematics of the Antarctic
Plate (AN), Scotia Plate (SC) and South American Plate (SA).
Predicted velocities of westward motion of SA (2.2 cm yr~!) and
SC (1.4 cm yr~!) relatively to S-SW slow motion of AN (0.5 cm
yr~!) leads to a situation where the North Scotia Ridge shows left-
lateral strike-slip motion with a component of convergence, and the
South Scotia ridge shows left-lateral motion with a component of
extension (Pelayo & Wiens 1989). Convergence between the SC and
AN in Drake Passage region appears to be accomodated by diffuse
compressional deformation as well as strike-slip faulting along the
Shackleton fracture zone (Pelayo & Wiens 1989).

The main seismogenic zones within our study region occur along
the South Scotia Ridge and its southwestern extension within the
Bransfield Basin, and within the Shackleton fracture zone (Fig. 1).
Seismic activity of the South Shetland Trench can be explained by
active subduction and backarc spreading along the South Shetland
Trench and Bransfield Strait; the maximum depth of seismicity is
~65 km, but the majority of events are shallower than 30 km (Pelayo
& Wiens 1989; Robertson et al. 2003).

The main tectonic units in the region of the AP and Scotia Sea
are seen in the sea floor bathymetry, which shows the uplifted block
of the AP extending eastwards along the South Scotia Ridge as far
as the South Orkney block. The AP currently has a clear continental
margin along its 2000-km-long boundary with the Pacific. We focus

our study on the structure of the Pacific margin of the AP (Fig. 1)
in the area of the South Shetland Islands and Bransfield Strait, as
well the passive margin section of the AP shelf.

The Bransfield rift is a Late Cenozoic tensional structure, about
40 km wide near King George Island, reaching 100 km width in
some places. Measurements of the surface heat flow in the Brans-
field Strait show very high values: one quarter of these results ex-
ceed 220 mW m~2 (Lawver & Nagihara 1991; Lawver ef al. 1995).
Strong hydrothermal activity, found in the Bransfield Strait in gen-
eral (Suess et al. 1987; Schloesser et al. 1988; Dahlmann et al. 2001;
Klinkhammer et al. 2001) and, in particular, in the Deception Island
area (Somoza et al. 2004), confirms the presence of submarine vol-
canic activity. The central part of the rift graben is only 15-20 km
wide and contains several subaerial and submarine volcanoes on
a line between the Deception and Bridgeman Islands. They repre-
sent the only visible part of a large ~300-km-long submarine ridge,
formed since the Pleistocene by opening of the Bransfield Strait
(Weaver et al. 1982; Gonzalez-Ferran 1985). The most recent erup-
tions of 1967, 1969 and 1970 at Deception Island (Baker ez al. 1969;
Birkenmajer 1987; Smellie 1988, 1989), as well as permanent seis-
mic activity (Pelayo & Wiens 1989), confirm that tectono-volcanic
activity along the Bransfield Strait is still active. Basalts dredged
from the volcanoes of the Bransfield rift have transitional affinity
between magmas of a standard Pacific backarc basin and depleted
upper mantle mid-ocean ridge basalts (Keller et al. 2002). In the
latter case, melting that resulted in basalt magmas occurred at shal-
low depths due to the rising and adiabatic decompression of an
asthenosphere diapir (Sushchevskaya et al. 2002).
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Figure 3. Map of Bouguer gravity anomalies for the Antarctic Peninsula (Renner et al. 1985). Red isolines — positive, green — negative, black lines — zero

isolines. Values in mGal.

3 GRAVITY ANOMALIES

A regional Bouguer anomaly map of the AP (Fig. 3) was con-
structed from the data of the gravity surveys carried out by the
British Antarctic Survey (Renner et al. 1985). The pattern of the
Bouguer anomalies shows three main domains. The first domain
includes the South Shetland Islands (anomalies up to 120 mGal),
the Bransfield Strait (80—140 mGal) and the northern termination
of the AP with Bouguer anomalies of 60-80 mGal. The second area
characterizes Graham Land—part of the AP and its shelf, which
extends between Anvers Island on the north and Adelaide Island
on the south. Here Bouguer anomalies over the AP are of 20-40
m@Gal. They are surrounded on both sides by linear belts of highs
reaching 80 mGal on the western shelf and 60 mGal on the east,
within the Larsen Ice Shelf. The third domain includes Palmer Land
and Alexander Island with broad negative anomalies. These anoma-
lies reach amplitudes of —80 to —100 mGal over Palmer Land and
—20 mGal over Alexander Island. Westwards, on the AP shelf the
gravity anomalies reach values of 2040 mGal (Fig. 3). The gravity
anomaly field in the region of Palmer Land has been much better
delineated from new airborn gravity data (Ferraccioli et al. 2006),

© 2010 The Authors, GJI, 184, 90-110
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which indicate the AP batholith as a composite magmatic arc ter-
rane.

For the present 2-D gravity analysis we used the satellite-derived
Free-Air gravity anomalies (Sandwell & Smith 1997), which in our
study area show rather good correspondence (in order of 6 mGal)
with marine gravity anomalies (Sandwell 1992). The northwestern
part of the AP shelf is distinguished by belts of high-amplitude
highs and lows (Fig. 4). Linear gravity lows image the deep-water
trench system along the Pacific margin of the AP. Minimal values
of Free-Air anomalies (—100 mGal) are observed along the South
Shetland Trench—a deep-water (~5 km) trough floored by a thick
sedimentary wedge and lying on strike with gravity highs. We dis-
tinguish a belt of gravity highs over the AP shelf reaching >100
m@Gal in amplitude above the South Shetland Islands. These gravity
highs have been previously interpreted as being caused by high-
density bodies of large plutons which constitute the magmatic arc
of the Pacific continental margin (Renner 1980; Renner et al. 1985;
Garrett & Storey 1987). The density of these bodies, which extend
down to a depth of 10-20 km, was estimated by Garrett (1990) in
the range 2.8-3.0 g cm™> that correspond to a bulk density gabbro-
anorthositic composition (Christensen & Mooney 1995).
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Figure 4. Map of satellite-derived Free-Air anomalies (Sandwell & Smith 1997) over the Antarctic Peninsula region and location of our modelling profiles

(red solid lines).

4 MAGNETIC ANOMALIES

Fig. 5 shows anomalies of total magnetic field intensity (TMI,
Golynsky et al. 2001) used for this study. The continental mar-
gin of the AP is marked by a wide (nearly 120 km in width) belt
of strong magnetic anomalies. This is the so-called Pacific Margin
Anomaly (PMA, Maslanyj et al. 1991) or West Coast Magnetic
Anomaly (WCMA, recognized by Renner et al. 1982)—an arcu-
ate belt of positive magnetic anomalies that extends 3800 km from
the South Orkney Island to Thurston Island. The magnitude of the
PMA reaches 700 nT in the region of the South Shetland Islands.
The PMA overlies the western part of the AP magmatic arc and is
comparable to anomalies observed over the Kitakami batholith in
Japan (Finn 1994) and the Peninsular Ranges batholiths in Califor-
nia and Baja California (Ferraccioli et al. 2006). In the northern
part of the AP, between Anvers Island and the northern termina-
tion of the Bransfield Strait, the PMA splits into two branches—the
western anomaly of high magnitude and eastern anomaly of lower
intensity (Fig. 5; Johnson 1999).

The PMA is assumed to be caused by strong magnetization of a
chain of batholiths, which were formed in the subduction environ-
ment at the shelf zone of the Mesozoic—Cenozoic magmatic arc of
the AP (Renner et al. 1985; Garrett 1990). Magnetite-bearing gab-
bro and diorites are the main rock types composing the batholiths. A
correlation was found between the PMA positive anomalies and ex-
posures of gabbro and granites in the northern (Johnson 1996) and

southern (Johnson & Swain 1995) parts of the study region. In ad-
dition, linkage of the magnetic anomaly of 500 nT with exposures
of gabbro was established in the Pitt Islands. A good correlation
is also observed on the islands of Anvers, Bride, Horseshoe and
Terra Firma. Calculations performed by Johnson (1999) show that
the PMA can be explained by bodies with apparent magnetic sus-
ceptibility of 0.055-0.075 SI and lower bounds occurring at the
depth of nearly 20 km, the estimated depth of the Curie isotherm.
Depths to the upper surface of the source bodies for the PMA
vary from 0 to 6 km. Apparent magnetic susceptibility values used
for modelling correspond well with the measured susceptibility of
rock samples of the gabbro-diorite group of the AP, ranging from
0.01 to 0.23 SI (Table 1; Maslanyj et al. 1991; Johnson 1996;
Vaughan et al. 1998). Vaughan et al. (1998) also suggested that
the PMA in Palmer Land may have been associated with an in-
tense phase of tonalitic plutonism in the early Cretaceous. Mag-
netic modelling performed by Garrett (1990) indicates the PMA to
be caused by the effect of bodies in the upper-middle crust of about
2 A m~! magnetization; the highest magnetization (2.6 A m™")
was determined for the South Shetland Islands and Drake Passage
section.

A marine magnetic survey carried out in the Bransfield Strait
revealed positive anomalies varying from 200 to 2000 nT and inter-
preted as arising from intrusions of basalt dikes along a ridge axis
(Kim et al. 1992). Gracia et al. (1996) correlated positive magnetic
anomalies (300—400 nT) with a chain of large volcanoes.

© 2010 The Authors, GJI, 184, 90-110
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Figure 5. Total field magnetic anomaly map for the Antarctic Peninsula region (Golynsky ef al. 2001) and location of our modelling profiles (red solid lines).

5 SEISMIC REFRACTION STUDY,
VELOCITY MODELS AND MOHO MAP

In the transition zone between the Drake and South Shetland mi-
croplates and the Antarctic Plate, 20 deep seismic sounding pro-
files were performed during the Polish Geodynamic Expeditions
(Fig. 6a). The interpretation yielded 2-D models of the crust and
upper mantle down to 80 km depth. Seismic refraction and wide-
angle reflection measurements were done using explosions in the
sea along profiles of a total length of about 4000 km. Shots of
between 25 and 120 kg of TNT were electrically detonated in the
sea from the ship at a depth of 70-80 m. The distances between
shots were 1-5 km. All shots were recorded by three and five chan-
nel vertical component seismic stations located on land (Guterch
et al. 1998). The shots along profile DSS-20 in the Bransfield Strait
were recorded by ocean bottom seismometers (OBSs; Grad et al.
1997). Seismic refraction records obtained in the area of the AP
show a complicated seismic wavefield, resulting from large varia-
tions in seafloor depth, large subsurface velocity structures in the
sedimentary cover, presence of intracrustal intrusions and Moho
topography.

The 310-km-long profile DSS-17 carried out in 1987 runs from
the South Shetland Trench through the South Shetland Islands and
Bransfield Strait and terminates at the AP (Trinity Peninsula, Figs 2,
6a; Grad et al. 1993a,b). 30 shots were fired in the sea. Seismic waves
from explosions were recorded by analogue seismic instruments on
four land stations: two in the South Shetland Islands (AP — the
Arturo Prat station at Greenwich Island, HM — a station at Half

© 2010 The Authors, GJI, 184, 90-110
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Moon Island) and two at the AP (HB — at the Hope Bay, OH —
station O’Higgins).

Large apparent velocities are indicative of the presence of seismic
boundaries that strongly dip from the Drake Passage under the
South Shetland Islands. The complicated pattern of the seismic
wavefield on profile DSS-17 is indicative of the complex structure
of the crust and subcrustal lithosphere. Fig. 7(a) represents a new
version of the velocity model on the DSS-17 profile presented by
Grad et al. (1993a,b). A new model has been prepared for this
paper, based on interpretation of seismic profiles (e.g. DSS-20)
shot in the Bransfield Strait region (Janik 1997a, b). According to
the velocity model in Fig. 7(a), the depth of the Moho boundary
ranges from 10 km for the oceanic crust below the Drake Passage
and the South Shetland Trench area to about 40 km under the AP.
The sub-Moho ¥, velocities of 8.3 km s™! are a little higher than
in previous models. This value is comparable to the velocity of
8.4 km s~! found by Contreras-Reyes et al. (2008) offshore in the
subduction zone in Chile. The velocity structure reveals several
individual blocks in the crust. In the oceanic domain a sequence of
strata with velocities ranging from 2.0 to 5.6 km s~! overlies the
4-5-km-thick layer of crystalline crust with approximately 6.9 km
s~! velocity. In the South Shetland Islands block the low-velocity
sedimentary complex (2.0-4.0 km s~!) covers three crystalline crust
complexes with ¥, of 5.6-6.1 kms™!, 6.4-6.8 km s~' and more than
7.2 km s~!. The crustal structure beneath the Bransfield Strait is
highly anomalous. A specific feature of this is a high-velocity body
with P-wave velocities >7.0 km s~!, detected in the 15-30 km
depth interval. This high-velocity body thickens northwestwards
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Table 1. Physical properties of rock complexes of Antarctic Peninsula.

Comments

Magnetic parameters

Velocity (km s™!)

Density (g cm™3)

Rock composition

Complexes

NRM (Am™1)

Susceptibility

(Am™h

@, (SI)
0.002-2.85 0.41

0.001-0.12 0.037

VoIV,

90

96

2.53-2.942.78

Andesite, basalt, diabase

Mesozoic—Cenozoic volcanic

rocks

Garrett (1990)
Lebedev et al. (2002)
Lebedev et al. (2002)

0.017

40

2.70
2.66-2.83 2.71

131

Basalt, andesite, rhyolite

Rhyolit, dacite

0.016
0.016-0.133 0.044

0.002-0.084 0.035

16
18
106

1.60-1.72 1.68
1.60-1.84 1.72

3.15-3.52 3.34
3.20-3.56 3.41

5.42-6.05 5.72
5.66-6.35 5.90

15

16
20

20

2.88
2.61-2.852.71

Andesite, basalt, dolerite
Granodiorite, granite

0.033-1.07 0.366

67

106

Mesozoic—Cenozoic plutonic

rock complex

Garrett (1990)
Garrett (1990)

0.008

93

2.62

2.69

2.72
2.59-2.64 2.61

91

Granite

Granodiorite

Garrett (1990)
Lebedev et al. (2002)

0.020

128
5
7

136

Diorite, granodiorite

Granite

0.016
0.016-0.033 0.022
0.024-0.140 0.061
0.001-0.25 0.064

1.56-1.72 1.64
1.63-1.79 1.69
1.63-1.74 1.69

2.90-3.14 3.06
2.84-3.16 3.09
3.22-3.453.34

4.90-5.16 5.01

5
7

5
7

4.78-5.625.24
5.39-5.82 5.63

2.61-2.72 2.65

Granodiorite
Diorite

Lebedev et al. (2002)
Lebedev et al. (2002)

10
82
93

10

2.70-2.82 2.75
2.74-3.17 2.86

10

83

0.06-9.3 1.93

79

Gabbro, gabbro-anorthosites

Gabbro
Note: N indicates the number of samples, numbers above the line show data range (from minimal to maximal values), while bold numbers indicate the average value of the parameter. The * label marks the data collected during Ukrainian Antarctic expeditions.

Garrett (1990)

0.02-10.9 2.3

14

0.033

2.84

49

and below the South Shetland Islands it extends from a depth of 540
km, that is, to the base of the crust. In the AP, crystalline crust layers
of about 5.3-6.0, 6.7 and >7.0 km s~! have been distinguished.

In the transition zone from the Drake Passage to the South Shet-
land Islands a seismic boundary in the lower lithosphere occurs at
a depth ranging from 35 to 80 km (Fig. 7a). The dip of both the
Moho and this seismic reflector is approximately 25° and indicates,
probably, the direction of subduction of the lithosphere of the Drake
Plate under the Antarctic Plate.

The seismic study of the Bransfield Strait was continued in
1990-1991 during the first detailed seismic refraction study (Grad
et al. 1997) using five OBS along a 310-km-long seismic profile
DSS-20 running along the Bransfield Rift axis (Fig. 6a) from south-
west (in the vicinity of Deception Island) to northeast (in the vicinity
of Bridgeman Island). The crustal velocity section on this profile
shows three blocks (Grad et al. 1997) describing the crustal struc-
ture of western, central and eastern sub-basins of the Bransfield Rift.
A high-velocity body with ¥, = 7.4-7.7 km s™! has been revealed
from these studies at the depth of 15-32 km beneath the central sub-
basin in the Bransfield Strait. Detailed images of its shape from the
DSS data were shown by Janik (1997a,b) and Janik et al. (2006). It
is interpreted as magmatic material underplated to the crust during
rifting. An upper mantle with velocities >8.0 km s~! was observed
at a depth 30-32 km along the DSS-20 profile, thus indicating the
presence of continental crust below the Bransfield Rift. Ashcroft
(1972) and Davey (1972) had suggested the existence of a semi-
oceanic crust beneath the Bransfield Strait. Seismic experiments
on profile DSS-20 have shown an absence of oceanic crust. Later
wide-angle seismic surveys, consisting of a grid of eight dip pro-
files, conducted in Bransfield Strait in 2000 (Barker e al. 2003;
Christeson et al. 2003) revealed a similar pattern along the pro-
files DSS-17 and DSS-20, and high P-wave velocities (>7.25 km
s7!) at a depth of 10-15 km below the central part of Bransfield
Strait, which they interpreted as the Moho boundary. In Fig. 7(a) it
corresponds to the top of the high-velocity body.

Seismic profile DSS-12 was one of seven profiles acquired during
1984-1985 (Sroda et al. 1997) within the continental margin of the
AP between the Palmer Archipelago and Adelaide Island. Profile
DSS-12 of 160 km length crosses the AP shelf from Anvers Island
to the edge of the continental margin (Figs 2, 6a). 15 shots were fired
in the sea with distances between shot points of about 6 km. Very
good recordings were obtained along the profile and this allowed a
detailed study of the seismic wavefield and crustal structure (Sroda
et al. 1997). The final velocity model along the profile DSS-12 is
shown in Fig. 7(b). In the area adjacent to the AP, a thin sedimentary
cover of 0.2—1.5 km thickness was found, whereas in the western
part of the study area a sedimentary basin with a thickness up to 3
km is observed. P-wave velocities of 4.4-5.2 km s~! were assumed
for sediments. In the upper crust, P-wave velocities of 6.35 km
s~! were found at a shallow depth (less than 1 km) in a wide belt
along the AP. P-wave velocities of about 6.6 km s~ were found
below 5-15 km depth. The crystalline crust consists of three parts,
with velocities of 6.3-6.4, 6.6-6.8 and 7.1-7.2 km s~! (Fig. 7b).
The thickness of the crust varies from 36 to 42 km, and maximum
thickness is observed below Anvers Island. Moho shallowing up to
about 22 km is observed towards the Pacific Ocean (Sroda et al.
1997).

Results of deep seismic profiles were synthesized to produce a
map of Moho depth beneath the NW coast of the AP (Fig. 6b,
Guterch et al. 1998; Janik et al. 2006). The map shows that the
maximum crustal thickness of 38—42 km occurs along the AP shelf
between Adelaide Island and the Palmer Archipelago. Towards the

© 2010 The Authors, GJI, 184, 90-110
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Figure 6. Location of deep seismic sounding (DSS) profiles (a) in Antarctic Peninsula Shelf (Guterch ez al. 1998) and map of the depth to the Moho boundary
(b) along the Antarctic Peninsula, based on data from ray-tracing models of the crustal structure (Janik et al. 2006). Thick lines in (a) indicate the DSS-12 and
DSS-17 profiles used for 2-D gravity and magnetic modelling. Blue hatched areas in (b) over the central part of the Bransfield Strait mark the extent of the
high velocity anomaly, where at a depth of 13—18 km P-wave velocities reach 7.2 km s~ as well as the extent of two other areas of anomalously high velocity.

Pacific Ocean, the Moho depth decreases and reaches 30—32 km at
the edge of study area. The dipping Moho boundary indicates the
occurrence of a transition zone between the oceanic Pacific crust
and the continental crust of the AP. In the Bransfield Strait area, the
depth of the Moho discontinuity increases from about 12 km for

© 2010 The Authors, GJI, 184, 90-110
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the oceanic crust of the Phoenix Plate to about 25 km for the South
Shetland Islands shelf, and 30-33 km for the South Shetland Islands
crustal block. In contrast, the AP and its adjacent shelfhave a typical
continental crustal thickness of 36—45 km. The Moho depth beneath
the Bransfield trough is about 30-32 km.
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6 PHYSICAL PROPERTIES
AND PARAMETERIZATION
OF THE INITIAL MODELS

Data on the distribution of physical properties of the main rock
complexes of our study region are used for parameterization of ini-
tial gravity and magnetic models and also for interpretation of final
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Figure 7. Velocity models along the DSS-17 line (a), modified from Grad er al. (1993a,b) and Janik (1997a,b) and DSS-12 line (b) (Sroda et al. 1997).
Location of the profiles is shown in Figs 2 and 6(a). Numbers indicate P-wave velocity in km s~

models. The bulk of rocks exposed on the islands of the AP shelfand
mainland are made of plutonic rocks of the AP batholith (Leat et al.
1995) and volcanic rocks of the AP Volcanic Group (Thompson
& Pankhurst 1983). The plutonic rocks that form the AP batholith
were emplaced over the period ~240 to 10 Ma with an Early Creta-
ceous peak of activity (Leat et al. 1995). Early Cretaceous plutonic
rocks of gabbro-granite composition (with a prevalence of diorites)

© 2010 The Authors, GJI, 184, 90-110
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constitute the widespread plutons and batholiths (Willan & Kelley
1999; Leat et al. 1995). The volcanic rocks of the AP Volcanic
Group, which occur as veins, dykes and flows, are represented by
andesites, diabases, basalts, rhyolites, dolerites, and dacites (Weaver
et al. 1982; Riley et al. 2001).

During Ukrainian Antarctic expeditions (1998-2008), collec-
tions of rock samples, exposed on the archipelago of the Argen-
tine Islands (in the region of Ukrainian Antarctic station ‘Akademik
Vernadsky’ shown by V mark in Fig. 8) and adjoining the western
coast of the AP, were gathered for petrophysical study. The location
of rock samples is shown in Fig. 8. The results of this study are sum-
marized in Fig. 9 and Table 1 (marked by * in the comment). For
comparison Table 1 includes also data from previous studies under-
taken by the British Antarctic Survey (Garrett 1990) and Ukrainian
Antarctic expeditions (Lebedev ef al. 2002).

Two groups can be distinguished amongst the volcanic rocks.
The first group, defined by lowest values of physical parameters,
includes rhyolites, dacites, andesites with average density p = 2.7
g cm™> and magnetic susceptibility & = 0.017 SI (Garrett 1990;
Lebedev et al. 2002). The second group of more mafic composition

© 2010 The Authors, GJI, 184, 90-110
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comprises diabases, basalts, dolerites and andesites with densities
2.84-2.90 g cm™3, whereas average values of both  and natural
remanent magnetization NRM increase to 0.04 SI and 0.41 A m!,
respectively (Fig. 9 and Table 1). The latter group includes also
volcanic rocks of very high NRM values. They are basalts of Cape
Tuxen (NRM = 2.1-4.2 A m™!) and dolerites of Argentine Islands
(Fig. 8) with NRM = 0.2-0.7 A m~' (Lebedev et al. 2002). The two
groups of volcanic rocks also differ in seismic velocities: increased
V, values (to 5.9 km s~!) are attributed to mafic volcanic rocks
(Table 1).

Granitoids of the AP batholith (Leat et al. 1995) are represented
mostly by granodiorites and, to a lesser extent, by granites, which
usually comprise one group under the joint name ‘granodiorites’.
Heterogeneity of this group is revealed by a bi-modal density his-
togram (Fig. 9) with two peaks characterizing the granites and gra-
nodiorites with densities 2.61-2.62 and 2.69-2.72 g cm ™3, respec-
tively (Table 1). Average values of @ range from 0.016 Sl in granites
to 0.020-0.022 SI in granodiorites, whereas the NRM of the latter
is 0.366 A m~! (Table 1). Increased values of z (0.035 SI) obtained
for the granodiorites of our collection (marked by * in Table 1) could
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Figure 9. Diagrams of physical properties (magnetic parameters and density) of main rock complexes exposed on the Argentine Islands and adjoining western
coast of Antarctic Peninsula. Diagrams have been compiled from the data in Table 1 (marked by * in the comment).

be explained by a prevalence in the dataset of granodiorites of the broids exposed on Anagram Island and Cape Tuxen of the AP
archipelago of the Argentine Islands and adjoining part of the AP (Fig. 8; Artemenko et al. 2009).
coast, which could have higher magnetization. The density values of main rock types (Table 1 and Fig. 9) were
Gabbroids of the AP batholith are characterized by an average used to constrain the upper and mid-crust intervals of the initial
density of 2.84-2.86 g cm™ (Table 1 and Fig. 9; Garrett 1990). density model. To constrain the density model for the entire crust
The distinction in average a of these rocks, estimated to be 0.064 and upper mantle, we also used conventional velocity/density con-
SI and 0.033 SI according to the data of Ukrainian expeditions version functions. Table 2 and Fig. 10 show the densities for dif-
and British Antarctic Survey (Garrett 1990), respectively (Table 1), ferent complexes and layers estimated from the Nafe-Drake (Nafe
could be explained by above mentioned tendency observed for gra- & Drake 1963) and the Birch empirical functions between ¥, and
nodiorites, that is, by a prevalence in the dataset of rocks of the density (Birch 1960, 1961). These estimates incorporate velocities
archipelago of Argentine Islands. In addition, diorites with average taken from seismic models in Fig. 7.

@ = 0.061 SI could also be associated with this group (Table 1;
Lebedev et al. 2002). Average NRM = 1.9 A m~! of gabbro and
gabbro-anorthosites (estimated on 79 samples, Table 1) is in good
correspondence with previous estimates (2.0-2.3 A m~!; Garrett
1990). High magnetization of the gabbro group is caused by high
magnetite content, reaching 12 per cent (Goldring 1962; Artemenko
et al. 2009). These rock types are exposed on Argentine Islands,

7 DENSITY MODEL OF THE CRUST
AND UPPER MANTLE ACROSS DRAKE
PASSAGE AND BRANSFIELD STRAIT
TO THE ANTARCTIC PENINSULA

Central Hugo Islands and other localities within the Graham Land A joint gravity and magnetic model on line I-I of 860 km total length
and constitute bodies and plutons of the large AP batholith. The was set along the seismic profile DSS-17 crossing the study region in
highest magnetite content, up to 30 per cent, was obtained in gab- the area of South Shetland Trench and Islands and Bransfield Strait

© 2010 The Authors, GJI, 184, 90-110
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Table 2. Density values used in the 2-D modelling of the Antarctic Peninsula continental margin.

P-wave velocity Density for Magnetic
from seismic models in susceptibility for
models in Fig. 7 Figs 11-12, p (g models in
Layer Vy (km s7h cm ™) Figs 11-12, & (SI)
Sediments Oceanic sediments of the Drake Passage 24-3.1 1.8-1.9
Sediments of accretionary complex 3.8-4.5 2.10-2.30
Crust Metasedimentary rocks of basement and 5.1-6.0 2.5-2.62 0.02
intercalated volcanics; upper ‘granitic’ crust of
the Antarctic Peninsula
Upper ‘granodioritic’ crust of the Antarctic 6.3-6.45 2.73-2.77 0.035
Peninsula
Middle crust of the Antarctic Peninsula 6.5-6.85 2.85-2.87
Lower crust of the Antarctic Peninsula 7.10-7.20 3.0
High-velocity body in the lower crust of the 7.20-7.70 3.05 0.07

Bransfield Strait, crustal batholith of the

South-Shetland Islands g
Oceanic crust of the Drake passage and the 6.9-7.2 29 §
Bellinsghausen Sea g

Upper mantle Continental uppermost mantle of the Antarctic 8.1 3.25-3.30 §
Peninsula 3
Lithospheric mantle of the Drake Passage and 8.3 33 3
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Figure 10. Diagram of the density—velocity relation for sediments, crystalline crust and uppermost mantle (shown also in Table 2) for the Antarctic Peninsula
margin, used for the gravity modelling. The velocity values were taken from the seismic observations along seismic profiles shown in Fig. 7. The density
values were constrained by these velocity observations and estimated from Nafe-Drake (dashed line) and Birch (solid lines, shown for atomic mass 21 and 22)
conversion functions.
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(Figs 6a and 7a). A seismic section along the nearly perpendicular
line DSS-20 that traversed along the rift axis (Grad et al. 1997) was
also taken into account. Thus, the central part of the line I-I, which
is one third of the whole line length, was elucidated by seismic data
from DSS-17 and DSS-20, whereas the crustal structure on both
sides of it was constructed by 2-D gravity and magnetic modelling.
For the modelling we used satellite-derived Free-Air gravity and
aeromagnetic anomalies (Figs 4 and 5).

For gravity computations we used the software developed for
2-D and 3-D modelling (Tchernychev & Makris 1996), which is
based on the Talwani et al. (1959) algorithm. The models were ap-
proximated by prisms of 2 x 0.25 km? (X, Z) size, defining the
areas of constant density. For gravity calculations the software uses
relative densities, obtained by normalizing the absolute density val-
ues to some reference density. For this parameter the program uses
a constant value representing the average density for an average
column of the model from the surface to the base of the model.
Calculation of the density model indicates this average density pa-
rameter to be equal to 3.04 g cm™3. The software provides also for
calculations of gravity inversion formulated by a linear approach
(estimation of density for known geometry). This is especially use-
ful for density range estimates in the parts of the model, which are
poorly constrained by seismic data and for the upper mantle. 2-D
magnetic modelling was performed by Mag2dc software (Cooper
1997) using the set of separate bodies of arbitrary configuration.
Mag2dc allows forward modellling and inversion of magnetic data.
The magnetic bodies are placed in the upper-middle crust inter-
val bounded below by the Curie isotherm, which has been esti-
mated for the AP continental margin at a depth of approximately
20 km (Johnson 1999). The geometry of the initial models was
constrained by velocity models in Fig. 7. Density parameterization
of the sections was made by conversion of P-wave velocities of the
seismic models (Fig. 7) into densities using the conversion func-
tion in Fig. 10. In addition, for the upper part of the section we
used laboratory measured physical properties of major rock types
that outcrop on the islands and mainland of the AP (Fig. 9 and Ta-
ble 1). Further refinement of the models was achieved with a better
fit between calculated and observed potential fields by means of
changing the densities and susceptibilities in the layers and bodies
of the model.

The final density model on line I-I is shown in Fig. 11. It is
fitted with 10 mGal of average deviation between the calculated and
observed fields that is about 6 per cent of the maximum variation
of the Free-Air anomalies along the profile. The model in Fig. 11
consists of three main domains—the continental crust of the AP
and Larsen Ice Shelf (km 630-880), the oceanic block of Drake
Passage (km 0-340 km) and, located in between, a transition block.
The lattermost characterizes the structure of the crust between the
South Shetland Trench and Bransfield Strait.

The thick continental crust of the AP and Larsen Ice Shelf consists
of three layers. The upper crust reaches 10 km in thickness and has
a density of 2.55-2.62 g cm™>. The middle crust is 12 km thick and
is characterized by a density of 2.87 g cm~3 and the lower crust has
the highest values of velocity and density (>7.0 km s~' and 3.0 g
cm™3). The Moho is a flat boundary lying at a depth of 38—40 km
with a velocity and density underneath the boundary of 8.10 km s™!
and 3.29 g cm ™3, respectively.

The oceanic crust of the Drake Passage has typical values for
oceanic areas—a thin (5-7 km) crystalline crust of high velocity
(6.9 km s~") and density (2.9 g cm™3) overlain by a thin layer of low-
density (1.9 g cm™) oceanic sediments under a layer of seawater
3-3.5 km thick. Below the Moho, occurring at a depth of 12 km,

velocity and density were estimated as 8.3 km s™! and 3.3 g cm ™3,

respectively. Below the seismic reflector the density was estimated
to be 3.16 g cm™> (asthenosphere).

A very complex crustal structure is seen in the transition block,
which includes the area between the South Shetland Trench and
Bransfield Strait. A spectacular feature of this block is a gravity
maximum reaching 110 mGal above the South Shetland Islands
(Fig. 11). Our gravity models indicate that this high is caused by a
large batholiths that extend from 3 to 20 km depth. The batholiths
is of 40 km wide near the surface and has a steep and subvertical
western flank, while eastwards it continues as a thinner body that
extends into the lower crust below the Bransfield Strait (Fig. 11).
The geometry of this body taken from seismic model in Fig. 7(a).
The apparent density (3.05 g cm™) and seismic velocity (>7.2 km
s~!) suggest an ultramafic composition for the body. An uplifted
crustal wedge with a 2.87 g cm™3 density was implaced to the west
of the South Shetland batholiths in a subduction environment by
slow ongoing subduction of a remnant of Phoenix Plate under the
South Shetland Islands. The existence of this uplifted crustal block
is also supported by a strong magnetic anomaly of more than 400
nT, which corresponds to the western branch of the PMA. This
anomaly is caused by a magnetic body of 80 km width occurring
at 3-20 km depth. The high magnetic susceptibility (0.08 SI) and
average density (2.87 g cm™3) values (Fig. 11), as shown from the
data in Table 1 and Fig. 9, are indicative of a mafic composition
of an intrusive rock complex (gabbro-diorites, gabbro, and gabbro-
norites).

The gravity low (—60 mGal) of the South Shetland Trench is
caused by a thin sequence of low-density oceanic sediments (p =
1.8 gem™ and ¥, = 2.5 km s™!) and sediments of an accretionary
wedge complex (o = 2.15 gem™ and V, = 4.2 km s™ ). The latter
are modelled as being up to 5 km thick 25-30 km to the southeast
from the trench axis. In addition, a contribution to this gravity low
is made by the sequence of meta-sedimentary rocks of the basement
and intercalated volcanics, which are associated with V, = 5.5 km
s™!and p = 2.55 g cm™3. The occurrence of volcanic rocks here
corresponds to very high values of apparent magnetic susceptibility
(0.10 SI) derived below the South Shetland Trench at a depth of 1—
8 km (Fig. 11). This interpretation agrees with measured magnetic
susceptibility over five samples of basalts and dolerites exposed on
the Argentine Islands, that have susceptibility in the range 0.08—0.13
SI (Lebedev et al. 2002).

The same rock complexes seen in the basement are present at a
depth of 2—-5 km below the Bransfield Strait, where they are overlain
by thin sediments (1-4 km thickness) of density 2.10-2.20 g cm™>.
These sequences, as it follows from the seismic model in Fig. 7(a),
are cut by a small, high-velocity body (V, = 6.5 km s~ and p =
2.9 g cm~?) in the form of a volcanic edifice, which is indicated
also by a local gravity anomaly of 15 mGal (Fig. 11) and a local
magnetic anomaly (Kim et al. 1992). These gravity and magnetic
anomalies mark the presence of a chain of subaerial and submarine
volcanoes along the Bransfield rift axis from the Deception volcano
on the south to Bridgeman Island on the north (Gracia et al. 1996).
The thinned crystalline crust below the Bransfield rift is highly
anomalous. The upper crust of 2.87 g cm™ density contains a
magnetic body of 0.07 SI susceptibility responsible for the 250-300
nT magnetic anomaly of the eastern branch of the PMA (Fig. 11).
The lower crust body beneath the Bransfield Strait is characterized
by ¥, = 7.4-7.7 km s~! and p = 3.05 g cm~>. Transition from
the thinned crust of the Bransfield Rift to the AP continental crust
is distinguished by a local gravity anomaly of 30 mGal caused by
a body in the upper crust (at 5 km depth) with 2.83 g cm™ and

© 2010 The Authors, GJI, 184, 90-110
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6.5 km s™! velocity, which could be a layered intrusion of mafic
rocks (gabbro).

Our gravity modelling shows strong density heterogeneities in the
upper mantle. Continental crust of the AP is underlain by upper man-
tle of 3.29 g cm™ density. In order to explain the gravity field above
the Bransfield Strait and the presence of a high-velocity/density
crustal body, a low-density (3.18 g cm™3) uppermost mantle is
assumed below the rift (Fig. 11). Since the density values in the
uppermost mantle beneath the Bransfield rift depends on the pres-
ence of an anomalous crustal body, which is a well constrained
feature of all seismic lines crossing the Bransfield rift, a series of
calculations incorporating slight density variations in the crustal
body were made. Calculations were made for a crustal body with
an average density of 2.98, 3.0 and 3.05 g cm™ and a constant
upper mantle density below the rift was taken to be 3.25, 3.30 and
3.28 g cm™? for each case, respectively. The calculated response
for these models is systematically lower than the observed values
and this is interpreted as supporting the occurrence of a low-density
mantle beneath the rift zone. Fig. 11 shows the model with 3.18
g cm™3 density derived for the upper mantle below the Bransfield
rift.

Upper mantle of the oceanic domain is characterized by high
seismic velocities below the Moho and the presence of a seismic re-
flector. High seismic velocities below the subducting oceanic Moho
are modelled as oceanic lithosphere of 3.30 g cm > density. Low

© 2010 The Authors, GJI, 184, 90-110
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velocity below seismic reflector was constrained by lower densities
of3.16 gecm > (Fig. 11).

8 DENSITY MODEL OF THE CRUST
AND UPPER MANTLE FROM THE
BELLINGSHAUSEN SEA TO THE
ANTARCTIC PENINSULA

A second model was computed along the 520-km-long line II-II
crossing the AP continental margin in the area of Anvers Island
from the Bellingshausen Sea to Jason Peninsula (Fig. 2). It runs
along the DSS-12 profile (Fig. 6a), which constitutes the central
part of line II-II. This line crosses a strong (100 mGal) Free-
Air gravity anomaly at the edge of the continental slope and the
PMA consisting of two branches—western and eastern—of 300 and
250 nT, respectively (Figs 5 and 12). The final density model along
the line II-IT is shown in Fig. 12. The model has been fitted with 7
m@Gal of average deviation between the calculated and the observed
field, which, taking into account the variation of Free-Air anoma-
lies from —10 to 90 mGal, constitutes 7 per cent of the maximum
amplitude of the gravity field along the line.

The density model in Fig. 12 shows two crustal blocks—oceanic
and continental. The continental block, including the western shelf
of the AP, the AP mainland and the Larsen Ice Shelf, has a 40-km
thick crust with a 20-km-thick middle crust of 2.87 g cm~> average
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Domains with hatching above the 20-km-depth level shows magnetic bodies with calculated susceptibility (numbers in italic, SI units).

density. High densities (~3.0 g cm™>) were obtained in the 10-km-
thick lower crust. Thin upper crystalline crust is characterized by
densities in the range of 2.74-2.78 g cm™>. In the subsurface layer
of the AP a basement is distinguished with ¥, = 5.11 km s™' and
o = 2.50 g cm™3, which is represented, most likely, by compacted
sediments (metasediments) and intercalated volcanics.

Since the oceanic domain along the line II-1I is not elucidated by
the DSS-12 line, its geometry was taken from neighbouring seismic
line DSS-17, the only profile crossing oceanic crust (Fig. 6). The
oceanic crustal domain shows a 7-km-thick crystalline crust of
2.9 g cm™3 density overlain by thin (~1 km) oceanic sediments
of 1.9 g cm™ density under the 3.5-4 km sea water column. The
thickness of sediments in the Bellingshausen Sea was taken from a
seismic reflection study (Scheuer et al. 2006).

Major changes in the crustal structure were determined in the
transition block, where within a distance of 100 km the crust thick-
ens from 10 to 25 km. It represents an uplifted crustal block of
average density 2.87 g cm™3, which is marked by a linear grav-
ity high (Fig. 12). This uplifted block, in the form of a wedge,
is very similar to that found along the line I-I in Fig. 11. West-
wards from this high, one can see a gravity low that is caused by
3-km-thick sediments of a former accretionary wedge. Colocation
of the uplifted dense crustal block with the magnetic body of 0.06
SI susceptibility that is interpreted to cause the western branch of
the PMA (Fig. 12) is indicative of their common sources. Another
magnetic body of the same susceptibility, determined in the area of
Anvers Island, explains the eastern anomaly of the PMA. Derived

values of the magnetic susceptibility and density indicate that these
magnetic bodies, which are located in the upper 20 km layer, are
mainly composed of mafic rocks (diorite, gabbro, and gabbro-
diorite; see Table 1).

9 DISCUSSION

The main results derived from our potential field models are dis-
cussed here in terms of tectonic structures and tectonic processes
that developed along the Pacific margin of the AP.

9.1 Active continental margin

On-going tectonic processes operate within the northern sector of
the AP continental margin—in the area of South Shetland Trench—
Bransfield Strait (profile I-I, Fig. 11), which is bounded by the
Shackleton and Hero fracture zones. The presence of an active con-
tinental margin here is highlighted by belts of strong gravity and
magnetic anomalies caused by subduction and recent continental
rifting processes. Subduction is revealed in Fig. 11 by underthrust-
ing of the oceanic lithospheric slab of Drake Passage (Phoenix
Plate in Fig. 1) under the South Shetland Islands. The subduct-
ing slab represents a coupled oceanic crust (p = 2.9 g cm™ and
¥V, = 7.0 km s') and underlain lithosphere (0 = 3.3 g cm™ and
¥, = 8.3 kms~!) bound by a seismic reflector parallel to the Moho
boundary. At present the subduction of the remnant of the Phoenix
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Plate is assumed to be ongoing at low rates or it may have ceased
(Galindo-Zaldivar et al. 2000; Maldonado et al. 2000). On-going
subduction is consistent with observed seismicity, which shows that
many earthquakes have focal mechanisms and depths (~30 km)
indicative of underthrusting of an oceanic slab below the South
Shetland Trench/Islands system (Robertson et al. 2003; Pelayo &
Wiens 1989).

9.1.1 South Shetland Trench

Due to subduction, an accretionary trough has been formed in the
South Shetland Trench. It is filled with 5-km-thick accretionary
sediments of 2.15 g em™ density (V, = 4.2 km s7!), overlain by
thin oceanic sediments (density 1.8 g cm™3). The sediments and the
deep-water trench are largely responsible for a strong gravity low
in the South Shetland Trench (Fig. 11). Landward progradation of
the subduction front has, led to the formation of an uplifted crustal
wedge 0f 2.87 g cm > density and high magnetic susceptibility (0.08
SI) that causes the strong gravity and magnetic anomalies. Strongly
magnetized (susceptibility 0.1 SI) and thick formations of metased-
imentary basement and intercalated volcanics also contribute to
this magnetic anomaly. Thus, the combined effect of volcanic rocks
and a large uplifted crustal wedge intruded by magmatic rocks of
mafic composition (gabbro) provides a reasonable explanation for
the strong magnetic anomaly of the western branch of the PMA in
the South Shetland Trench region (Fig. 11).

9.1.2 South Shetland Islands

The archipelago of the South Shetland Islands, marked by a belt
of strong gravity anomalies and a lack of corresponding magnetic
anomalies, is caused by a large crustal batholith of ultrabasic rocks
(peridotites) of 3.06 g cm~> average density (Figs 11 and 13). The
batholith was intruded into the crust as a result of partial melting in
the uppermost mantle that occurred during Cretaceous subduction
(Gonzalez-Ferran 1985; Leat et al. 1995). Alternatevely, the ultra-
mafic batholith may relate to terrane accretion process that occurred
further south along the palaco-Pacific margin of the AP (Vaughan
& Storey 2000; Ferraccioli et al. 2006). Mafic rocks of the AP
batholith of predominantly early Cretaceous age (Leat et al. 1995)
are the most widespread rocks exposed on the islands of the AP
shelf and mainland (Table 1, Fig. 9). Exposures of ultramafic rocks
(metadunites, serpentinites) were found on Gibbs Island, which is
included in the group of northern islands of the archipelago of the
South Shetland Islands (De Wit et al. 1977; Silant’ev et al. 1997)
and is exposed at the southeastern end of the Shackleton fracture
zone. Geochemical and petrological characteristics of these ultra-
mafic rocks indicate that they originate from ultramafic cumulates,
which were intruded, probably in the Early Cretaceous, from the
upper mantle into a tectonic collage of composite magmatic arc
complexes of the South Shetland Islands (Silant’ev ef al. 1997).

9.1.3 Bransfield rift

Located between the South Shetland Islands and the AP, the Brans-
field trough has typical features of a rift zone. It is an asymmetrical
graben with a steep northwestern flank, on the South Shetland Is-
lands side, and a wide, gently sloping southeastern flank, formed by
the AP shelf. Sedimentary fill of the Bransfield Basin consists of a
1-4 km thick sequence of sediments of density 2.15-2.20 g cm ™2,
which, in turn, cover metasedimentary basement rocks and inter-
calated volcanics (¥, = 5.4 km s™! and p = 2.55 g cm™?). These
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volcanic rocks occur in volcanic edifices and seamounts, which
form a chain of neotectonic volcanoes along the Bransfield rift axis
(Smellie 1988, 1989; Keller et al. 2002; Somoza et al. 2004).

The crystalline crust of the Bransfield rift is highly anomalous
because of the occurrence of a 15-km-thick body in the mid-lower
crust, with high-velocity (7.4-7.7 km s™!') and density (3.06 g
cm™?). Bodies of this type have been recognized in several rifts
and are attributed to a ‘rift pillow’ or mantle underplating (Ervin
& McGinnis 1975; The DOBREfraction’99 Working Group 2003;
Yegorova et al. 1999). By analogy we interpret the high velocity
and high-density crustal body of the Bransfield rift as indicative of
an extensive magmatic underplating during rifting. This has led to
modification of the uppermost mantle and to substantial Moho up-
lift below the central part of the rift (up 30 km depth), that is 10 km
shallower than the Moho position on the neighboring AP shelf.

Knowledge of the structure of the lower crust and upper man-
tle below the rift zones is important in order to understand rift-
related magmatic processes. Well-studied rift zones of Kenya, Rio
Grande and Rhine Graben also feature crustal thinning and signif-
icant amounts of magmatic underplating (Keller ez al. 1991, 1994;
Prodehl et al. 1992). Mohr (1989) argues that almost the entire crust
in Afar is new igneous material. This magmatic process, which in-
volves large volumes of magmas of mafic and ultramafic composi-
tion uprising to the base of the crust can cause phase modifications
within the lower crust (e.g. mafic granulites to eclogites transition,
i.e. Yegorova et al. 1999). Newly formed rocks have higher densities
and sink into the upper mantle, thus significant crustal material is
lost into the upper mantle. Many rifts also feature a low-velocity
zone in the upper mantle, interpreted to be caused by partial melting
(35 per cent) of basaltic magma rising from greater depth up to the
Moho (Makris & Ginzburg 1987; Prodehl et al. 1992; Davis et al.
1993; Achauer ef al. 1994). Though no low P-wave velocities were
determined from our seismic refraction survey, an independent sur-
face wave seismic tomography study (Vuan et al. 2005) revealed a
low S-wave velocity upper mantle (soft lid) that extends down to
depth of >70 km below the Bransfield rift. These data correspond
well with low upper mantle densities revealed from our gravity
modelling, high values of surface heat flow and ongoing volcanic
activity along the rift axis. All these lines of evidence suggest that
anomalously hot upper mantle underlies the Bransfield rift.

9.2 Passive continental margin

The model along line II-11 is interpreted as revealing the lithospheric
architecture of the passive continental margin that was superim-
posed along a palacosubduction zone within the AP margin near
Anvers Island (Fig. 12). Although the gravity and magnetic anomaly
belts continue along the passive margin segment of the AP, their am-
plitudes are reduced compared to the active margin segment. Fig. 12
shows the crustal structure, which is typical for a passive continen-
tal margin, where the thin oceanic crust of the Bellingshausen Sea
is juxtaposed against the thick continental crust of the AP. In the
transition zone we imaged an uplifted crustal wedge intruded by
mafic batholiths (Figs 12 and 13) that were probably emplaced dur-
ing Cretaceous subduction (Leat et al. 1995). The Moho boundary
deepens southeastwards and reaches a depth of 35 km below the
AP shelf. The Moho relief is a consequence of palaeosubduction
and underthrusting of the oceanic plate of the Bellingshausen Sea
under the AP continental crust. Tectonic activity terminated here
in Late Miocene—Early Pliocene because of the extinction of the
Phoenix-Antarctic Ridge after the Phoenix Plate was consumed in
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Figure 13. Petrological models for the crust and upper mantle for active (a, section I-I) and passive (b, section II-II) types of the Antarctic Peninsula continental
margin. Compiled from the seismic models in Fig. 7, gravity and magnetic sections in Figs 11 and 12, and physical properties of main rock types and crustal

layers (Figs 9, 10, Tables 1 and 2).

the subduction zone (Larter & Barker 1991; Galindo-Zaldivar et al.
2000; Maldonado et al. 2000; Eagles et al. 2009).

9.3 Transition from passive to active continental margin

The Drake Passage is separated in the southwest, from the Belling-
shausen Sea, by the Hero fracture zone and to the northeast—by
the Shackleton fracture zone, separating the Drake Passage from
the Scotia Sea. Consequently, a boundary between active (line I-I)
and passive (line II-II) continental margin styles in the AP should
occur in the area of the Hero fracture zone (Fig. 1). Though no
direct indication of recent tectonic activity (e.g. recorded seismicity
or strike-slip faulting) is observed here, the Hero fracture zone is
considered to be a prominent crustal structural discontinuity.

In particular, the Hero fracture zone is clearly identified from
elongated Free-Air anomaly highs of 100-150 mGal amplitude
(Fig. 4) flanked by gravity lows. In addition, the Hero fracture
zone represents a step-like fault on the sea floor, which divides
the Drake Passage Plate with 3500-3700 m bathymetry from the
deeper part (41004300 m) of the Bellingshausen Sea (Fig. 2).
Multichannel seismic studies conducted at the SW end of South
Shetland Trench show evidence in the Hero fracture zone of the

transition from an active to a passive margin (Jabaloy ef al. 2003).
A 1000-km-long combined seismic section, constructed by Grad
et al. (2002) along the AP margin between Marguerite Bay and Ele-
phant Island, shows a major crustal boundary, which corresponds to
the southeastward projection of the Hero fracture zone. This discon-
tinuity separates a thick (about 40 km) three-layer continental crust
of the AP to the southwest from thinner two-layer crust with high-
velocity intrusions that extends beneath the Bransfield Strait to the
northeast.

9.4 Composition of the crustal blocks (petrological model)

The obtained distribution of physical parameters (density, magnetic
susceptibility and P-wave seismic velocity) permits conclusions to
be drawn about the composition of the main blocks and crustal
layers (Fig. 10 and Table 2). In addition, it is possible to infer the
composition of the upper crust and intrusive complexes by using
both the petrology and physical properties of the rock complexes
(Table 1 and Fig. 9). For deeper levels a global study on seismic
structure and composition of the continental crust (Christensen &
Mooney 1995) was used. The inferred petrological model for the
sections I-I and II-1I is shown in Fig. 13.
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The AP features 38—40-km-thick continental crust. Three-layers
are recognized here. The 10-km-thick upper crust with V, =
6.0-6.45 km s7! and p = 2.62-2.77 g cm~3 is assumed to be
composed of granites, granodiorites, diorites and biotite (tonalite)
gneisses (see also Tables 1 and 2, Figs 9 and 10). The middle crust
of ¥, = 6.5-6.8 km s™! and average p = 2.87 g cm~> occurring
down to a depth of 23-29 km, is represented mostly by enderbites
and, to a lesser extent, by amphibolites and mafic granulites. Mafic
granulites prevail in the lower crust (¥, = 7.0-7.2 km s™! and
o ~ 3.0 g cm™) and are replaced in the lowermost crust (above
the Moho) by garnet mafic granulites (Fig. 13). This type of crust
links the AP crust to continental arc crust rather than to shields and
platforms (Christensen & Mooney 1995). According to this clas-
sification, both crust types are very similar and are characterized
by the presence of 10-km-thick high-velocity lower crust, though
velocities in the upper crust of the continental arcs crust are higher
than that in the crust of shields and platforms. The presence of
a high-velocity and density lower crust beneath the AP could be
caused by alteration of the continental crust during the formation
of a magmatic arc.

The two-layered crust of the Bransfield Strait is defined by much
higher velocities and densities and also by a shallower Moho than
that determined by Christensen & Mooney (1995) for the average
section of rifts. Fig. 13 shows that the upper crust below the Brans-
field Rift (V, =5.5-6.9kms™', p =2.85 gcm™ and & = 0.07 SI)
is represented by gabbro, gabbro-norites and gabbro-anorthosites.
The lower crust (V, = 7.2-7.7 km s™! and p = 3.05 g cm™®) is
assumed to be composed of ultramafic rocks (peridotites) and mafic
rocks (gabbro-norites), which form a high-velocity body related to
widespread mantle underplating (Fig. 13).

9.5 Variation of the uppermost mantle density

Our gravity modelling indicates density variations in the uppermost
mantle within the study region. The continental crust of the AP is
underlain by upper mantle of 3.29-3.25 g cm™ density and 8.10
km s~! velocity, which is considered to be normal for Precambrian
and Phanerozoic platforms.

The anomalous upper mantle of 3.18 g cm™ density below
the Bransfield Strait and South Shetland Islands is indicative of
temperature mobilization of the upper mantle below the rift zone
and modification of the uppermost mantle due to melting of large
volumes of magma that were intruded into the lower crust (de-
pleted upper mantle in Fig. 13a). The occurrence of soft mantle at
a shallow depth could give rise to high values of surface heat flow
reaching 250 mW m~2 in the central part of the basin (Lawver &
Nagihara 1991; Lawver et al. 1995) and strong hydrothermal ac-
tivity (Suess et al. 1987; Schloesser et al. 1988; Dahlmann et al.
2001; Klinkhammer et al. 2001; Somoza et al. 2004). Surface wave
seismic tomography performed for the area of Bransfield Strait by
joint inversion of Rayleigh and Love dispersion curves from 15 to
50 s reveals that low upper mantle velocities (soft lid) extend down
to depths exceeding 70 km (Vuan et al. 2005). This low velocity
upper mantle below the Bransfield Strait is explained by Vuan et al.
(2005) by elevated temperatures and may indicate a mantle plume
or asthenospheric diapir.

Oceanic crust of the Drake Passage is underlain by high-velocity
(8.3 km s™!) and high-density (3.3 g cm™3) upper mantle assuming
unaltered lithospheric mantle. The best candidates for composition
of the lithospheric mantle in the Drake Passage are dunites. The
lithospheric mantle occurs down to a depth of 35 km, where it

© 2010 The Authors, GJI, 184, 90-110
Geophysical Journal International © 2010 RAS

Petrological models of Antarctic Peninsula 107

is confined by a seismic reflector. The relief of this reflector con-
forms to the topography of the underthrusting Moho (Figs 7a and
13a) and delineates the Phoenix Plate subducting beneath the South
Shetland Trench. We interpret this seismic boundary in the lower
oceanic lithosphere to be of thermal origin (however, it could be also
compositional) by analogy with the subduction zone in continental
Chile, where approximately at these depths the 700 °C isotherm was
estimated by Contreras-Reyes et al. (2008). In this case the presence
of a soft upper mantle with density 3.16 g cm™ for the depth deeper
than 35 km may be indicative of a shallow asthenosphere (Figs 11
and 13a).

9.6 Comparison of the subduction zone below the South
Shetland Islands with other subduction zones

Gravity and magnetic anomalies are prominent features of subduc-
tion zones and magmatic arcs worldwide (Grow & Bowin 1975;
Finn 1994; Clowes & Hyndman 2002; Blakely et al. 2005). Belts
of gravity anomalies consisting of gravity lows and highs are devel-
oped along the active continental margins: gravity lows are caused
by water and sediments in the deep sea trench, whereas gravity
highs are developed over the descending slab and are assumed to
be caused by modification of the crust and uppermost mantle by
subduction (Lowrie 1997).

In this regard it is useful to make a comparison of our modelling
results along the subduction zone of South Shetland Islands (line I-
I) with the northern Cascadia subduction zone (Clowes & Hyndman
2002) and the subduction zone below continental Chile (Grow &
Bowin 1975; Contreras-Reyes et al. 2008). The principal structural
elements of these subduction zones are: the underthrusting oceanic
plate and the overlying accretionary sedimentary wedge. The sub-
ducting oceanic slab consists of coupled thin (6—7 km) oceanic crust
(V, =6.8-73kms ! and p ~ 2.9 g cm~®) and mantle lithosphere
(V,=82-83kms™!, p ~3.3 gcm™3; Clowes & Hyndman 2002;
Contreras-Reyes et al. 2008). High-velocity uppermost mantle in
the Chile subduction zone (below the Moho) was explained by
Contreras-Reyes et al. (2008) by inferring the presence of eclogitic
rocks. However, the average V, = 8.0 km s~! of these rocks and the
extremely high density (about 3.5 g cm~3, Christensen & Mooney
1995), which are much higher than that derived for the oceanic
lithosphere in Figs 11 and 13, are not adequate to explain the eclog-
ite composition of the AP active continental margin. Dunits match
better to obtained velocity and density values in oceanic lithosphere
of Drake Passage. The structure of the subducting lithospheric slab
and underlying oceanic asthenosphere of the northern Cascadia
subduction zone (Clowes et al. 1999; Clowes & Hyndman 2002) is
very similar to that below the South Shetland Trench and Islands
(Figs 7a, 11 and 13).

An important feature of the continental crust in the region of
northern Cascadia subduction zone is a high-velocity/density block
in the lower crust causing a 50-mGal gravity high, which is ex-
plained by remnants of the older, underthrusted, oceanic plate ac-
creted along the margin (Clowes & Hyndman 2002). In this regard
it has some similarities with high-velocity/density crustal body of
the South Shetland Islands, responsible for a 100-mGal gravity
high, caused by huge batholith of mantle cumulates intruded into
the crust during Cretaceous subduction. The backarc basin of the
Bransfield Strait is an extra element of the active segment of the
AP continental margin, which is absent in the region of subduction
zones of northern Cascadia and below continental Chile. This stage
relates to ongoing continental rifting on the margin of the AP, which
manifests itself in strong magmatic and volcanic activity.
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10 CONCLUSIONS

The continental margin of the AP provides a unique opportunity to
study the deep structure of continental margins and magmatic arcs
since it is covered by a dense network of deep seismic refraction
profiles and features strong gravity and magnetic anomalies asso-
ciated with AP batholith. We investigated the lithosphere structure
of the AP by combining deep seismic refraction studies with mag-
netic and gravity modelling. 2-D gravity and magnetic modelling,
carried out along two interpretation lines parallel to seismic pro-
files (DSS-17 and DSS-12), yielded models of the crust and upper
mantle structure. In addition, we proposed a new petrological model
for the margin and revealed a heterogeneous structure in the upper
mantle. The joint analysis of seismic velocities and potential field
signatures allowed us to draw the following conclusions:

(1) The active margin segment of the northern AP is character-
ized by ongoing subduction beneath the South Shetlanf Trench and
active continental rifting in the Bransfield Strait. A good image of
the 35-km-thick oceanic plate, consisting of thin oceanic crystalline
crust and lithospheric mantle subducting below the South Shetland
Islands, is shown in Figs 7(a), 11 and 13. Subduction resulted in the
deep-water South Shetland Trench and accretionary sediments of
8 km total thickness, which result in a stripe gravity low of —60
mGal. Belts of strong gravity and magnetic anomalies along the
AP are caused by large mafic plutons linked to partial melting in
the upper mantle and lower crust and associated with Cretaceous
subduction. Our modelling shows that the South Shetland Islands
represent the exposed part of a huge crustal diapir, which is com-
posed mostly of Cretaceous ultramafic rocks (peridotites).

(2) The passive margin segment of the northern AP is charac-
terized by juxtaposition of thin oceanic crust of the Bellingshausen
Sea and ca. 40-km-thick continental crust of the AP. The transition
zone includes an uplifted crustal wedge that is interpreted by mafic
intrusions assigned to the AP batholith.

(3) Our model of the Bransfield Rift supports its origin as a
continental back arc basin that has been significantly affected by
continental rifting processes. The rift features significant crustal
thinning and the presence of a high-velocity and high-density body
in the crust that is interpreted as reflecting widespread underplating.
Additionally, we interpret ongoing tectonic and magmatic activity
within the Bransfield Strait as related to mobilization of warm,
low-density upper mantle at shallow depth.
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