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Abstract

Investigations of the crustal structure and segmentation of the Antarctic Peninsula 

Mesozoic-Cenozoic magmatic arc system are limited by the 98% ice cover and sparse rock 

outcrop. Airborne geophysical surveys provide an ideal method of obtaining evenly 

spaced geological information over such an area. This thesis describes an aeromagnetic 

survey of the central Antarctic Peninsula, covering a transect 650 km long and 240 km 

wide at a 3 km line spacing. This is the most detailed large-scale aeromagnetic survey 

ever undertaken in Antarctica. Approximately 50 000 km of aeromagnetic data were 

acquired, which after standard processing and network adjustment show a mean absolute 

intersection mis-tie vale of 0.83 nT, with and RMS error of 5.92 nT. The data were 

gridded with a 750 m cell size and contoured at 25 nT intervals.

Interpretation of the new aeromagnetic data was constrained where possible by existing 

geophysical data, and supplemented with new measurements of magnetic susceptibility. A 

distinct magnetic signature for each of the common tectonic components of an evolving 

magmatic arc is identified. The presence of the large positive magnetic anomaly belt along 

the west coast of the Antarctic Peninsula (the Pacific Margin Anomaly) is shown to be 

related to a predominantly magnetite-series suite of granitoids, forming a sub-province of 

the Antarctic Peninsula Batholith. Pseudogravity and terrace maps show major variations 

over the central and eastern Antarctic Peninsula, which are interpreted as distinct basement 

provinces. Long-wavelength anomalies are present over arc-marginal basins and 

accretionary complexes, and short-wavelength, high-amplitude anomalies occur over
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post-subduction volcanic centres. A new geological sketch map is presented, based on 

interpretation of the geophysical data, showing new extents for the magmatic arc, basement 

and accretionary prism elements of the Antarctic Peninsula. The diagnostic magnetic 

signatures for each component of the arc system can be used for the identification of arcs 

and palaeo-arcs worldwide.

Four discrete segments of oceanic crust are interpreted from satellite altimetry-derived 

gravity data, and five segments are recognised in the continental crust. The 

correspondence between continental and oceanic segments, together with the new 

interpretation of Antarctic Peninsula crust, indicates that pre-existing continental structure 

of the Antarctic Peninsula may have had an important effect on segment development. A 

model of segmented and variable extension is presented, which links the oceanic tectonism 

to the onshore segmentation. The emphasis in the model is placed on changes in plate 

convergence rates rather than the arrival of ridge segments at the subduction trench as the 

major cause of the apparent segmentation.
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1. Introduction

1.1 AIM OF THE THESIS

The aim of this thesis is to investigate the crustal structure and tectonic segmentation of the 

Antarctic Peninsula using new, detailed aeromagnetic surveys, together with existing 

geophysical and geological data. In particular, the work will address the following 

questions:

a) What is the cause of the Pacific Margin Anomaly, and why is it confined to the west of 

the Antarctic Peninsula?

b) What can the new magnetic data reveal about the crustal structure of the Antarctic 

Peninsula, and of magmatic arcs in general?

c) What is the relationship between the perceived tectonic segmentation of the Antarctic 

Peninsula and the offshore tectonic history and can this be related to arc segmentation in 

general?

1.2 Physiography of the Antarctic Peninsula

The Antarctic Peninsula (Figure 1.1) is a sigmoidal area of continental crust bounded to the 

west by the south-east Pacific Ocean, to the north by Bransfield Strait and the Scotia Sea, 

to the east by the Weddell Sea and to the south by a topographic depression in the vicinity 

of Evans Ice Stream.
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Graham Land (Figure 1.2), that part of the peninsula to the north of 68°S, consists of a 

mainland plateau with a steep west coast, and a number of islands offshore to the west. 

The Graham Land plateau has a mean elevation of 1400 m above mean sea level (asl) and 

is 40-70 km wide. Looking north, Graham Land forms a dextral curve. In contrast, 

Palmer Land (Figure 1.2), to the south of 68°, curves sinistrally (looking north) and is 250- 

270 km wide, with a mean plateau elevation of 1800 m asl. The curvilinear channel of 

George VI Sound separates Palmer Land from Alexander Island to the west. Along the
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east coast of the peninsula, broad glaciers coalesce to form the Larsen Ice Shelf. The area 

of complex physiography between Palmer Land and Graham Land is known as the 

transition zone (Wyeth, 1977).
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Figure 1.2 Antarctic Peninsula location sketch map showing positions of fracture zone 
traces and approximate ages of ridge arrival at the subducting trench.
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1.3 Tectonic framework of the Antarctic Peninsula

The Antarctic Peninsula (Figure 1.1) is one of the discrete crustal blocks that comprise West 

Antarctica (Jankowski & Drewry, 1981; Dalziel & Elliott, 1982). It is a Mesozoic-Cenozoic 

magmatic arc formed by processes related to the subduction of Pacific Ocean lithosphere 

beneath its western flank, built on older basement. Subduction is thought to have been 

continuous through Mesozoic (Pankhurst, 1982, 1990) and early Cenozoic time, with the arc 

undergoing periods of compression and extension (Storey et al., 1996a). Leat et al., (1995) 

suggested that apparent gaps in magmatism at 199-181 Ma and 156-142 Ma may correspond 

to periods of arc compression. Marine magnetic anomaly data have shown that successive 

segments of Antarctic-Phoenix spreading ridge (Figure 1.3) have arrived at the trench on the 

Pacific margin of the Antarctic Peninsula (Herron & Tucholke, 1976; Barker, 1982; Larter & 

Barker, 1991a).

Figure 1.3 Plate configuration at 62 Ma, from McCarron & Larter (1998).

The earliest of these arrivals to have been described took place at about 50 Ma opposite
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Alexander Island, with later arrivals progressing to the north-east until the arrival of the 

segment to the south-west of the Hero Fracture Zone (Figure 1.2) at about 3 Ma. Arrival 

times of segments of ridge crest are given in Table 1.1, from Larter et al. (1997), calculated 

from the marine magnetic anomaly time scale of Cande & Kent (1995).

Table 1.1 Arrival times of Antarctic-Phoenix ridge crest segments at the trench

Segment Polarity Chron CK95* 
Time, Ma

Uncertainty,
Myr

Tharp - Heezen C22r - C20n 50.1 -42.7 ±1.0 - ±3.0
Heezen - Tula Cl lr 30.1 ±3.0
Tula - Adelaide C6n 19.9 ±0.8
Adelaide - Biscoe C5Cn.3n 16.7 ±0.7
Biscoe - S. Anvers C5Bn.lr - C5CAn 15.0-14.1 ±0.6
S. Anvers - N. Anvers C5r.2r 11.2 ±0.4
N. Anvers - C C3Ar - C3An.2n 6 .9 -6 .5 ±0.0
C - Hero C3An.2n - C2An.3n 6 .4 -3 .3 ±0.0

*CK95 is the geomagnetic polarity time scale of Cande & Kent (1995)

Following each arrival, subduction and spreading stopped, and trench topography was 

eliminated. This was due to the plate configuration (Figure 1.3), which was such that both 

the trailing flank at the ridge, and the overriding lithosphere at the subduction zone were part 

of the Antarctic plate. The Phoenix plate, between the Antarctic-Phoenix ridge and the 

subduction zone, was completely subducted as each segment arrived, leaving the two parts of 

the Antarctic plate juxtaposed and hence with no relative motion. The plate configuration 

also suggests that FZ locations have remained fixed with respect to the fore-arc for times 

varying from >30 Ma in the south-west to < 15 Ma in the north-east of the peninsula. 

Following the ridge-crest arrival south-west of the Hero FZ, Antarctic-Phoenix spreading 

ceased, or slowed considerably, leaving a small area of Phoenix plate extant. Despite some 

small observed asymmetric spreading in this area (the only area where oceanic crust from 

both sides of the ridge still exists), calculations of spreading rates and arrival times for the
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rest of the Antarctic Peninsula margin assume symmetric spreading (Larter & Barker, 

1991a). It has been suggested that the opening of the Bransfield Strait back-arc basin was 

caused by slab roll-back at the South Shetland Trench, north of the Hero FZ, where 

subduction probably continues, driven by the weight of the subducted slab (Barker & Dalziel, 

1983). Examination of earthquake data from the Bransfield Strait and South Shetland Trench 

region has been interpreted in two conflicting ways. Pelayo and Wiens (1989) suggest that 

the lack of obvious seismicity along the trench may be a consequence of the slow subduction 

rate and the young crust being subducted, and ultimately conclude that subduction is 

continuing. Kaminuma (1996), using re-processed earthquake data, argues that this lack of 

seismicity does imply an absence of both subduction at the trench and back-arc spreading in 

Bransfield Strait. Recent seismic monitoring from Deception Island in Bransfield Strait 

(Ibanez et al., 1997) recorded several intermediate-focus events with focal depths (53-90 

km) consistent with active subduction

1.4 Geology of the Antarctic Peninsula

Figure 1.4 is a sketch map of the main elements of Antarctic Peninsula geology, which can 

be defined as follows.

1.4.1 Basement

The term ‘basement’ is used here to mean the rocks older than the recognised Mesozoic- 

Cenozoic magmatic arc. Mid-Palaeozoic orthogneiss crops out at Target Hill, on the eastern 

side of central Graham Land (Figure 1.4) and has been dated at around 410 Ma (Milne & 

Millar, 1989). Further south, in north-west Palmer Land, orthogneiss has been dated at 400-

6
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440 Ma (Harrison & Piercy, 1991) suggesting that these rocks underlie at least part of the 

Antarctic Peninsula. It is possible that even older orthogneiss (506 +8/-7 Ma, Harrison & 

Loske, 1988) also occurs in north-west Palmer Land. A granite clast in a conglomerate from 

Horseshoe Island (western Graham Land) has recently been analyzed using zircon U-Pb 

techniques, producing a discordant age of 431 ± 12 Ma (Tangeman et al., 1996).

The Trinity Peninsula Group (TPG, Adie, 1957; Smellie, 1981) which crops out in central 

and northern Graham Land (Fleming & Thomson, 1979), has been interpreted both as having 

been deposited in a fore-arc basin (Smellie, 1981; Hyden & Tanner, 1981) and as a 

Palaeozoic accretionary prism (Storey & Garrett, 1985). It appears to form the local 

basement to much of the northern Antarctic Peninsula. Recent work indicates a deposition 

age of > 249 ± 7 Ma (Smellie & Millar, 1995). The Greywacke-Shale Formation (Thomson, 

1973), the Miers Bluff Formation (Dalziel, 1972) of Early Triassic age (Willan et al., 1994) 

and the Scotia metamorphic complex (Tanner et al., 1982) have all been interpreted as 

accretionary prism material forming local pre-Jurassic basement in the northern peninsula.

1.4.2 Magmatic arc

The great majority of exposed rocks in the Antarctic Peninsula are calc-alkaline plutonic 

rocks of the Andean Intrusive Suite (Adie, 1955; Saunders et a l, 1982) and volcanic rocks of 

the Antarctic Peninsula Volcanic Group (Thomson, 1982). Ages obtained, mainly from the 

plutonic rocks, indicate a widespread magmatism from Triassic (c. 200 Ma) to late Tertiary 

(c. 10 Ma; Rex, 1976; Pankhurst, 1982; Leat et al., 1995). Cretaceous plutonism was 

widespread, with a peak in magmatism between 145.6 and 97 Ma (Leat et al., 1995). 

Broadly speaking, Jurassic plutons appear to be restricted to the E side of a line between
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Jason Peninsula and Marguerite Bay, with Tertiary plutons limited to the W of this line (Leat 

et al., 1995). A number of authors (Pankhurst, 1982; Saunders et al., 1982) have interpreted 

this as a westward migration of magmatism. Such a westward migration may also have 

occurred on a local scale within the Gerlache Strait area (Parada et al., 1992), possibly linked 

to ridge-crest arrivals at the trench. Geochemical variations have also been documented 

across the peninsula (Saunders & Tamey, 1982; Saunders et al., 1982; Moyes & Storey, 

1986; Moyes, 1991; Hole et al., 1991; Parada et al., 1992), for example indicating a 

westward decrease in 87Sr/86Sr( with increasing 143Nd/'44Nd, , possibly associated with 

westward migration of the arc. These variations have been partly explained by varying 

amounts of crustal interaction, either through thicker crust on the eastern side of the peninsula 

or changes in plate convergence rates causing an increase in slab dip as it rolled back.

1.4.3 Accretionary Prism

Accretionary prism material has been described from a number of localities in the Antarctic 

Peninsula, including the pre-Jurassic TPG and associated formations detailed above 

(Section 1.4.1.). The LeMay Group (Burn, 1984) on Alexander Island has been interpreted 

as a Mesozoic accretionary prism, with stratigraphic ages decreasing westwards 

(Holdsworth & Nell, 1992). Cenozoic accretionary prism material is seen on multi-channel 

seismic (MCS) profiles at the South Shetland Trench (e.g. Gamboa & Maldonado, 1990; 

Maldonado et al., 1994). It is speculated that accretionary material underlies much of the 

continental shelf to the W of the peninsula (Conway, 1992).

1.4.4 Sedimentary basins

Sedimentary basins have been identified on both sides of the Antarctic Peninsula. To the
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east, a Mesozoic -Cenozoic basin has been interpreted to underlie much of the Larsen Ice 

Shelf (Macdonald et a l,  1988), with sedimentary sequences cropping out in northern 

Graham Land as the Late Jurassic Nordenskjold Formation (Farquharson, 1982). To the 

west of the peninsula, on Alexander Island, the Fossil Bluff group has been identified as a 

fore-arc basin of Mid-Jurassic-Albian age (Doubleday et al., 1993). Other fore-arc basins 

have been described on Adelaide Island (Moyes et al., 1994) and the South Orkney Islands 

(Storey & Garrett, 1985 and references therein). Seismic reflection data have identified a 

number of separate basins on the continental shelf to the west of the peninsula, adjacent to 

both Adelaide and Anvers islands (Anderson et a l, 1990; Larter et al., 1997) and within 

Bransfield Strait (e.g. Gamboa & Maldonado, 1990).

1.4.5 Post-subduction volcanism

Miocene-Recent alkali volcanic rocks occur at scattered localities throughout the Antarctic 

Peninsula (Smellie, 1987), including on James Ross Island, at Seal Nunataks, on Jason 

Peninsula and on Alexander Island. Those at Seal Nunataks (Figure 1.4) have been related to 

the post-subduction formation of slab windows (Hole, 1990). Slab windows are thought to 

form after the arrival of a ridge crest at a subduction zone, when the leading plate continues to 

sink and separates from the trailing plate. In the Antarctic Peninsula case as described above 

(Section 1.3) the trailing plate was the same plate as the overriding lithosphere and was 

therefore not subducted following ridge arrival. This would theoretically permit the 

downgoing slab, if it continued to sink, to open a ‘window’ beneath the arc, through which 

mantle material could rise.
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1.5 Previous geophysical work

1.5.1 Reconnaissance aeromagnetic data

Between 1973 and 1987, the British Antarctic Survey completed 8 seasons of 

reconnaissance aeromagnetic surveying over much of the Weddell Sea Sector of 

Antarctica. Figure 1.5 shows the regional aeromagnetic map compiled in 1991 (Maslanyj 

et al., 1991). Data and interpretations have been published by Renner (1976, 1980), 

Renner et al. (1982, 1985), Garrett & Storey (1987), Garrett (1990), Maslanyj & Storey, 

(1990), Maslanyj et al., (1991) and Johnson & Smith (1992). The data have been used to 

delimit the crustal blocks and basins of West Antarctica (Garrett, 1991).

The most prominent feature on the map (Figure 1.5) is the belt of positive anomalies 

extending up to 2000 km along the Pacific margin of the Antarctic Peninsula and Ellsworth 

Land. This anomaly belt is 60-120 km wide, with individual anomalies up to 900 nT in 

amplitude. This feature was first described from early profiles as the West Coast Magnetic 

Anomaly (Garrett & Storey, 1987), but as the increased data coverage showed its greater 

extent, it has become known as the Pacific Margin Anomaly (PMA; Maslanyj et al., 1991). 

The PMA has been interpreted as reflecting a mafic-intermediate batholith with a wide 

variety of ages and compositions (Garrett, 1990; Maslanyj et al., 1991).

The reconnaissance data also show the low-amplitude, long-wavelength character of the 

magnetic field over the Larsen Ice Shelf, where depths to magnetic basement of 4-5 km 

have been calculated (Macdonald et al., 1988). A series of high-amplitude (up to 2000 nT)
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Figure 1.5 Reconnaissance aeromagnetic anomaly map of West Antarctica (Weddell 
Sea sector). After Maslanyj et al. (1991).
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anomalies can be seen along the east coast of Palmer Land. They correlate in places with 

exposed gabbro plutons (McGibbon & Garrett, 1987) of possibly Cretaceous age where 

dated (McGibbon & Wever, 1991). The magnetic field over Alexander Island is generally 

quiet, and consistent with the thick accretionary prism. Isolated positive anomalies, 

however, occur over outcrops of younger magmatic rocks.

South of the Antarctic Peninsula, the reconnaissance magnetic data over the Haag 

Nunataks area is characterised by positive (up to 1000 nT) anomalies, interpreted as 

reflecting a 100 000 km2 area of Precambrian basement (Maslanyj & Storey, 1990, 

Maslanyj et al., 1991). Low magnetic gradients characterise the Ellsworth-Whitmore- 

Thiel mountains area, with isolated positive anomalies caused by plutons associated with 

continental fragmentation (Garrett., et al., 1988). The low magnetic gradients (< 5 nT/km) 

over the Ronne Ice Shelf suggest 15 km or more o f relatively non-magnetic material 

overlying extended magnetic basement (Maslanyj et al., 1991, Johnson et al., 1992; Hunter 

et al., 1996).

1.5.2 Onshore gravity data

Gravity measurements have been made onshore in the Antarctic Peninsula area since 1959 

(Renner, 1980; Renner et al., 1985). The gravity station map (Figurel.6) shows the 

coverage to be sketchy, with stations particularly clustered around accessible outcrops at 

the coast. Errors in the Bouguer anomaly data are thought to be between +4.5 and -10.5 

mGal, and a discussion of the sources of these errors (e.g. lack of terrain corrections, poor 

elevation data) is given by Renner et al. (1985, p 9-10). A regional Bouguer anomaly map 

can, however, be constructed (Figure 1.7) and a number of interpretations of the data have
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been attempted (Renner et al., 1985; Garrett, 1990; McGibbon & Smith, 1991; Johnson et 

al., 1994).

Figure 1.6 Gravity station map.

The Bouguer anomaly field over Palmer Land shows a -100 mGal minimum, interpreted as 

reflecting thick crust (Renner et al., 1985). A local maximum in central Alexander Island 

has been interpreted as reflecting dense rocks, (Butler, 1975), possibly accreted ocean 

island material (Doubleday et al., 1994). A negative anomaly is inferred over the spine of 

the Graham Land plateau, but data in that area are very sparse (Figure 1.6). A Bouguer 

anomaly high occurs over Bransfield Strait (Davey, 1972). Garrett (1990) computed and 

modelled residual isostatic gravity anomalies, in combination with the reconnaissance 

aeromagnetic data. His models indicate a crustal thickness of c. 35 km beneath Palmer 

Land and c. 30 km beneath Graham Land, with significant thinning beneath Bransfield
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Strait. The residual isostatic anomalies also reveal a positive anomaly associated with the 

western component of the PMA (referred to as the WCMA by Garrett, 1990) in western 

Palmer Land, and suggest crustal thinning beneath George VI Sound.

Figure 1.7 Bouguer anomaly map of Antarctic Peninsula region. Data gridded using 
minimum curvature method, on a 5 km grid cell size. Bouguer reduction 
density 2.67 Mgm'3.

1.5.3 Satellite gravity data

The availability o f free-air gravity data calculated from satellite altimetry has 

revolutionised the view of the crustal structure of the world’s oceans. Both Geosat and 

ERS-1 data are now freely available for circum-Antarctic areas. Figure 1.8 shows 

combined Geosat and ERS-1 data (Sandwell, 1995) for the areas adjacent to the Antarctic
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Peninsula. The data have been released on a geographic 2 minute by 2 minute grid 

(Sandwell, 1995). I have re-projected the data onto a Lambert Conformal Conic projection 

(for compatibility with other mapped data sets e.g. Figure 1.5) and then re-gridded the data 

with a 7 km grid cell size. The region to the west of the Antarctic Peninsula is relatively 

ice-free, whereas directly to the east, the data are possibly contaminated by altimeter 

reflections from floating ice. The data from most of those areas affected have been 

excluded. A number of important features can be seen on the free-air anomaly map (Figure 

1.8); they are discussed more fully later (Chapter 6), but I will summarise the main features 

here.

The linear positive anomaly (A, Figure 1.8) parallel to the peninsula offshore to the west, 

marks the position of the continental shelf edge, and divides oceanic features from 

continental margin features. A number of depositional lobes, identified from seismic 

reflection profiles (Larter & Vanneste, 1995; Rebesco et al., 1996) are associated with the 

gravity highs at the continental shelf edge. Oceanward of this shelf edge anomaly, there is 

a general increase in free-air anomaly from south-west to north-east. This corresponds to a 

decrease in the age o f the oceanic lithosphere: the older lithosphere to the south-west is 

thicker, cooler and hence less buoyant, with increasingly thinner, warmer and more 

buoyant lithosphere to the north-east. The traces of fracture zones (FZs, Figure 1.2), 

inferred from marine magnetic anomaly profiles (Barker, 1982; Larter & Barker, 1991a; 

personal communication from R.D. Larter, 1996), are marked on the figure (Figure 1.8). 

Four distinct regions of oceanic crust can be identified along the Pacific margin of the 

Antarctic Peninsula. To the south-west of the Tula FZ, fracture zones are not particularly 

well expressed in the gravity data, and the anomalies are generally subdued, except over 

recognised sediment drifts (Rebesco et al., 1996). Between the Tula and South Anvers
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Figure 1.8 Free-air gravity anomalies derived from satellite altimetry data (Sandwell, 
1995). A-C refer to text.
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FZs, anomaly values are higher (up to 40 mGal) and drifts are also seen (Rebesco et al.,

1996) . A number of other lineations are visible in this area, parallel to the FZ traces. The 

area of positive anomalies is truncated to the north-west by a bathymetric high known as 

Palmer Ridge (B, Figure 1.8), of unknown origin. Between the South Anvers and Hero 

FZs, the traces of the FZs become more apparent. To the north-east of the Hero FZ, 

gravity anomaly values up to 100 mGal are observed over the remaining section of Phoenix 

plate (also known as the Aluk or Drake Plate). The remaining ridge segments and the 

traces of the Hero, D, E and Shackleton FZs can be clearly seen in this segment. A 

prominent negative anomaly (amplitude -100 mGal) corresponds to the South Shetland 

trench (C, Figure 1.8) where very slow subduction may be continuing today (Barker & 

Dalziel, 1983; Maldonado et al., 1994). An area of higher anomalies corresponding to a 

lithospheric bulge is observed seaward of the trench.

Landward of the shelf edge anomaly, a number of peninsula-parallel features can be 

recognised. The shelf-edge anomaly, together with a parallel linear negative anomaly 

immediately to the south-east, corresponds to a prograded wedge of sediments identified 

from multi-channel seismic (MCS) profiles (Larter & Barker, 19916). To the south-east of 

this pair, another parallel, linear positive anomaly corresponds to a structural, and in places 

bathymetric high described from seismic profiles (Larter & Barker, 1991 a,b), known as the 

Mid Shelf High (MSH). A band of negative anomalies inshore from the MSH corresponds 

to sedimentary basins also seen on seismic profiles (Anderson et al., 1990; Larter et al.,

1997) . The inner shelf, that area close to and inshore of the western limit of the islands, is 

characterised by a number of 50-60 mGal positive anomalies. A more detailed discussion 

of some of these anomalies appears later (chapters 5 and 6).
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1.5.4 Offshore Bouguer anomaly data

The calculation of simple Bouguer anomalies for offshore areas is dependent on having 

bathymetric data. For much of the Antarctic Peninsula Pacific margin, bathymetry data 

coverage is sparse. However, in two key areas, off Anvers Island and the Marguerite Bay 

area, enough bathymetry data exist to permit the construction of Bouguer anomaly maps.

For the area off Anvers Island, enough gravity and bathymetry data have been collected on 

scientific cruises (stored in the BAS marine geophysics database) to permit a simple 

gridding of the Bouguer anomaly data calculated along each ship track. The Bouguer 

anomaly map (Figure 1.9) shows a series of features parallel to the Antarctic Peninsula. A 

steep Bouguer anomaly gradient marks the continental shelf edge, and two positive 

Bouguer anomaly ridges (A, B, Figure 1.9) characterise the continental shelf.

Figure 1.9 Bouguer anomaly map of area off Anvers Island (from Johnson, 1996).
Contour interval is 10 mGal from 0 to 100 mGal, and 25 mGal for anomalies > 
100 mGal. Anomalies > 40 mGal are shaded for clarity. A, B refer to text.

For Marguerite Bay and adjacent areas, the Hydrographic Office chart 3571 (Hydrographic 

Office, 1991) was digitised, and the data combined with bathymetry data held in the BAS
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marine geophysics database. A bathymetry grid was constructed using a 3.5 km grid and 

the spline-in-tension method of Smith and Wessel (1990).

74°W 72° 70° 68° 66°

Figure 1.10 Bouguer anomaly map of Marguerite Bay and adjacent areas (from Johnson, 
1997). Contour interval is 5 mGal and anomalies > 45 mGal are shaded 
for clarity. The solid line marks the position of the profile modelled, with 
aeromagnetic data, as discussed in section 4.3.3. A-J refer to text. AFZ, 
Adelaide Fracture Zone; TFZ, Tula Fracture Zone.

A simple Bouguer anomaly map was constructed from a 3.5 km grid of the satellite

altimetry-derived free air anomaly data and the bathymetry grid (Johnson, 1997), using a

20



crustal density of 2.67 Mgm'3 and a sea-water density of 1.03 Mgm'3 (Figure 1.10). 

Landward of the shelf edge anomaly (C, Figure 1.10), a pattern o f broadly linear Bouguer 

anomaly highs and lows can be seen, similar to those in the Anvers Island area (Figure 

1.9). A relative Bouguer anomaly low can be seen over the seismically-mapped basin to 

the west of Adelaide Island (G, Figure 1.10). George VI trough, which can be seen 

running through the centre of Marguerite Bay in the free-air anomaly data (Figure 1.8), is 

not clearly visible on the Bouguer anomaly map. A N -S trending positive Bouguer 

anomaly (A, Figure 1.10) can be seen in the inshore part of Marguerite Bay.

1.5.5 Seismic data

A number of marine MCS and single-channel seismic reflection (SCS) surveys (Figure 

1.11; Cunningham et al., 1996) and seismic refraction surveys (Figure 1.12) have been 

carried out around the Antarctic Peninsula. The main results can be summarised as 

follows.

Figure 1.11 Marine multi-channel and single-channel seismic reflection track plot, from 
Cunningham et al. (1996).
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1) Bransfield Strait. Many surveys have been carried out in Bransfield Strait, a -100 km 

wide stretch of water between the South Shetland Islands and Graham Land (see Lawver 

et al., 1995 for a review). Crustal thicknesses either side of Bransfield Strait have been 

interpreted from seismic refraction data to be 25-30 km (Ashcroft, 1972), or 30-45 km 

(Guterch et al., 1985, 1991). Ashcroft (1972) suggested that the centre of Bransfield 

Strait was floored by oceanic crust, with a ‘modified mantle’, with a seismic velocity of 

7.6 - 7.7 kms-1 at 13-16km below sea level (bsl). Guterch et al. (1985, 1991) interpreted 

a 7.6 kms"1 layer at 25 km bsl as anomalous upper mantle

m  70' SXF 3 ?

Figure 1.12 Location of seismic refraction data and onshore seismic reflection data

Bransfield Strait has been interpreted as a back-arc basin, complete with spreading ridge
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(Barker & Dalziel, 1983). However, recent examination of MCS profiles (Barker & 

Austin, 1994) suggest a more diffuse extension, with zones of intra-crustal diapirism.

2) Antarctic Peninsula Pacific margin. The results of seismic reflection surveys carried 

out on the Pacific margin of the Antarctic Peninsula have recently been summarised by 

Larter et al., (1997). The main features identified are the prograded wedge of sediments 

on the outer shelf, the uplifted MSH, and a number of sedimentary basins inshore of the 

MSH. However, the interpretation of seismic reflection profiles from the continental 

shelf is hampered by pervasive sea-floor multiple reflections. Two expanding-spread 

refraction experiments (Conway, 1992) were carried out off Anvers Island (Figure

1.12).
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Figure 1.13 Interpretation of seismic refraction data from offshore Anvers Island, from 
Conway (1992).
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The results are summarised in Figure 1.13, indicating a crustal thickness of 20 km, with 

inferred accretionary prism material between ~1.5 and 4 km depth. Preliminary results 

of wide-angle refraction work in Marguerite Bay (Reading et al., 1998) are summarised 

in Figure 1.14. They indicate crustal thickness increasing to > 35 km to the east, 

beneath the Antarctic Peninsula, but also differences in crustal thickness across the 

extrapolated trend of the Adelaide FZ.

3) Weddell Sea margin. The Weddell Sea margin of the Antarctic Peninsula suffers from 

year-round sea-ice cover over much of the area, except north of 66° S and in a narrow 

polynya along the Ronne Ice Shelf front. SCS data obtained in the NW Weddell Sea 

(Anderson et al., 1992; Sloan et al., 1995) show 3.5 km of sedimentary strata, 

interpreted by extrapolation from outcrops on Seymour and James Ross islands as 

predominantly Tertiary in age, underlain by inferred Mesozoic units. Recent seismic 

refraction data from close to the Ronne Ice Shelf front (Hubscher et al., 1996) indicate 

13 km of sediment overlying continental crust 20 km thick, in agreement with previous 

seismic (Kamenev & Ivanov, 1983) and potential field (Johnson et al., 1992; Hunter et 

al., 1996) interpretations.

4) Onshore Antarctic Peninsula. Seismic reflection and refraction work has been carried 

out on the Larsen Ice Shelf (Figure 1.12; Jarvis & King, 1995), with results conflicting 

with the interpretation of magnetic anomaly data from the same area (Macdonald et al., 

1988). The magnetic data predicted a sedimentary basin approximately 5 km thick in the 

region of the seismic profile, whereas results from the seismic work indicated bedrock 

velocities of 4.7 km s'1 , interpreted as volcanic rocks or altered sediments, beneath a 

thin layer of consolidated till. A seismic reflection survey has also been carried out
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across the trough of George VI Sound (King & Bell, 1998), that suggests an extensional, 

rather than a purely erosional origin of the feature.

50
( x1.5 vert, exag.) =Vp (kms')

b)

Figure 1.14 Interpreted crustal cross-sections from wide-angle seismic refraction data 
across Marguerite Bay, from Reading et al. (1998). Profde positions are 
marked on Figure 1.12. a. Northern profde. b. Southern profde

1.6 ARC SEGMENTATION

The division of magmatic arcs into discrete segments has long been recognised (e.g. Carr et 

al., 1974; Jordan et al., 1983), and is clearly an important factor in arc development. 

Segmentation may take a variety of forms: longitudinal changes in geology, fault strike or 

physiography, the presence of transverse faulting, and variations in the distribution of 

seismic activity and active volcanoes. In many cases (e.g. Aleutian Islands, Lonsdale 

1988; Chile, Ramos & Kay, 1992; Peru, Petford & Atherton, 1995) the boundaries between 

continental segments have been correlated with oceanic fracture zones, though a direct link 

has yet to be demonstrated unambiguously owing to factors such as oblique subduction and
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fracture zone longevity. The Antarctic Peninsula is an ideal place to assess oceanic- 

continental crustal interaction, as the plate configuration, described below, indicates that 

fracture zone trends were parallel to the convergence direction during the late Cenozoic 

and so remained static relative to the overriding lithosphere. However, the subduction 

system is now for the most part inactive, so seismological evidence is not apparent for 

much of the margin and neither is there much current volcanic activity -  the two most 

common indicators of tectonic segmentation. Nevertheless, evidence may be found in 

magnetic and gravity anomalies for a link between oceanic tectonic processes and 

continental crustal development.

1.7 Summary and thesis development

The crustal structure of the Antarctic Peninsula is known from the sparse outcrop geology, 

linked by the reconnaissance, or widely separated geophysical data detailed above. In ice- 

covered areas, many of which have extreme topography, remotely-sensed geophysical 

techniques, particularly aeromagnetic surveying, provide the best method to determine 

crustal structure: coverage is uniform, access is limited by weather conditions rather than 

surface features, and ice cover does not prevent the recording of data. Modern equipment, 

particularly new, more accurate magnetometer sensors and satellite navigation systems 

permit data to be acquired in much greater detail and with sufficient accuracy to allow 

correlation o f magnetic anomalies with geology. This had not previously been possible 

with the reconnaissance data. It was possible to identify areas where more detailed 

surveying would reveal elements o f crustal structure and tectonic segmentation by 

examination o f the reconnaissance data.
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This thesis describes the acquisition and processing of detailed aeromagnetic data from the 

central Antarctic Peninsula (Chapter 2) and describes the new map produced using those 

data (Chapter 3). Chapter 4 gives details of the rock magnetic properties for the Antarctic 

Peninsula, and uses these data in the construction of four representative magnetic model 

cross-sections of the central Antarctic Peninsula. The crustal structure of the central 

Antarctic Peninsula, as interpreted from the new aeromagnetic anomaly map, is described 

in Chapter 5 and a description and assessment of the relationships between oceanic and 

continental segmentation is presented in Chapter 6. The discussion and conclusions 

(Chapter 7) include an assessment of the wider implications of the work, both in terms of 

using diagnostic aeromagnetic anomaly patterns in evolving magmatic arcs, and in terms of 

segmentation of arcs world-wide.
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2. The aeromagnetic survey

2.1 Introduction

Three Antarctic field seasons of aircraft time were available: 200 aircraft hours in 1990-1991, 

150 hours in 1992-1993 and 100 hours in 1993-1994.

Figure 2.1 Sketch map of the Antarctic Peninsula showing location of survey areas 
1990-1994.

All the surveys were planned and carried out by the author, with assistance in the field from
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C.J. Swain (1990-1991) and R.J. Hunter (1992-1993), both geophysicists, and from P.J. 

Cooper (1990-1991 and 1992-1993) and M.O. Preston (1993-1994), both electronic 

engineers. For all seasons, a British Antarctic Survey De-Havilland DHC-6 Twin Otter 

aircraft, registration VP-FBL was used. The surveys were designed to cover two transects 

across the Antarctic Peninsula, the positions of which were chosen by examination of the 

regional aeromagnetic map (Maslanyj et al., 1991; Figure 1.5). The data acquisition phase of 

the project can be divided into the three seasons listed above. However, the aeromagnetic 

map itself can be divided into three different surveys, which were completed at various times 

within the three flying seasons. These are shown in Figure 2.1 and consist of: (a) the 

Marguerite Bay survey, (b) the Anvers survey and (c) the Avery survey. The Avery survey 

consists of transit lines flown between the other two surveys. The 1990-1991 and 1992— 

1993 seasons were flown using Rothera scientific station as a base (Figure 2.1) whereas the 

1993-1994 season was flown from a remote field camp on Anvers Island (Figure 2.1).

2.2 Survey Design

As outlined in Chapter 1, the aim of the project was to obtain detailed aeromagnetic data over 

the central Antarctic Peninsula corresponding to that part of the peninsula adjacent to the 

oceanic crust between the Tula and North Anvers fracture zones (Figure 1.2). Several factors 

had to be taken into account when designing the aeromagnetic survey: (a) the size of the area 

to be covered, (b) the expected and desired wavelength of anomalies to be recovered and (c) 

restrictions to flying height caused by topography. A further constraint in this particular case 

was the number of aircraft flying hours available. These factors are closely related, 

particularly the flight line spacing, flying height and expected wavelength of recoverable 

anomalies. Reid (1980) proposes a height-to-spacing relationship for aeromagnetic surveys,
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aimed at avoiding aliasing of anomalies. For a total magnetic field survey, Reid (1980) 

recommends

S<2H

where S is flight line spacing and H is the minimum height above the 

expected source of the anomalies. For gradient surveys, this criterion becomes

S<H.

It is clear that flying height is the driving factor in survey design. Many aeromagnetic 

surveys are flown at a constant height above terrain, known as 'drape flying' (e.g. Chandler, 

1985). Flowever, with the severe topography of the Antarctic Peninsula, drape flying was not 

possible. Flying at a constant barometric height above mean sea level (asl) was the simplest 

alternative. The topography of the Antarctic Peninsula reaches 3300 m in places, but 

examination of topographic maps indicated that a flying height of 2500 m asl would clear all 

but the highest peaks in the area. This coincided with the height at which the reconnaissance 

surveys of the Antarctic Peninsula (Renner et al., 1985; Maslanyj et al., 1991) were flown. 

For the first (1990-1991) season, during which most of the Marguerite Bay survey was 

flown, it was necessary to fly with a line spacing of 3 km, in order to cover the two offsets in 

the western edge of the PMA in the available flying time. With the extremely variable 

topography and ice thickness over the Antarctic Peninsula, it is difficult to assess the height- 

to-spacing ratio, but with average elevations of 1800 m on the peninsula plateau, and an 

average ice thickness of 600 m (Maslanyj et al., 1991), much of the survey over the peninsula 

falls within the S<2H criterion. For the flights over Marguerite Bay itself, it was possible to 

fly at a lower altitude. Assuming an average water depth of 250 m, a flying height of 1250 m 

asl would approximate to S<2H. It was decided, therefore, to fly the first season in two parts: 

the marine area at 1250 m (actually 4000 ft using the aircraft barometric altimeter) and the 

peninsula area at 2500 m (actually 8000 ft), making either course or height adjustments
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where necessary to avoid mountain peaks. This 3 km line spacing at 2500 m flying height 

proved to be successful, with only a small area of obviously aliased anomalies (see 

description of the map, Chapter 3). These values were maintained for the other two seasons 

of flying (1992-1993 and 1993-1994). The shortest wavelength anomalies recoverable from 

gridded data is half of the line spacing, i.e. 1500m. However, the data are collected at 1 

second intervals, which at a speed of 120 knots (220 kmh'1) is approximately equivalent to 

one reading every 62 m over the ground. Hence along the flight lines, anomalies with a 

minimum wavelength of 120 m or so can be detected.

It is important to orient flight lines perpendicular to known or expected magnetic or structural 

trends, as the sampling interval between lines is much coarser than along lines, as mentioned 

above. In the case of the Marguerite Bay area, the magnetic trends of the edge of the PMA 

and of the proposed offsets in the PMA were known to be at roughly 025° and 135° 

respectively (Figure 1.5). The flight line orientation was chosen as 100° so as to intersect 

both these trends at a relatively high angle. Examination of the results of the Marguerite Bay 

survey revealed some trends in the magnetic field quite close to the flight line direction 

(Section 3.4), so the orientation of the Anvers survey lines was altered to 090° (i.e. east- 

west). Line orientation for the Avery survey was chosen to minimise the transit time from 

Rothera base to the Anvers survey area. Hence these lines were flown parallel to the spine of 

the peninsula, at 040°.

To assess the accuracy of an aeromagnetic survey, and to provide some control over offsets in 

the recovered magnetic field caused by aircraft orientation, tie lines are flown, usually 

perpendicular to the main survey line direction. Tie lines for the three surveys were spaced at 

approximately 21 km, a ratio of one tie line for every 7 flight lines. This gave a sufficient
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number of cross-over points between tie and survey lines to enable a network adjustment of 

each survey (Section 2.4). It was planned to allow sufficient overlap of both survey and tie 

lines at the edges of the survey areas to allow each survey and part-survey to be merged with 

adjoining data.

2.3 Equipment Used

A brief description of the equipment used is given below. Most of the equipment was of 

standard commercial design. The equipment can be grouped into four broad categories: 

magnetic, navigation, data recording and ancillary.

2.3.1 Magnetic equipment

Two Scintrex H8 magnetometer sensors were mounted in fibreglass pods, one on each wing- 

tip. The sensors have a nominal precision of 0.01 nT, which translates to a measurement 

accuracy of approximately 0.1 nT, with the aircraft used. This is because the Twin Otter VP- 

FBL is a multi-role aircraft, not a full-time dedicated aeromagnetic survey platform, and as 

such has not undergone a rigorous removal of magnetic noise sources as could be expected 

for a commercial aeromagnetic survey aircraft. The electronic package for the sensors was 

mounted at the inboard end of each pod. The power supplies and counters were mounted in a 

standard 19" rack unit in the aircraft. A tri-axial fluxgate magnetometer was also mounted in 

the tail of the aircraft. This was used for providing magnetic attitude information used during 

compensation for the magnetic effect of the aircraft (Section 2.4.2).
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2.3.2 Navigation equipment

The period of the surveys spanned a time of great advances in navigation technology, 

particularly the advent and increased utility of the Global Positioning System (GPS). GPS 

navigation relies on data transmitted from a number of satellites. A good introduction to the 

method can be found in Hofmann-Wellenhof et al., (1992). For a 3-D position fix (Latitude, 

Longitude and height), 4 satellites are required. When only 3 satellites are visible, a 2-D fix 

can be obtained, and height must be recorded using a separate instrument. During all 

seasons, GPS positions were recorded, along with barometric height from both analogue and 

digital pressure tranducers, and height above ground from a radar altimeter. A secondary 

navigation source was also recorded at all times, either from a Doppler system, or an 

independent GPS receiver.

During the 1990-1991 season, a Magnavox MX 4802 single channel receiver was used. 

Pseudorange-derived positions from this receiver were accurate to approximately 100 m, 

particularly as the US Department of Defense 'Selective Availability' downgrading of the 

pseudorange code was not enabled, owing to Gulf Conflict operations at the time of the 

survey. However, satellite visibility occasionally dropped below the minimum three satellites 

necessary to obtain a 2-D position fix so it was necessary to use the secondary navigation 

data to fill in gaps in the GPS navigation. The backup was the Decca Tans Doppler system, 

which uses the Doppler shift of a reflected radar beam to obtain along- and across-track 

velocities, and hence extrapolate from a known position. The absolute accuracy of such a 

system is poor, and needs the input of known points at regular intervals to update the 

position. In straight, level flight, however, the relative accuracy is good, less than 100 m for 

short periods of time. It was possible to patch gaps in the GPS navigation, post-flight, using
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the Doppler data controlled by GPS fixes at each end of the gap. Roughly 8% of the 1990— 

1991 data were corrected in this way.

For the 1992-1993 and 1993-1994 seasons, the GPS receiver was upgraded to a six-channel 

Magnavox MX4200 receiver. The number of GPS satellites in orbit had also increased by 

this time, and the occurrence of having insufficient satellites in view was very rare. Backup 

aircraft system navigation was always recorded, and by the 1993-1994 season, this was from 

an independent GPS system. Although selective availability was enabled during these survey 

periods, there was no obvious effect on the navigation, which can still be considered to be 

accurate to 100m, owing to the better receiver.

For all three seasons a Picodas Navigation Interface Computer (PNAV) was used to control 

the survey. This computer allowed a series of survey lines to be planned and displayed on a 

small screen mounted in the cockpit of the aircraft. Using data from the GPS receiver, it 

displayed aircraft position and across-track distance for any specified survey line. A two line 

display, mounted above the instrument panel directly in front of the pilot, displayed across- 

track and distance-to-go information, which allowed the pilot to fly along the specified flight 

line. The GPS data were passed through the PNAV, directly to the data acquisition system, 

and were also recorded on an independent PC.

A Paroscientific Digiquartz Intelligent Digital Pressure Transducer (DPT), vented to the 

aircraft static port, measured static outside pressure data once per second, which was recorded 

during survey, and could subsequently be converted to aircraft height. This instrument has an 

accuracy of 0.01 mbar, which translates to a height of c. 0.15 m at an altitude of 2500 m and 

temperature of -5°C, but this height is obviously affected by variations in atmospheric
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pressure. Data from two other instruments from the aircraft's own navigation system were 

also recorded. These were the true heading, from a Sperry C-12 compass and altitude data 

from the onboard radar altimeter. The latter instrument provided height above ground 

information up to a maximum of 2500 feet (762 m) with an accuracy of 5% of the indicated 

height.

The overall accuracy of the navigation can be considered to be better than 100m in position 

and slightly worse, maybe up to 150m in absolute height.

2.3.3 Data recording equipment

A Picodas Data Acquisition System (PDAS) was used for all surveys. This recorded the 

magnetic and navigation data and also performed real-time magnetic compensation for the 

aircraft's magnetic field (Section 2.4.2). GPS positions (Latitude, Longitude and height) were 

recorded directly from the GPS receiver; position (either Doppler or GPS), heading and radar 

altimeter data were recorded from the aircraft navigation system and pressure data were 

recorded from the digital pressure transducer. Data from the fluxgate magnetometer and 

from an internally vented barometer were also recorded as well as being used for real-time 

magnetic compensation (Section 2.4.2). The system recorded all data at one second intervals, 

and wrote that data to the hard disk every 10 seconds, so a maximum of 10 seconds of data 

were lost in the event of a fault. The PDAS also output data to an analogue chart recorder, 

used as backup in case of PDAS failure.

2.3.4 Base station magnetometer
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A Geometries G-866 base station proton-precession magnetometer was used throughout the 

surveys. The magnetometer was installed either at Rothera base (1990-1991 and 1992— 

1993) or at the remote field camp on Anvers Island (1993-1994). The sensor was mounted 

on a wooden staff and anchored to the ice approximately 90m from the source of any 

magnetic noise. This was a sufficient distance to reduce the effect of local magnetic sources 

to less than 2 nT in most cases. Data were recorded at one minute intervals onto an internal 

thermal chart recorder and digitally onto a palm-top computer. The instrument is accurate to 

1 nT.

2.4 Data acquisition

Data acquisition followed a broadly similar pattern over the three field seasons. The major 

differences were the increased availability of good GPS coverage in the later seasons, and the 

operation from a remote field camp rather than Rothera base during the 1993-1994 season.

2.4.1 Flying times

Three factors combined to determine the best times for data acquisition: the background 

magnetic field, the GPS coverage and the weather conditions.

Background magnetic field. The background magnetic field was determined primarily using 

the base station magnetometer (Section 2.3.4), with additional information from the magnetic 

observatory at Faraday station (Figure 2.1). The magnetic field was deemed to be too 

disturbed if there was more than a 20 nT change during the 30 minutes to 1 hour immediately 

prior to take-off, or if the short-period noise envelope on a steady field was greater than 10
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nT. For large sections of the surveys, the distance from the magnetic base station was 

between 100 and 200 km, and the conductivity structure of this area of the Antarctic 

Peninsula is unknown. For these reasons, the base station readings cannot be relied upon to 

reflect accurately the short period diurnal variations over the entire survey area.

Figure 2.2 Examples of geomagnetic diurnal activity recorded at Rothera Station, a. 
moderate activity, b. quiet activity followed by short-period noise, c. 
disturbed field. Note the magnetic scale is double that in a and b.
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Three examples of diurnal records from Rothera Station (Figure 2.1) are shown in Figure 2.2. 

Two of the examples (a, b, Figure 2.2), although from almost two years apart, area typical, 

and show very similar long wavelength characteristics. A noisy field early in the day (0000 

to 0600) is followed by a smoothly decreasing field to a minimum at 1600 -  1700, with a 

steeper rise thereafter to the noisiest part of the day between 2100 and midnight. This typical 

diurnal activity persisted for all three survey seasons. The quietest times were generally 

between 0600 and 1700 GMT (0300 to 1400 local time), and flying was generally limited to 

those hours. In the first example (5 February 1991; Figure 2.2a) the field was quiet enough 

between 0900 and 1600 GMT. In the second example (13 December 1992; Figure 2.2b), 

flying was possible from 0500 to 1600 GMT. A sharp increase in noise is seen at 2200, and 

although this was not a full-scale magnetic storm, the field would have been noisy enough to 

delay flying. The third example (29 December 1992, Figure 2.2c) is the from the only day 

when flying was prevented solely by bad diurnal activity. Note the scale on the latter plot is 

double that of the previous two (Figures 2.2a,b).

The base station record was examined hourly during the flight by one of the ground crew, and 

sudden onsets of magnetic noise noted and relayed to the aircraft. Depending on the location 

of the aircraft and the flying time left, a decision was made whether to abandon the flight 

immediately, continue with the survey (common if only a short amount of time was left) or 

continue and request half-hourly updates. Abandoning a flight owing to sudden onsets of 

noisy background field at any stage rarely occurred.

GPS coverage. As GPS satellite availability increased with each season, flying at times when 

three or more satellites were visible (for a 2-D position fix) was only important during the 

1990-1991 season. During all seasons, plots of predicted Positional Dilution Of Precision
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(PDOP) against time were produced to assess the best times to fly for generally low (<4) 

PDOP values. PDOP is governed by the constellation of the visible satellites: the lower the 

PDOP, the higher the positional accuracy. During the 1990-1991 season, adequate satellite 

constellations were available for two periods of 6-7 hours each per day. For all seasons, the 

periods of acceptable PDOP (< 4 for most of the time) coincided with the quiet magnetic 

times.

Weather constraints. Weather is the biggest constraint on flying in the Antarctic. The pilot 

was responsible for deciding whether conditions were suitable for take-off, for safe operation 

in the survey area, and for a reasonable chance of returning to base. Weather satellite images 

were available at Rothera station (Figure 2.1), and these were interpreted with the assistance 

of the base meteorologist to assess the stability of conditions and the possible conditions in 

the survey area, up to 200 km from the base. Cloud cover, type and height estimates were the 

most useful information, as well as changes over a series of satellite images (usually available 

approximately every four hours). Local visibility, cloud height and surface contrast were also 

important factors, the latter particularly so when operating from a snow runway (1993-1994 

season). Weather information was relayed approximately hourly from the survey base, and 

any sudden deterioration was notified to the pilot as soon as it occurred. The pilot always 

made the decision if the flight was to be abandoned owing to deteriorating weather 

conditions. The constraints imposed by the weather had a number of effects on data 

acquisition. Firstly, it can be seen from the flight line map (Figure 2.3) that not all of the 

survey areas were covered at the desired three km line spacing, particularly in the centre of 

the Anvers survey area.

These areas have mostly been covered at a 6 km spacing. It can also be seen that tie-lines in
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Figure 2.3 Map showing location of aeromagnetic flight lines for all three surveys 
1990-1994.
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the Anvers survey area are incomplete. Both of these defects were caused by weather 

constraints on available flying time. Secondly, if icing conditions were encountered in cloud 

whilst flying, it was necessary to change altitude, either upwards or downwards, in order to 

avoid the build-up of ice on the aircraft. All such changes in height were recorded, and 

upward- or downward-continuation techniques were applied to the data during the processing 

phase (Section 2.5.2). In a number of instances, flights were abandoned part-way through a 

survey line. If possible, the remainder of the line was flown at a later date, with overlap 

between the parts of the lines. In a few cases, notably during the 1993-1994 season, poor 

weather dictated that some lines were flown in four sections, and even then were incomplete.

From a total of 102 days available for flying over the three seasons, 37 were lost due to poor 

weather, 2 were lost due to equipment malfunctions and 1 lost due (solely) to bad diurnal 

magnetic activity.

2.4.2 Magnetic compensation

An aircraft moving through the magnetic field of the Earth will generate magnetic 

interference, which is superimposed on the magnetic field measured by the sensors. This 

'noise' caused by the aircraft must be removed from the measured field by a process known as 

magnetic compensation. There are a variety of sources of this interference: permanent 

magnetism (e.g. from engines), induced magnetism in iron components close to the sensors, 

eddy currents induced in conductive surfaces moving through the magnetic field, heading 

effects of the sensors, altitude changes in a vertical magnetic gradient, effects from moving 

aircraft parts, and electrical interference from other essential equipment in the aircraft 

(Picodas Group Inc., 1991). During all three surveys, the Picodas MAGCOMP system was 

used (Picodas Group Inc., 1991). This system uses the three components of the magnetic
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field (X,Y,Z) from a fluxgate magnetometer mounted in the tail of the aircraft, together with 

barometric height information to describe the motion of the aircraft in the Earth's magnetic 

field.
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Figure 2.4 Plot showing effects of data compensation. Raw and compensated data
(Comp) are shown in the upper part of the plot, offset by 15 nT for clarity. 
The lower section shows the three components (X,Y,Z) of the magnetic 
field measured by the tail-mounted fluxgate magnetometer, offset for 
clarity.

A series of roll, pitch and yaw manoeuvres were flown in the directions of the survey and tie 

lines, and the measured field from the sensors regressed against the motion data from the 

fluxgate to generate a series of coefficients for a magnetic interference model. During actual 

survey flights, these coefficients were used with the fluxgate data to create a real-time 

interference model which was subtracted from the total field data to produce a compensated 

magnetic field. Both compensated and uncompensated total field data were recorded, as were 

the fluxgate data making it possible to carry out post-flight compensation using coefficients 

generated at different times.
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Compensation flights were carried out at the beginning of each season, for each set of survey 

directions. Further compensation flights were carried out mid-season, and following any 

mechanical work undertaken on the aircraft. At least four sets of coefficients were obtained 

during each season, and the data were post-processed to obtain the compensation, which 

either visually appeared to remove the motion-induced noise most effectively, or reduced the 

fourth digital difference of the magnetic field to a minimum . An example of compensated, 

uncompensated and fluxgate data is given as Figure 2.4. The compensation is in effect an 

intelligent filter that modifies the measured total field data according to the magnetic motion 

as monitored by the fluxgate. This effectively removes some known sources of noise from 

the data.

2.4.3 Transverse gradient data.

The magnetic signals from the two wing-tip mounted sensors were recorded and 

compensated separately. Each sensor measured the total magnetic field, and a gradient was 

obtained by subtracting the two readings and dividing by the sensor separation (22 m). The 

aircraft is not always pointing in the direction that it is travelling (owing to wind direction), 

so the true transverse gradient, normal to the flight path, is obtained by resolving through the 

drift angle, which is the difference between the true heading recorded from the compass and 

the direction of motion. The latter can be calculated from the navigation data. The primary 

aim of data acquisition was to recover total field information, with the measurement of 

transverse gradient of secondary importance. Gradient data were therefore not collected at 

times when only one sensor, or one channel was working, as there was not time to re-fly lines 

just to get the gradient data.
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2.4.4 Modification of survey plans.

Survey plans were occasionally modified during the data acquisition phase. The initial 

strategy was to fly every other planned survey line, building up a coverage at a 6 km line 

spacing. These profiles were then examined to determine the wavelength of anomalies 

recovered. If the wavelength of anomalies was greater than 12 km in places, then the 

intervening 3 km-spaced lines were truncated to save flying time. The effects of this can be 

seen in the Anvers survey area (Figure 2.3), where in the east of the survey area, a number of 

truncated lines can be seen. The anomalies in this area (Section 3.2) justify this decision. 

The 6 km line spacing in the north of the Anvers survey area (Figure 4.2) was a result of poor 

weather, rather than a deliberate modification of survey plans.

2.4.5 Summary

Figure 2.3 shows the flight line coverage achieved after the three seasons of data acquisition. 

Approximately 50 000 km of survey lines were flown in total. The Marguerite Bay survey 

has the most complete coverage, due to the large number of hours available, and sufficient 

time and good weather to complete the full survey. The Avery survey is mostly complete at a 

6 km flight line spacing, with two sections covered at a 3 km spacing. It should be 

remembered that these lines were flown as transit lines from Rothera Station to the Anvers 

survey area. The two seasons taken to complete the Anvers survey itself are easily 

distinguishable on the flight line map (Figure 2.3). The southern area is complete at a 3 km 

line spacing, with reasonable tie line coverage. The 6 km coverage in the eastern part of this 

area was a result of the modification of survey plans described above (Section 2.4.4). The
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northern part of the Anvers survey is generally complete at a 6 km line spacing, with the 

northern part covered at 3 km intervals. There are very few tie lines in the northern area. The 

patchy flight line coverage was due to poor weather when operating from the Anvers field 

camp (Figure 2.1), which prevented flying on 50% of the available days. Only 60% of the 

planned 100 hours of surveying was completed in this area.

2.5 D a t a  pr o c e s s in g .

Preliminary data processing was carried out by the author in the field or at Rothera station. 

Full processing of the Marguerite Bay survey was carried out by the author at the British 

Antarctic Survey headquarters in Cambridge. A temporary summer vacation student, Robert 

Hryntchyshyn, assisted during the latter stages of processing, supervised at all times by the 

author. Processing of data from subsequent field seasons was carried out primarily by the 

author, but with the supervised temporary assistance of Richard Hunter, Claire Lupton and 

Sarah King.

2.5.1 Preliminary processing

Preliminary processing was carried out immediately post-flight when possible, using a PC. 

This included replotting raw and compensated magnetic data for quality control purposes, re

compensating for the magnetic field of the aircraft where necessary, and writing the data in 

ASCII format ready for loading into the main processing system on return to Cambridge. 

Data recorded to the PDAS acquisition system hard disk were backed up to tape, copies were 

made of this tape, and two copies of any post-flight processed data were also made. Data 

from the base station magnetometer were also backed up to disk and duplicated. The diurnal
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field was plotted every day to confirm the absence of excessive magnetic activity.

2.5.2 Main processing

All of the Cambridge-based processing was carried out using the ARKGMP software 

package, supplied by ARK Geophysics Ltd, a commercial gravity and magnetic acquisition 

and processing company. I will describe the standard processing steps briefly, and give 

details of any non-standard techniques applied. All data were recorded in the aircraft at one 

second intervals, roughly equivalent to a 62m sample spacing.

Navigation processing. Navigation data were checked for gaps, spikes, and 'flat-spots' where 

the GPS receiver had failed to update the position for a number of seconds. The 1990-1991 

data suffered from poorer GPS satellite coverage than the other seasons' data, leaving 

navigation gaps in 12 lines. These gaps, which were a maximum of 30 km long, were filled 

using data from the Doppler system (Section 2.3.2), adjusted to fit the GPS positions at each 

end of the gap. The Latitude and Longitude data were then transformed to a rectilinear X-Y 

coordinate system on the Lambert Conformal Conic projection. This projection was chosen 

as it is that used for the BAS 500G geological maps (e.g. Thomson & Harris, 1981), which 

allows the magnetic maps to be overlaid on the geological maps. The value of the 

'background' field was calculated using the appropriate values of the 1990 International 

Geomagnetic Reference Field (IGRF; IAGA, 1991). The IGRF values were calculated using 

the latitude and longitude of each data point, a standard height (either 2500 m or 1250 m asl, 

as appropriate) and the actual day the survey line was flown. This IGRF value provided a 

'background' field against which to measure the magnetic anomaly.
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Magnetic data processing. Each magnetic profile was checked for spikes, which were then 

removed manually. These spikes could be caused by unavoidable radio transmissions, 

malfunctions or interference from other equipment. The data were then passed through a 25 

point cosine taper filter to clean any noise left after the compensation procedure. This filter 

had an effective cut-off of approximately 400m, and was chosen by trial and error. An 

example of filtered and unfiltered data is shown in Figure 2.5.

300 400

Seconds
500 600 700

Figure 2.5 Example of the effect of a 25 point cosine taper filter. The ‘raw’ data 
shown has been compensated for the magnetic motion of the aircraft as 
described in the text, and shows an unusual amount of residual noise. The 
filtered data have been offset by 5 nT for clarity.

The height record was examined to check for any changes in flying altitude. Flying at 

heights lower than the standard survey elevation causes the anomalies to appear of higher 

amplitude and shorter wavelength, and thus may lead to problems when adjusting the flight 

network, or during interpretation. Conversely, data collected at elevations higher than the
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standard survey altitude appear to have lower amplitudes and longer wavelengths. It is 

necessary, therefore, to continue the data analytically, either upward or downward, to make 

all the anomalies appear as though they had all been collected at the standard survey altitude. 

The method is described by Blakely (1995). This technique should be used with care, as it 

may cause spurious anomalies, particularly when downward continuing, from effects such as 

the amplification of noise in the data. The continuation of data along a line which included a 

change of height was not an available technique in the data processing package, though it is a 

documented technique (Henderson & Cordell, 1971). The technique was initially coded into 

FORTRAN by Dr. C.J. Swain, and I subsequently modified this for implementation into the 

ARKGMP package.

A specific problem occurred in the data flown over the Eternity Range (Figure 2.1). It was 

necessary to fly at altitudes of up to 3500 m in this area, to avoid the mountains. Continuing 

downward to the nominal survey altitude of 2500 m would effectively produce the anomaly 

at below ground level, and hence below possible sources. If shallow magnetic sources are 

present, then this operation would be analytically unstable, producing white noise on the 

signal. This proved to be the case. It was decided, therefore, to continue the data to a slope 

over the mountain range, with the effective measurement height ranging from the standard 

2500 m at the tie lines either side of the high ground, to a 3800 m 'ridge' above the mountain 

peaks. When gridded and contoured, this produced a smooth field. This operation can be 

thought of as a localised approximation to the commonly-applied technique of draping a 

barometrically-flown survey over topography to produce a representation of a drape-flown 

survey (Section 2.2). Examples of this are discussed in Grauch & Campbell (1984) and 

Pilkington & Roest (1992). Severe topography and insufficient topographic data exist to 

apply this technique to the complete data set.
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The one-minute diurnal magnetic data were filtered with a 15 minute filter, and then 

interpolated to one-second intervals for subtraction from the aircraft data. The heavy filter 

was used to remove short wavelength effects that could not be considered to be a realistic 

representation of diurnal activity at distances up to 150 km from the base station possibly 

owing to the conductivity structure of the region (e.g. Chamalaun & Cunneen, 1990). An 

average of the diurnal values for each season was subtracted from the filtered diurnal data, 

leaving an approximate diurnal anomaly.

The magnetic anomaly for each point was calculated by taking the filtered and continued total 

field, then subtracting the IGRF and the diurnal anomaly. This produced the total field 

anomaly. Each anomaly profile was visually checked again at this stage to ensure that each 

operation had been carried out effectively. The magnetic anomaly thus calculated should be a 

good representation of the disturbance of the earth's magnetic field due to variations in the 

magnetic properties and position of geological features. However, before contouring and 

mapping these anomalies, it is necessary to carry out the network adjustment of tie and 

survey lines.

2.5.3 Network Adj ustment

The purpose of flying tie-lines, perpendicular to the main survey line direction (Section 2.2) 

is to provide an internal check of survey accuracy. At each cross-over point, the magnetic 

anomaly value on both survey and tie line should be identical. In reality, this is rarely the 

case, but a well-collected and processed data set, with accurate navigation and little diurnal 

variation should approach this ideal. The difference between tie-line and survey-line
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magnetic anomaly values at the cross-over point is called the mis-tie value. The main factor 

affecting mis-tie values is navigation, particularly in areas of high magnetic gradient. In such 

an area, a small error in the location of a data point can lead to a large error in the mis-tie 

value. Diurnal magnetic disturbances, not corrected by the base station magnetometer data 

owing to large distances between base station and aircraft, may differ at the time of collection 

of the two values at the cross-over point, causing a mis-tie error. Heading errors in the 

aircraft and different processing steps applied to survey and tie-line (e.g. downward 

continuation, filtering) may also give rise to non-zero mis-ties. The network adjustment 

procedure attempts to minimise these mis-ties in a controlled fashion. The adjustments 

described below are all applied to the magnetic data. The actual navigation data are only 

altered as a last resort during the final stages of adjustment. The preferred method is to 

simulate the adjustment of navigation by the adjustment of magnetic values.

The first step was to locate all the cross-over points, and determine the mis-tie value at each 

point. Heading errors, dependent on the direction in which the aircraft is flying, are partly, 

but not entirely, removed during the compensation process. They cause a dc shift in the 

values along a line, so the lines were all first allowed to dc shift to achieve a least-squares 

minimum for all cross-over errors. Shifts of up to 50 nT are not uncommon. After this initial 

dc shift, the tie lines were 'frozen', i.e. were fixed throughout the subsequent network 

adjustment procedures. All remaining mis-ties with a value greater than lOnT were then 

examined as to possible causes. The magnetic gradient in the area, the diurnal variation at the 

appropriate time and the relevant processing steps were all checked in an effort to determine 

the cause of the mis-tie. If none of these seemed the likely cause, it was assumed that the 

error was due at least in part to navigational inaccuracies. An example of a flight line 

requiring a dc shift only is shown in Figure 2.6.
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Figure 2.6 Example of a flight line adjusted by a dc shift only.

The next stage of network adjustment was to allow the magnetic data on all the lines (except 

tie lines) to tilt. The amount of tilt per line km was limited to the difference in IGRF values 

at each end of the line, divided by the line length. An example of a flight line requiring a tilt 

correction is shown in Figure 2.7. This tilting simulates long-wavelength errors either in the 

IGRF or in the diurnal values.

Figure 2.7 Example of a flight line adjusted by tilting.
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The IGRF is generated from world-wide magnetic observatory data, but few such 

observatories exist in the southern hemisphere, making the IGRF prone to inaccuracies in 

southern polar latitudes.

The diurnal anomaly values generated from the base station may, as previously mentioned 

(Section 2.5.2), contain errors due to the distance between base station and aircraft. 

Following these tilts, the lines were permitted to bend a maximum of 0.25 nT per km, 

simulating shorter wavelength components of the diurnal that had not been taken into account 

using the base station magnetometer readings. After each of these stages, the mis-tie values 

were checked, and any lines with all mis-ties less than 1 nT were 'frozen', and not 

subsequently adjusted further. Following the first 'bend', the navigation at cross-over points 

with remaining large (> 10 nT) mis-ties, was checked to see if adjusting the position of the 

survey line with respect to the tie line would improve the mis-tie value. The amount of 

movement permitted was limited to the approximate GPS error, i.e. 100 m. If an 

improvement was obtained, then the navigation values for the survey line were adjusted in a 

smooth manner between the next nearest cross-over points. Two further applications of a 

maximum 0.25 nT per km bend were permitted, again freezing lines when all mis-ties had 

dropped below 1 nT. This resulted in all mis-ties having an absolute mean value less than 1 

nT (see Section 2.5.4).

For the lines requiring the largest amount of network adjustment, the amount of adjustment 

was plotted along the line to check the wavelength and amplitude of adjustment. The 

wavelength of the adjustments should be no less than the distance between successive tie 

lines, and the amplitudes should be of the same order of magnitude as the measured diurnal 

variation along the line. The best method for checking the network adjustment of any given
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data set is to grid the adjusted data, and then create a pseudo-relief or shaded-relief image 

(Section 2.5.5). Any remaining errors, or incorrectly-adjusted tie points will stand out as 

stitch-like marks in the shaded images. A number of such images were generated throughout 

the network adjustment process.

2.6 Errors

Mis-ties before levelling

Mis-tie (nT)

Mis-ties after levelling

Figure 2.8 Histograms of mis-ties before and after network adjustment as described in 
Section 2.5.3. Note different histogram categories on x-axis.
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Analysis of the network adjustment process described in Section 2.5.3 above is a useful 

method to determine the errors and accuracy of the survey. Histograms of the mis-ties at the 

cross-over points before and after the network adjustment process are shown in Figure 2.8. 

The large population of errors seen in the ‘before’ histogram (Figure 2.8) either side of zero ( 

from -40 nT to 60 nT) is a reflection of the heading error, which will change sign according 

to the direction in which the aircraft is flying. The two histograms (Figure 2.8) have different 

x-axes in order to expand the section around zero for the histogram after levelling, as most of 

the population lies within ±1 nT.

Table 2.1 shows the statistics of the mis-tie values before and after the network adjustment 

procedure. The mean absolute value was calculated by taking the absolute mis-tie value at 

each cross-over and then calculating the mean of these positive values.

Table 2.1. Network adjustment summary statistics

Before After

Number of cross-overs 1872 1872

Maximum mis-tie 219.61 133.59

Minimum mis-tie -540.17 -90.93

Mean absolute mis-tie 48.93 0.83

Standard deviation 71.94 5.92

The principal sources of error in the aeromagnetic data fall in two categories, internal and 

external. Internal errors include heading errors, which may account for mis-tie values of 

more than 50nT. These are caused by the magnetic effects of the aircraft itself, and are at
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least partly corrected by the compensation procedure (Section 2.4.2). Errors in navigation 

are the other principal internal error source. These errors arise due to inherent inaccuracies 

in the GPS navigation system and receivers used during the surveys (Section 2.3.2). In 

areas of high magnetic gradient, any navigation error will give rise to a large mis-tie value. 

Horizontal gradients at mis-tie locations vary from 0 to almost 0.4 nTm'1, with a mean 

value of 0.025 nTm"1, hence a navigation error of 100 m would give rise to a maximum 

mis-tie of 40nT on a single line. Differences in flight heights between flight lines and tie 

lines can also give rise to errors. Vertical gradients vary mostly from -0.1 nTm'1 to 0.1 

nTm'1 over the survey area, so a height difference of 50 m (caused by navigation 

inaccuracies) will give rise to a 5 nT error.

External error sources include diurnal magnetic field variations and IGRF values. As 

previously mentioned (Section 2.4.1), the base station magnetometer monitoring and 

recording diurnal variation was often between 100 and 200 km from the survey area, and as 

the conductivity structure between base station site and survey area was unknown, the 

recorded diurnal variations were heavily filtered before subtraction from the survey data 

(Section 2.5.2).

Table 2.2. Summary of major error sources

Source of Error Maximum Error (nT)
Aircraft heading 50

Navigation: Horizontal gradients 40

Navigation: Vertical gradients 5

Diurnal Variations 25

Short-period diurnal variations filtered out during processing could be up to 25 nT in 

magnitude (e.g. Figure 2.2), though values such as these would be considered too noisy,
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and flying would be curtailed. Most short-period noise filtered out is between 5 and 2 nT 

in amplitude. The IGRF errors are more difficult to assess, as there are few geomagnetic 

observatories in the region. Using the same set of coefficients for all the survey data should 

minimise the relative errors in the data.

Given all these possible sources of error on both tie line and flight line, then mis-ties of the 

order of 220 nT could be experienced. It can be seen from Figure 2.8 that the vast majority 

of the mis-tie values prior to levelling are within ±200 nT. The 15 values that fall outside 

this range are likely caused by navigation errors greater than 100 m in high magnetic 

gradient areas, greater than average heading errors, or errors induced in high-gradient areas 

by the filtering process.

Though these errors seem very large, the vast majority can be corrected for during the 

network adjustment process described in Section 2.5.3. DC shifting the data will account 

for heading errors, tilting will account for long-wavelength diurnal and IGRF errors, and 

bending will account for shorter-wavelength diurnal and navigational errors. The 

remaining high mis-tie values all occur in high-gradient areas where overly adjusting the 

data will not affect the final map product. The final mean absolute mis-tie value of 0.83 nT 

and the Standard Deviation of 5.92 nT (Table 2.1) adequately justify a 25 nT contour 

interval (Chapter 3).

2.7 G r id d in g

Each survey was gridded several times during the network adjustment process and a final grid 

was generated from the completely processed profile data. Gridding was performed using a

56



minimum curvature technique (Swain, 1976) with a grid cell size initially of 500 m. This is 

equivalent to one sixth of the line spacing. This grid spacing was fine enough during the 

network adjustment process to reveal characteristic 'stitch marks' in places where mis-ties 

had not been correctly adjusted. These were most obvious on grey-scale shaded relief maps 

which were generated throughout the network adjustment process. Examination of these 

maps, however, indicated that a 500m grid may be too fine in a few places, causing some 

aliasing of anomalies (see description o f map, Chapter 3), so a number of other grid cell sizes 

were tested, and a final value of 750m, half of the closest line spacing (Figure 2.3), was 

chosen. The implementation of minimum curvature gridding used was RANGRID (Geosoft 

Inc., 1997). This implementation first estimates the grid values at the nodes of a grid that is 8 

times the specified final grid cell size. This estimate is based on the inverse distance average 

of the points within this larger cell, and this effectively smoothes the data. This estimated 

grid is then adjusted iteratively to fit the data points closest to the coarse grid nodes. After an 

acceptable fit is achieved, the coarse cell is divided by two and the process is repeated. The 

method is repeated until the minimum curvature surface is fit at the final grid cell size. By 

this means, the smoothing process applied to reduce the number of data points is a part of the 

actual gridding process. Figure 2.9 shows an example flight line showing the original data, 

and data extracted from the grid to illustrate the quality of this process.

The various surveys were merged to create the final map (Chapter 3). It was decided not to 

upward continue the section of survey over Marguerite Bay, flown at 1250m asl, to the level 

of the other surveys, as a significant loss of detail is apparent in the upward continued data.

57



0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Distance (km)

Figure 2.9 Graph comparing raw line data (+) and data sampled from the grid at the 
same data point locations, both relative to the scale at the left hand side. 
The difference profile between the two lines is also shown, relative to the 
right-hand scale.

All the other data sets were merged smoothly in the following manner. Firstly, the point-by

point difference between the grids in the areas of overlap was calculated. This difference grid 

varied in amplitude and wavelength according to the characteristics of each grid. Differences 

were greatest in areas with short-wavelength anomalies. This difference grid was then 

filtered to produce a long-wavelength correction grid. The areas of survey overlap are c. 160 

km long, and up to 20 km wide. The filtering was designed to remove wavelengths shorter 

than 20 km. The filtered correction grid was then subtracted from one of the grids (the Avery 

survey grid in both cases), and the grids were then added, using the non-corrected grid in 

areas of overlap. This procedure left some shorter-wavelength discontinuities at the grid 

boundaries. These were minimised using a single pass of a Hanning 3x3 filter applied to the 

local area (about 20 km each side of the boundary). This procedure gave a good visual fit to 

the data sets, but it is necessary to remain aware of the boundaries between data sets
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throughout the interpretation process. As mentioned previously, the Marguerite Bay survey 

(flown at 1250 m asl) was not upward continued, and in all the magnetic maps presented 

here, the boundaries of that survey are clearly marked.
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3. The magnetic anomaly map

3.1 Introduction

For the purposes of describing the magnetic anomaly map (Figure 3.T; back pocket) I will 

divide the area into three surveys (Figure 2.1). These are the Anvers survey, corresponding 

to a transect flown across the peninsula in the vicinity of Anvers Island (Johnson, 1996), 

the Avery survey, corresponding to the transit lines flown over the Avery Plateau between 

Rothera base and the Anvers survey area, and the Marguerite Bay survey flown across the 

peninsula in the vicinity of Marguerite Bay (Johnson & Swain, 1995). I will briefly 

describe the anomaly patterns in each area, then introduce a number of derived map 

products before presenting Landsat TM imagery of the area and discussing the correlation 

between anomalies and physiography. In the following descriptions, the peak anomaly 

values can be more easily seen on the large map in the back pocket of this thesis. All maps 

have colours distributed on an equal-area basis.

3.2 The Anvers survey

The Anvers survey (Johnson, 1996; Figure 3.2), a transect across the Antarctic Peninsula is 

a combination of two seasons of survey flying; the southern part (south of 65 °S) was flown 

in the 1992-1993 season and the northern part was flown in the 1993-1994 season. The *

* Following page

Figure 3.1 Aeromagnetic anomaly map of the central Antarctic Peninsula, 1: 2 500 000.
Contour interval is 50 nT. Shading is from the east. A large scale version of 
this map (1:750 000) is in the back pocket.
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Figure 3.2 Aeromagnetic anomaly map of the Anvers Survey area. Contour interval 
is 25 nT. Shading is from the east. Dashed lines separate Zones I to IV, 
described in the text. A-E also refer to text.
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survey forms a rectangle with sides parallel and perpendicular to the spine of the peninsula 

extending 290 km northwest-southeast and 230 km northeast-southwest.

The long-wavelength features on the map (Figure 3.2) show general alignments parallel to the 

spine of the peninsula and the map can be divided into four zones on the basis of these long- 

wavelength elements.

3.2.1 Zone I

A large linear positive anomaly (A, Figure 3.2) runs southwest-northeast, offshore to the west 

of the peninsula. The anomaly narrows from 70 km in the southwest to 25 km in the 

northeast, and contains a series of peaks reaching a maximum of 550 nT. The anomaly belt is 

slightly asymmetric, with steep bounding gradients, up to 35 nT km"1 on the northwest side, 

and 25 nT km"1 to the southeast. This is the western component of the PMA identified by 

Garrett & Storey (1987). To the northwest, a smooth negative anomaly (-250 nT) runs to the 

edge of the map.

3.2.2 Zone II

Zone II also contains a linear, peninsula-parallel belt of positive anomalies (B, Figure 3.2), 

60-70 km wide, with individual anomalies up to 990 nT amplitude and 10-25 km 

wavelengths, implying shallower sources than Zone I. The edges of this belt are less linear 

than in Zone I, but again show some asymmetry but in the opposite sense, with gradients up 

to 75 nT km"1 on the southeast side and up to 50 nT km"'on the northwest. This belt is the 

eastern component of the PMA (Garrett & Storey, 1987) and is separated from the western 

component by a negative anomaly (-350 nT) which narrows from 30 km wide in the
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northeast to less than 10 km wide in the southwest. The axis of the positive anomaly belt

generally lies between the peninsula coast and the offshore islands.

3.2.3 Zone III

This includes much of the peninsula plateau and part of the Larsen Ice Shelf. It is 

characterised by a low-gradient (c. 15 nT km"1), negative field, 70-100 km wide, with a 

number of generally isolated, 5-20 km wavelength anomalies. Many of these anomalies with 

wavelengths of 5 km or less give a pock-marked appearance to the broad negative field. It is 

possible that these anomalies are part of very narrow, linear features which are aliased by the 

3 km line spacing. Toward the northeast and extreme southwest of Zone III, over the 

peninsula plateau, groups of anomalies with amplitudes c. 300 nT, may be part of the eastern 

component of the PMA. The magnetic field over the Larsen Ice Shelf broadens even further, 

with gradients < 5 nT km'1, as seen from the reconnaissance aeromagnetic data (Figure 1.5). 

In the extreme east of the map, a number of c. 5 km wide, up to 200 nT anomalies (C, D, 

Figure 3.2) are observed near the Seal Nunataks area.

3.2.4 Zone IV

This zone comprises the area of 35 km-wide positive anomalies of up to 500 nT amplitude in 

the south of the map together with the complex 1200 nT anomaly at the base of Churchill 

Peninsula (E, Figure 3.2). The longer-wavelength anomaly runs east-west, parallel to Jason 

Peninsula with bounding gradients up to 20 nT km"1. Ghidella et al., (1991) suggested that 

this broad anomaly was continuous towards the southwest, however the new data presented
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here (Figure 3.2) agree with previous authors (Renner et al., 1985, Maslanyj et al., 1991) in 

showing a distinct break at the foot of Jason Peninsula.

3.3 The Avery survey

The Avery survey (Figure 3.3) is composed of transit lines flown between Rothera base 

and the Anvers survey area (Figure 2.1), mainly during the 1992-1993 field season, with a 

small number of lines added during 1993-1994. The survey is c. 160 km across, and 

between 160 and 230 km along the peninsula. The gaps in the map (Figure 3.3) correspond 

to areas where the line spacing is greater than 6 km (Figure 2.3). The line orientation, 

parallel to the spine of the peninsula, is not ideal for accurate recovery of the peninsula- 

parallel long-wavelength features. It is still possible, however, to divide this survey in 

three broad zones (Figure 3.3).

3.3.1 ZoneV

Zone V consists of a positive anomaly belt, parallel to the spine of the peninsula with 

amplitudes up to 500 nT and width changing from c. 30 km in the south, to 10 km in the 

north, where it also appears to change trend to north-south. The anomaly belt follows the 

western edge of the island chain along the Pacific margin of the Antarctic Peninsula. 

Breaks in the anomaly belt occur at 66°S and 66°30’S. The northwest boundary of this 

anomaly belt is poorly defined by the data, but comparison with the reconnaissance data 

(Figure 1.5) show that this is the continuation of the western component of the PMA. 

Gradients along the southeast edge of the anomaly belt are c. 25 nT km'1.
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Figure 3.3 Aeromagnetic anomaly map of the Avery Survey area. Contour interval is 
25 nT. Shading is from the west. Dashed lines separate Zones V to VII, 
described in the text. F,G also refer to text.
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3.3.2 Zone VI

The belt of positive anomalies running through Zone VI is similar in width (40-50 km) and 

amplitude (up to 1500 nT) to the belt in Zone II of the Anvers survey (Section 3.2.2 

above). A similar asymmetry of gradients is observed, steeper on the southeast side than 

the northwest. The spine of this anomaly belt lies mainly offshore the western coast of the 

peninsula, but covers much of the Arrowsmith peninsula in the south of the survey area (F, 

Figure 3.3). This is a continuation of the eastern component of the PMA. The negative 

anomaly separating the eastern and western (Zone V) components varies in width from 10 

to 20 km. This negative belt is broken in two places by positive anomalies, each one 

located immediately to the south of the breaks in the western component (Section 3.3.1).

3.3.3 Zone VII

Zone VII, which covers almost the entire width of the peninsula consists of three roughly 

east-northeast trending positive anomaly belts separated by negative anomalies. The 

positive belts consist of anomalies with wavelengths of 10-30 km and amplitudes up to 

500 nT, exceptionally up to 1200 nT (G, Figure 3.3). The dividing lows are 10-20 km 

wide with amplitudes of -600 nT. In the northeastern corner of the survey, the positive 

anomalies appear to merge into a peninsula-parallel band c. 15 km wide, with a linear 

gradient of 50 nT k m 1 on the southeast side.

3.4 T h e  M a r g u e r it e  B a y  s u r v e y

The Marguerite Bay survey (Figure 3.4) is a composite of three different data sets. The
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majority of the data were collected during the 1990-1991 season, at two different flight 

heights, 1250 m over Marguerite Bay, and 2500 m over the onshore areas (Section 2.2). A 

small triangular area of data at the base of the Kenyon Peninsula was collected during the 

1992-1993 season. The complete survey extends 260 km from north to south, and 230 km 

from east to west. In the southeast comer, the survey area was extended a further 100 km 

to the east (Figure 2.1). The magnetic anomaly map (Figure 3.4) can be divided into four 

zones.

3.4.1 Zone VIII

This zone covers the western edge of the map (Figure 3.4) and is characterised by a smooth 

magnetic field. The broad negative anomaly reaches amplitudes of -500 nT in the south, 

but generally forms a north-south elongate trough. A small, 350 nT, 10 km-wide anomaly 

lies offshore northern Alexander Island. The eastern side of the zone exhibits a number of 

northwest-southeast trending local positive anomalies, 5-10 km wide with amplitudes up to 

200 nT above the level of the surrounding negative field.

3.4.2 Zone IX

This zone consists of the broad area of positive anomalies running through the centre of the 

map. The area is up to 120 km wide, with individual anomalies 10-20 km wide and up to 

900 nT amplitude. These anomalies are part of the PMA (Johnson & Swain, 1995), though 

it is difficult to separate the anomalies into distinct western and eastern components as 

above (Zones I and V, and II and VI respectively). This zone is clearly a very complex
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Figure 3.4 Aeromagnetic anomaly map o f the Marguerite Bay Survey area. Contour 
interval is 25 nT. Shading is from the northeast. Solid line separates 
surveys flown at different heights. Dashed lines separate Zones VIII to 
XI, described in the text.
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magnetic area, and the anomalies and trends will be discussed in greater detail later 

(Section 5.3.2). The gradients on the western edge vary from 25 nT km-1 to > 75 nT km"1.

3.4.3 ZoneX

This zone covers the eastern part of the map (Figure 3.4). In the northern part of the zone, 

an area of positive anomalies is clearly bounded to the west by a prominent linear negative 

(-350 nT) trough, c. 15 km wide. The positive area in the northeast has numerous 

anomalies 10 -  20 km wide and up to 500 nT amplitude on a broad positive background 

field. In the southeast of the zone, the positive anomalies are more elongate, c. 20 km wide 

and up to 600 nT amplitude.

3.4.4 Zone XI

Zone XI consists of the area between the PMA anomalies of Zone IX, and the elongate, 20 

km-wide anomalies near the east coast (Zone X). The area is characterised by numerous (> 

35), mostly isolated positive anomalies, generally < 10 km wide with peak amplitudes up 

to 250 nT. The one exception to this is the larger, 700 nT anomaly in the southeast of the 

zone. Many of the small anomalies in this area occur on single flight lines (Figure 2.3), 

implying that aliasing may be a problem (Section 2.7).

3.5 M a p  TRANSFORMATIONS

The transformation of magnetic anomaly data into various secondary maps provides useful 

interpretative tools, which can significantly enhance the utility of the data. Such maps are
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best used in conjunction with the basic magnetic data, but each transform provides a fresh 

look at the data. I will briefly describe the main transforms used in this thesis below, with 

a description of the map that each produces, and an indication of any limitations of the 

techniques. Detailed interpretation of these products will be left to later chapters.

3.5.1 Regional-residual separation

The separation of a magnetic map into regional and residual components is a simple and 

effective way of looking at the anomalies caused by sources at various depths within the 

crust (Spector & Grant, 1970). The residual field consists of the shorter wavelength 

anomalies which are assumed to come from sources at a high level in the crust, include 

those which crop out. The regional field consists of the longer-wavelength anomalies, 

which are assumed to come from deeper in the crust. The separation of the field is 

achieved using a simple filter from which the high-pass (residual) or low-pass (regional) 

components are generated. The cut-off wavelength of this filter, in this case a Butterworth 

filter, is the critical parameter, which is usually deduced from the graph of the power 

spectrum of the field against wavelength (or wavenumber) (Spector & Grant, 1970). This 

graph can usually be divided to several straight-line segments, the slope of each being the 

average depth to a group of sources. The wavelengths of the deepest (steepest slope) group 

of sources are considered to be the regional components, and the cut-off wavelength can be 

read from the graph. The radially-averaged power spectrum (Figure 3.5) is generated as 

part of the Fourier transform process used to apply the Butterworth filter. It can be seen, 

however, that the slope of the curve appears to vary smoothly, with no clear breaks to 

indicate the change from regional to residual sources. This is because there is an even 

spread of wavelengths in the magnetic anomaly field. A number of choices for the cut-off
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wavelength exist, depending on the depth to bodies of interest. An optimum can be 

determined by examination of the filtered field. A cut-off wavelength that is too long will 

produce a field that looks very similar to the original map, and one that is too short will 

appear very noisy, perhaps showing up any artefacts remaining from the processing.

Figure 3.5 Plot of radially averaged power spectrum and depth to source estimates of the 
aeromagnetic anomaly grid shown in Fig. 3.1. Depth estimates produced from 
gradient of the power spectrum, using the method of Spector & Grant, (1970). 
Dashed line shows the cut-off wavelength for the regional-residual separation 
Butterworth filter.

The regional anomaly map (Figure 3.6*) has been generated using a 20 km wavelength cut

off. The regional map has a relatively smooth appearance, though not a smooth as the

' Following page

Figure 3.6 Map of regional magnetic anomalies, using 20 km low-pass Butterworth filter.
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reconnaissance magnetic anomaly map(Figure 1.5). The zones described in Sections 3.2, 

3.3 and 3.4 can be easily traced across the complete map. The two components of the 

PMA are clearly visible in the northern two-thirds of the map, suggesting that the cause of 

this band of anomalies has considerable sub-surface extent.

The residual magnetic map (Figure 3.7*) at first seems rather confused, but there are a 

number of features that can be seen in the data. In general, the large-scale features, such as 

the Pacific Margin Anomaly are not clearly recognisable, whereas there are a lot more 

smaller features visible in the ‘quiet’ areas of the anomaly map, such as to the west of the 

PMA. The residual map highlights the changes in the trend o f short-wavelength features 

along the peninsula. The NW-SE trends in the southern part are very clear across 

Marguerite Bay and the Transition Zone. To the north of 67° 30’S, the trends appear to be 

longer wavelength (owing to the increased flight height) and trend NE-SW. In the Anvers 

section of the map, the trends appear to be predominantly parallel to the spine of the 

peninsula. All of these trends will be discussed in later sections. There is clearly a large 

number of short-wavelength anomalies along the length of the PMA, indicating that the 

PMA extends from relatively shallow depths to the greater depths indicated by the regional 

map (Figure 3.6).

3.5.2 Pseudogravity

Magnetic potential and gravitational potential are related to each other by Poisson's 

Relation which states
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Figure 3.7 Map of residual magnetic anomalies, using 20 km high-pass Butterworth filter.
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(3.1)

Where

V =
- C mM

r ~ ~ 8 'Gp

V = Magnetic potential 

Cm = Constant to account for units 

M = Intensity of magnetisation 

G = Universal Gravitational Constant 

p = Density

gm = Component of the gravitational field in the direction of magnetisation 

Transforming equation 3.1 to the Fourier Domain and assuming the ratio of magnetisation 

to density is constant we get (Blakely, 1995)

F (g J  = ^ ( K )  (3.2)

Where F(gm) and F(V) are the Fourier transforms of the gravitational and magnetic 

potential respectively. The pseudogravity anomaly, ATpsg, is the vertical component of this 

gravity anomaly (Baranov, 1957), and is related to the total field magnetic anomaly, AT, by

F(ATpsg) = F(̂ psg)F(AT) (3.3)

(Blakely, 1995), where F (Tpsg) is the pseudogravity transform, given by

n v PSg ) = ^ n ' v r l p )  (3 .4 )

where A is constant, k is the wavenumber and F(vFrtp) is the reduction-to-pole transform. 

Hence we can calculate the pseudogravity field from the reduced-to-pole field using the 

transform defined in equation (3.4). Assuming the ratio of density to magnetisation is 

unity, the constant A is simply G (the Universal Gravitational Constant) multiplied by a 

conversion factor to account for measurement units (in metres and Tesla), which gives a 

value of 6.67 x 10'6.
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A magnetic anomaly map can be thought of as a map of the distribution of susceptibility 

variations. The pseudogravity transform calculates the gravity field we would expect to 

see if we convert this susceptibility distribution into a density distribution. The limitations 

of this method are primarily in the assumption of a common ratio of density to 

magnetisation for the whole survey area. This is clearly a generalisation, and should be 

borne in mind when interpreting the resultant map. Measurements of the physical 

properties

of Antarctic Peninsula rocks (discussed in Chapter 4) do show some correlation between 

density and susceptibility, particularly for the mafic plutonic rocks thought to be 

responsible for the PM A (Garrett, 1990).

The pseudogravity map (Figure 3.8*) appears similar to a low-pass filtered magnetic map, 

and as such is useful in delimiting major anomaly provinces. A large positive anomaly, up 

to 125 pseudo-mGal amplitude, runs through the centre of the map, covering the west coast 

and the outlying islands. This anomaly is greatest in the central part of the peninsula, 

between 65° 30’ S and 68°S. Broad negative areas can be seen in the northeast, southeast 

and southwest corners of the map, with amplitudes reaching -75 pseudo-mGal. A broad 

positive anomaly area, with amplitudes 15-40 pseudo-mGal covers the central part of the 

east coast. These major divisions reflect what can be seen in the magnetic data (Figs 

3.2,3.3,3.4). The central positive pseudogravity anomaly corresponds to the PMA (Zones 

I,II,V,VI and IX), but only appears divided into two components in the Anvers survey
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Figure 3.8 Map of pseudogravity anomalies, calculated from the magnetic anomaly grid. 
Contours are at 5 pseudo-mGal intervals
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area. The other pseudogravity features correspond well to the long-wavelength magnetic 

features. The pseudogravity anomaly in the Marguerite Bay area corresponds very closely 

with the anomaly seen on the satellite-derived free-air anomaly map (Figure 1.8). To the 

northwest of Anvers Island, the linear pseudogravity gradient also corresponds well to the 

gradient seen on the free-air anomaly map.

3.5.3 Horizontal derivative of pseudogravity

The gravity anomaly of a near-vertical, fault-like boundary has its maximum horizontal 

gradient over the top edge of the boundary. This is also the case for the maxima of the 

horizontal derivative of pseudogravity (Figure 3.9*) which can be derived from magnetic 

data, hence the method can be used to find the top edges of magnetic boundaries (Cordell 

and Grauch, 1985, Grauch and Cordell, 1987). A horizontal gradient grid of the 

pseudogravity data is first calculated, and an automated method is then used to pick the 

maxima (Grauch & Cordell, 1987). The main limitations o f the method arise from the 

assumptions that the boundaries are vertical (or near-vertical), that neighbouring anomalies 

do not interfere, that the boundaries are regular and that terrain effects are minimal (Grauch 

& Cordell, 1987). Off-vertical contacts will cause offsets o f the maxima, as will 

interfering anomalies. Terrain effects will be apparent by the lines of maxima following 

topographic trends, but these effects should be known from examination of the residual 

anomaly map (Section 3.5.1). All these limitations affect detailed surveys more than 

regional surveys.
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Figure 3.9 Map of horizontal derivative of pseudogravity, with artificial illumination from 
the east.
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Although the data presented here is detailed in terms of Antarctic magnetic surveys, in 

commercial terms, the data are regional. I expect the effects of these limitations will not be 

widespread, and account can be taken of them when examining data in more detail as part 

of the interpretation (Chapters 5 and 6).

The horizontal gradient map (Figure 3.9) shows the linear western edge of the PMA very 

clearly: the eastern edge is much less distinct. Two large circular features can be seen on 

the eastern side of the map, presumably delineating roughly circular anomaly sources, such 

as large individual plutons, or large volcanic complexes. The horizontal gradient maxima 

(Figure 3.10*) show these larger trends very clearly, but also show a great deal of 

information from within the major pseudogravity zones, such as the NW-SE trends in the 

Marguerite Bay survey, and the NE-SW trends on the eastern side of the Avery survey 

area. The seemingly random scatter of points in some long-wavelength anomaly areas (e.g. 

southwest of the Seal Nunataks) are probably caused by the lack of clear maxima in these 

relatively flat-lying areas.

3.5.4 Terrace maps

The magnetic terracing method (Cordell & McCafferty, 1989) is used to define geologic 

structures and physical property domains. The smooth potential field is transformed into a 

stepped (terrace) function of flat zones separated by near-vertical boundaries. This gives 

the potential field map a visual appearance more akin to a geological map. It can be 

thought of as a first-approximation three-dimensional magnetic model. The method is 

commonly applied to pseudogravity data (Figure 3.8) and produces a series of flat terraces,

* Following page

Figure 3.10 Plot of maxima of horizontal derivative of pseudogravity. 
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separated by the maxima in the horizontal gradient. The terrace map (Figure 3.11*) is 

similar in appearance to the pseudogravity map, with low-value areas in the northeast, 

southeast and southwest corners. The highest value terrace is in the central part of the west 

coast. The two-component nature in the PMA feature in the Anvers survey area is more 

clearly defined on the terrace map. The moderately high value area on the eastern side of 

the Avery survey area has a clear NE-SW trending southern boundary, parallel to other 

features in this area.

3.6 Satellite im a g e r y

As has been mentioned before, one of the problems of investigating the geological and 

tectonic history of the Antarctic is the nearly ubiquitous ice cover. The limited rock 

exposure, and the difficulties operating in ice-covered terrain mean that land-based data 

(e.g. geology, land gravity) suffer from sparse coverage with poor geographic distribution. 

It is this fact that makes airborne geophysics such a powerful tool in these areas. It is 

difficult, however, to constrain the inherent non-uniqueness of potential field 

interpretations without supporting data, particularly supporting data with a similarly good 

spatial coverage. In the Antarctic Peninsula area, the data sets which achieve equivalent 

coverage are satellite gravity in the offshore areas (Section 1.5.3), and satellite imagery in 

the onshore. The imagery gives a representation of the surface of the peninsula, including 

the ice-covered areas, rather than being a true digital elevation model.

* Following page

Figure 3.11 Terrace map produce from the pseudogravity data shown in Fig 3.8, 
calculated using the method of Cordell & McCafferty (1989). Terrace 
boundaries are marked by the maxima of horizontal derivative of 
pseudogravity (Fig. 3.10).
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Most of the features on the image were formed by glacial erosion, but in many cases, the 

glaciers may have exploited existing geological features or weaknesses. Geological 

interpretations of such an image are limited due to the fact that it does not show sub-ice 

bedrock elevation, however, some very important points can be obtained from the data. It 

would be useful to compare the magnetic anomaly maps with detailed geological maps, 

however detailed digital geology maps for the area do not exist. Where recent detailed 

geological maps do exist, comparisons between these and the geophysical data will be 

highlighted in the later, interpretative chapters (5 and 6).

3.6.1 Landsat TM images

Figure 3.12* shows a mosaic of a number of Landsat Thematic Mapper (TM) scenes. 

These scenes were kindly supplied by Dr Joern Sievers of the Institut für Angewandte 

Geodäsie, Frankfurt am Main, Germany. The majority of the image (north of 69°S) was 

supplied with a pixel size of 120 m on a Polar Stereographic projection. The two scenes to 

the south of this (slightly lighter on the image Figure 3.12) were supplied as full-resolution 

(30 m pixel size) images on a Lambert Conformal Conic projection. I have re-projected 

the combined images onto the Lambert Conformal Conic projection used for the magnetic 

map (Figure 3.1) and subsampled the image at a 150 m pixel size. The Landsat TM image 

is in the visible spectrum, hence cloud cover is a problem, as can be seen at approximately 

69°S, 65°W. Most of the rest of the image is cloud-free. The spine of the Antarctic

* Following page

Figure 3.12 Landsat TM image mosaic of the central Antarctic Peninsula area. The 
image is in the visible spectrum. The dark grey areas to the NW of the 
Antarctic Peninsula are open ocean, the uniform light grey on the SE side 
are ice shelf. High contrast areas over the Antarctic Peninsula are areas of 
topographic gradient.
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Peninsula stands out clearly in the centre of the image (Figure 3.12) with the Larsen Ice 

Shelf to the east, and the islands to the west. I have digitised the linear features visible on 

the map when plotted at a scale of c. 1:2 000 000: the smallest features digitised are 2-3 km 

long (Figure 3.13). These features are breaks in slope, such as glacier edges, or narrow 

ridges. Superimposed on the these trends area number of larger-scale features, which are 

the most prominent visible on the map (Figure 3.13, dashed lines). These lineaments and 

interpretations will be discussed in greater detail later, but it will be useful to make a 

number of points here.

Most of the glaciers drain at right angles to the trend of the central plateau, which has 

approximately straight edges along much of the west coast south of 65°S. On the eastern 

side of the peninsula, along the Oscar II Coast, a number of E-W draining glaciers can 

clearly be seen. These glaciers drain the plateau at an angle of c. 30° and are unusually 

long (up to 40 km) compared with other east coast glaciers. A long linear trough can be 

seen along the west coast between 66°30’ and 68°S. The trend of this feature changes from 

NE-SW to the north of 67°S, to almost N-S by 68°S. Just to the south of 68°S, a clear 

trough cuts almost completely across the plateau in a NW-SE direction. This trough, 

formed by the Neny and Gibbs glaciers, has its southerly termination at the Mercator Ice 

Piedmont, where it meets two other prominent lineations, in E-W and N-S directions.

To the east of these glaciers, the clear NW-SE trends at the base of the Kenyon Peninsula 

can be seen. To the south of 69°S, broad NW-SE lineations of glaciers can be seen, 

feeding the remnants of the Wordie Ice Shelf at the southern end of Marguerite Bay. At 

the southern edge of the map, the N-S trending narrow ridge of the Eternity Range can be 

seen (64°30’W), and in the southwest corner of the image, the northernmost extents of the
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Figure 3.12 Map of digitised trends from the Landsat TM image (Fig. 3.11). Heavy 
dashed lines are interpreted large-scale trends.
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linear N-S mountains ranges of eastern Alexander Island can be seen, parallel to George VI

Sound.

3.6.2 Correlation between physiography and magnetic anomaly

Comparing the magnetic anomaly field to the topography (Figure 3.14*) provides useful 

information of several types. Firstly, for data collected while flying at constant barometric 

altitude, it gives some indication as to how much any magnetic topography affects the 

anomaly field. Secondly, any correlations can be used to interpret the structural 

significance of the topography. For example, if a topographic lineament coincides with a 

short-wavelength (shallow source) magnetic anomaly, then it is possible that the lineament 

occurs either within a magnetic unit, or the lineament coincides with the juxtaposition of 

two rock units with differing magnetic properties. If the topographic lineament coincides 

with a longer-wavelength (deeper source) magnetic anomaly, then this may indicate the 

feature has deeper seated geological origins, such as large-scale faulting or terrane 

boundaries. In an area where much of the outcrop is magnetic, one would be expected to 

see a high degree of correlation between topography and the residual magnetic field. In the 

Antarctic Peninsula, the comparison of magnetics with topography also allows some 

qualification to be made as to whether a topographic lineament is purely erosional, or has 

some sort of inherited geological origin.

* Following page

Figure 3.14 Magnetic anomaly data overlaid on Landsat TM image mosaic, for 
comparison of topography and magnetic anomaly. Magnetic anomaly colour 
scale as Figure 3.1.
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The map (Figure 3.14) shows the magnetic anomaly data superimposed onto the satellite 

image. There are a number of correlations between the topography and the larger-scale 

anomalies that become immediately apparent. The mountains of Anvers Island correspond 

very clearly with a large positive anomaly, as do the mountains on Adelaide Island, the 

northern parts of Arrowsmith Peninsula, and much of Horseshoe Island. The prominent 

linear magnetic gradient along the western side of the peninsula, which changes from a N-S 

trend to a NNW-SSE trend at 68°S also follows the topographic trough (including the 

Neny and Gibbs glaciers) in the same area. Mount Balfour, Bristly Peaks and Crescent 

Scarp also have corrsponding large positive magnetic anomalies. The E-W magnetic 

gradient to the north of Jason Peninsula, along 66°S corresponds with the broad Leppard 

Glacier.

The correlations between the topography and the residual magnetic field (Figure 3.15*), are 

as expected, much clearer. Each of the features described above can be seen to be much 

more sharply correlated with the residual anomaly, implying that at least part of the 

anomaly can be explained by topographic variations. In addition, the Eternity Range is 

clearly associated with a narrow linear anomaly, and the glaciers in the Oscar II Coast 

region also show some residual magnetic correlation. These correlations will be discussed 

again in later chapters 5 and 6 in relation to detailed interpretations.

* Following page

Figure 3.15 Residual anomaly data overlaid on Landsat TM image mosaic, for 
comparison of topography and short-wavelength magnetic features. 
Residual anomaly colour scale as Fig. 3.7.
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4. Rock magnetic properties and modelling

4.1 Introduction

The magnetic anomaly map gives us information about the location of bodies, or 

distributions of magnetisation, causing various anomalies in two dimensions. Modelling is 

an attempt to relate these anomalies to realistic sub-surface geological structure, which is 

of course three dimensional in nature. Through modelling of profiles we are best able to 

determine the position and extent of magnetic sources in all dimensions, particularly depth. 

The magnetisation, size and location of bodies that can produce anomalies which are 

similar to the observed anomalies constrain the interpretation of those bodies as particular 

rock types or groups. This is particularly useful in the Antarctic Peninsula region, where 

the extensive ice cover limits interpretations based on outcrop geology. Models are 

presented as geological cross-sections, which is a common way of representing magmatic 

arcs. The models presented below show various elements of the crustal structure of a 

typical evolving magmatic arc, and illustrate the variation of those features along the 

Antarctic Peninsula. The models can also be used to estimate the cross-sectional area of 

many of these features, which can then be used for volume calculations (Chapter 7).

One of the key limitations of modelling any potential field data is non-uniqueness. There 

are an infinite number of ways to produce an identical magnetic (or gravity) signature. 

This has been elegantly phrased for the gravity case by Parasnis (1986, p90) ‘The mere fact 

that the calculated anomaly of some mass distribution, whose geometrical parameters are
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appropriately adjusted, agrees everywhere with the measured values, is no guarantee that 

the distribution occurs in reality, however good the agreement may be’. This applies 

equally to magnetic data and magnetisation distribution. There are ways of reducing the 

possibilities to a reasonable number, primarily through the use of as much complementary 

data as possible, such as topography, measured rock properties, and coincident gravity 

measurements.

4.2 Rock magnetic properties 

4.2.1 Introduction

The magnitude and direction of the magnetisation used in modelling can be limited to 

appropriate levels by the study of measured rock magnetic properties of outcrop in, or close 

to, the survey area. There are two types of magnetization; induced and remanent. Induced 

magnetisation is produced in response to an applied magnetic field, such as the earth’s 

present day field. Remanent magnetisation is ‘permanent’ magnetisation which is present 

without the need for an external field. A good, recent review of magnetic petrology and 

petrophysics is given by Clark (1997).

Induced magnetisation (M, Am'1) is related to susceptibility (k) and magnetic field 

strength (H, Am'1) by the following approximate equality:

M = k H (4.1)

The magnetic flux density, or magnetic induction, B, measured in Tesla (or more usually 

nanoTesla, nT) is what we measure in practice, and this is related to the magnetic field 

strength by the equation:
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(4.2)

where juq is the permeability of free space (a vacuum). For most purposes, can be 

taken as the permeability of most rocks, and has the value An  x 10'7 Qms'1.

The relation between the magnetisation and field strength, combining (4.1) and (4.2) can 

therefore be written as

kB
M = —  (4.3)

M 0

which, if  B is measured in nT (10 9 Tesla) gives

kB
M = —  x 10“2 (4.4)

An

where susceptibility, k, is in SI units.

Rock susceptibility is determined primarily by magnetic mineral content. For rocks with 

widely dispersed magnetic particles, grain size and microstructure do not greatly affect 

susceptibility (Clark, 1997). The most important magnetic mineral to be considered is 

magnetite, with titanomagnetite and ilmenite of less importance, as they have lower 

susceptibility. For rocks with >10% magnetite by volume, magnetisation is roughly 

proportional to magnetite content.

Ishihara (1977,1978) proposed a classification scheme for granites, dividing them into 

magnetite-series and ilmenite-series. Magnetite-series rocks have >0.1 % by volume 

magnetite, high bulk Fe20 3/Fe0 content, and susceptibility > 1.3 x 10'3 SI. Ilmenite-series 

rocks have < 0.1% by volume ilmenite, low Fe20 3/Fe0, and susceptibility < 1.3 x 10'3 SI. 

Susceptibility measurements therefore provide a simple method of granite classification. 

The crystallisation of magnetite in preference to ilmenite is inferred to be related to high
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and low oxygen fugacities (f0 2, the amount of oxygen available for chemical reactions) 

respectively (Ishihara, 1978). Magnetite-series granitoids are interpreted to be generated 

deep in the crust or in the upper mantle, and to have had minimal contact with upper crustal 

rocks. Ilmenite-series granitoids, in contrast, are interpreted to have been generated in the 

middle to lower crust, and to have interacted with carbon-bearing metamorphic or 

sedimentary rocks (Ishihara, 1978). Gastil et al., (1990), however, suggested that 

magnetite-series rocks could be generated at shallow levels, with high f0 2 and low water 

fugacity (fH20 ), whereas ilmenite-series rocks would be generated at deeper levels with 

lower f0 2 and higher ffl20 . Mapping susceptibility data directly, and extending that 

mapping by inference from magnetic anomaly data can thus help determine the origin of 

such granitoids.

4.2.2 Susceptibility data

For this study, c. 900 existing susceptibility data for the Antarctic Peninsula were collated 

from paper records and entered into a spreadsheet, for ease of data manipulation. Roughly 

280 new measurements were made on hand samples held in the British Antarctic Survey 

rock collection. These samples were taken from the Pitt Islands, which is one of the few 

areas of outcrop correlating with the western component of the PMA off Anvers Island 

(Figure 3.2), and also from a number of sites in northwestern Palmer Land, which although 

not covered by the detailed aeromagnetic survey, coincide with the PMA, and have 

recently been dated (Vaughan & Millar, 1996). The new measurements were made with 

either a Geofyzika Brno Kappameter KT-5 or an EDA K-2 hand-held susceptibility meter 

using cut faces where possible. Where cut faces were not available, corrections for surface 

roughness were made according to the manufacturers’ handbooks. The Pitt Islands
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measurements were undertaken by Jonathan Young, under the close supervision of the

author.
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Figure 4.1 Susceptibility percentage histograms for all Antarctic Peninsula data.

Rock types were grouped together into five classes: basement, granite (sensu lato), gabbro- 

diorite, volcanic and sedimentary. The data are displayed as a series of histograms in 

Figure 4.1, together with number of samples and mean susceptibilities. The basement 

group included metamorphic basement rocks as well as Trinity Peninsula Group (TPG) 

rocks. The susceptibility for all basement rocks ranges from 0 to 138 x 10'3 SI, but the 

mean for TPG rocks alone was 0.47 x 10’3 SI. The granite (s.l.) group included granite
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(sensu stricto), granodiorite and tonalité, and has susceptibilities ranging from 0 to 170 x 

10'3 SI. The gabbro-diorite group included gabbro, diorite and dolerite, and showed a 

susceptibility range of 0.07 to 229 x 10‘3 SI. The susceptibility range for all volcanic rocks 

was 0.07 to 135 x 10"3 SI, and for sedimentary rocks was 0 to 60.5 x 10'3 SI. The 

histograms (Figure 4.1) clearly show the most magnetic rocks to be the gabbro-diorite 

group.

80 °  70 °  60 °  50 °

Figure 4.2 Location of susceptibility measurements used in Figure 4.1.

Geographic locations of all the samples were then recovered. A map of the sample 

locations (Figure 4.2), taken from the BAS geology database, shows the bias o f the 

sampling to east and west coasts, which reflects the outcrop distribution. Hence it is 

difficult to build up an accurate picture of susceptibility distribution, such as exists for
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example for the Sierra Nevada batholith (Bateman et al., 1991). However, some broad- 

scale variations can be recognized in the susceptibility data from Graham Land and Palmer 

Land when they are separated into east and west coast samples (Figures 4 .3 ,4 .4 ,4 .5, 4.6).
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Figure 4.3 Susceptibility percentage histograms for granite s.l., gabbro-diorite and 
basement for Graham Land, separated into east and west coast data.

In Graham Land, histograms of all three rock groups show greater susceptibility on the 

west coast than the east coast (Figure 4.3). When the susceptibility data for the granite and
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gabbro-diorite groups are plotted on a logarithmic scale against longitude (Figure 4.4), the 

west coast samples fall clearly into the magnetite-series (susceptibility > 1.3 x 10'3 SI).
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-68 -67 -66 -65 -64 -63 -62
L o n g itu d e

Figure 4.4 Plot of longitude against Log susceptibility for granite s.l., gabbro-diorite and 
both rock types for Graham Land.

The east coast samples fall into both magnetite-series and ilmenite series. This variation is 

in accordance with studies of opaque mineral phases in gabbros (Moyes & Storey, 1986), 

which showed that magnetite was dominant in the west coast gabbros, whereas ilmenite 

dominated those on the east coast.
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Figure 4.5 Susceptibility percentage histograms for granite s.l., gabbro-diorite and 
basement for Palmer Land, separated into east and west coast data.

In Palmer Land, a similar though less pronounced westward increase in susceptibility is 

also observed (Figure 4.5). This is less obvious in the gabbro-diorite group, where a series 

of Cretaceous gabbros along the Black Coast (McGibbon & Wever, 1991) are of 

particularly high susceptibility, and form a series of high-amplitude (up to 2000 nT) short- 

wavelength (c. 20km) circular magnetic anomalies (Figure 1.5; McGibbon & Garrett,
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1987). These anomalies are of limited areal extent and have been modelled with depths 

varying from 0 to 4km below sea level (McGibbon & Garrett, 1987; Maslanyj et a i,  1991).
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Figure 4.6 Plot of longitude against Log susceptibility for granite s.l., gabbro-diorite and 
both rock types for Palmer Land.

When the granite and gabbro-diorite groups are plotted on a logarithmic scale against 

longitude (Figure 4.6), the division into west coast magnetite-series and east coast 

ilmenite-series is not as apparent as in the Graham Land data (Figure 4.4), but the majority 

of samples from the west coast fall into the magnetite series.
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The general increase in susceptibility on the western side of the Antarctic Peninsula may be 

related to crustal thickness. Gravity modelling (Renner et al., 1985, Garrett, 1990) and 

studies of garnets within granitoids (Moyes & Hamer, 1983) and amphibole compositions 

(Moyes, 1991), all suggest that thicker crust exists on the east coast of the Antarctic 

Peninsula. Amphibole from east coast Graham Land samples is more Fe-enriched, 

consistent with crystallisation of ilmenite rather than magnetite (Moyes, 1991). In Graham 

Land, it is possible that the granites and gabbros of the west coast may have had increased 

interaction of mantle-derived, basic material at the time of emplacement and have 

undergone less crustal contamination than those on the east coast. This may explain the 

distribution of magnetite- and ilmenite-series rocks. However, in Palmer Land the 

susceptibility distribution may be more related to increased volumes of magnetite-series 

granitoids on the west coast (Vaughan et a l,  submitted). Further implications of the 

susceptibility data in relation to the aeromagnetic anomalies will be discussed further in 

Chapter 7.

4.2.3 Remanence data

The remanent magnetisation of a rock is an inherited characteristic which may have a 

variety of amplitudes and directions. The various types and causes of remanence are 

discussed in many text books (e.g Parasnis, 1986) and have recently been reviewed by 

Clark (1997). For igneous rocks, the principle remanent magnetisation is thermoremanent 

magnetisation (TRM), whereby as a rock cools below the Curie temperature for magnetite 

(c. 600°C), it acquires the magnetisation direction of the earth’s magnetic field at that time. 

The ratio of the remanent to induced magnetisation is known as Q, the Königsberger ratio.
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The amplitude of the remanence will depend on the magnetite content of the rock, the 

magnetic mineral grain size and micro structure and the geological history of the rock. 

Remanence in many rocks with magnetically soft multi-domain magnetite is viscous and 

sub-parallel to the present field (Clark, 1997). Most plutonic rocks have low Q values due 

to coarse grain sizes, with the exception of some gabbros and diorites which can have very 

strong remanence (Clark, 1997). Remanence is an important effect to consider in 

modelling, particularly for rocks with high Q values. If the remanence direction is parallel 

to the earth’s present day field, then high Q rocks will increase the total magnetisation i.e. 

increase the effective susceptibility. Even for rocks with Q values close to unity, any 

viscous remanence in the rock will also reinforce the induced magnetisation. For rocks 

with a remanence direction opposite to the earth’s present day field, then high Q rocks will 

reduce the total magnetisation in the direction of the Earth's present-day magnetic field.

A limited number of remanence measurements are available for the Antarctic Peninsula, at 

scattered localities. Published data are reviewed in Maslanyj et al., (1991) and suggest that 

the remanence direction is mostly parallel to the present day field (inclination -62° to -66°, 

declination 10° to 30° E). New, unpublished values from L. Thistlewood (Table 4.1), from 

western Palmer Land and eastern Graham Land also show predominantly normal 

remanence directions. Values of induced magnetisation (I) have been calculated using 

fields of 43 000 nT for Graham Land and 45 000 nT for Palmer Land.
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Table 4.1. Remanent magnetization data.

Palmer Land
Station Lithology Remanent

Declination
Remanent
Inclination

k
SI x 10-3

N
A m 'l

I
A m "*

J
Am -1

Q
R.5304.2 D yke 167 63 0.78 0.035 0.028 0.006 1.248
R5304.4 Gabbro 33 -65 53.09 0.257 1.901 2.158 0.135
R .5305.1 D yke 284 87 0.61 0.007 0.022 0.016 0.321
R .5307.1 Granite 51 -78 20.42 0.185 0.731 0.911 0.253
R.5306.2 Gneiss 325 -80 26.22 0.252 0.939 1.182 0.268
R.5308.2 V o lcan ic 308 -82 139.21 0.629 4.985 5.500 0.126
R.5308.1 G ranodiorite 341 -81 55.51 0.273 1.988 2.250 0.137
R.5312.1 Feldspar porphyry 7 -81 60.86 0.44 2.179 2.602 0.202
R.5310.2 lith ic  tu f f 350 -74 0.75 0.04 0.027 0.067 1.485
R .5315.1 Gneiss 2 -67 20.68 0.174 0.740 0.914 0.235
R.5313.1 Granite 348 -62 23.57 0.17 0.844 1.014 0.201
R.5315.3 porphyry dyke 50 -73 12.80 0.179 0.458 0.635 0.391
R.5315.2 Gabbro 331 -72 0.69 0.029 0.025 0.054 1.170
R.5319.1 G ranodiorite 2 -86 32.79 0.152 1.174 1.316 0.129
R.5323.2 Gneiss 333 -71 46.31 0.353 1.658 2.009 0.213
R .5324.2 Gneiss 95 -70 21.74 0.187 0.779 0.965 0.240
R.5326.1 Granite 346 -39 15.63 0.227 0.560 0.764 0.406
R.6132.1 G ranodiorite 279 -67 37.12 0.175 1.329 1.504 0.132
R.6135.1 G ranodiorite 2 -65 26.46 0.265 0.948 1.213 0.280
R.6135.3 G ranodiorite 14 -73 36.64 0.49 1.312 1.797 0.373
R.6136.1 Granodiorite 306 -32 25.04 0.202 0.897 1.066 0.225
R.6137.1 Granodiorite 313 -60 37.65 0.079 1.348 1.427 0.059
R.6139.1 Granodiorite 354 -78 47.35 1.313 1.696 2.975 0.774
R.6140.3 C rysta lline  tu f f 349 -68 69.90 0.738 2.503 3.240 0.295
R.6140.6 C rysta lline  tu f f 342 -81 0.74 0.022 0.026 0.047 0.831
R.6140.8 ?sandstone 356 -70 0.69 0.096 0.025 0.121 3.897

Graham Land
R.6101.3 C rysta lline  tu f f 317 -74 6.91 0.058 0.237 0.294 0.245
R.6101.4 Ash tu f f 94 -75 0.14 0.0003 0.005 0.005 0.064
R.6101.5 ?rhyo lite  lava 71 -76 0.11 0.0003 0.004 0.004 0.080
R.6101.7 ? rhyo lite  lava 324 -71 0.12 0.0003 0.004 0.004 0.075
R.6106.2 Gneiss 322 -75 2.83 0.006 0.097 0.103 0.062
R.6109.2 Gneiss 23 -70 1.47 0.01 0.050 0.060 0.198
R.6110.1 basic dyke 28 -74 0.76 0.0004 0.026 0.026 0.015
R.6110.2 Granodiorite 340 -67 0.35 0.004 0.012 0.016 0.336
R.6110.3 Granodiorite 351 -59 2.98 0.01 0.102 0.112 0.098
R.6112.4 Porphyry dyke 5 -71 0.61 0.014 0.021 0.035 0.671
R.6112.5 Granodiorite 321 -12 21.47 0.056 0.735 0.770 0.076
R.6113.3 Granodiorite 54 -79 11.61 0.1 0.397 0.493 0.252
R.6117.5 C rysta lline  tu f f 135 -61 0.29 0.006 0.010 0.016 0.600
R.6118.1 Granodiorite 57 -68 35.63 0.237 1.219 1.455 0.194
R.6123.1 Granodiorite 21 -64 37.56 0.211 1.285 1.496 0.164
R.6124.2 Granodiorite 33 -69 28.76 0.325 0.984 1.307 0.330
R.6125.1 G ranodiorite 48 -74 4.49 0.162 0.154 0.313 1.054
R.6129.1 G ranodiorite 39 -76 6.15 0.064 0.210 0.272 0.304

k Susceptibility in SI x 10'3 units
I Induced magnetization in Am'1
Q Königsberger ratio (N/I)

N Remanent magnetization in Am'
J Total magnetization in Am-1

All measurements made by L. Thistlewood, British Antarctic Survey.
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The calculated Q values are generally low (< 1.0), but measurements on 14 gabbro samples 

from western Palmer Land (Garrett, 1986, p 37) show a significant number with Q > 2.0. 

Remanence may therefore account for a significant proportion of a magnetic anomaly.

4.3 M o d e l l in g

4.3.1 Introduction

Extensive 2D and some 2.5D modelling of the reconnaissance aeromagnetic data has been 

undertaken (Renner et al., 1985; Garrett, 1986; Garrett, 1990; Maslanyj et al, 1991; 

Johnson and Smith, 1992), which has illustrated the two-dimensionality of the PMA, and 

given some idea as to the extent of the proposed causative mafic-intermediate batholith. 

New models are presented here based on some o f these previously-published models, but 

illustrate the new aspects of the interpretation and refinements of the previous 

interpretations where the increased detail of the new data permit. The models presented 

show the variation in the subsurface geology along the central Antarctic Peninsula, 

including variations in the proposed PMA batholith.

Four representative 2.5D magnetic models are presented below, generated using the 

commercially-available modelling programs GRAVMAG, (Pedley et al., 1993) and GM- 

SYS (Northwest Geophysical Associates Inc., 1996). The models are from northern Palmer 

Land, southern, central and northern Graham Land. Two further models, including both 

gravity and magnetic data, are presented for the Marguerite Bay and central Graham Land 

areas. The locations of these models are shown on Figure 4.7. The purpose of these
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Figure 4.7 Positions of modeled profiles on simplified aeromagnetic anomaly map 
(as per Fig. 3.1). Contour interval is 100 nT, and positive anomalies are 
shaded. AA’, BB’, CC’, DD’, EE’, FF’ refer to modeled profiles.
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models is to illustrate the magnetic signature of the tectonic components of the Antarctic 

Peninsula magmatic arc, and demonstrate the variation of those components along the arc.

I have not attempted to model all of the most short-wavelength (< 5 km wide) components 

in the anomaly profiles, as the source of such anomalies can be presumed to be shallow, 

and insufficient information is available regarding ice depth and rock types at the base of 

the ice. The ice is presumed to have negligible susceptibility, and to be of typical thickness 

for the Antarctic Peninsula (c. 600 m maximum), and hence is not significant in the 

representative models discussed. Topographic and bathymetric data have been digitised from 

the BAS 500G series geological maps (Thomson & Harris, 1981; Thomson et al., 1982). 

Other geological and geophysical constraints have been used where available, e.g. seismic 

data. The half-widths of the modelled bodies, i.e. their extents symmetrically into and out of 

the page (the 0.5D of 2.5D modelling) are set at 1000 km, equivalent to a 2D model, unless 

otherwise stated. The general elongate nature of many of the magnetic anomalies in the 

central Antarctic Peninsula makes the assumption of 2D sources valid in most cases. The 

background susceptibility for the models has been set at zero. In all the models, large 

magnetic bodies are assumed to extend to the depth of the Curie Point isotherm, which is 

assumed to be 20 km. The nature and depth of the lower limits of geological bodies such as 

plutons or batholiths are not recoverable from potential field data. Some workers have 

attempted to use seismic reflection (Lynn et al., 1981) or specific-gravity (Oliver et al., 

1993) methods to determine the base of the Sierra Nevada batholith. Depths of between 6 

and 12 km have been proposed, but there are problems with both of these methods in terms of 

a granite batholith acting as a seismic ‘lens’, and density homogenisation at depth. These 

limitations will be discussed further in Chapter 7.
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Two of the models presented below have already been published: the Anvers model, 

(Section 4.3.7; Johnson, 1996) and the Marguerite Bay model (Section 4.3.3; Johnson, 

1997).

4.3.2 Northern Palmer Land model

The northern Palmer Land model (Figure 4.8) runs across the southern extremity of the

new aeromagnetic map (AA’; Figure 4.7) across the northern end of George VI Sound,

cutting across Wright Spires, Crescent Scarp, the Eternity Range and Mount Sullivan

before almost reaching the east coast.

W Wright
Spires

Crescent
Scarp

Eternity Mount 
Range Sullivan

|2oc(0
/  \

A

50 100 150 200 250
Calculated Kilometres
Observed

.4  PMA batholith __Shallow individual East Coast
with surface volcanics plutons and volcanics ?Shallow basement

Vertical exaggeration x 2 Inferred fault

Figure 4.8 Northern Palmer Land magnetic model, profile AA’ in Figure 4.7. Body 
susceptibilities are marked in SI units

The western part of the model (Figure 4.8) shows the PMA batholith, modelled as 

extending to a depth of 20 km (the assumed depth of the Curie Point isotherm) and with the 

upper surfaces varying from 5 km depth to close to outcrop. The western extreme requires 

a vertical interface in order to match the steep anomaly gradient. The PMA batholith is
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modelled using susceptibilities of between 55 and 70 x 10'3 SI units, slightly higher than 

mean measured values for the gabbro-diorite group (Section 4.2.2). Taking some 

remanence into consideration could easily increase the apparent magnetization to these 

levels, but remanence data specific to this area are not available. Also, the modelled bodies 

are large and assumed to have evenly distributed susceptibility, which is almost certainly 

an approximation. The narrow anomaly peak between 50 and 60 km correlates with 

outcrop of gabbro at Wright Spires (Leat & Scarrow, 1994), and is modelled as a high- 

susceptibility (100 x 10'3 SI) small intrusion, with a 10 km half-width consistent with the 

mapped surface dimensions of the outcrop. The shorter-wavelength anomalies 

superimposed on the PMA anomaly are due to shallow outcrop, possibly of volcanic rocks 

such as those exposed at Crescent Scarp (Leat & Scarrow, 1994).

The central part of the model consists of a number of, 100-200 nT amplitude, 2-10 km 

wide anomalies superimposed on a generally decreasing field. The residual anomaly map 

(Figure 3.7) shows anomalies in this area corresponding to individual outcrops or small 

groups of outcrops of a variety of rock types (Thomson et al., 1982), including 

granodiorite, tonalite and metamorphic rocks. A number of the outcrops are as yet 

unvisited. A series of shallow bodies, less than 5 km thick, with susceptibilities varying 

from 45 to 100 x 10'3 SI, and half-widths of 25 km is required to match the short 

wavelength and steep gradients of these anomalies (Figure 4.8). The highest susceptibility 

body coincides with the northern extreme of the Eternity Range, which reaches c. 3 600 m 

above msl. The model for this central area is a typical ‘equivalent layer’ model where 

anomalies are modelled using an upper model surface that closely follows the shape of the 

magnetic anomaly. In this case, the series of bodies include some which appear to crop 

out, consistent with the isolated pattern of outcropping plutonic and volcanic rocks seen in
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the area (Thomson et al., 1982). Without detailed susceptibility mapping, it is not possible 

to really constrain the lower limits of these bodies: lowering the base of the anomaly will 

reduce the apparent susceptibility need to match the amplitude, but will also increase the 

longer-wavelength components of the calculated anomaly. The choice of 5 km is a 

compromise arrived at by trial and error, taking into account the short wavelength nature of 

the anomalies and correlation with mapped outcrop imply at least some shallow component 

of the source.

The eastern part of the profile consists of two large anomalies c. 25 km wide. The larger of 

these anomalies (800 nT amplitude) correlates with Mount Sullivan, and is modelled as a 

large body extending to c. 20 km depth. The smaller of the two anomalies is modelled 

using a body with an upper surface 4 km deep, extending to c. 12 km below the surface.

4.3.3 Marguerite Bay model

Figure 4.9 shows the gravity and magnetic model across Marguerite Bay to the west coast of 

the Antarctic Peninsula at Cape Berteaux (BB’; Figure 4.7) The profile extends westwards 

beyond the magnetic coverage to incorporate available Bouguer anomaly data (Figure 1.10). 

The crustal thickness used, 18-24 km, increasing towards the east, is consistent with 

preliminary results of a recent wide-angle seismic reflection and refraction experiment 

(Figure 1.14; Reading et al., 1998). In the model, the upper crust is divided laterally at c. 100 

km into two parts, representing magmatic arc to the east, and accretionary material to the 

west. This division is supported by preliminary seismic results from George VI Sound (King 

& Bell, 1998).
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The eastern part of the profile shows the PMA and its associated gravity anomaly. The 

magnetic part of the batholith has been modelled with susceptibilities of 50 to 64 x 10'3 SI 

and is shown as extending to 20 km, the assumed depth of the Curie Point isotherm.
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0 2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0
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O bserved Distance (km)

80

B o u g u e r 6 0  
A n o m a l y  
( m G a l )  4 0

20

0 2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0

B Accretionary prism
Distance (km)

G eorge VI trough M agm atic  arc
------- M  --------►

D e p t h
( km)

No vertica l exaggeration

Figure 4.9 Marguerite Bay magnetic and gravity model, profile BB’ marked in Figure 4.7.
Published in Johnson (1997). Body densities (bold) are marked in Mgm'3, 
susceptibilities (in brackets) are in SI units x 10'3.

Densities have been varied laterally between 2.83 and 2.90 Mgm'3, consistent with measured 

rock properties (Johnson, 1997) and previous models (Garrett, 1990). The lower (> 20 km 

depth) part of the batholith has been assigned a density of 2.9 Mgm'3. The crust surrounding 

the batholith has been assigned a density of 2.72 Mgm"3, the mean density of magmatic arc 

rocks from the Antarctic Peninsula. The model is consistent with the interpretation of the 

PMA as caused by a mafic-intermediate batholith with a variety of compositions. The model 

batholith comes within 2 km of the sea floor, but may crop out elsewhere in Marguerite Bay,
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possibly as gabbro on the Terra Firma Islands (Thomson el al., 1982). The steep western 

margin o f the modelled batholith and the linear nature of this boundary suggest that it is fault- 

controlled. The magmatic arc is modelled as underlying at least part of George VI trough, 

again consistent with the preliminary interpretation of seismic data from George VI Sound 

(King & Bell, 1998). Average densities for magmatic rocks of the Antarctic Peninsula and 

LeMay Group rocks are similar, so the Bouguer anomaly low at their junction may be due to 

differences in crustal thickness or the presence of sediments in George VI trough.

The western part of the gravity profile has been modelled as lateral variations in the density 

of the upper crust, varying from 2.7 to 2.76 Mgm'3, consistent with densities measured for 

Alexander Island rocks (above). The magnetic data do not extend further west than is shown, 

but the western end of the magnetic profile appears very flat. Reconnaissance aeromagnetic 

data over Alexander Island (Maslanyj et al., 1991) also show a generally subdued magnetic 

field. As an alternative to lateral variations in the density of accretionary material, a discrete, 

higher-density body with an upper surface approximately 4 km below sea level could cause 

the gravity high seen between 40 and 70 km from the western end of the modelled profile. 

Such a body could be comparable with the Rouen Mountains batholith, a predominantly 

granodiorite batholith covering an area of c. 1000 km2 in northern Alexander Island (Care 

1983), which has a U-Pb age of c. 56 Ma (McCarron, 1995).

4.3.4 Adelaide Model

Figure 4.10 shows a magnetic model across Adelaide Island, the Arrowsmith Peninsula and 

the Antarctic Peninsula plateau to the Larsen Ice Shelf. The model shows both 

components o f the PMA batholith as steep-sided bodies extending to 20 km depth. The
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upper surface of the bodies varies from close to outcrop to 2 km below msl. The two 

model bodies are separated by 10-12 km, and the upper surfaces of each body appear to dip 

towards each other. Modelled susceptibilities of 65 to 70 x 10'3 SI are similar to those used 

in the other models (e.g. Section 4.3.2).

The eastern part of the profile shows three prominent magnetic peaks decreasing in 

amplitude and increasing in wavelength eastwards. The anomalies are modelled as three 

discrete bodies, all extending to 20 km depth, but with westward-decreasing depth to upper 

surface. The largest anomaly (950 nT) requires a body which appears to crop out, and with 

a very high susceptibility (130 x 10‘3 SI) for the upper part, with a lower susceptibility part 

beneath. Alkali gabbros on the east coast of Palmer Land have measured susceptibilities 

this high, and these also give rise to high amplitude magnetic anomalies (McGibbon & 

Garrett, 1987).
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Figure 4.10 Adelaide magnetic model, profile CC’ in Figure 4.7. Body 
susceptibilities are marked in SI units
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The central of the three bodies is modelled with susceptibilities closer to those used for the 

PMA bodies. The easternmost body is modelled as wider and with a deeper upper surface. 

Although the body has a steep eastern side, there is no evidence to suggest that the body 

does not continue beyond the limits of the magnetic profile. The body could be interpreted 

as either a distinct pluton, or as shallow magnetic basement, dipping to the east.

4.3.5 Avery Model

Figure 4.11 shows two alternative models for the profile across Lavoisier Island and the 

Avery Plateau to the east coast, south of Jason Peninsula (DD’; Figure 4.7). Both models 

(A,B, Figure 4.11) show the western component of the PMA as a simple, steep-sided body 

extending to 20 km depth and with an upper surface at c. 4 km below msl. The eastern 

component o f the PMA is modelled with an upper surface between 2 and 5 km below msl. 

In Model A, the effects of varying the susceptibility of the eastern component is 

demonstrated, in Model B, the eastern component has an equivalent layer upper surface, 

which fits the shorter wavelength anomalies more closely.

The two model bodies for the PMA components are separated by c. 5 km, with almost 

vertical boundaries, before being joined at a depth of c. 15 km. Susceptibilities used are 

similar to the other PMA models above (sections 4.3.2, 4.3.3).

The two alternative models (A, B, Figure 4.11) differ to the east of the 100 km mark. 

Model A shows a pair of bodies of similar dimensions and susceptibilities to the PMA.
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Figure 4.11 Avery magnetic model, profile DD’ in figure 4.7. Body susceptibilities 
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The eastern margin is necessarily steep to match the observed magnetic gradient. This 

model suggests a suite of large, magnetic plutons underlies the Graham land plateau, which 

may be a continuation of the PMA batholith across the whole Antarctic Peninsula. Model 

B shows a single body extending from 20 to c. 5 km below msl, with a series of smaller
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bodies, possibly intrusions, above. These smaller bodies have half-widths of 50 km, and 

lower susceptibilities (40 to 50 x 103 SI). This model could be interpreted in terms of 

shallow, younger plutons intruded through older magnetic basement.

4.3.6 Bruce Model

A magnetic and gravity model across the continental shelf to the west of the Antarctic 

Peninsula, the Bruce Plateau (part of the Graham Land plateau), Jason Peninsula and part 

of the western Weddell Sea is shown in Figure 4.12.
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d f i

Figure 4.12 Bruce gravity and magnetic model, profile EE’ in Figure 4.7. Observed 
gravity is free air anomaly. Body densities are marked in Mgm'3 (g/cc) 
with susceptibilities in parentheses in SI units x 10'3. Properties for 
bodies a to i are shown in Table 4.2.
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Table 4.2. Model body properties for model DD' (Figure 4.12)

Body Density (Mgm'3) Susceptibility (SI x 10'3)
a 2.90 60
b 2.90 55
c 2.85 75
d 2.90 50
e 2.84 76
f 2.80 40
g 2.90 65
h 2.90 70
i 0.92 0

The gravity profile modelled in Figure 4.12 was constructed using the satellite altimetry- 

derived free air anomaly offshore (Figure 1.8) and the free air gravity anomaly from the 

BAS database (Renner et a!., 1985) onshore. Gaps in the land data coverage appear at 

crucial places, which limit the effectiveness of the gravity model. Most important of these 

is the data gap over the central plateau of the Antarctic Peninsula along almost its entire 

length. This is being remedied to some extent by the ongoing BAS airborne gravity 

project. The preliminary data from this project are in agreement with the land gravity data 

in showing a free air anomaly peak over the centre of the Antarctic Peninsula plateau 

(Jones, in press), which gives some justification to the modelling shown here (Figure 4.12).

The thickness of crust modelled beneath the central peninsula (up to 32 km) can only be 

regarded as an estimate. A further limitation of the model lies in the estimate o f ice 

thickness across the land areas. New radio-echo sounding data, collected at the same time 

as the new airborne gravity data have yet to be processed. Once the new airborne gravity 

data and the new ice depth data are compiled with the existing land database, detailed 

models can be constructed and the question of Antarctic Peninsula crustal thickness can be 

addressed with greater confidence. At the margins of the Antarctic Peninsula, to east and 

west, the gravity model does not add anything to previously published work. Gravity
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models from the Pacific margin of the Antarctic Peninsula (Conway, 1992) used shipborne 

gravity measurements, and work from the Weddell Sea margin (Bell et al., 1990) used a 

combination of airborne and satellite gravity data. The free-air anomalies modelled here 

(Figure 4.12) indicate similar crustal thicknesses to those previous models.

The departure of the observed and calculated gravity at the eastern end of the profile (540- 

600 km) most likely results from a lack of ice thickness and water depth over the Larsen 

Ice Shelf. The magnetic anomaly data do not, unfortunately, extend to the margins of the 

Antarctic Peninsula crustal block. Crustal structure beneath the depth of the Curie point 

isotherm will have no effect on the magnetic anomaly. For the Antarctic Peninsula, this 

depth is assumed to be 20 km, so the magnetic data add nothing to the crustal thickness 

estimates. They do, however, indicate structures in the mid to upper crust as shown 

(Figure 4.12).

The PMA is modelled (Figure 4.12) as a composite body with an upper surface varying 

from outcrop to 6 km below msl. Susceptibilities within the PMA batholith are modelled 

between 0.04 and 0.076 SI units, and densities from 2.80 to 2.90 Mgm'3 (Table 4.2). 

There is no clear relationship between the variations in density and susceptibility, but this 

is to be expected, as the wavelengths of gravity anomalies modelled are much greater than 

the corresponding magnetic anomaly wavelengths. This is partly due to the better coverage 

and sampling of the magnetic data. The key point is that all the densities used in the PMA 

batholith model are higher than the surrounding crustal density, corresponding with the 

higher susceptibility values. There is no conspicuous separation of the PMA into two 

discrete bodies, as in models CC' (Figure 4.10), DD1 (Figure 4.11) and FF'(Figure 4.13, 

below). Body f  (Figure 4.12), however, is modelled with a much lower susceptibility (0.04
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SI), corresponding to a relative negative anomaly > 200 nT. This may indicate the division

into two separate components.

4.3.7 Anvers Model

Figure 4.13 shows the model across the northern extremity of the new aeromagnetic map, 

from offshore Anvers Island to Seal Nunataks (FF’; Figure 4.7). The two components of 

the batholith can clearly be seen, separated by c. 30 km and with steep, possibly faulted 

boundaries. The model susceptibilities are within the range measured for gabbros in western 

Graham Land (Section 4.2.2). Depths to the upper surface of the western body vary from 3 to 

5 km below msl (in 500-600 m water depth), whilst the eastern body may crop out in places, 

and be much more dissected. Both bodies are steep sided (55° to 75°).
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Figure 4.13 Anvers magnetic model, profile DD’ in figure 4.7. Published in Johnson 
(1996). Body susceptibilities are marked in SI units

It was necessary to include a small body with an apparent negative susceptibility (equivalent 

to zero susceptibility in a background of 10 x 10‘3 SI, or a reverse remanent magnetisation)
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between the two PMA components in order to model the negative anomaly in this region. 

The exact cause of this reversely magnetised body is not clear: The Cape Monaco granite, 

which lies along the west coast of Anvers Island has an unpublished Rb-Sr age of 81 ± 6  Ma 

(personal communication from R.J. Pankhurst, 1996), however this date is not accurate 

enough to constrain the time of emplacement to one of the Late Cretaceous reverse 

geomagnetic field periods. Reverse remanence directions have been reported for tonalites in 

southern Anvers Island (Schamberger & Scharon, 1982), which have yielded a Rb-Sr age of 

35 ± 6 Ma and a K-Ar age of 20 ± 1 Ma (Gledhill, et al., 1982).

To the east of the PMA, the smaller amplitude anomalies can be modelled using a series of 

bodies with half-widths of 30 km and susceptibilities of 30 to 45x 10'3 SI. These bodies 

appear to crop out, and may extend to depths of 12 km. At the eastern end of the profile, the 

150-200 nT anomalies have been modelled as narrow dyke-like bodies, with half-widths of 2- 

4 km, which crop out at Seal Nunataks. The bodies are shown as vertical, but a detailed 

model of Renner (1980) indicates that they may dip steeply. Model susceptibilities are high 

(up to 90 x 10'3 SI), as in previous models (Renner, 1980).

4.3.8 Summary of models

The six models presented here have a number of features in common, particularly the 

presence of a large magnetic (and dense) body, with very steep sides, causing the Pacific 

Margin Anomaly. The northward development of the two distinct components of this body 

is illustrated. The variations in the magnetic signature and modelled causative bodies to 

the east of the PMA can also clearly be seen.
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These representative models can be related more closely to the geological structure of the 

central Antarctic Peninsula when considered alongside the magnetic anomaly map. The 

following chapter (Chapter 5) links the various components of the magmatic arc to typical 

magnetic signatures, and uses the modelling presented here to support those interpretations. 

The variations between the modelled profiles is used in Chapter 6 to illustrate the 

longitudinal variations in crustal structure between the various segments of the Antarctic 

Peninsula.
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5. Crustal structure of the central Antarctic Peninsula

5.1 Introduction

The central Antarctic Peninsula exhibits at outcrop all the major tectonic components 

associated with a developing arc system: basement, accretionary complex, magmatic arc, 

arc-marginal basins, intra-arc extension and post-subduction volcanism (Chapter 1). Each 

of these tectonic components can be associated with a typical magnetic signature. The 

situation in the Antarctic Peninsula is complicated by the presence of tectonic features 

related to arcs of differing ages e.g. the Palaeozoic accretionary prism of the Trinity 

Peninsula Group, but for the main Mesozoic-Cenozoic arc system, each component can be 

identified in the magnetic data. The new aeromagnetic data, together with other 

geophysical data sources can be interpreted in terms of the crustal structure of the central 

Antarctic Peninsula. The interpretations can be used to modify existing geological maps to 

produce a new geological sketch map for the Antarctic Peninsula.

5.2 Fore- arc

The smooth negative magnetic anomaly and linear gradient along the northwest edge of the 

map (Figures 3.1, 3.2, 5.1) coincide with a sedimentary basin, visible on multi-channel 

seismic reflection profiles (Larter et al., 1997). This basin has seaward-dipping sedimentary 

horizons truncated near the sea-floor, resulting in landward thinning of the basin towards the 

centre of the western component of the PMA (A, Figure 3.2), and also thins
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Figure 5.1 Aeromagnetic anomaly map of the central Antarctic Peninsula showing 
locations of geological correlations with interpreted magmatic arc 
components. Contours are at 50 nT intervals, and positive anomalies are 
shaded. A -  D refer to text.
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towards the Mid Shelf High. A negative Bouguer anomaly is also seen in this area (between 

A and B, Figure 1.9), coincident with the sedimentary basin. Seismic refraction velocities > 

4.5 kms'1 suggest that accretionary prism rocks may exist beneath this basin at depths of 1.4 

km (Figure 1.13; Conway, 1992). In the central part of the map (Figures 3.3, 5.1), the 

magnetic data coverage is insufficient to define any features in the fore-arc, though the steep 

western edge of the PMA is well-defined for some of this area. The free-air gravity anomaly 

map (Figure 1.8, 5.2) shows a similar pattern of peninsula-parallel linear features to that 

observed off Anvers Island. Magnetic data coverage in the fore-arc of the Marguerite Bay 

area (Figures 3.4, 5.1) is complemented and extended westwards by the free-air anomaly 

(Figure 5.2) and Bouguer anomaly data (Figure 1.10). The smooth negative magnetic field to 

the west of the PMA (Zone VIII, Figure 3.4) corresponds to a negative free-air anomaly (C; 

Figure 5.2) and bathymetric trough known as George VI trough (Johnson, 1997). To the west 

of the magnetic coverage, a band of positive free-air and Bouguer anomalies (D; Figure 5.2, 

D; Figure 1.10) extend northwards from Alexander Island towards the shelf edge. Renner et 

al. (1985) showed that the long-wavelength Bouguer gravity field over Alexander Island 

varies from a broad negative field (-40 mGal) in the north to a positive (30 mGal) field in the 

south. They interpreted this as an increase in crustal thickness in the north of the island to 30 

km, possibly due to Airy crustal isostatic compensation of the Rouen Mountains. I interpret 

the increase in Bouguer anomaly to the north of Alexander Island to >75 mGal as indicating a 

northward continuation of the Alexander Island accretionary prism accompanied by thinner 

crust (Johnson, 1997), which is consistent with the model presented in Section 4.3.3. Single

channel seismic data across this area (Bart & Anderson 1996) show seismically opaque 

‘basement' oceanward of George VI trough, which corresponds to the proposed continuation 

of the Alexander Island Mesozoic accretionary prism.
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Figure 5.2 Free-air anomaly map of Marguerite Bay and adjacent areas, from Sandwell
(1995). Contours area at 5 mGal intervals, grey shades are at 20 mGal intervals. 
A -E  refer to text. AFZ: Adelaide fracture zone, TFZ: Tula fracture zone.

George VI trough is interpreted as a continuation of George VI Sound, bounded to the east by 

the Antarctic Peninsula magmatic arc, and to the west by the interpreted continuation of the 

Alexander Island accretionary prism. This interpretation is supported by modelling of the 

magnetic and gravity data (Section 4.3.3, Johnson, 1997). Most authors have suggested that 

George VI Sound has a primarily structural origin (Crabtree et al. 1985, Storey & Nell 1988, 

Maslanyj 1991) rather than a purely erosional one (Nichols, 1953), though all workers agree
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that the feature has been subsequently altered by glacial action. Recently acquired multi

channel seismic data across George VI Sound (King & Bell, 1998) strengthen the argument 

for a tectonic, rather than purely glacial origin. Preliminary interpretation of these data shows 

magmatic arc rocks extending roughly half-way across the sound, where they appear to 

become overlain by normal-faulted sedimentary rocks interpreted as belonging to the Fossil 

Bluff Group. Pockets and lenses of Cenozoic sediment at least 250 m thick were also 

interpreted to underlie the bed of George VI Sound (King & Bell, 1988).

5.3 M a g m a t ic  a r c  

5.3.1 The PMA batholith

The PMA has previously been interpreted as a mafic-intermediate batholith (Garrett & 

Storey, 1987; Garrett, 1990), based on the correlation of the positive anomalies with gabbro 

outcrop, and the coincidence of positive magnetic and gravity anomalies in northwestern 

Palmer Land. The new aeromagnetic data confirm and greatly strengthen this interpretation.

The extent of the PMA batholith can be seen on the regional magnetic map (Figure 3.7) as a 

large positive anomaly following the west coast of the central Antarctic Peninsula. The 

western component of the PMA off Anvers Island (A; Figures 3.2, 5.1) is associated with a 

positive linear Bouguer anomaly of up to 90 mGal (A; Figure 1.9), and the western part of the 

PMA in Marguerite Bay (A; Figure 5.3) also correlates with positive free-air (B; Figure 5.2) 

and Bouguer (B; Figure 1.10) anomalies. It is difficult to correlate the offshore parts of the 

PMA with outcrop, but the western component of the PMA does correlate with outcrop of 

magmatic arc rocks, including gabbro, on the Pitt Islands (Figure 5.1; Smellie et al., 1985).
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Figure 5.3 Aeromagnetic anomaly map of Marguerite Bay. PQP, Pourquoi Pas Island;
A,B, refer to text. Long dashed lines mark position of offsets in Pacific Margin 
Anomaly interpreted by Garrett (1990). Short dashed polygon marks 
interpreted downfaulted block of Pacific Margin Anomaly batholith (Johnson 
& Swain, 1995 and this work), a. Contour map, with 50 nT contour interval, 
and anomalies > 0 nT shaded, b. Shaded relief map of the same data as 
presented in a. Illumination is from the northwest.

Similarly within Marguerite Bay, gabbro outcrop on the Terra Firma Islands (Figure 5.1; 

Thomson & Harris, 1982) correlates with a positive anomaly that is part of the PMA. Peaks 

in the eastern component of the PMA (B; Figure 5.1) can be correlated in a number of places 

with outcrops of basic and intermediate magmatic rocks, particularly gabbro e.g. Bryde 

Island (West, 1974), Horseshoe Island (Matthews, 1983) and the Blackwall mountains 

(Figure 5.1; Thomson & Harris, 1979), but also with other rock types. Positive anomalies 

correlate with volcanic rocks on Blaiklock and Pourquoi Pas islands (Moyes et al., 1994) and 

with granite outcrop at various places along the Fallieres Coast, the west coast of southern 

Graham Land (Thomson & Harris, 1979; Thomson & Harris, 1982).
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The long-wavelength, high amplitude nature of the PMA (Figure 3.7) indicates that the body 

causing the PMA must be a volumetrically significant part of the Antarctic Peninsula crust. 

The models (Section 4.3) suggest a batholith which may be up to 20 km thick (the assumed 

depth of the Curie Point isotherm) with high susceptibilities (up to 70 x 10'3 SI) and steep 

margins. Space considerations for a body of such large volume, and steep modelled batholith 

margins, suggest that extension was an important process during and possibly after PMA 

batholith emplacement.

Linear magnetic anomalies are also observed in the western United States, associated with arc 

plutons (e.g. the Cascade Range (Finn, 1990) and the Sierra Nevada batholith (Bateman, 

1983)) but also within the fore-arc (e.g. the Great Valley, California (Johnson, P. et al., 

1990)). In the latter case uplifted or accreted oceanic crust has been proposed as the cause 

(Johnson, P. et al., 1990; Finn, 1991). Although accreted oceanic rocks of various ages have 

been mapped in small quantities in the northern Antarctic Peninsula (Grunow et al., 1992 and 

references therein), the correlation of part of the western component of the PMA with arc 

rocks on the Pitt Islands (Figure 5.1) makes a similar explanation of the PMA unlikely. 

Larter & Barker (19916) recognised a structural high continuing SW along the peninsula 

margin from Smith Island on seismic reflection data. The linear free-air gravity anomaly, 

associated with the Mid Shelf High (E; Figure 5.2; Figure 1.8), may link the accretionary 

complexes from Smith Island to Alexander Island (Grunow et al., 1992), but lies seaward of 

the gravity anomaly associated with the PMA (A; Figures 1.9, 1.10). Further comparisons 

with linear magnetic anomalies world-wide and implications of the association of such 

anomalies with batholiths will be discussed in Chapter 7.
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Figure 5.4 Antarctic Peninsula Batholith ages, from Leat et al. (1995). a. Histogram of 
ages. Ages > 250 Ma are plotted in the ‘More’ column, b. Distribution of ages 
with latitude.

Radiometric age data from the Antarctic Peninsula Batholith (Figure 5.4) indicate that 

Cretaceous magmatic activity was widespread, but Tertiary activity was concentrated in the 

west (Figure 5.4b; Leat et al, 1995). In northwest Palmer land, syn-extensional gabbros 

which correlate with the PM A have recently been dated as 141±2 Ma (Vaughan & Millar,
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1996), which marks the beginning of a major episode of magmatism in the Antarctic 

Peninsula in the Early Cretaceous (142-97 Ma; Figure 5.4a; Leat et al., 1995).

Geochemical variations within the batholith have been noted across the peninsula and 

interpreted as indicating an eastward increase in the proportion of crustal material involved in 

magmagenesis (Hole et al., 1991). In particular, Late Cretaceous and early Tertiary plutons 

from the west coast of the peninsula ('Group I' plutons of Pankhurst et al. (1988) and Hole et 

al. (1991)) have little or no isotopic contribution from continental crust. The susceptibility 

data for Graham Land (Section 4.2.2) indicate magnetite-series plutons on the western side 

and ilmenite-series on the eastern side, suggesting plutons from the eastern side of Graham 

Land have had greater interaction with continental crust than those from the west, which is 

consistent with the susceptibility observations in Japan (Ishihara, 1978) and in the Sierra 

Nevada batholith (Bateman et al., 1991). Susceptibility data from Palmer Land do not show 

such a clear division into magnetite- and ilmenite-series plutons. This may be explained 

partly by the presence of the suite of alkali gabbros along the east coast of Palmer Land 

(McGibbon & Garrett, 1987) which have very high susceptibilities, and partly by the large 

area and poor sample distribution in Palmer Land. Despite these limitations, the general 

distribution of positive magnetic anomalies and higher susceptibilities on the Pacific side of 

Palmer Land is similar to the situation in Graham Land.

In summary, it is likely that the position of the PMA on the western side of the Antarctic 

Peninsula is related to periods of magnetite-series pluton emplacement, starting in the Early 

Cretaceous and continuing until Tertiary times, during periods of extension. The direction of 

the Earth's magnetic field in the period from 122 Ma (end of marine magnetic anomaly Ml 

time) to 63 Ma (end of anomaly C28n) was predominantly normal, including the long normal
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interval from 118 to 83 Ma, so any remanent magnetisation acquired during this period will

tend to increase the positive anomalies.

5.3.2 Intra-arc extension

The magnetic anomaly map (Figure 3.1; back pocket) shows two distinct PMA components 

(A,B; Figure 5.1) as far south as 68°S, but the pseudogravity map (Figure 3.8) only shows 

two separate components to the north of 66° S, not farther south. This is highlighted in the 

modelling (Section 4.3), which shows the two PMA batholith components joined at depth in 

the Avery model (Figure 4.11), but separate in the Anvers model (Figure 4.13).

The two components of the PMA (A,B; Figure 5.1) may be an original feature, representing 

two separate positions of the magmatic focus, possibly resulting from a change in subduction 

geometry associated with changes in subduction rates, or a decrease in the age of the 

subducting slab (Barker, 1982). In Graham Land, Tertiary plutons appear to be confined to 

the western side of the peninsula (Pankhurst, 1982; Leat et al., 1995), although the western 

component of the PMA is predominantly offshore throughout the area (Figure 3.1). A 

decrease in subduction rate would cause the downgoing plate to sink more steeply, and 

assuming the locus of magmatism to be situated above the point on the downgoing plate that 

is at 100 km depth, the magmatism should migrate trenchward. This would imply the 

western component is younger than the eastern, consistent with the general westward- 

younging trend seen in Graham Land (Pankhurst, 1982, Saunders et al, 1983, Parada el al., 

1992). The buoyancy of a young, warm subducting plate, however, would tend to decrease 

the angle of subduction, which would suggest an landward migration of the arc, and implying 

that the western component is the older. In this latter case the crust is already warmer, and
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hence the assumption of the 100 km depth melting point may not be valid, and melting may 

occur at shallower depths. Further geochronology is needed to constrain the ages of the 

magnetic components, but this may be difficult as most of the western component is offshore, 

and the wavelength of the magnetic anomaly implies a deep source.

The steep gradients bounding each side of both PMA components (Figure 3.1), and the steep 

sides of the modelled PMA batholith (Section 4.3) suggest fault control, either syn- or post

emplacement. Cretaceous syn-magmatic extension has been demonstrated for northwest 

Palmer Land (Vaughan & Millar, 1996), and, as previously mentioned, space considerations 

suggest that extension was an important factor during pluton emplacement (Garrett & Storey, 

1987; Grocott et al., 1994). In northwest Palmer Land, the syn-extensional gabbros have a 

high component of mantle-derived material, suggesting that some of the extensional 

structures penetrate through much of the lithosphere (Vaughan & Millar, 1996). Extensional 

processes along the Antarctic Peninsula are discussed further in Section 6.4.

In the Marguerite Bay area, a prominent area of NW -SE trending subdued magnetic 

anomalies (B; Figure 5.3) extends westwards from the main PMA anomaly. This anomaly 

pattern occurs in an area roughly 35 km E-W  and 100 km N-S, between two offsets of the 

PMA visible in the reconnaissance data (Figure 1.5). The NW -SE magnetic fabric can also 

be seen farther east, over the main part of the PMA and across the Antarctic Peninsula, 

almost as far as the east coast (Figure 3.1). The maxima of horizontal derivative of 

pseudogravity (Figure 3.9) show a similar NW -SE pattern. The subdued anomalies to the 

west of the PMA could be caused by a series of linear plutons, but the similarity of the 

magnetic fabric across the adjacent parts of the PMA (Figure 5.3b) suggests a source similar 

to that causing the PMA. The northern and southern edges of this area of subdued anomalies
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are parallel, and the eastern and western edges appear to be stepped, or have a saw-tooth 

appearance (B; Figure 5.3). This is also apparent in the maxima of the horizontal derivative 

of pseudogravity (Figure 3.9). This anomaly pattern is interpreted as caused by a fault- 

controlled block of PMA batholith (Johnson & Swain, 1995). The free-air gravity map (B; 

Figure 5.2), and to some extent the Bouguer anomaly map (B; Figure 1.10) also indicate 

subdued anomalies in this area, supporting the interpretation (Johnson, 1997).

The two PMA components continue northwards from Anvers Island to flank Bransfield Strait 

(Ghidella et al., 1991), where late Cenozoic extension is well developed (Lawver et ah, 1995) 

and where there is a central narrow positive anomaly possibly delineating an incipient 

spreading centre within the basin (Parra et al., 1984, 1988; Ghidella et al., 1991). No such 

rifted basin or central anomaly is seen between the PMA components farther south, 

suggesting that any extension is much less developed. Arc rocks (e.g. the Cape Monaco 

granite, western Anvers Island; Hooper, 1962) occur between the PMA components adjacent 

to Anvers Island and these may be the source of the model body required to match the 

negative anomaly between the PMA components (Figure 4.13). Further south, the western 

component of the PMA is both much narrower and much closer to the eastern component: no 

body is required between the two components in order to model the anomalies (Figures 4.11,

4.12).

Magnetic lineations (Figure 3.1) and lineations in the maxima of the horizontal derivative of 

pseudogravity (Figure 3.10) to the north of 68°S appear to be parallel to the peninsula, 

corresponding to trends of bathymetric features in the area (e.g. Gerlache Strait, between 

Anvers Island and the Antarctic Peninsula, and Labeuf Fjord, between Adelaide Island and 

the Antarctic Peninsula). The satellite image (Figure 3.12) clearly shows the linear western

124



edge of the Antarctic Peninsula plateau, and a number of prominent peninsula-parallel trends 

have also been interpreted close to the west coast (Figure 3.13). Numerous authors (e.g. 

Goldring, 1962; Hooper, 1962; Curtis, 1966; Dewar, 1970; Fraser & Grimley, 1972; Wyeth, 

1977) cite mainly physiographic evidence for peninsula-parallel faulting throughout Graham 

Land. Block faulting on Anvers Island has controlled the emplacement of gabbro plutons and 

dykes (Hooper, 1962), and block faulting also occurs on Adelaide Island (Dewar, 1970). 

These trends may be indicative of extension perpendicular to the peninsula (Storey & Garrett, 

1985). The variation in separation of the two PMA components along the Antarctic 

Peninsula is discussed in Section 6.4, and a mechanism for that variation is proposed.

5.4 B a c k - a r c

The back-arc is represented on the new aeromagnetic map (Figure 3.1) mainly in the eastern 

part of the Anvers Island survey. Reconnaissance aeromagnetic data (Figure 1.5) cover a 

wider area of back-arc, and provide a useful context for the following description of the 

detailed magnetic signature.

Outcrops of post-subduction volcanic rocks at Seal Nunataks (Smellie, 1987; Hole, 1990) are 

clearly imaged on the magnetic map (C; Figure 5.1; Figure 3.2). These corroborate previous 

ground magnetic traverses which show anomalies up to 3000 nT (Renner, 1980). They form a 

series of isolated peaks against the subdued surrounding field which is associated with a 

Mesozoic basin beneath the Larsen Ice Shelf (Figure 1.5; Maslanyj et al., 1991). The model 

(Figure 4.13) indicates that the volcanic rocks are low in volume, steeply dipping and with no 

shallow plutonic root. Field studies show that most of the nunataks are fed by zones of dykes, 

oriented either WNW-ESE or NNE-SSW and mostly vertical (Hole, 1990). The occurrence
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of large spinel lherzolite xenoliths reduces the possibility of long-term magma storage and 

the basalts appear not to have undergone major fractional cyrstallization prior to eruption 

(Hole, 1990), consistent with the absence of a source batholith, and with the proposed slab- 

window origin (Hole et al., 1991). A smaller amplitude anomaly, 15 km southwest of the 

main group (D; Figure 3.2) may indicate a further, unexposed volcanic centre.

The larger of the two main peaks (up to 1200 nT amplitude) at the base of Jason Peninsula 

(C; Figure 5.1) correlates with an alkali-rich gabbro complex, dated at 82 ± 1 Ma (Pankhurst, 

1982), atypical of an active continental margin. This anomaly has been compared to similar 

anomalies in eastern Palmer Land (Figure 1.5; McGibbon & Garrett, 1987), which are 

believed to indicate a suite of plutons intruded in a back-arc setting, possibly during a period 

of localised extension (McGibbon & Wever, 1991). A similar, roughly circular anomaly (up 

to 1400 nT) can be seen on the east coast at roughly 67°15’S (D; Figure 5.1). The similarity 

between this anomaly and the Jason Peninsula anomaly is clear on the terrace map (Figure 

3.11). The exact relationship of either of these anomalies to the east coast anomalies in 

Palmer Land is unclear.

5.5 Basement

One of the most important new features arising from the new magnetic anomaly map 

(Figure 3.1) is the variation in the magnetic signature over the Antarctic Peninsula plateau. 

This variation is clearest from the magnetic terrace map (Figure 3.11). In southern Graham 

Land (between 66°S and 68.5°S) a positive terrace over the eastern part of the map is 

flanked to the north and south by negative terraces (Figure 3.11). In northern Graham 

Land (north of 66°S), the long-wavelength magnetic anomaly field over the centre of the
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peninsula is punctuated by isolated positive anomalies (Figure 3.2), and is typical of an 

accretionary prism. The isolated anomalies are interpreted as being caused by intrusions, as 

indicated on the Avery model (Figure 4.13). A similar magnetic field exists over the 

accretionary prisms of Alexander Island (Figure 1.5, Maslanyj et al., 1991), near-offshore 

of the western United States (Johnson, P. et al., 1990) and in northwest Hokkaido, Japan 

(Finn, 1994). In northern Graham Land, the magnetic anomaly field is interpreted as 

indicating the extent of the Trinity Peninsula Group, though it should be noted that the 

Trinity Peninsula Group represents accretion in front of an earlier arc to that which forms 

the majority of exposure in the Antarctic Peninsula today. This interpretation agrees with 

the interpretation of magnetic anomaly data over the extreme northern end of the Antarctic 

Peninsula (Parra et al., 1988).

The positive terrace in southern Graham Land corresponds to outcrops of gneissic 

basement on the east coast of the Antarctic Peninsula, and a distinct geochemical signature 

of the exposed plutons (groups III and IV of Hole et al., 1991). The Avery models (Figure 

4.8) suggest two alternatives in this area, either deep-seated plutons, extending to 20 km 

depth, or shallow plutons intruded through deeper basement. Both the Bruce model 

(Figure 4.12) and the Adelaide model (Figure 4.10) indicate a large deep-seated body at the 

eastern end of each model. Both bodies appear more like large intrusions, but as they 

occur at the edge of the magnetic data, the true eastward extent of the bodies is unknown. I 

interpret this central positive terrace (Figure 3.11) as being underlain by distinct basement, 

the westward extent of which is unclear. This basement may either be Palaeozoic gneiss, 

as seen at the isolated outcrop at Target Hill, or pre-Cretaceous plutons, which are exposed 

over a greater area, or a combination of both: pre-Cretaceous plutons intruded through 

gneissic basement.
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The extent of the southern Graham Land terrace coincides with areas of mapped Triassic- 

Early Jurassic (236-199Ma) plutons and Early-Late Jurassic (181-156 Ma) plutons (Leat 

et al., 1995; Scarrow et al., 1996; Leat et al., 1998). The coincidence of the dated plutons 

with the terrace may be fortuitous, particularly regarding the southern extent of the pluton 

ranges: both groups mentioned above also have members in northern Graham Land, but 

there is a convenient gap in dated plutons at the southern boundary of the terrace. 

Granitoids from each of the above Triassic, Jurassic and of a later Cretaceous intrusive 

phases have been dated at Mount Charity, in the Eternity Range (Scarrow et al., 1996). 

The mineralogy of these rocks suggests that the Triassic and Cretaceous groups contain 

magnetite (although very little for the Triassic phases) whereas the Jurassic phase contains 

ilmenite, and is hence less likely to cause the observed magnetic anomalies.

The basement may form an uplifted block (Thomson et al., 1983), bounded by the linear 

western edge of the Antarctic Peninsula plateau (Figure 3.12). It may extend further west 

at depth across the PMA batholith, which has been intruded through it, and the PMA 

swamps any magnetic signature from the basement. However, Hole et al. (1991) report 

Tertiary plutons on the west coast of the Antarctic Peninsula as having little or no isotopic 

contribution from continental crust, although there are very few Tertiary plutons within this 

area. Recent zircon U-Pb geochronology on a granite clast in a metaconglomerate from 

Horseshoe Island indicates a crystallisation age of 431±12 Ma (Tangeman et al., 1996). 

This has been interpreted as indicating the presence o f Siluro-Ordovician plutonism on the 

west coast of the Antarctic Peninsula, though the clast may have been derived from outcrop 

farther east (Tangeman et al., 1996). Studies of garnets within granitoids (Moyes & 

Hamer, 1983), and amphibole compositions (Moyes, 1991) have suggested that thicker
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crust exists on the east coast of the Antarctic Peninsula than on the west coast. This is

supported by the (sparse) gravity data in this area (Figure 1.7; Renner et al., 1985) and the 

susceptibility data (Section 4.2.2). The gravity model across the Bruce plateau (Figure

4.12), however, adds little to this question, as the gravity data are not missing for much of 

the western side of the peninsula plateau, and the effects of ice thickness both along and 

across the profile are only estimated. The presence of thicker crust on the eastern side of 

the peninsula does, however, support the interpretation of the positive magnetic terrace in 

central Graham land as a gneissic basement province although some of the magnetic 

signature could be attributable to pre-Cretaceous plutons which have been intruded through 

it.

The northern boundary of the gneissic basement province, separating it from the Trinity 

Peninsula Group, appears clearly defined on the terrace map (Figure 3.11) along the 

Leppard Glacier at 66°S. The gneissic basement may either be a distinct block, extending 

no further north than 66°S, or it may continue at depth to the north beneath the Trinity 

Peninsula Group. However, lead isotope studies (Willan & Swainbank, 1995), suggest that 

old continental basement is absent from the northern Antarctic Peninsula, at least as far 

south as 65°S. The southern boundary of the gneissic basement appears on the terrace map 

to the south of Joerg Peninsula, however, the magnetic anomaly map (Figure 3.1) suggests 

that this province may continue southeast, across the base of Kenyon Peninsula, close to 

the edge of the magnetic data coverage. This basement may represent part of a Palaeozoic 

arc, forming part of the Pacific margin of Gondwana, the implications of which will be 

discussed later (Chapter 7).
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To the south of Joerg Peninsula, on the eastern side of the transition zone, very little 

outcrop has actually been visited (Thomson & Harris, 1982), and the nature of the 

basement is unknown. The magnetic field in this area is again typical of an accretionary 

prism, with small, shallow plutons modelled as intruding a magnetically quiet background 

(Figure 4.8). The low terrace (Figure 3.11) suggests that the basement is different from, or 

at a different level to, the basement in southern Graham land.

5.6 Summary: a new geological base map

Interpretation of the available geophysical data for the Antarctic Peninsula, and particularly 

the identification of magnetic signatures typical of the various elements of an evolving 

magmatic arc, permit the modification of the existing geological base map of the central 

Antarctic Peninsula.

Figure 5.5* shows both the old and new sketch maps of Antarctic Peninsula geology. The 

old base map (Figure 5.5a) is adapted from Garrett & Storey (1985) with some 

amendments by McCarron (1995). The new base map (Figure 5.5b) has been modified 

according to the interpretation of the geophysical data presented here, and recent 

publications (Rowley et al., 1992) The additional information provided by the work 

presented here is in three main areas:

‘Following Page

Figure 5.5 Geological base maps of the Antarctic Peninsula, a. Map based on 
Storey & Garrett (1985) with modifications by McCarron (1995). b. 
Updated base map, from interpretation of geophysical data.
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a) The identification of three distinct areas of basement beneath the Antarctic Peninsula, 

including the extension of the gneissic basement province to cover much of central 

southern Graham Land.

b) The extension of the magmatic arc province to include the entire PMA, particularly the 

western component, off Anvers Island

c) The continuation of the Alexander Island Mesozoic accretionary prism across the 

western extents of Marguerite Bay.
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6. Tectonic segmentation of the central Antarctic Peninsula

6.1 Introduction

The tectonic segmentation of Antarctic Peninsula crust has been discussed by a number of 

authors using combinations of physiographic evidence (Hawkes, 1981; Garrett & Storey, 

1987), marine magnetic anomalies (Barker 1982), and reconnaissance aeromagnetic 

surveys (Garrett & Storey, 1987; Garrett, 1990; Maslanyj et al., 1991). These authors 

divided the Antarctic Peninsula into three or four segments, and related the segment 

boundaries to the extrapolation of offshore fracture zones. Barker (1982) suggested that 

segmentation bounded by fracture zones was likely to be due to processes operative during 

the closing stages of subduction. Two mechanisms for segmented extension were 

suggested by Garrett & Storey (1987): a relaxation of horizontal compressive stresses 

following ridge arrival at the trench, or roll-back of the subducting slab at times of 

changing spreading rate on the Antarctic-Phoenix ridge.

6.2 Continental Segments

The proposed division of the continental area into segments is based on the geophysical 

data described above, primarily magnetic anomalies (Figures 3.1 and 1.5). The divisions 

are shown in Figure 6.1.
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6.2.1 Bransfield Segment

Bransfield Strait is the c. 125 km wide channel between the South Shetland Islands and the 

northern Antarctic Peninsula (Figure 1.2). This is one of the most intensively studied areas 

of the Antarctic Peninsula, owing primarily to its accessibility. The geophysical work in 

this area has been summarised recently by Barker et al., (1991) and Lawver et al., (1995). 

The segment includes the South Shetland Islands and Trinity Peninsula and is bounded to 

the south by the southern limit of Bransfield Strait (Figure 6.1). Deception Island is an 

active volcano, and there are a number of earthquake source determinations for the area 

(Pelayo & Wiens, 1989; Kaminuma, 1996; Ibanez et al., 1997). Bransfield Strait is an 

extensional basin that is thought to have been formed in response to slab rollback at the 

South Shetland Trench following the cessation of spreading on the remaining sections of 

Antarctic-Phoenix ridge (Barker & Dalziel, 1983). Ashcroft, (1972) suggested from 

seismic refraction interpretation that the crust of the basin is <15 km thick, and probably 

oceanic, underlain by a low-velocity (7.6-7.7 kms-1) mantle. The line of active volcanic 

centres from Deception Island to Bridgeman Island, and a central, narrow, high-amplitude 

magnetic anomaly (Parra et al., 1984, Ghidella et al., 1991) support the suggestion that the 

continental crust has rifted apart, and that an incipient oceanic spreading centre exists in the 

basin (Roach, 1978; Jeffers et al., 1991). Later seismic refraction interpretation (Guterch et 

al., 1985, 1991) supports an alternative view, that the area is rifted continental, rather than 

oceanic crust. A 7.7 kms'1 layer exists beneath the centre o f the strait at a depth of 25 km, 

which is interpreted as anomalous upper mantle (Guterch et al., 1985,1991). Aeromagnetic 

data across Bransfield Strait (Parra et al., 1984, 1988; Ghidella et al., 1991) show the two 

components of the Pacific Margin Anomaly clearly separated by a negative trough. The
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eastern component lies offshore close to the northwest coast o f Trinity Peninsula, and the 

western component lies along the northwest edge of the South Shetland Islands.

Antarctic Peninsula Batholith

0 50 100 150 200 250

Age (Ma)

♦ Bransfield Transition zone

N. Graham Land ■ Palmer Land 

a S. Graham Land

Figure 6.2 Plot of Antarctic Peninsula Batholith ages against latitude, using data from 
Leat et al., (1995). As per Figure 5.4b, but with symbols distinguishing data 
from each of the proposed continental segments.

The distance between the two components gradually increases from c. 30 km southwest of 

the Hero fracture zone to c. 75 km to the northeast (Parra et al., 1988). Batholith age data 

from this segment (Figure 6.2) range from 10 to 160 Ma. The batholith intrudes low-grade 

metasediments o f the Trinity Peninsula Group. To the east of the peninsula, alkaline 

volcanic rocks with ages between 1 and 7 Ma crop out on James Ross Island (Smellie et
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al., 1988), and these correlate with high-amplitude, short-wavelength magnetic anomalies 

seen on reconnaissance profdes (Garrett & Storey, 1987). The southern boundary of the 

segment lies close to Smith Island, where a 47 Ma Ar-Ar age of a mafic blueschist may 

reflect cooling due to uplift close to a time of a slowdown in convergence rates (Grunow et. 

al., 1992).

6.2.2 Northern Graham Land Segment

The southern boundary of this segment is here defined by the new magnetic data (Figure 

3.1) as the distinct narrowing of the western component of the PMA at around 65.5°S on 

the western side of the Antarctic Peninsula, then across the peninsula eastward along the 

Leppard Glacier at 66°S (Figure 3.12). This is most clearly illustrated on the terrace map 

(Figure 3.11), where the PMA is split to the north of this boundary on the western side, and 

there is a clear terrace boundary at 66°S on the eastern side. Magnetically, this segment is 

characterised by the split PMA, and the broad negative anomaly field over much of the 

Antarctic Peninsula and adjacent parts of the Larsen Ice Shelf. The two PMA components 

have been modelled as part of the same batholith with faulted boundaries (Section 4.3), 

implying an extensional origin for the separation (Garrett, 1990; Johnson, 1996). Seismic 

refraction profiles to the northeast of Anvers Island indicate a crustal thickness of c. 20 km 

(Figure 1.13; Conway, 1992). The Bruce gravity model (Figure 4.12) infers the crustal 

thickness to reach 32 km beneath the centre of the Antarctic Peninsula. The satellite image 

(Figure 3.12) shows a change in physiography along this segment. The plateau is 

particularly narrow and sinuous between 64° 20’ S and 65°S, where it widens to c. 25 km. 

The western edge of the plateau in this area is remarkably linear, with the PMA lying to the 

northwest of this edge (Figure 3.14). The Leppard Glacier marks the southern limit of an
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area of prominent E-W  trending glaciers on the Oscar II Coast (Figure 3.12), and of this 

segment.

The Trinity Peninsula Group crops out in the north of this segment (Fleming & Thomson, 

1979) and appears to form the local basement. The broad negative magnetic anomaly field 

over much of the Antarctic Peninsula is interpreted as indicating the presence of the Trinity 

Peninsula Group to 66°S (Section 5.5). The distribution of batholith ages in this segment 

is similar to that for the Bransfield Segment, i.e. Cretaceous to Tertiary (Figure 6.2). A 

number of outcrops of post-subduction alkali basalts occur in this segment, at Seal 

Nunataks (< 1 Ma; Rex, 1976; Figure 5.1) on Brabant Island and Argo Point (Figure 5.1; 

Smellie et a i,  1988) and at a dredge site close to the trench (Hole & Larter, 1993). The 

origin of these has been related to the opening of a slab window beneath the Antarctic 

Peninsula (Hole et a i,  1991). A number of peninsula-parallel extensional features have 

been identified in this segment, as detailed in Section 5.3.2, including the linear western 

edge of the Antarctic Peninsula plateau (Figure 3.13), a number of deep-water channels 

near Anvers Island (Garrett & Storey, 1987) and block faults on Anvers Island, parallel to 

the Antarctic Peninsula. Both the residual magnetic anomaly map (Figure 3.7) and the 

maxima of horizontal gradient of pseudogravity (Figure 3.10) also show a number of 

peninsula-parallel features on the western side of the Antarctic Peninsula in this segment.

6.2.3 Southern Graham Land Segment

The extent of this segment is clearly defined as the positive E-W  terrace area across the 

centre of the pseudogravity terrace map (Figure 3.11). The segment lies between the 

Leppard Glacier in the north and the Neny and Gibbs glaciers in the south. The Antarctic
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Peninsula plateau in this area has a fairly constant width (40 km), with linear boundaries 

particularly on the western side (Figure 3.13). The highest terrace values (Figure 3.11), 

associated with the PMA, are confined to this segment. On the east coast, the positive 

terrace within this segment contrasts with the negative terrace over the Trinity Peninsula 

Group to the north, and the negative terrace over the Wakefield Flighlands to the south 

(Figure 3.11). The trends of both the magnetic data (Figure 3.1) and the maxima of 

horizontal gradient of pseudogravity( Figure 3.10) are NE-SW  over most of the segment. 

The residual magnetic anomaly map (Figure 3.7) shows an increase in the larger residual 

anomalies over the Antarctic Peninsula plateau in this segment. The Adelaide magnetic 

model (Figure 4.10) clearly shows two PMA components, whereas the Avery magnetic 

model (Figure 4.11) shows the PMA components joined at depth. Both models show the 

PMA batholith to have very steep margins, implying a faulted, extensional origin.

The oldest known rocks on the Antarctic Peninsula (440 Ma; Milne & Millar, 1989) occur 

at Target Hill, close to the northern boundary of the segment. Similar, limited outcrops of 

gneiss and orthogneiss have been described from northern Palmer Land (Harrison & 

Piercy, 1991) and it has been proposed that Palaeozoic basement underlies much of the 

Antarctic Peninsula (Tangeman et al., 1996). This is in agreement with the area of inferred 

gneissic basement (Section 5.5), though only for this segment. A crustal thickness of 30 

km has been interpreted from seismic refraction data towards the southern extent of this 

segment (Figure 1.14; Reading et al., in press). There is a distinct change of batholith age 

distribution in this segment (Figure 6.2), with no ages younger than 50 Ma. The limits of 

this segment (Figure 6.1) coincide remarkably well with segment boundaries proposed by 

Hole et al. (1991), who interpreted along-arc S r- and Nd-isotope variations in granitoids 

to be due to varying crustal thicknesses. The occurrence of post-subduction alkali volcanic
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outcrops are limited to the segment boundaries: at Argo Point to the north and in southern 

Adelaide Island (P.T. Leat, personal communication, 1996) and at Neny Fjord (Smellie et 

al., 1988), all close to the southern boundary of the segment. Evidence of extension within 

this segment is mostly physiographic, including the linear western edge of the peninsula 

plateau (Figure 3.12) and bathymetric troughs between the islands and the mainland 

(Moyes et al., 1994). There is some evidence of block faulting in the mountains on 

Adelaide Island (Dewar, 1970).

6.2.4 Transition Segment

The transition zone is so called (Wyeth, 1977) as it is transitional between Graham Land to 

the north and Palmer Land to the south. Physiographic differences across this segment are 

the most extreme on the Antarctic Peninsula: Palmer Land has a wide (up to 120 km) 

central plateau, a sinistral curve (looking north) and one major island offshore to the west, 

whilst Graham Land has a much narrower (< 40 km) central plateau, curves dextrally 

(looking north) and is flanked to the west by numerous islands. This segment has distinct 

physiographic boundaries: the Neny Glacier -  Gibbs Glacier lineation in the north, and 

Fleming Glacier to the south (Figure 3.12; Wyeth, 1977).

The pseudogravity terrace map (Figure 3.11) shows a clear southward change in trend of 

the PMA terrace from NE-SW  at to N -S at 68°S. The terrace narrows to c. 100 km wide, 

and although the magnetic anomaly map (Figure 3.1) shows a band of higher anomalies on 

the western side of the PMA, there is no clear division into the eastern and western 

components seen in the more northerly segments. The western and eastern boundaries of 

this terrace are stepped. To the west of the central terrace, the outline of the downfaulted
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block of PMA batholith (Section 5.3.2; B, Figures 5.2, 5.3; Johnson & Swain, 1995) can be 

seen, defined by maxima in the horizontal gradients of pseudogravity (Figure 3.10). To the 

east of the central terrace, a low terrace extends much of the way to the east coast before 

values rise where NW -SE magnetic anomaly bands can be seen (Figure 3.1). The model 

across the southern part of this segment (Figure 4.8) shows 3 distinct regions: the PMA 

batholith (with no clear division into east and west components), a central section with 

shallow magnetic bodies over a relatively non-magnetic basement, and a zone of larger, 

deeper bodies on the east coast.

Clear lineations in the magnetic anomaly data (Figure 3.1), the residual magnetic data 

(Figure 3.7) and the horizontal gradient of pseudogravity (Figure 3.9) occur in conjugate 

NW -SE and NE-SW  sets. The southern boundary of the segment is marked by a 

southward change to a more E-W  trend, parallel to the Fleming Glacier. Recent seismic 

refraction data indicate a crustal thickness of up to 35 km beneath this segment (Figure 

1.14; Reading et al., in press).

There are no known exposures of pre-arc basement in this segment, although much of the 

eastern side of the Antarctic Peninsula between c. 68°45’S and 69°30’S (corresponding to 

the low terrace on Figure 3.9) has not been visited. Plutonic and volcanic rocks crop out 

elsewhere in roughly equal proportions, and have been proposed to be unambiguously 

genetically related, rather than the plutonic phase being later (Leat & Scarrow, 1995). The 

distribution of batholith ages (Figure 6.2) is similar to that for the Southern Graham Land 

segment. There are no known occurrences of Cenozoic alkali volcanism in this segment. 

Evidence for extension comes from the physiographic and geophysical data (Section 5.3.2; 

Johnson & Swain, 1995; Johnson, 1997). Fraser & Grimley (1972) reported major NW -SE
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faults, downthrown by up to 1300 m to the northeast at the base of Kenyon Peninsula. 

Large-scale transverse faulting in the transition zone (e.g. along Fleming Glacier) has also 

been suggested (Wyeth, 1977).

6.2.5 Palmer Land Segment

Palmer Land has clearly different physiographic characteristics to Graham Land as detailed 

above (Section 6.2.4). Alexander Island, to the west, is a large Mesozoic accretionary 

prism, separated from the peninsula by George VI Sound, which is 25-30 km wide and up 

to 900 m deep (Maslanyj, 1987). The new aeromagnetic data do not extend far into Palmer 

Land, but several distinguishing features are apparent in the reconnaissance data (Figure 

1.5). The PMA continues throughout the segment, remaining close to the western coast of 

Palmer Land to the north of 73°S. A band of short-wavelength (20 km) high amplitude 

anomalies (up to 2000 nT) follows the eastern side of the peninsula. They correlate in 

places with exposed gabbro plutons (McGibbon & Garrett, 1987) of ?Cretaceous age 

(McGibbon & Wever, 1991). The magnetic field over Alexander Island is generally quiet, 

associated with the thick accretionary prism. Isolated positive anomalies, however, occur 

over outcrops of younger magmatic rocks (Crawford et al., 1986).

An isolated outcrop of gneissic basement occurs in northern Palmer Land (Harrison & 

Piercy, 1991), but the extent of this basement throughout Palmer Land is unknown. 

Batholith ages in this segment show a change in distribution pattern (Figure 6.2), with most 

of the ages clustered tightly in the Cretaceous with the exception of a group of earlier ages in 

the north. Gabbros from western Palmer Land have been dated at 141±2 Ma (Vaughan & 

Millar, 1996). Tertiary plutons intrude the Mesozoic accretionary LeMay Group on
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Alexander Island. The age of the LeMay Group is poorly constrained, however, on the 

eastern side of Alexander Island it is overlain by the Fossil Bluff Group which is 

Mid-Jurassic to Albian in age (Doubleday et al., 1993). Late Tertiary alkali volcanic rocks 

occur on Alexander Island (McCarron, 1995; Figure 5.5) and in the extreme south of Palmer 

Land (Smellie et al., 1988). George VI Sound has been interpreted as a Tertiary rift basin 

formed by dextral transtension (Storey & Nell, 1988; Maslanyj, 1991; Nell & Storey, 

1991). From fission track evidence, Storey et al. (1996b) have interpreted an acceleration in 

cooling between 40 and 35 Ma within the Alexander Island accretionary prism, which may 

date uplift of the accretionary prism. The PMA appears to move westwards across George 

VI Sound at about 73°S (Figure 1.5). Both the southern boundary of the elevated 

topography, and this step in the PMA coincide with the onshore extrapolation of the Heezen 

fracture zone (Storey et al., 1996b), supporting the possible subdivision of the Palmer Land 

segment suggested by Garrett & Storey (1987).

6.3 Oceanic segments

The oceanic area to the west of the Antarctic Peninsula can be divided into four segments 

(Figure 6.1), primarily based on the free-air gravity anomaly data (Figure 1.8).

6.3.1 Shackleton -  Hero segment.

This segment, in which the free-air gravity anomalies reach 100 mGal, corresponds to the 

remaining part of the Phoenix plate. The bounding Shackleton and Hero fracture zones are 

marked by prominent lineations in the gravity data, and other, parallel lineations mark the 

positions of the D and E fracture zones. A prominent negative free-air anomaly (amplitude
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-100 mGal) corresponds to the South Shetland Trench (C, Figure 1.8) where active 

subduction appears to be continuing today (Barker & Dalziel, 1983; Maldonado et al., 

1994; Kim et al., 1995). Wide-angle seismic refraction data have been interpreted as 

indicating a slab beneath the South Sandwich Islands dipping at an angle of 25° (Grad et 

al., 1993). Subduction is able to continue despite the cessation of spreading on the 

remaining sections of ridge only as a result of the opening of Bransfield Strait. This 

segment is currently the only seismically active part of the Antarctic continental margin 

(Pelayo & Wiens, 1989, Ibanez et al., 1997). The Shackleton fracture zone has been active 

since 30Ma, around the time of initial opening of Drake Passage (Barker & Burrell, 1977). 

The existing magnetic record indicates a mean half spreading rate decrease from 34 mm/yr 

to 22 mm/yr at 6.5-6.0 Ma (Larter & Barker, 1991a). Spreading appears to have stopped 

shortly after 4 Ma.

6.3.2 Hero -  South Anvers segment.

Herron & Tucholke (1976) grouped the magnetic anomalies between the Hero and Tula 

fracture zones as the ‘Peninsula Anomalies’. On the basis of the free-air gravity anomaly 

map (Figure 1.8), I have divided this section into two parts. The section between the Hero 

and South Anvers fracture zones is characterised by a series of closely-spaced parallel 

lineations in the gravity data, which correspond to the C, North Anvers and South Anvers 

fracture zones (Figure 6.1). Anomalies in this area reach 70 mGal, with the lower 

amplitudes indicating older, thicker, cooler lithosphere. The negative anomaly associated 

with the South Shetland Trench continues southwest to the C fracture zone. Tomlinson et 

al., (1992) interpreted side-scan sonar data from this region as indicating a recent 

southwestward migration of the subduction believed to be continuing between the
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Shackleton and Hero fracture zones. The side-scan sonar data also show the Hero fracture

zone to be a complex, 15 km-wide feature, and show an apparent rotation in spreading 

fabric between the C and Hero fracture zones (Tomlinson et al., 1992). Fan-shaped 

magnetic anomalies are also seen between the C and Hero fracture zones, supporting a 

rotation of the ridge crest during the final few million years of subduction (Larter & 

Barker, 1991a). The Antarctic-Phoenix ridge arrived at the trench between the Hero and C 

fracture zones at 6.4-3.3 Ma, between the C and North Anvers fracture zones at 6.9-6.5 

Ma and between the North and South Anvers fracture zones at 11.2 Ma (Table 1.1).

6.3.3 South Anvers -  Tula segment.

Between the South Anvers and Tula fracture zones, free-air gravity anomaly values are 

lower again, (up to 40 mGal), with the traces of the fracture zones becoming less prominent 

to the southwest. A number of other lineations, parallel to the fracture zone traces, are 

visible in this area (Figure 6.2), particularly between the Adelaide and Biscoe fracture 

zones. These lineations may be fracture zones which became extinct c. 13 Myr before 

arrival of the ridge segment at the margin (assuming a spreading half-rate of 22 mm yr'1, 

Larter & Barker 1991b). The free-air anomalies increase to the northwest where they 

coincide with a basement high known as Palmer Ridge (B, Figure 1.8; Herron & Tucholke, 

1976), c. 500 km wide, with the southwestern limit c. 500-700 km from trench, 

corresponding to an age of crust between 32 and 45 Ma. A zone of subdued magnetic 

anomalies extends up to 95 km northwest of the trench between the North Anvers and 

Tharp fracture zones (Larter & Barker, 1991a). This has been interpreted as indicating a 

high sediment input to the spreading centre segments as they approached the trench. The 

source of sediment was assumed to have been the continental margin. The magnetic quiet
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zone narrows to c. 35 km between the South and North Anvers fracture zones, and is

absent to the northeast of the North Anvers fracture zone. This has been interpreted as 

indicating a gradual change in sedimentary regime between 11.5 and 6 Ma, possibly related 

to the increased glacial state of West Antarctica in the m id- to late- Miocene (Larter & 

Barker, 1991a). The Antarctic-Phoenix ridge arrived at the trench between South Anvers 

and Biscoe fracture zones at 15.0-14.1 Ma, between the Biscoe and Adelaide fracture 

zones at 16.7 Ma and between the Adelaide and Tula fracture zones at 19.9 Ma (Table 1.1).

6.3.4 Tula -  Tharp segment.

This section corresponds to the ‘Ellsworth Anomalies’ of Herron & Tucholke (1976). To 

the southwest o f the Tula fracture zone, fracture zones are not obviously expressed in the 

gravity data, and the anomalies are generally subdued, except over recognised sediment 

drifts (Rebesco et al., 1996). Seismic profiles show a clear increase in basement depth to 

the southwest (Tucholke & Houtz, 1976, Rebesco et al., 1996). A linear trend in the 

gravity data (Figure 1.8) diverges from the position of the Tula fracture zone as interpreted 

from the magnetic anomalies (Figure 6.1). Herron & Tucholke (1976) interpreted a west

facing basement scarp close to the position of this trend, parallel to the Tula fracture zone, 

and offset to the west. The gravity lineament appears to show these two features to be 

continuous, possibly indicating the true position of the Tula fracture zone (Figure 6.1). 

Magnetic anomaly data in this area are generally sparse, and more detailed data are needed 

to resolve this question. Barker (1982) suggested that the Tula fracture zone was active 

from c. 65 Ma. The Antarctic-Phoenix ridge arrived at the trench between Tula and Heezen 

fracture zones at 30.1 Ma and between the Heezen and Tharp fracture zones at 44-40 Ma 

(Table 1.1).
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6.4 Segmentation of the central Antarctic Peninsula: an extensional model

Table 6.1 summarises both the offshore and onshore lithospheric segmentation. It can be 

seen that the boundaries of two of the oceanic and continental segments correlate: the 

Shackleton-Hero and Bransfield segments and the Tula-Tharp and Palmer Land segments.

Table 6.1. Summary of Antarctic Peninsula tectonic segments

S e g m e n t O ffsh o r e S e g m e n t O n s h o r e

S h a c k le to n  F Z
F re e -a ir  a n o m a lie s  >  lO O m G al

S h a c k le to n  F Z
V o lc a n ic a l ly  a c tiv e

S h a c k le to n -H e r o R e m a in d e r  o f  P h o e n ix  p la te B ra n sf ie ld B ra n s f ie ld  S tr a i t  o p e n in g ,  s p l i t  P M A
? c o n t in u in g  s u b d u c tio n S m ith  Is la n d  u p lif t
S e is m ic a lly  a c t iv e T e r t ia ry -C re ta c e o u s  b a th o li th  a g es

H e ro  FZ
F re e -a ir  a n o m a lie s  u p  to  7 0  m G a l

H e ro  F Z
P M A  s p li t  to  B is c o e  f ra c tu re  z o n e

H e r o -S . A n v e r s C lo s e ly - s p a c e d  fra c tu re  z o n es N . G r a h a m  L a n d A lk a li  v o lc a n ic s ,  s la b -w in d o w  re la te d
R id g e  a rr iv a l t im e s  11 .2 -3 .3  M a C ru s t  in  fo re -a rc  c. 2 0 k m  th ic k

S. A n v e rs  F Z
B isc o e  F Z

T e r t ia ry -C re ta c e o u s  b a th o li th  a g es

F re e -a ir  a n o m a lie s  u p  to  4 0  m G al P re -C re ta c e o u s  b a s e m e n t  e x p o se d
W id e ly -s p a c e d  f ra c tu re  z o n e s S . G r a h a m  L a n d F e w  T e r t ia ry  a g es , n o  a lk a li  v o lc a n ic s

S .A n v e r s -T u la R id g e  a rr iv a l t im e s  1 9 .9 -14 .1  M a H ig h  m a g n e tic  te r ra c e  o n  e a s t  c o a s t
P o s s ib le  c h a n g e  in  T u la  f rac tu re  
z o n e  tre n d

A d e la id e  F Z

N E -S W  m a g n e tic  tre n d s

P ro m in e n t  N W -S E  m a g n e tic  tre n d s
T r a n s it io n  z o n e In d e n ta tio n  o f  M a rg u e r ite  B a y  

C h a n g in g  P M A  tre n d  (N -S )
T u la  FZ

S u b s id e d  o c e a n ic  c ru s t, le ss
T u la  FZ

W id e r  P a lm e r  L a n d
s ig n a tu re  fro m  f ra c tu re  z o n e s C re ta c e o u s  b a th o lith  a g es

T u la -T h a r p R id g e  a rr iv a l t im e s  4 4 -3 2  M a P a lm e r  L a n d L a rg e  a c c re tio n a ry  p r is m  to  W  
U p lif t  o f  A le x a n d e r  Is la n d  
H ig h -a m p litu d e  m a g n e tic  a n o m a lie s  on  
e a s t  c o a s t

T h a rp  FZ T h a rp  F Z

Within these two pairs of segments, the segmented features, particularly in the magnetic 

data, can be explained by documented extension in Tertiary times. The proposed extension 

in the Palmer Land segment can be applied to explain the geophysical features seen in the 

the transition zone segment, and extensional influences can be inferred for the remaining 

two segments (southern and northern Graham Land). Extension within the arc and fore
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arc is not unusual in a convergent margin setting (Hamilton, 1995, and references therein). 

For the Antarctic Peninsula several authors have identified major extensional episodes 

during Mesozoic-Tertiary time (e.g. Garrett & Storey, 1987; Storey et al., 1992; Leat et 

al., 1995, Vaughan & Millar, 1996; Storey et al., 1996a).

6.4.1 Bransfield Segment

The opening of Bransfield Strait to the northwest o f the Hero fracture zone at c. 4 Ma 

(Barker & Dalziel, 1983) can account for some, but not all, of the 75 km of separation 

between the two PMA components. When spreading on the final sections of Antarctic- 

Phoenix ridge ceased, convergence rates decreased rapidly and the tendency of the 

subducting slab to continue to subduct led to slab roll-back, causing extension in the 

overriding lithosphere. The western component of the PMA lies along the northern edge of 

the South Shetland Islands (Parra et al., 1988). Roughly reconstructing Bransfield Strait 

prior to opening, and not permitting overlap of the islands with Trinity Peninsula, would 

leave the two PMA components separated by c. 30 km, prior to the arrival of the final ridge 

segment to the southwest of the Hero fracture zone. The magnetic data (Parra et al., 1988) 

do not show a clear offset in the western component of the PMA at the Hero fracture zone, 

rather a gradual widening. This implies that the Hero fracture zone did not form a discrete 

boundary to Bransfield Strait opening. Side-scan sonar observations indicate a more 

recent propagation of the South Shetland Trench south westward to the C fracture zone 

(Tomlinson et al., 1992).

6.4.2 Palmer Land segment

148



Structural data from the accretionary complex and Fossil Bluff Group on Alexander Island

have been interpreted as indicating that George VI Sound opened in a NW direction by 25-

40 km of dextral transtension (Storey & Nell 1988, Nell & Storey 1991), separating the

Alexander Island accretionary prism from the Palmer Land magmatic arc. This interpretation

is consistent with the interpretation of geophysical data from George VI Sound (Maslanyj,

1988, 1991; King & Bell, 1998).
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Figure 6.3 Plot of convergence rate against age for the Phoenix-Antarctic plate system.
Data from Larter & Barker (1991a) and unpublished data (R.D. Larter, personal 
communication, 1996).

Storey et al. (1996b) suggested that the dextral transtension may have been a result of a rapid 

reduction in spreading rates on the Antarctic-Phoenix ridge in Early Tertiary times (c. 50 Ma, 

Figure 6.3; Cande et al. 1982; Barker 1982), leading to increased slab roll-back. It is 

important to note that, owing to the unusual plate geometry (the trailing flank of the ridge and 

the over-riding lithosphere at the subduction zone being two parts of the same plate), 

convergence rates at the margin were the same as full spreading rates at the ridge (Barker 

1982; Larter & Barker 1991a). Recent re-evaluation of marine magnetic data (McCarron & 

Larter, 1998) shows half spreading rates decreased from 51 mm per year to 21 mm per year at 

anomaly C23r time (52.3 Ma, Cande & Kent 1995), corresponding to a convergence rate 

decrease from 102 to 42 mm per year. This decrease in spreading and convergence rates, and 

therefore any extension associated with it, occurred before the arrival of the ridge segment
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between the Tharp and Heezen fracture zones, opposite the southern end of Alexander Island 

(Fig. 1.2).

6.4.3 Transition segment

George VI trough is interpreted as a NNW continuation of George VI Sound across 

Marguerite Bay, and can be inferred to have a similar origin. A two stage model can be 

proposed to explain the crustal structure of Marguerite Bay (Johnson, 1997), which is 

summarised in Figure 6.4.

The first stage involves the same 25^-0 km of dextral transtension that caused the opening of 

George VI Sound (Section 6.4.2), causing the initial opening of George VI trough, separating 

the inferred continuation of the Alexander Island accretionary prism (Section 5.2) from the 

magmatic arc (Figure 6.4a). The arrival of the ridge crest at the trench to the south of the 

Tula fracture zone at 30.1 Ma (Table 1.1) is likely to have caused extension either to cease, or 

significantly decrease in the Palmer Land segment, as trench suction forces were eliminated 

when the arrival of the ridge juxtaposed two sections of the same plate (Figure 6.4b). 

Subduction, and possibly extension, would have continued in the segments to the north-east.

The second stage of the proposed model is the continuation of extension in the Marguerite 

Bay area after the arrival of the Heezen- Tula segment, but prior to the arrival of the Tula- 

Adelaide segment (19.9 Ma). Extension at this time within Marguerite Bay may partly 

account for the lower level of the accretionary prism north of Alexander Island and the wider 

George VI trough (though this may be a result of later erosion). Normal faulting within the 

PMA batholith, including the interpreted downfaulted block at its western edge
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Q  Accretionary Prism 

E 2  George VI trough 

Q  Sedimentary Basin

----- Ridge crest

-----Interpreted Fault Zone

m  Pacific Margin Anomaly

ESS MSH Mid Shelf High

p—[ Rouen Mountains 
intrusion

----- Interpreted fault

Figure 6.4 Cartoon of proposed model of Cenozoic tectonic development of 
Marguerite Bay and adjacent areas (from Johnson, 1997). a. 52 Ma, 
immediately prior to opening of George VI sound and trough, b. 30 Ma, 
arrival of Heezen-Tula ridge segment, c. 20 Ma, arrival of Tula-Adelaide 
ridge segment.
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(Section 5.3.2; Johnson & Swain, 1995), and the topographic depression that is Marguerite 

Bay itself may also originate from this time. It is not clear whether this extension continued 

as dextral transtension, or simply oblique extension. The sawtooth edges of the downfaulted 

block of PMA batholith (Figure 5.3) may be a series of normal faults, parallel to the shelf 

edge, separated by NW-SE transfer faults. This suggests a greater element of oblique (NW - 

SE) extension than NNW-SSE strike-slip motion. The southern fault zone may also be a 

transfer fault which offsets George VI Sound and George VI trough (Figure 6.4c).

The continued Cenozoic extension proposed for the Marguerite Bay area, prior to the arrival 

of the Tula-Adelaide ridge segment, may also partly account for the pervasive late-Tertiary 

block faulting seen in the area (e.g. Goldring, 1962; Hooper, 1962; Curtis, 1966; Dewar, 

1970; Fraser & Grimley, 1972; Wyeth, 1977) , although the exact age of this faulting is not 

known. The opening of George VI trough presumably exploited weaknesses at the junction 

of the magmatic arc and accretionary prism, but it is not clear whether any pre-existing faults 

have been re-activated elsewhere.

6.4.4 Northern and southern Graham Land segments

The reduction in plate convergence rates at c. 50 Ma, and subsequent increased extension, 

will have affected the whole of the Antarctic Peninsula, which was still an active margin at 

that time. Owing to the curvature of the Antarctic Peninsula, the plate convergence 

direction was oblique to the trend of Palmer Land at that time. Farther north, the plate 

convergence direction was more perpendicular to the trend o f Graham Land, and the 

resulting extension in the overriding plate may have been enough to cause the initial split 

in the PMA batholith. The tendency of the PMA split to become wider to the northeast, in
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semi-discrete steps across segment boundaries and parallel to fracture zone trends suggests 

that the extension gradually shut off from the southwest, as each successive ridge crest 

reached the trench, and as proposed in the second stage of the Marguerite Bay model 

(Section 6.4.3) However, there was no significant decrease in convergence rates as each 

successive ridge crest segment arrived, rather a gradual acceleration until c. 4 Ma when 

spreading stopped at the remaining ridge segments (Figure 6.3; Larter & Barker, 1991a). In 

addition, the oceanic segments do not match continental segments for the central region 

(between the Tula and Hero fracture zones): oceanic crust is divided into two segments, 

whereas continental crust is divided into three (Figure 6.1; Table 6.1).

The boundary between the southern and northern Graham Land segments can be loosely 

correlated to the onshore extrapolation of the Biscoe fracture zone. The major step in the 

western edge o f the PMA at this location coincides with the inferred northern boundary of 

gneissic basement (Section 5.5). The reduced PMA component separation (c. 10 km) seen 

in the southern Graham Land segment (Figure 3.1) may be related to the presence of this 

gneissic basement as the batholith was intruded into the gneiss rather than Trinity 

Peninsula Group for the northern Graham Land segment.

An alternative, non-extensional model may explain the two-component nature of the PMA 

in Graham Land. As previously mentioned (Section 5.3.2) the separate components may be 

related to a migration of the magmatic focus of the arc. This migration can be explained by 

variations in the dip angle of the slab through time. Assuming the general westward 

younging of the Graham Land arc as inferred from geochronology is correct, we can infer 

that the western component of the PMA is the younger. An increase in the slab dip angle 

could cause such a westward migration (Section 5.3.2), and a decrease in convergence rates
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(such as that at 50 Ma) could cause such an increase in slab dip angle. However, this does 

not explain the variation in the PMA component size and separation between the southern 

and northern Graham Land segments. The increased separation in the northern Graham 

Land segment implies that the slab dip angle increase was greater than to the south. At 50 

Ma, the subducting crust was younger beneath the southern Graham Land segment, and 

presumably more buoyant hence the slab dip angle may have been shallower. However, the 

difference in arrival times between the two segments was only 2.6-1.7 Myr (Table 1.1) and 

hence the age difference across the Biscoe fracture zone at 50 Ma was also small. A pre

existing variation in slab dip owing to the curvature of the arc, such as appears to be the 

case beneath western South America (Barazangi & Isacks, 1976), is unlikely: the Antarctic 

Peninsula in central Graham Land is almost linear. There are insufficient age data for 

rocks causing the western component of the PMA to determine between the magmatic and 

extensional models for the PMA component separation. Further work in the South 

Shetland Islands, and dating of the Pitt Islands may help, but for the most part the western 

component of the PMA is offshore.

6.5 Links between oceanic and continental segments

Links between oceanic and continental segmentation in the Bransfield, transition zone and 

Palmer Land continental segments have been demonstrated for Tertiary times, i.e. within 

the known lifetimes of the fracture zones. In the Bransfield segment, the opening of 

Bransfield Strait, and the subsequent increased separation of the two PMA components has 

been interpreted as a consequence o f the final stages of ridge crest -  trench interaction on 

the Pacific margin of the Antarctic Peninsula (Barker & Dalziel, 1983). For the Palmer 

Land and transition zone segments, the dextral transtensional regime responsible for the
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northwest motion of Alexander Island, the opening of George VI Sound and extensional 

features in Marguerite Bay is thought to have begun with the slow-down in plate 

convergence rates at about 50 Ma. The common factor in both these cases (Bransfield and 

transition zone -  Palmer Land segments) is a decrease in convergence rates of the 

subducting and overriding plates (Figure 6.3). The actual arrival of the ridge crest, with an 

associated thermal pulse (DeLong & Fox, 1977; Cloos, 1993), caused uplift followed by 

subsidence on cooling close to the trench along the Antarctic Peninsula Pacific margin 

(Larter & Barker, 1991a), and possibly local extension (Garrett & Storey, 1987).

Although boundaries between the three central continental segments correspond to onshore 

extrapolations of the Biscoe and Adelaide fracture zones (Figure 6.1), these fracture zones 

do not bound major segments in the oceanic lithosphere. The coincidence of the 

boundaries of the interpreted gneissic basement on the eastern side of the central Antarctic 

Peninsula with the onshore extrapolations of these fracture zones suggests that the 

segmented development of the PMA batholith in the central peninsula was affected by pre

existing structure. This is analogous to the segmentation of the Andes, where the 

importance of considering pre-existing discontinuities in the overriding plate has been 

demonstrated (Jordan et al., 1983). It is not clear exactly how pre-existing structure in the 

Antarctic Peninsula has affected segmentation, but it is interesting to speculate on two 

options. Firstly, extension may manifest itself differently in the area of gneissic basement 

compared with accretionary prism basement, accounting for the variation in PMA 

component separation. Secondly, the presence of old continental basement in the central 

part of the Antarctic Peninsula may have had an effect on slab dip in the area. Jordan et 

al., (1983) suggested that slab dip has an effect on segmentation, but also that the three- 

dimensional structure of the overriding plate has an effect both on slab dip and on the
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segmentation of the subducted slab. The coincidence in the locations of continental and 

oceanic segments in the central Antarctic Peninsula may be more closely linked to the 

continental lithosphere than previously recognised. This is discussed further in Chapter 7.
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7. Discussion and Conclusions

7.1 Introduction

The Antarctic plate is one of seven major plates that make up the majority of the Earth’s 

crust. The continent covers an area about the size of Australia, or the conterminous United 

States, yet is the least studied of all the continents. It formed the central piece of the 

Gondwana jigsaw of southern continents, being the only element with common borders 

with all the other pieces. The Antarctic Peninsula was part of the Pacific margin of 

Gondwana, where subduction was taking place prior to, during and after break-up of the 

supercontinent. Subduction beneath the margins of Gondwana has been proposed as the 

major cause of, or at least a significant factor in, the whole supercontinental break-up 

process (see Storey, 1995 for a review). The Antarctic Peninsula is one of the crustal 

blocks that make up West Antarctica, each of which has to be moved relative to the others 

in most reconstruction models. Overlap of the Antarctic Peninsula with southern South 

America is a common problem in many of these reconstructions (e.g. Norton and Sclater, 

1979), so a knowledge of the crustal structure o f this block is crucial.

The northern end of the Antarctic Peninsula is the site of the only subduction taking place

at present along the Antarctic Plate edge, and the Antarctic Peninsula magmatic arc is part

of the suite of circum-Pacific arcs. The arc is now for the most part inactive, but preserves

an important record of subduction processes that may reveal useful modem analogues for

studies of arc systematics elsewhere on the Pacific rim. The interpretation proposed here

adds new information regarding the crustal structure of this important region, and reveals

further details o f tectonic segmentation of the magmatic arc that have implications for the
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study of active plate margins elsewhere. The use of aeromagnetic surveys to investigate 

the crustal structure and evolution of any region in the Antarctic is particularly useful and 

important owing to the high percentage of ice cover, which renders conventional 

geological sampling incomplete. The survey described in the preceding chapters is the 

most detailed large-scale aeromagnetic survey on the continent.

7.2 The Antarctic Peninsula Batholith 

7.2.1 The Magnetite -  Ilmenite boundary

Leat et al. (1995) have described the Antarctic Peninsula Batholith as being up to 210 km 

wide, and having a wide range of ages from Jurassic to Tertiary. The magnetic anomaly 

map presented here (Figure 3.1), and the wider reconnaissance data (Figure 1.5) show the 

magnetic part of the batholith to be limited to the western side o f the Antarctic Peninsula, 

and to be c. 120 km wide. The susceptibility data (Section 4.2.2) suggest that, at least for 

Graham Land, the presence of the magnetic anomaly on the western side of the peninsula 

is attributable to magnetite-series granitoid plutons, which contrast magnetically with the 

ilmenite-series plutons o f the east coast. Geological sampling, be it for geochronology or 

susceptibility measurements, is generally limited to the edges of the peninsula, so it is 

difficult to see if any changes in age or susceptibility are gradual or sudden. The 

aeromagnetic survey evenly samples the magnetic field over the whole area, and from the 

maps presented (Figure 3.1, back pocket), it can be seen that the division between 

magnetic and non-magnetic areas is generally clear and linear. We can infer that this 

magnetic boundary marks the boundary between the magnetite-series and ilmenite-series 

plutons, and we can look to the Peninsular Ranges batholith of southern and Baja 

California for an analogue.
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Gastil et al. (1990) have mapped the magnetite-ilmenite boundary through southern and 

Baja California on regional, local and outcrop scales. Magnetite-series rocks occur on the 

western side of the boundary (closer to the trench) and there are some limited areas of 

overlap. Highly magnetic gabbros occur within the general ilmenite province in these 

overlap areas, and these gabbros are generally younger than the ilmenite-series plutons, 

suggesting an eastward shift of the boundary with time. Aeromagnetic data clearly image 

both the boundary and the magnetite-series outcrops in the overlap areas. The western, 

magnetite-series plutons are generally older (>105 Ma). The magnetite-ilmenite boundary 

also coincides with the axis of a negative heat flow anomaly, and gravity anomalies are 

generally higher on the western, magnetite side of the boundary.

These variations can be compared with the Antarctic Peninsula case. In both regions, the 

magnetite-series rocks are trenchward of the boundary, which is also the case in northern 

Honshu, Japan (Ishihara, 1977), but the reverse of the case in Chile (Ishihara & Ulriksen, 

1980), southern Honshu (Ishihara, 1977) and Sierra Nevada (Bateman et al., 1991). A 

gravity high occurs over the magnetite-series rocks (Garrett, 1990) and a general low over 

the ilmenite-series (Figure 1.7). In the Antarctic Peninsula case, the magnetite-series 

rocks appear to be younger than the ilmenite-series, although this age trend is not well 

controlled. We do not have heat flow measurements to compare.

Ishihara (1977) suggested that the presence of magnetite-series plutons was due to 

increased oxygen fugacity in the parental magma (mantle type) and that ilmenite-series 

plutons were formed from magma which had interacted with graphite-bearing sedimentary 

or metasedimentary crust (crustal type). For the Peninsular Ranges batholith of southern 

California, Gastil et al. (1990) could find no compelling evidence that crustal graphite was
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responsible for the ilmenite-series plutons, but proposed that the position of melting on the 

downgoing slab can cause sufficient variations in initial oxygen and water conditions to 

give rise to either magnetite- or ilmenite-series rocks. Where the slab will no longer 

support retention of structural water, high initial water fugacity and low initial oxygen 

fugacity will give rise to ilmenite-series plutons, so surface boundaries reflect the 

downgoing slab location. Further, detailed work by Gastil et al. (1990) showed that for 

individual plutons (with areas from 30 km2 to 400 km2), magnetite crystallised first, and 

differentiation in the magma then lowered the oxygen fugacity below the level for 

magnetite crystallisation. This has given rise to plutons with km-scale magnetite margins 

and ilmenite cores. Uplift and erosion of such plutons may remove the magnetite material. 

In the Peninsular Ranges, Sierra Nevada, Japan and Chile batholiths, the ilmenite-series 

sub-province is more deeply eroded than the magnetite-series, suggesting that the 

ilmenite-series plutons may have had original magnetite margins eroded away to leave the 

ilmenite cores exposed (Gastil et al., 1990).

The PMA, and by inference the magnetite-series sub-province of the Antarctic Peninsula 

Batholith, is limited to the western side of a major crustal lineament at the edge of the 

Antarctic Peninsula plateau (Figure 3.14). A number of authors have suggested uplift of 

the plateau (e.g. Thomson et al., 1983) which, following the model of Gastil et al. (1990), 

may have led to exposure of the ilmenite cores of the plutons in this area. Unfortunately 

there is very little exposed rock in the centre of the Antarctic Peninsula to test this 

hypothesis. Further work on individual plutons exposed at the edges of the peninsula is 

needed to determine magnetite distribution and erosion. The coincidence of the eastern 

limit of the magnetite-series sub-province o f the batholith with the edge of the peninsula 

plateau also perhaps suggests some structural control on the position of the batholith, 

particularly if the plateau edge also represents the western limit of the basement province
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(Sections 5.5, 7.3). Pitcher & Bussell (1977) have reviewed evidence for structural control 

of the Coastal and Cordillera Blanca batholiths of Peru, arguing that major crustal 

lineaments and fault lines have been exploited during magma emplacement. The 

emplacement of the magnetite-series sub-province may similarly have been controlled by 

a pre-existing major crustal lineament. The exact role o f this lineament, whether it 

controlled the emplacement of part of the batholith, or bounded later uplift of part of the 

batholith is not known at present. Further field investigation of this major feature should 

be undertaken.

7.2.2 Batholith volume

The Antarctic Peninsula batholith clearly represents a significant proportion of the 

continental crust in this region, but the volume of magma involved has not previously been 

estimated. Using the magnetic models presented in Chapter 4 , 1 can calculate estimates for 

the volume of the magnetic part of the batholith, and use this to limit the volume of the 

batholith as a whole. Estimates of the rates of emplacement of magma are more difficult to 

calculate, as age constraints on outcrop are too sparse.

The total width of the magnetic batholith, including both PMA components, is c. 120 km. 

This is typical for many arc batholiths, for example the Patagonian Batholith (50-150 km; 

Weaver et al., 1990; Bruce et al., 1991), Sierra Nevada (80-100 km; Bateman, 1983), the 

Kitakami batholith (Japan, 70-120 km; Finn, 1994), the Coastal Batholith of Peru (c. 100 km; 

Pitcher & Bussell, 1977) and batholiths along the Alaskan margins (15-175 km; Hudson, 

1983). The assumed thickness of the modelled batholith is 20 km (Section 4.3.1), which is 

difficult to justify other than as a convention for the depth of the Curie Point isotherm. As 

mentioned above (Section 4.3.1) it is very difficult to determine the depth extent of
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batholiths. For the Sierra Nevada batholith, depths of 6-12 km have been inferred from 

seismic and gravity data (Lynn et al., 1981; Oliver et al., 1993). A thickness of 10-15 km 

has been proposed for a buried Cretaceous batholith modelled from potential field data off 

northeast Japan (Finn, 1994), which causes an anomaly belt similar in width and amplitude to 

the PMA. A mean thickness of 12 km may be a more realistic upper limit for the PMA 

batholith. It is not clear what lies beneath the batholith, but recent geochemical and isotope 

studies of granitoids in northwestern Palmer Land (Wareham et al., in press) suggest basaltic 

underplate beneath the arc was a significant magma source. The high velocity (T.lOkms'1) 

layer at 12 km depth calculated from the ESSEX 2 seismic refraction line (Figure 1.13; 

Conway, 1992) could also be interpreted as underplated material, and it is possible that such 

underplate may lie beneath the entire PMA batholith. This basaltic underplate, where it is 

above the depth of the Curie Point isotherm, will be magnetic, and will add to the magnetic 

anomaly caused by the batholith. So, although the batholith itself may only extend to 12 km 

depth, magnetic material causing the anomaly may well extend to the full 20 km depth 

modelled. This is comparable to the Coast Plutonic Complex of western Canada. A large 

positive magnetic anomaly up to 800 nT amplitude has been interpreted as being caused by a 

large deep mass, 250 km long, 50 km wide and possibly 40 km deep (Roddick, 1983). The 

size of this mass suggests that it is more likely to be caused by a crustal segment than an 

intrusive body. The Antarctic Peninsula case may be a combination of shallow plutonic 

sources and deeper crustal sources.

Using the cross-sectional area o f the batholith in the five magnetic models in Chapter 4, 

and the length of the PMA in each of the segments represented the models, a rough volume 

of the batholith can be calculated. For the 650 km central part of the batholith imaged in 

the new magnetic anomaly map, and assuming a 20 km thickness, the volume of arc 

material represented is 1.16 million km3. Assuming a thickness of 12 km for the Antarctic
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Peninsula batholith, this volume is reduced to 696 000 km3. Using an average cross- 

sectional area, and assuming the batholith to underlie the whole proposed 2000 km extent 

of the PMA through the Antarctic Peninsula and Ellsworth Land (Maslanyj et al., 1991), 

the volume of this magmatic province reaches between 3.5 million km (20 km thickness) 

and 2.1 million km3 (12 km thickness). Assuming the full width of the batholith, including 

the magnetic magnetite-series and non-magnetic ilmenite-series sub-provinces is 210 km 

(Leat et al., 1995), a total (mapped) length of 1350 km (Leat et al., 1995), and a depth 

extent of 12 km, the Antarctic Peninsula batholith contains 3.4 million km3 of magmatic 

material.

The Antarctic Peninsula batholith clearly forms a significant proportion of Antarctic 

Peninsula crust, and the magnetic mapping firmly establishes it as a major member of the 

suite of circum-Pacific batholiths (Roddick, 1983; Kay & Rapela, 1990). It is one of the 

larger members of this suite, and shows important similarities and differences with the 

other major batholiths. Most of the major batholiths are associated with large positive 

magnetic anomalies. However, as mentioned above (Section 7.2.1), the position of the 

magnetite-series and ilmenite-series sub-provinces with relation to the trench differ. Age 

progressions across the batholiths also differ, with trenchward-younging in the Antarctic 

Peninsula and Kitakami batholiths and landward-younging in the Sierra Nevada, Peru 

Coastal and Peninsular Ranges batholiths. Of these, the Antarctic Peninsula Batholith is 

most similar to the Kitakami batholith of northeast Japan.

Further comparative magnetic and susceptibility studies of these batholiths are needed to 

answer questions regarding the causes o f variations in magnetite- and ilmenite-series 

plutons and relationships to tectonic setting. There are still insufficient numbers of dated 

plutons from the Antarctic Peninsula to arrive at any meaningful rate of magma
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emplacement, though this may ultimately be possible with careful and comprehensive 

dating of a representative area.

7.3 Crustal Structure of the Antarctic Peninsula

The identification of major longitudinal variations in the crustal structure of the central 

Antarctic Peninsula from the new magnetic mapping has a number of important 

implications. These implications are primarily related to the older crustal structure of the 

area: the presence and variation of pre-Mesozoic arc rocks. The distinct variation in 

magnetic terraces in central Graham Land (Figure 3.11) has been interpreted as a variation 

in pre-Mesozoic arc basement. This basement may either be Palaeozoic gneissic 

basement, as seen as outcrop at Target Hill, or a suite of Triassic or Jurassic plutons 

(Section 5.5) or, more likely, a combination of the two: early Mesozoic plutons intruded 

through Palaeozoic gneiss. The effects of this structure on the segmentation of the 

Antarctic Peninsula has been mentioned earlier (Section 6.2) and will be discussed below. 

There are two other major implications that deserve mention here, oroclinal bending and 

Gondwana reconstruction.

There has been much debate as to whether the arcuate shape of the Antarctic Peninsula is a 

primary feature, or is a result of tectonism after emplacement of the arc. Palaeomagnetic 

data (Watts et al., 1984; Grunow, 1993) show the similarity of northern and southern 

Antarctic Peninsula palaeomagnetic poles, indicating that no bending of the Antarctic 

Peninsula has taken place since c. 110 Ma. Grunow (1993) further suggests that no 

oroclinal bending has taken place since at least the Jurassic. Southern South America on 

the opposite side of Drake Passage, in contrast, appears from palaeomagnetic data
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(Cunningham et al., 1991), and strike-slip fault mapping (Cunningham, 1993) to be an 

orocline, formed since c. 120 Ma.

Marshak (1988) pointed out that palaeomagnetic data cannot recognise bends in arcs that 

form by re-arrangement of segments without rotation o f fault-bounded blocks. 

Palaeomagnetic data imply that no rotation of the segments of the bend of the Antarctic 

Peninsula has taken place and that the Antarctic Peninsula arcuate form is primary feature, 

i.e. the magmatic arc was emplaced in the sigmoidal form we see today. Examination of 

the shape of the peninsula shows that Graham Land appears to bend round the basement 

province proposed here. At the southern end of the northward-looking sinistral curve of 

Palmer Land lies the Precambrian Haag Nunataks crustal block (Storey et al., 1988). It is 

possible that the Graham Land basement and the Haag Nunataks block form obstructions 

against which the Antarctic Peninsula magmatic arc developed. Variation in the dip of the 

downgoing slab can be invoked to explain the shape of the peninsula. A shallow dipping 

slab to the north and south of the basement ‘obstruction’, or pre-existing continental 

margin, will cause variations in the distance from the trench o f the magmatic focus. This 

again assumes the locus of magmatism to be above the 100 km depth point on the 

subducting slab (c.f. Section 7.2.1). The sigmoidal line of the magmatism reflects the 

position of the downgoing slab. The variation in the slab dip may be related in some way 

to the presence of the Graham Land and Haag Nunataks basement provinces. So the 

arcuate form may be a result of the development of the arc around the pre-existing crustal 

material.

The second implication o f the presence of this distinct basement province is in Gondwana 

reconstructions. Overlap of the Antarctic Peninsula and southern South America is a 

problem that has received considerable attention (e.g. Norton & Sclater, 1979, Dalziel &

165



Elliott, 1982). Limiting the northern extent of the Antarctic Peninsula to the end of the 

Graham Land basement province (present day 66°S) would remove all the overlap. The 

problem, however, remains with the Trinity Peninsula Group, which underlies the northern 

part of the Antarctic Peninsula. The TPG comprises metamorphosed siliciclastic 

mudstones, siltstones and sandstones that were probably deposited during Carboniferous to 

Triassic times (Dalziel, 1982; Smellie & Millar, 1995) in a fore-arc setting (Storey & 

Garrett, 1985; Smellie, 1981). It is not known whether the TPG is in its original position 

with respect to the rest of the Antarctic Peninsula, or whether it is an accreted terrane, or is 

a translated fore-arc sliver from further south. Two apparently undeformed mid-Jurassic 

plutons intrude the TPG, dated at c. 159 Ma (Rex, 1976) on the eastern side, and 160 Ma 

(Pers. Comm. From R.J. Pankhurst, quoted in Grunow, 1993) on the western side of 

Trinity Peninsula. These dates place an upper age limit on any translation of the TPG, 

assuming that any translation would cause deformation of the plutons. A great deal more 

work needs to be done at the northern end of the Antarctic Peninsula to finally solve the 

overlap question, but the data and ideas presented here demonstrate that the pre-Mesozoic 

structure of the peninsula must be addressed in future research programs.

7.4 Typical arc magnetic signatures

The aeromagnetic anomaly field over the central Antarctic Peninsula is typical of that over 

an evolving magmatic arc. The identification of a characteristic magnetic signature for 

each tectonic element o f a developing magmatic arc (Chapter 5) can be confirmed by 

comparison with magnetic surveys over other known arcs, and has a number of 

implications for arcs and palaeo-arcs worldwide. The magnetic anomaly map of northeast 

Japan (Finn, 1994) exhibits a number of similar features. These include a large linear 

magnetic anomaly associated with a magnetite-series batholith of similar dimensions to
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the proposed PMA batholith, isolated anomalies in the back-arc associated with individual 

plutons, and a quiet magnetic field over a mapped accretionary prism, punctuated with 

short-wavelength anomalies associated, in Japan, with serpentinites. Magnetic anomaly 

maps of the western US show similar features. Large linear magnetic anomalies are 

associated with arc plutons in the Cascade Range (Finn, 1990), with the Sierra Nevada 

batholith (Bateman, 1983) and with the Coastal Range batholith (Johnson, P. et al., 1990). 

Subdued magnetic anomalies in the near-offshore are associated with accretionary material 

(Johnson, P. et al., 1990).

The relationship between the elements of an arc system and magnetic anomaly pattern 

(reduced to pole) can be summarised as follows: subdued anomalies over, fore- and back- 

arc basins; a subdued field with some superimposed positive anomalies over accretionary 

material; linear high-amplitude positive anomaly belts associated with the magmatic arc, 

which may reflect arc migration, compositional variations and/or intra-arc extension, and 

short-wavelength anomalies associated with post-subduction volcanism.

The recognition of these magnetic signatures in relatively unexplored areas (such as 

elsewhere in the Antarctic) may lead to the interpretation of magmatic palaeo-arc systems 

of a wide variety of ages. The recently acquired magnetic data set in North Victoria Land 

(Bozzo et al., 1995; in press) is a candidate to be examined in the light of the work 

presented here.

7.5 Segmentation

Segmentation is a feature o f arcs world-wide (Carr et al., 1974), but the causes and 

development o f segmentation are not well known. Segmentation of downgoing slabs has

167



primarily been determined by examination of earthquake epicentres (e.g. Barazangi & 

Isacks, 1976) or by the distribution of active volcanic centres (e.g. Guffanti & Weaver, 

1988). However, both these techniques determine segmentation o f the active arc and 

downgoing plate. The Antarctic Peninsula is an ideal place to study arc segmentation and 

links with the subduction history by other means, as the system is for the most part now 

inactive, and the plate convergence direction was perpendicular to the arc during the final 

stages of subduction. Studies in the Aleutian arc (Lonsdale, 1988) and the Cascade 

volcanic chain (e.g. Hughes et al., 1980; Stock & Lee, 1994) are complicated by oblique 

convergence, and hence the migration of fracture zones along the margin. Segmentation of 

northern Central America has been attributed to extension and rotation of crustal blocks 

(Burkart & Self, 1985) rather than to transverse breaks in the subducting plate, but this 

rotation is also driven by the oblique subduction regime. The identification of segmented 

features in the now inactive Antarctic Peninsula arc from magnetic and gravity data should 

provide a useful model to apply to other arcs. They can be used to determine palaeo- 

segmentation in arcs where subduction is continuing today and to identify possible 

reactivation of faulted boundaries between segments that may serve as the locus or 

boundary of modern seismic activity.

Stock & Lee (1994) have studied microplates along the Pacific margin of the North 

American plate with contrasting results. In the northernmost of their study areas, the 

boundaries of the Juan de Fuca plate and related microplates were found to have no major 

effect on the geology o f the overriding North American plate. Active volcanoes in the 

Cascade volcanic arc in the same area can be divided into segments (Guffanti & Weaver, 

1988), but these do not fall above the microplate boundaries (Stock & Lee, 1994). The 

microplates which existed off Baja California between 20 and 12.5 Ma had no observed 

effect on the overriding plate either (Stock & Lee, 1994), but microplates off northern
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Central America do appear to be related to deformation in the overriding plate. Studies of 

segmentation of the South American Pacific margin (e.g. Carr et al., 1974; Cobbing & 

Pitcher, 1983; Jordan et al., 1983; Ramos & Kay, 1992; Petford & Atherton, 1995) also 

indicate continental segments that do and do not correspond to oceanic segments. Cobbing 

& Pitcher (1983) and Petford & Atherton (1995) suggest a strong link between 

segmentation and pre-exisiting crustal structure. They further suggest that the segments of 

the Coastal and Cordillera Blanca batholiths are influenced by large-scale deep crustal 

faults or variations in the continental basement composition. Jordan et al. (1983) 

examined the tectonic history of the Nazca plate as it subducted beneath the South 

American margin. They documented variations in upper plate structure between flat and 

steep-dipping sections of the downgoing plate. They attributed the location of continental 

segments in the fore-arc and magmatic arc to the subducted plate regime, and the 

segmentation farther from the subduction zone to pre-existing crustal structure. They 

further speculated that the inherited structure of the continental plate may have influenced 

the position of the segment boundaries in the subducted plate.

This model for South American margin segmentation can be applied to the Antarctic 

Peninsula, and reveals some interesting comparisons. The segmented features farthest 

from the trench are the distinct basement “provinces” identified behind the main 

Mesozoic-Cenozoic magmatic arc, and these are interpreted as pre-existing crustal 

structure. In the arc (and possibly fore-arc), the continental segments (such as the 

variations in form of the PMA) appear to have a much closer link to the interpreted oceanic 

plate segmentation in most segments. The combination of these two causes of 

segmentation occurs in the Graham Land segments, where the basement appears to 

influence the arc segmentation. Unfortunately no information exists as to the palaeo-dip 

of the downgoing slab, but it is interesting to speculate on the possible effects of variations
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in the dip of the slab beneath the Antarctic Peninsula. As previously mentioned (Section 

5.3.2), changes in slab dip may account for the apparent east-west age migration in the arc, 

the separation of the PMA components, and possibly the shape of the peninsula. Assuming 

the sigmoidal shape of the Antarctic Peninsula to be a primary feature, and that subduction 

was more-or-less continuous along the Pacific Margin for some 200 Myr (Pankhurst, 

1990) it is reasonable to expect the dip of the downgoing slab to have varied both with 

time, and along the peninsula. It is likely that the continental crust will also have been 

modified after prolonged subduction-related magmatism. Barazangi & Isacks (1976) 

showed that continental segments above flat slab regions of the downgoing plate coincided 

with areas of no Quaternary volcanism, which they explained by the absence of a mantle 

wedge between the downgoing plate and the continental lithosphere. It can be speculated 

that the cessation of magmatism prior to ridge arrival along the Antarctic Peninsula (e.g. 

Barker, 1982) may be due to shallowing of the slab as progressively younger, more 

buoyant oceanic lithosphere was subducted. This is at odds with the proposed increase in 

slab dip associated with decreases in convergence rates in Tertiary times offered as an 

explanation of the Antarctic Peninsula segmentation (Section 6.4). A better distribution of 

dated rocks throughout the peninsula may define more rigorously the proposed migration 

of magmatic activity and help to answer this question.

7.6 Conclusions

The work presented here goes some way to answering the questions asked at the beginning 

of this thesis (Section 1.1). The questions were phrased in such a way that definitive 

answers were unlikely and indeed not expected, but the research has made some significant 

steps towards understanding the crustal structure and tectonic history o f the Antarctic 

Peninsula and of magmatic arcs in general.
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a) What is the cause of the Pacific Margin Anomaly, and why is it confined to the west of 

the Antarctic Peninsula?

The coincidence of the Pacific Margin Anomaly with positive gravity anomalies along the 

western margins o f the Antarctic Peninsula indicates that the body causing the PMA is 

both dense and magnetic, and supports the interpretation of reconnaissance aeromagnetic 

surveys that the source of the PMA is a mafic-intermediate batholith. Examination of 

susceptibility data from Antarctic Peninsula batholith rocks suggest that the batholith can 

be divided into magnetite-series and ilmenite-series sub-provinces. The magnetite-series 

sub-province is confined to the western (trenchward) part of the arc, and is coincident with 

the PMA. The batholith is split into two components to the north of Marguerite Bay, and 

the steep modelled sides of the components suggest this split was caused by intra-arc 

extension. The batholith clearly forms a significant proportion of Antarctic Peninsula 

crust, and may contain some 3.4 million km3 of magmatic material. The coincidence of 

major crustal lineaments in satellite imagery with the proposed magnetite-ilmenite 

boundary suggests either a structural control on batholith emplacement, or subsequent 

uplift of the Antarctic Peninsula plateau. The large batholith volume suggests that some 

extension was initially required to permit emplacement of the intrusion, and post

emplacement extension was sufficient to modify the batholth.

b) What can the new magnetic data reveal about the crustal structure of the Antarctic 

Peninsula, and of magmatic arcs in general?

The new magnetic anomaly map has been used to identify a typical magnetic signature for 

each component of the Antarctic Peninsula magmatic arc, and these signatures have been
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identified in other arc regions. For the Antarctic Peninsula, a new geological sketch map 

has been drawn, incorporating interpretations of the magnetic and gravity data. The new 

features of the sketch map are: confirmation that the offshore component of the PMA in 

the northern Graham Land segment is caused by arc rocks, the interpretation of an 

extensive basement province in the southern Graham Land segment, and the extension of 

the Alexander Island accretionary prism across Marguerite Bay. The proposed three 

distinct areas of pre-Mesozoic basement in the central Antarctic Peninsula may have 

important implications in the Mesozoic development of the shape of the Antarctic 

Peninsula, and its position in Gondwana reconstructions.

c) What is the relationship between the perceived tectonic segmentation of the Antarctic 

Peninsula and the offshore tectonic history and can this be related to arc segmentation in 

general?

A scheme of continental and oceanic crustal segmentation has been proposed on the basis 

of the new magnetic data onshore, and free air gravity anomaly data offshore. The 

segmentation be explained by a combination of the effects of pre-existing continental 

crustal structure and of the offshore tectonic history. A mechanism has been proposed to 

account for segmentation of the magmatic arc, involving changes in the extensional regime 

linked to decreases in plate convergence rates throughout the Tertiary. The manifestation 

of this proposed extension varies according to the underlying basement structure of the 

Antarctic Peninsula. The importance of considering pre-existing crustal structure has not 

previously been emphasised for the Antarctic Peninsula, but comparisons with the margin 

of South America suggest that this should be considered when addressing questions of 

segmentation of other arcs. The arrival of segments of ridge crest at the Antarctic 

Peninsula trench, previously invoked to explain the segmented features, is here considered
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to have caused only localised effects, close to the trench. The magnetic data do not 

sufficiently cover the margins of the Antarctic Peninsula continental block to add any 

further detail to previous work in these areas. This study has shown the usefulness of 

magnetic anomaly data in assessing arc and palaeo-arc segmentation. Magnetic anomaly 

maps can be used alongside distributions of seismic events and volcanic centres in 

assessing the segmentation of arcs worldwide.

7.7 Recommendations for further work

The regular, uniform coverage of magnetic anomaly data can only currently be matched 

with satellite imagery on the Antarctic Peninsula. Interpretation of the magnetic data 

would be better constrained with complementary data sets such as gravity, susceptibility 

and geological sampling. A major airborne gravity campaign in the southern Antarctic 

Peninsula (Jones & Johnson, 1995) has recently been extended to cover much of the 

western part of the Antarctic Peninsula, from 66°S to 72°S (Jones, in press). These data 

should be used to confirm or otherwise the proposed basement variations.

Further susceptibility measurements on existing geological collections, and all new 

collections would also help in the interpretation of the magnetic data. However, geology- 

based sampling such as this will always be limited to outcrop, and hence generally to the 

west and east coasts of the Antarctic Peninsula. Any gradual east-west variations are 

concealed beneath the ice cover o f the central plateau. More detailed studies of the 

distribution of magnetite-series and ilmenite-series plutons (Section 7.2), and 

susceptibility studies o f individual plutons may reveal insights into mechanisms of crustal 

formation in the area.
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The new magnetic anomaly map can be used for planning geological sampling campaigns, 

and to extrapolate the extents of geological features from known outcrop to ice-covered 

areas, for example in the transition zone between Palmer Land and Graham Land (Leat et 

al., 1997). The extension of the detailed magnetic surveying into Palmer Land, where 

detailed geological work has been undertaken recently (Vaughan & Millar, 1996), will be 

useful to extend the interpretations introduced here (Vaughan et al., in press).

The effects of ridge-crest trench collision along the Antarctic Peninsula in Tertiary times 

has its closest analogue in the present subduction of the Nazca ridge beneath the margin of 

southern Chile (e.g. Cande & Leslie, 1986). The main difference between the Chile and 

Antarctic Peninsula cases is that in the former, subduction continued, albeit at a slower 

rate, following arrival of the ridge crest. Nevertheless, examination of existing data for 

this region, or a new survey campaign, would provide material for the comparison of the 

two regions, from which some insights into the effects that ridge collision may have on the 

overriding lithosphere might be gained. Further comparisons with magnetic data from 

other circum-Pacific batholiths may also lead to insights into active margin processes and 

batholith development.

The new aeromagnetic data should be incorporated into the compilation map and digital 

database being produced by ADMAP (Antarctic Digital Magnetic Anomaly Project; 

Johnson et al., 1977). This will enable the data to be used in continental-scale 

interpretations, which may lead to the extension of interpretations from well-surveyed 

areas into areas o f reconnaissance coverage. Comparison of the Antarctic Peninsula data 

with data, both from farther westwards along the palaeo-Pacific margin of Antarctica, and 

from the Weddell Sea margin, may give further insight into oceanic-continental 

interactions. This will be of particular interest in the area o f the proposed Bellinghausen
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microplate, (Stock & Molnar, 1987), close to the region from which New Zealand broke 

away from the rest of Gondwana. Such investigations may lead to insights into the role of 

microplates in the fragmentation of continental margins.
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