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Abstract 
Modelling Plate Kinematics in the Scotia Sea 

A new model of plate kinematics in the Scotia Sea region is presented in which continental 

crustal blocks and the signatures of seafloor spreading are defined semi-automatically us- 

ing gravity and total field magnetic anomalies and some of their residuals, transformations 

and derivatives. This study is the first of the region to integrate gridded magnetic and 

gravity data in order to make reconstructions, and one of the first anywhere to make full 

use of gridded magnetic data in an inverse procedure. The context provided by the quan- 

titative reconstructions allows qualitative assessment of visually-derived reconstructions 

of small movements in the region. 

The Scotia Sea floor consists of three large oceanic magnetic provinces: the west, 

central and east Scotia seas, and four smaller sub-basins, all enclosed within the elevated 

submarine and emergent Scotia Arc. The Scotia Arc consists of Mesozoic continental and 

Cenozoic island-arc fragments. Only the east Scotia Sea remains active; the west and 

central parts are the products of extinct spreading centres. 

West Scotia sea spreading is reasonably well described by tectonic flowlines expressed 

in satellite free-air gravity anomalies and magnetic reversal isochrons in total field anoma- 

lies. These data are combined in an inversion to reconstruct the west Scotia Sea's margins 

between its inception at thron C8 (- 26.5 Ma) and extinction at chron C3a (- 6 Ma). 

The results suggest strongly, and for the first time, that the west Scotia Sea formed as 

a small ocean basin whose passive margins were Tierra del Fuego and the central Scotia 

Sea, and not as a back-arc basin in the strict sense. During its growth the kinematics of 

the west Scotia Sea's margins approximated those of the South American and Antarctic 

plates. The small kinematic differences are suggested to be due to convergence at the 

`proto-South Sandwich-Discovery' subduction zone, to the east of the central Scotia Sea, 

and to dextral strike-slip (pre-C6 (N 20 Ma)) and oblique convergence (post-C6) at the 

North Scotia Ridge, the Mesozoic northern arm of the Scotia Arc. 
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The most widely-accepted interpretations of the central Scotia Sea hold that it is 

a back-arc basin, but model flowlines about published reconstruction poles in the region 

show that instead it could have originated by accretion to the South American plate at the 

ancestral South American-Antarctic Ridge in the Weddell Sea, later to move eastwards 

as the eastern passive margin to the west Scotia Sea. Magnetic reversal anomalies in the 

central Scotia Sea are consistent with its accretion in this way during the Cretaceous, 

probably between chrons M4 and M20 (- 126-149 Ma). All of this material was hitherto 

thought to have been destroyed completely by subduction at the ancestors of the South 

Sandwich subduction zone. The central Scotia Sea is thus also re-assigned in the model 

to have an oceanic, rather than back-arc basin, origin. Hence, the bulk of the Scotia Sea 

floor formed as a consequence of the predictable movements of major plates following the 

break-up of Gondwana, with back-arc basins in the strict sense only forming small sub- 

basins until the inception of the east Scotia Sea at or soon after C5c. The development 

of this much larger, oceanic, back-arc basin occurred following a change in the direction 

of relative motion at the West Scotia and South American-Antarctic Ridges at C6. This 

new model of Scotia Sea kinematics, presented as a series of reconstructions of total field 

and Bouguer anomalies, is the first to be both self-consistent and consistent within the 

context of known major plate motions. 

The new interpretation of the central Scotia Sea is at odds with previous reconstruc- 

tions which place South Georgia in the heart of a reconstructed compact connection 

between Tierra del Fuego and the Antarctic Peninsula. The altered position of South 

Georgia, south of Maurice Ewing Bank (Falkland Plateau) helps explain the puzzling 

provenance of its turbidites and suggests, as previous workers have done, that it may be 

appropriate to redefine the genesis of at least the eastern part of the Rocas Verdes Basin 

as an oceanic basin formed by accretion at a propagating rift, rather than (as before) a 

rare example of a back-arc basin formed behind an east-directed subduction zone. 

Although the new model is self-consistent, it is not uniquely so for two of the small 

basins in the Scotia Sea (Protector and Dove Basins) whose age remains poorly defined. 
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It can be speculated that either or both of these basins may have opened deep-water 

gateways in the Drake Passage region prior to spreading in the west Scotia Sea, possibly 

in the Middle Eocene. A very tentative correlation between such events and initial cooling 

prior to the onset of Antarctic glaciation, via the cooling effect of establishing an efficient 

Antarctic Circumpolar Current, is suggested. 
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Chapter 1 

Introduction and Review 

Keywords Scotia Sea geology. Scotia Sea geophysics. Plate tectonic theory. Reconstruc- 

tion techniques. 

1.1 Introduction 

Covering well over one percent of Earth's surface area, the Scotia Sea region is an impor- 

tant interchange in the Southern Ocean's tectonic, biological and oceanographic systems 

(Figure 1.1). Tectonically it constitutes a boundary between the Pacific and Atlantic 

spreading systems and between South America and Antarctica. The east Scotia Sea is 

the longest known example of back-arc extension by seafloor spreading (Barker, 1970), 

and possibly the simplest. The region is a long standing problem in Gondwana recon- 

structions in which the Antarctic Peninsula overlaps Tierra del Fuego, some 100 million 

years prior to the opening of the Scotia Sea (Smith and Hallam (1970), Figure 1.2). The 

initial position and subsequent dispersal of the Peninsula during the later Mesozoic and 

Cenozoic are largely unconstrained, but are thought to be intimately bound up with the 

history of the `Weddellia' collage of microplates in West Antarctica (Grunow et al, 1987; 

1991). In biogeography the Scotia Sea is the most recently established barrier to dispersal 
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of marsupial mammals (Woodburne and Zinsmeister, 1982; Case et al, 1988; post-60Ma) 

between South America and Antarctica, and the most recently established pathway for 

interchange between Pacific and Atlantic marine life (Beu et al, 1997), including vent- 

specific fauna (Tunnicliffe et al, 1998). Oceanographically the region is the final barrier 

to establishment of the Antarctic Circumpolar Current, which is influential in the global 

ocean as the dominant feature of Southern Ocean circulation and therefore a major con- 

tributor to late Neogene climate. A more controversial circulation, of Earth's mantle, is 

also hypothesised to exploit the gateway between thick continental lithosphere of South 

America and Antarctica which blocks outflow of asthenosphere beneath the shrinking 

Pacific Ocean to the growing Atlantic Ocean (Alvarez, 1982). 

1.1.1 Aims of the thesis 

An important theme in all these points of significance is the establishment and destruction 

of gateways and barriers by tectonics. The Antarctic region is dominated by microplate 

tectonics (Dalziel and Elliott, 1982; Martin, 1986; Mitchell et al, 1986; Maslanyj and 

Storey, 1990; Grunow et al, 1992; DiVenere et al, 1995; for example) with the potential 

for fine scale segregation, dispersal and vertical movements of crustal blocks as barriers. 

Thus the main aim of this thesis is to address the problem of the kinematic evolution of 

the region since separation of the Antarctic Peninsula and Tierra del Fuego. This provides 

a new framework within which the issues associated with the evolution of gateways and 

barriers can be addressed. A quantitative reconstruction technique-joint inversion of 

seafloor flowline and magnetic isochron data-is used for the extinct west Scotia Sea and 

Phoenix-Antarctic spreading systems. For the numerous smaller basins within the region 

note-quantitative reconstructions are made and assessed within the context of major plate 

motions. The modelling process gives some results which are pertinent to the earlier 

breakup of Gondwana, which will be explored briefly. 

In this chapter, Chapter 1, a review of previous reconstructions of the region is 

given. The major-plate context, in which the region is set, is introduced. Brief reviews 
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Figure 1.1: Location of the Scotia Sea (box). Red lines are active plate boundaries, stars the 
positions of hydrothermal vent sites from which vent-specific fauna have been collected (Tunnicliffe 

et al, 1998). Light blue line shows the approximate path of the Antarctic Circumpolar Current. 
SS: Scotia Sea; AP: Antarctic Peninsula; BTJ: Bouvet Triple Junction. 
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Figure 1.2: Overlap of the Antarctic Peninsula with southernmost South America in a recon- 
struction of Gondwana in the late Jurassic (from Lawyer et at (1985)). 

of plate tectonics and reconstruction techniques are given. In Chapter 2a model of 

the Scotia Sea as discrete units of oceanic and continental crust is set up. This is done 

using free-air, Bouguer and isostatic residual gravity anomalies, and total field magnetic 

anomalies reduced to the pole and inverted for oceanic magnetization. The likely uncer- 

tainties in these geophysical data are considered. Detailed consideration is given to the 

picking of magnetic isochron and flowline data to be used in joint inversion as the plate 

boundaries are short and inversion of the data for reconstructions is vulnerable to errors. 

In Chapter 3 the model is subjected to the joint inverse reconstruction technique. The 

inversion of gridded data is discussed briefly. This is followed by the results of the inver- 

sions as applied to the region. In Chapter 4 consideration is given to the opening of 

smaller basins and strike-slip movements of microplates in the Scotia Sea region: their 

age, extent, tectonic setting and reconstruction. Preference is given to conclusions which 

are consistent within the context of major plate motions and the reconstructions given by 

the previous chapter, but consideration is given to alternatives. Chapter 5 consists of a 
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series of reconstructions of total field magnetic and Bouguer anomalies in the Scotia Sea 

region during the Cenozoic, and the possible plate boundaries they imply. In Chapter 6 

the history of the enigmatic central Scotia Sea is addressed in the context of the Cenozoic 

model and what is known of the history of seafloor spreading between Antarctica and 

South America. In the final chapter, Chapter 7, briefer discussions and speculations 

are given regarding the implications of the new model for the tectonics of the Shackleton 

Fracture Zone, and, more speculatively, for asthenosperic outflow. The implications of the 

new model of kinematics to paleo-circulation are explored. Two appendices contain fur- 

ther information on some of the techniques adopted in modelling. One enclosure provides 

larger versions of some figures, and data used for the quantitative reconstructions. 

1.2 Plate tectonics 

The possibility that continents might be reconstructed pre-dates all theories about their 

kinematic independence; Ortelius, Bacon, Placet, Lilienthal, von Humboldt and Snider- 

Pellegrini all comment, in the pre-uniformitarian age, on the similarities of mapped coast- 

lines, the last of these publishing the first reconstruction (see Kearey and Vine (1996; 

p. 1-2)). Only since the early twentieth century has evidence for this independence been 

weighty enough to drive serious efforts by reconstructionists. The endeavour found the 

possibility of analytical rigour with the advent of plate tectonic theory. 

Continental drift 

Non-catastrophic explanations of mobilism first appeared in the twentieth century ex- 

plaining the distribution of old coastlines and young mountain chains (Taylor, 1910), 

igneous provinces, cratons, disrupted old fold belts, climate-thems, fossil fauna and flora 

(Wegener, 1924; du Toit, 1937) and apparent paleomagnetic polar wander (Runcorn, 

1959; Creer, 1965). In this literature the past supercontinents Pangaea, Gondwana and 

Laurasia and the associated oceans Panthalassa and Tethys were first postulated and re- 

constructed. The theory of drifting continents ascended only slowly to orthodoxy because 
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Figure 1.3: Cartoon representation of mantle convection as the driving force for continental drift, 

new figure after the theory of (Holmes, 1928). 

mantle convection, the most believable of a number of proposed mechanisms (Figure 1.3; 

Holmes (1928)) could not completely produce the apparent continental motions. 

Seafloor spreading 

The seafloor spreading concept (Dietz, 1961; Hess, 1962) arose out of the initial stage of 

exploration of the deep oceans which began after the Second World War. The ocean basins 

were seen to be much younger than the continents (see Heezen (1962) and references in 

Vogt et al (1969)), with thinner crust (Talwani et al (1965) and summary in Oxburgh 

and Turcotte (1968)), and topographically dominated by a median volcanic ridge feature 

(Heezen, 1959; 1960; 1962; Heezen et al, 1959; for example). The role of the crust in mantle 

convection was developed, so that in the hypothesis hot convecting mantle ascends, then 

diverges laterally, moving the oceanic crust with it by basal drag and simultaneously 

filling the divergence (Figure 1.4). It is thrust down into the mantle at oceanic trenches 

by the cold arms of convection currents. The continents are entirely passive. 

A prediction by Vine and Matthews (1963), accompanying widespread acceptance of 

the phenomenon of geomagnetic field reversal (Cox and Doell, 1962; Cox et al, 1963), 

provided a test of the hypothesis. As the reversing geomagnetic field is recorded by the 

thermo-remanent magnetization of ferromagnetic minerals in the new rocks continually 
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Figure 1.4: Cartoon representation of classical seafloor spreading, in which the oceanic litho- 

sphere moves due to drag at its base by convection cells transporting heat away from Earth's 
interior. 

forming in the volcanic divergence at the elongated mid-ocean ridge crests, a map of 

seafloor magnetization should show alternating strips of reverse and normally magnetized 

rocks. This was already well known from the northeast Pacific (Mason and Raff, 1961; 

Raff and Mason, 1961; Figure 1.5), and subsequently shown to be true for large areas of 

oceanic crust (Vine, 1966). 

The problem of linkage between spreading centres and subduction zones was addressed 

by Wilson (1965) and by McKenzie and Parker (1967), Morgan (1968) and McKenzie and 

Morgan (1969), with the concept of transform faults (Figure 1.6). The transform fault 

hypothesis accounts for failings of previous ideas concerning the formation of long seafloor 

troughs which segment the median volcanic ridges (Menard, 1955). Transform faults 

passively accommodate relative motions about ridges and trenches rather than actively 

cutting them. Those which accommodate ridge offsets of less than 100-200 km often do 

this is by acting in a purely strike-slip sense: that is to say the motions of the opposing 

flanks of the fault are parallel to one another, to the transform fault itself, and to relative 

plate motions at it, but in opposite directions (Wilson, 1965). As a result of this process 

such transform faults leave a scar in older seafloor outside of the active region between 

ridge-transform intersections, called a fracture zone, which describes the past motion 

of the flanking plates at the ridge crest-a tectonic flowline. With the recognition of 
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Figure 1.5: Magnetic reversal anomalies of the northeast Pacific Ocean, after Raff and Mason 
(1961). Their presence confirmed the prediction of Vine and Matthews (1963), which was a test 
of the seafloor spreading hypothesis, that such anomalies would be seen in accreted oceanic crust. 

divergence and convergence in the continental lithosphere, as continental rifts and young 

mountain belts, the entire lithosphere was included in an essentially complete kinematic 

theory. 

Plate tectonics 

World seismicity, at first order, is consistent with the kinematic disposal of elastic (rigid) 

plates bounded by the linear mid ocean ridges, subduction zones and transform faults. 

Earthquakes cluster along these linear belts, having extensional source mechanisms at 

ridges and rifts, compressional mechanisms at trenches, and strike-slip at transform faults 

(Sykes, 1967; Isacks et al, 1968; Barazangi and Dorman, 1969). The first order distribution 

of volcanism is similarly consistent. In vertical section the rigid plates include all of the 

crust (oceanic or continental) and the uppermost mantle: together a rheologically distinct 
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Figure 1.6: Transcurrent and transform faults. Active elements are shown as thick lines, passive 
elements as thinner ones. The entire length of a transcurrent fault is active: it offsets passive 
features in the sense (thin half-arrows) apparent by the step in the feature's strike. Transform 
faults are only active in the offset between active spreading centres. Relative motion (thick arrows) 
of the plates on opposing flanks of the active fault is opposite to the apparent sense of offset. 

layer termed the lithosphere. Beneath the lithosphere a weak layer, characterised by slow 

convection, is called the asthenosphere. The plates are the basis of plate tectonic theory 

(Figure 1.7). It assumes that the plates do not deform internally, but only at their edges 

by accretion or subduction. 

At subduction zones oceanic lithosphere sinks into the asthenospheric mantle due 

to its increased density resulting from thermal contraction. Within the sinking slabs 

increasing pressure induces minerals to change to more dense phases, which perpetuates 

subduction. The initial descent of slabs may be spontaneous, or forced, where oceanic 

lithosphere converges with less dense continental lithosphere. In this view of subduction 

the role of oceanic lithosphere in plate tectonics is not passive. Basal drag, of the plates 

by convection currents in the mantle, is not considered to be a strong enough driving 

force to give observed rates of plate motion. Instead the oceanic lithosphere is thought to 

form the upper layer of one length-scale of convection in the mantle. The vertical scale 

is not agreed on: it may be important enough to involve the whole mantle or just its 

upper 670 km (Loper, 1985; Christensen, 1985; for reviews). The weight of sinking slabs 

of oceanic lithosphere, the downgoing limbs of mantle convection cells, is calculated to 
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Figure 1.7: Plate tectonic model showing the role of subduction in plate movements and convec- 
tion in the asthenosphere (after Isacks et al (1968)). 

be the dominant force driving the plates-'slab pull' (Richter, 1973; Forsyth and Uyeda, 

1975), although the driving force of plate tectonics remains a controversial subject. 

New oceanic lithosphere is created at the mid oceanic ridge crests where plates diverge, 

probably as a consequence of slab pull forces. The opening gap between them is filled 

by asthenospheric material rising in response to decreased pressure at the elevated ridge 

crest. Decompression accompanying its rise allows the asthenosphere to melt partially. 

The melt products fill the gap as volcanic and intrusive mafic rocks, giving rise to a 

characteristic layered velocity structure in seismic profiles (Hill, 1957; Raitt, 1963). From 

top to bottom these layers are numbered 1 to 3 (Figure 1.8). The lavas of layer 2 are 

strongly magnetized and give rise to most of the magnetic anomaly recorded at the sea 

surface. 

Back-arc basins 

At subduction zones partial melting of the subducted slab gives rise to surface volcanism 

in an arc, usually about 150 km beyond the trench, on the overriding plate. Back-arc 

spreading, which is extension by seafloor spreading behind the arc as seen from the trench, 

is a special local consequence of subduction (Figure 1.9). Back-arc extension usually 

begins within the arc itself because it is hot and ductile (Tamaki, 1985). Extension may 
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Figure 1.8: Summary of layers in 6.2 million-year-old oceanic crust near the East Pacific Rise 
defined by their seismic velocities and lithologies from DSDP borehole 504B (after Bratt and 
Purdy (1984)). Layer 1 (not shown) is a layer of abyssal sediments. 

proceed to seafloor spreading, often after just a few million years, moving one half of 

the split arc away from the volcanic locus and giving rise to an inactive remnant arc. 

Within this general scheme there is much variability, and the stages of extension may 

overlap in time, so that it is no surprise that back-arc basins do not all show similar 

characteristics. The locus of extension may or may not be well defined (Barker, 1972; 

Hamburger and Isacks, 1988). The basin may or may not show a multiphase history 

(Karig, 1971). The basin may appear to have originated in either continental (Dalziel 

et al, 1974) or oceanic (Karig, 1971) lithosphere. This variability is the reason for the 

variety of causative mechanisms proposed for the development of back-arc basins. Back- 

arc extension has been proposed to be a consequence of partial melting in the upper part 

of the subducting slab and ensuing forcible diapirism (Karig, 1971). Packham and Falvey 

(1971) suggest that this diapirism is instead passive, in response to regional tension due 

to the seismic coupling at the trench and its rollback, or retreat, towards the downgoing 

plate, as the slab sinks vertically into the mantle (Chase, 1978; Dewey, 1980). Secondary 

convection induced in the asthenosphere by the descent of the slab is invoked as a means 
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Figure 1.9: Features of a subduction zone with back-arc extension. Although the dynamics of 
back-arc extension are still not well understood, absolute retreat of the overriding plate (grey 

arrow) is thought to be important. To accommodate this retreat a back-arc basin develops in its 

wake. An accompanying phenomenon is trench rollback: the dotted lines show the disposition of 
the slab, arc, back-arc basin and remnant arc at a time when the trench was positioned at point 
A, whence it rolled back to point B. 

by which decompression melting might give way to back-arc volcanism (Hsui and Toksöz, 

1981; Jurdy and Stefanick, 1983). A jump of the subduction locus toward the downgoing 

plate has been suggested as a causative mechanism for back-arc basins opening in the 

Bering and Caribbean seas (Karig, 1974). Recent times have seen a consensus forming 

around the importance of a situation where the overriding plate's absolute motion (in a 

fixed reference frame: usually tied to the surface expression of mantle hotspots) is away 

from the subduction hinge (Chase, 1978; Dewey, 1980), which can be moving or fixed with 

respect to the mantle. The accompaniment of trench rollback seems important but there 

is some debate regarding whether it is a cause or a consequence of back-arc spreading. 
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1.3 Two plate reconstruction techniques 

Many different techniques have been used to produce tectonic reconstructions. The sim- 

plest reunite geological markers from continental crust on a flat map (Wegener, 1924; du 

Toit, 1937), or by using transparent spheres (Carey, 1958). Single fits like these are made 

visually and their significance is difficult to assess. With the advent of plate tectonics 

and marine geophysics, visual fits of very large data sets representing magnetic isochrons 

and fracture zones in the oceans allow reconstructions other than at closure (Cande et al, 

1988; Nürnberg and Müller, 1991; Reeves and Sahu, 1999). 

Automated fitting using mathematical methods gives results which can be reproduced 

and their significance assessed by formal statistical means. Two classes of methods, grid 

searches and iterative inversion, attempt to minimise a `misfit' quantity for a model which 

fits the data as closely as possible. Each can be subdivided by the features fitted and 

by how quantification is achieved, although all make use of some sense of least-squares 

fitting. 

1.3.1 Euler poles 

The most common means of describing the movements of plates is by the use of Euler's 

fixed point theorem. On a sphere, or a spherical Earth, movement of one point with 

respect to another can be described by a rotation of a given number of degrees about a 

pole (an `Euler pole') at a certain latitude and longitude. The trajectory of the moving 

point is a small circle about that pole. At the pole itself there is no relative motion between 

points. By convention anticlockwise rotation about a pole is given a positive value. In 

practice poles and circles are often handled as vectors, and rotations as matrices, in the 

mathematics of spherical geometry, which is summarised in Appendix A. 

Different types of poles describe different types of rotations in plate tectonics (Fig- 

ure 1.10). Instantaneous poles describe the true relative motion between plates at an 
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Figure 1.10: Instantaneous, finite and stage poles, for describing motion which has given rise 
to three isochrons labelled Al (green, at ridge crest), A2 (red) and A3 (blue). IA1 describes the 
motion at chron Al only. FA3 is a rotation which reunites the conjugate A3 isochrons. A sequence 
of stage poles A3SA2, A2SA1 more closely resembles actual motion in the A3-Al period, shown by 
the tectonic flowline (top). 

instant in time, usually the present. Finite poles describe a single rotation between one 

time and another: they do not necessarily describe the plates' actual paths within that 

time bracket. Reconstruction poles are finite poles for a given time and the present. Stage 

poles describe motion which is assumed to have been constant, for one plate only, between 

two times: say 40 Ma and 20 Ma. Subject to the assumption of constant spreading, a se- 

quence of stage poles therefore more closely describes the plates' actual paths-a tectonic 

flowline of plate motion. If the latter time is the present then the stage pole is the same 

as the reconstruction pole for the earlier time, but with half the rotation angle. Stage 

poles for two plates sharing a boundary are separated by the finite rotation between those 

plates for the younger end of the stage. 

1.3.2 Grid search techniques 

In techniques of this kind a set of test pole parameters (e. g. latitude, longitude of Euler 

pole, rotation angle) juxtaposes a set of conjugate features. A definition of `misfit' is used 

to generate residuals which are used to quantify the juxtaposition by some test criterion. 

I 
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A minimum test criterion is searched for in a grid in parameter space around the pole. 

The procedure is repeated about the new pole, if necessary with reduced grid spacing, for 

a solution that satisfies some predetermined limit. 

The first quantitative reconstruction (Bullard et al, 1965) reunites the 500 fathom 

bathymetric contours bounding the Atlantic Ocean. Points on one contour are rotated to 

the conjugate contour. Residuals are the points' displacements from the contour measured 

on a small circle about the test pole. The mean square of all residuals is minimised by 

grid searching, giving total-reconstruction poles in the North and South Atlantic oceans. 

McKenzie and Sclater (1971) rotate magnetic isochron data and minimize the area 

enclosed by the rotated and conjugate isochrons. Hellinger (1981), after early studies 

(Morgan, 1968; Le Pichon et al, 1973) highlighted the importance of fracture zones, in- 

cludes them with isochrons to define staircase-like figures for reconstruction. This method 

has seen extensive use ever since, see for instance Stock and Molnar (1983); Chang (1987); 

Wilson (1993) and Kirkwood et al (1999). 

Engebretson et al (1984) develop a grid search technique for data from single plates, 

which is applied in the Pacific Ocean. Points of fracture zone-isochron intersection are 

fitted progressively along each fracture zone. Residuals are the angular distance between 

rotated and target intersections, weighted by the number of residuals supplied from each 

point, so that all rotating intersections can have equal influence. The test criterion is the 

sum of squared residuals. 

1.3.3 Iterative inversion techniques 

Iterative inversion similarly begins with a set of residuals from a test rotation. Partial 

derivatives describe how small changes in the pole parameters affect a test criterion. Ex- 

pressing this description as a least squares problem allows changes to the pole parameters 

to be found which reduce the test criterion. Iterations of this process approach a solution 

which minimises the test criterion as much as possible. 
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Pilger (1978) uses fracture zone and isochron data jointly. Residuals are defined with 

respect to great circles through the two nearest points on the target figure. Partial deriva- 

tives are used in a non-linear iterative inversion for solution poles which minimise the sum 

of squared residuals. Nishimura et al (1984) alter the method of residual generation so a 

linear least-squares approximation can be made. Only fracture zone-isochron intersection 

data are used. This method also admits pseudofault-isochron intersection data, which 

are similarly produced by a symmetrical process-ridge propagation. 

Shaw (1987) uses continuous fracture zone traces from satellite altimeter data to 

constrain the continuity of plate motion as tectonic flowlines. Residuals are defined with 

respect to target flowlines, composed of small circle segments about the test poles, grown 

outwards from ridge-transform intersections. The fracture zone itself is not used as a 

target in the knowledge that, for finite length transform faults, fitting conjugate fracture 

zones involves small errors not due to the pole parameters. Shaw and Cande (1990) 

combine this technique with the use of isochron data. Residuals are defined separately for 

each data type: for magnetic data as angular distance between the rotating point and a 

point on a target great circle defined by the data describing the conjugate isochron. For 

fracture zone residuals the flowline of Shaw (1987) is used. To ensure all data are treated 

equally each set is normalised before the method proceeds to a linearised least squares 

inversion. This technique is the basis of that of Nankivell (1997a) used in Chapter 3, 

where it is outlined. A fuller treatment of Nankivell's (1997a) technique can be found in 

Appendix A. 

1.4 Regional synthesis 

The Scotia Sea is named after the S. Y. Scotia which brought the first, Scottish, oceano- 

graphic expedition to the region in 1902-3. It is enclosed by the Scotia Arc, consisting 

of islands and submarine highs extending east from Tierra del Fuego via South Geor- 

gia to the South Sandwich Islands and then west through the South Orkney Islands to 
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the Antarctic Peninsula (Figure 1.11). The Scotia Arc has long been postulated as the 

location of a disrupted link between the Andes and the `Antarctandes' of the Antarctic 

Peninsula (Barrow, 1830-1; Arctowski, 1895; Suess, 1909; Matthews, 1959; Hawkes, 1962; 

Wilson, 1966). The idea of a compact connection is so strongly founded in this literature 

that many later reconstructions take its existence as given-an end-point for the recon- 

struction to achieve rather than a consequence to be proved (Barker and Griffiths, 1972; 

Dalziel and Elliott, 1973; Barker and Burrell, 1977; King and Barker, 1988; Barker et al, 

1991). The region was sparsely charted during the first half of the twentieth century, and 

organised marine geophysical exploration began in the late 1950s by the University of 

Birmingham in collaboration with the British Antarctic Survey (BAS), whose ships are 

annual visitors to the region. The region is also the subject of scientific visits by ships of 

other national surveys, institutions and programs. 

1.4.1 Islands and Submarine Highs 

Northern area 

The onshore geology of the northern part of the Scotia Arc is shown in Figures 1.12 and 

1.13. Stratigraphically, Tierra del Fuego is simply a continuation of the Andean margin 

of South America, bent through nearly ninety degrees to form the southern end of the 

`Patagonian orocline' (Carey, 1958) which strikes west-northwest. Bending was probably 

complete prior to opening of the Scotia Sea (Cunningham, 1993), although paleomagnetic 

constraint for this dating is not complete (Cunningham, 1993; Cunningham et al, 1995). 

The origin of the orocline is not well understood-it could possibly have been due to 

glancing collisions between Tierra del Fuego and the Antarctic Peninsula as the two 

separated about a nearby Euler pole (Livermore and Woollett, 1993), or may simply be 

the original shape of the tectono-magmatic belt. 

The orocline exposes three major lithotectonic provinces (Dalziel and Elliott, 1971; 

1973; Tectonic map of the Scotia arc, 1985) also striking west-northwest. At the Pacific 

margin a mainly Late Cretaceous calc-alkaline batholith with Cenozoic additions and an 
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Figure 1.12: Summary geological map of Tierra del Fuego showing the curved arc, pseudo- 
ophiolite (Rocas Verdes) and other terranes. From Dalziel (1982). 

accretionary prism at its seaward face represents the exhumed roots of a volcanic arc 

above the southern Chile Trench (Suarez and Pettigrew, 1976). Immediately to the north 

and east lies a discontinuous belt of lensate mafic igneous bodies, consisting of massive and 

layered gabbros intruded by sheeted dyke complexes, all overlain by a landward dipping 

marine extrusive sequence with sediments. Although a peridotitic layer is not proved 

the bodies are taken as an ophiolite sequence representing the floor of a late Jurassic to 

early Cretaceous, possibly back-arc, basin-the `Rocas Verdes Basin' (Katz, 1973; Dalziel 

et al, 1974; 1975; Alabaster and Storey, 1990; Stern et al, 1992; Mukasa and Dalziel, 

1996). Opening of the Rocas Verdes Basin was concurrent with the initial rifting of the 

southernmost Atlantic between South America and Africa, and a later increase in the 

spreading rate of the southern Atlantic coincides with the closure and shortening of the 

Rocas Verdes Basin in mid-Cretaceous regional convergence (Dalziel et al, 1974; Bruhn 
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Figure 1.13: Summary geological map of South Georgia. Correlatives to Tierra del Fuego's 
Serie Tobifera (Drygalski Fjord Complex) and Rocas Verdes pseudo-ophiolites (Larsen Harbour 
Formation) are shown. Arrows: palaeocurrent vectors. CBD: Cooper Bay Dislocation. From 
Storey and Macdonald (1984). 

and Dalziel, 1977). 

The arc and pseudo-ophiolite terranes of Tierra del Fuego presumably terminate at its 

rifted eastern margin. Further north and east still, on inferred Paleozoic basement, lies a 

thick (locally > 2000m) volcaniclastic sequence (the `Serie Tobifera') which is overlain by 

marine sands and later black shales, all of Jurassic age (Biddle et al, 1986; Pittion and 

Gouadain, 1992) and thought to represent extended continental crust at the margins of 

the Rocas Verdes Basin (Dalziel et al, 1974). Overlying the Jurassic sequence is a thick 

Cretaceous-Cenozoic sedimentary sequence interpreted as the fill of an extra-cordilleran 

foreland basin active since the Albian-Cenomanian (Biddle et al, 1986). This is referred 

to as the Magallanes (or Magellan, or Austral) basin and is not specifically related to 

the Rocas Verdes Basin. Tierra del Fuego is cut, parallel to the cordillera, by numerous 

presently-sinistral strike-slip faults, which display evidence for a long history of movement: 

transpressional in the Paleogene (-' 65-23 Ma), transtensional in the Neogene (, post 



21 

23 Ma) (Cunningham et al, 1995; Klepeis and Austin Jr, 1997) and latterly, sinistral 

strike-slip (Forsyth, 1975). 

The Falkland Plateau extends eastward from northern Tierra del Fuego as far as the 

Northeast Georgia Rise and South Georgia. At its western end lie the Falkland Islands, 

where an Early Devonian to Triassic sedimentary sequence overlies Precambrian basement 

and has been intruded by Jurassic dykes (Greenway, 1972; Mussett and Taylor, 1994). 

The sequence has been compared to that of the Transkei coast of southern Africa, where 

the islands juxtapose in Atlantic closure reconstructions, with the conclusion that the 

Falkland Islands are borne on a inicroplate which has undergone 180° clockwise rotation 

since the initial rifting of Gondwana (Adie, 1952; Martin, 1986; Taylor and Shaw, 1989; 

Grunow et al, 1991; Dalziel and Grunow, 1992; Marshall, 1994). Although seemingly 

well-supported by geological and paleornagnetic evidence the rotation theory has critics, 

who highlight the lack of evidence for the rotation from the microplate's offshore margins 

(Platt and Philip, 1995; Richards et al, 1996). 

The Falkland Islands are surrounded by sedimentary basins. The North Falkland 

Basin lies to the north of the islands. Separating the islands from Tierra del Fuego is 

the Malvinas Basin, which gives way via the South Falkland Basin, between the islands 

and Burdwood Bank, to the Falkland Plateau Basin to the east of the islands. At the 

eastern end of the Falkland Plateau Basin lies Maurice Ewing Bank, which, on the basis 

of drilling results, bears a Jurassic-Cretaceous sequence overlying Precambrian basement 

(Barker et al, 1977). The Falkland Plateau Basin is thought to consist of thinned con- 

tinental crust (Ewing et al, 1971; Ludwig and Rabinowitz, 1982a; Lorenzo and Mutter, 

1988), or possibly oceanic crust (Marshall, 1994; Barker, 1999), with a thick sedimentary 

overburden (Lorenzo and Mutter, 1988; Richards et al, 1996). Initial extension in the 

basin preceded the separation of South America and Africa in the Early Cretaceous. The 

exact timing is not well constrained but may have been as early as Permo-Triassic times 

(Lorenzo and Mutter, 1988; Marshall, 1994; Richards et al, 1996). The South Falkland 

and Malvinas basins may have a similar history to the Falkland Plateau Basin but their 
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southern margins are modified to form the Cenozoic transpressional strike-slip bound- 

ary between the west Scotia Sea and the Falkland Plateau-Tierra del Fuego (Richards 

et al, 1996). Because of their timing, extension in all the Falkland Plateau's basins is 

interpreted to be related to the initial break-up of Gondwana. 

To the south of the Falkland Plateau, and separated from it by the Falkland Trough 

which consists of thinned continental or thick oceanic crust (Ewing et al, 1971; Ludwig 

et al, 1978; Lorenzo and Mutter, 1988), lies the North Scotia Ridge which is exposed at 

Black Rocks, Shag Rocks and South Georgia. All these exposures show that the core 

of the ridge consists of a deformed Mesozoic sequence, which dredging results suggest 

is exposed on the summit of the ridge at Burdwood Bank (Macfadyen, 1933) and Shag 

Rocks (Tyrrell, 1945). Seismic refraction, reflection and gravity models suggest that 

the northern side of the ridge has accreted onto this core during the Cenozoic (Ludwig 

et al, 1968; 1978; Ludwig and Rabinowitz, 1982b; Ludwig, 1983; Cunningham et al, 1998; 

Cunningham, 1998). This accretion is attributed by Ludwig et al (1978) and Cunningham 

et al (1998) to northward propagation of the ridge in the west Scotia Sea, which ceased 

spreading at around 6 Ma. Cunningham et al (1998) contend that convergence at the 

North Scotia Ridge has ceased except in the area just north of Burdwood Bank. 

On South Georgia an upper Jurassic to lower Cretaceous sedimentary sequence is 

exposed, similar to that drilled on Maurice Ewing Bank. The island is cut by a major 

northwest trending shear zone, called the Cooper Bay Dislocation, which has a poorly 

understood kinematic history including strike-slip and reverse movements (Tanner and 

Macdonald, 1982; Storey, 1983; Macdonald et al, 1987). In addition, the southeast ex- 

tremity of the island includes an igneous complex of similar age and petrology to the 

Rocas Verdes Basin sequence, called the Larsen Harbour Complex, and a volcaniclastic 

sequence similar to the Serie Tobifera, the Drygalski Fjord Complex (Dalziel et al, 1975; 

De Wit, 1977; Storey et al, 1977; Storey and Mair, 1982; Mukasa and Dalziel, 1996). Cor- 

relatives to the Patagonian batholith and sedimentary fill of the back-arc basin are also 
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contended for South Georgia (see Macdonald et al (1987) for review). The geological sim- 

ilarities between South Georgia and Tierra del Fuego prompted regional reconstructions 

in which South Georgia is situated immediately south of Burdwood Bank in Jurassic and 

Cretaceous times (Section 1.5.1). Geochemical data from the igneous complexes suggest 

the basin on South Georgia may not have been a true back-arc basin, however, instead it 

may have occupied an oceanic transtensional setting like the modern Gulf of California 

(Alabaster and Storey, 1990). The complexes are thought to have been spared destruc- 

tion during closure of the parental basin by concentration of strain along the Cooper 

Bay Dislocation (Macdonald et al, 1987). The northern margin of the South Georgia 

block probably accreted early in the Cenozoic, but apparently accretion there has ceased 

(Cunningham et al, 1998). 

South Sandwich Islands 

The South Sandwich Islands lie approximately 100 km west of the South Sandwich Trench 

which reaches a maximum depth in excess of 8 km and is associated with a well defined 

Benioff-Wadati seismic zone. Subduction of oceanic lithosphere of the South American 

plate is ongoing beneath the islands. In all, eleven islands are emergent, several of which 

have been active since their discovery. In addition numerous volcanic shoals are known 

from the arc. Geochemical classification of samples recovered from the islands and dredged 

submarine scarps ascribes them a young age (0.7-4 Ma; Baker (1978)) and island-arc- 

back-arc origin. There is no documented evidence from exposure or geochemical analyses 

for any other crustal component to the islands. 

Southern area 

Dredging of Discovery Bank suggests that it was, at least in part, ancestral to the South 

Sandwich Arc, with subaerial or shallow marine components (Barker et al, 1982). To- 

gether with Jane Bank it is postulated to have been deactivated by collisions of the an- 

cestral South American-Antarctic ridge-crest with the trench to their southeast. Barker 

et al (1982; 1984) envisaged long ridge segments colliding to deactivate the arcs in single 

large episodes, but Hamilton (1989) suggests a modified scenario where collision (and 
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maybe therefore deactivation) were more piecemeal. A possible northern limit to the 

arc is defined from an isolated high presently in the South Sandwich forearc discussed 

by Livermore et al (1994) and Barker (1995). This high has been dredged, yielding hy- 

drothermally altered basalts and andesites dated at 29-35 Ma, suggesting it is older than 

the present east Scotia Sea back-arc spreading. The presence of this feature puts the 

northern limit of the Discovery-Jane ('proto-South Sandwich') arc at - 56°S (present 

coordinates) at about the time of opening of the west Scotia Sea. 

Cored micropaleontological evidence from Bruce Bank suggests it was more elevated 

in the Middle Eocene than presently. The core recovered no volcaniclastic or igneous 

material, but did yield derived fossils of Cretaceous age which are not thought to have 

been transported very far, suggesting that Bruce Bank may be a fragment of continen- 

tal origin (Toker et al, 1991; Mao and Mohr, 1995). A suite of Eocene alkali basalts 

recovered from the southwestern margin of Powell Basin may be related to its opening 

and development (Barber et al, 1991). A single dredge sample of quartz-rich cataclasite is 

documented from the Shackleton Fracture Zone (Burrell, 1983), suggesting it may entrain 

pods of continental lithologies. The South Orkney Islands and Antarctic Peninsula are 

geologically similar to the northern area, with a Paleozoic-Mesozoic arc-fore-arc sequence 

exposed at a structurally higher level (Smellie and Clarkson (1975); Dalziel (1984); Tec- 

tonic map of the Scotia arc, 1985; Meneilly and Storey (1986)). However there is no 

known evidence for a basin analagous to the Rocas Verdes Basin. The group of islands 

around Elephant Island and Clarence Island, further west, is yet a further continuation 

of the subduction-related sequence (De Wit et al, 1977; Dalziel, 1984; Trouw et al, 1991; 

2000), which continues through the South Shetland Islands and Antarctic Peninsula. 

1.4.2 Deep Marine Areas 

West Scotia Sea 

Marine magnetic anomaly sequences in the west Scotia Sea, symmetrical about the ax- 

ial West Scotia Ridge, show that active seafloor spreading occurred there in the period 
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between 26 Ma and 6 Ma (Barker and Burrell, 1977; Burrell, 1983; Tectonic map of the 

Scotia arc, 1985; Livermore et al, 1994). Barker (1995) contends on the basis of previ- 

ous work (Barker and Burrell, 1977) that the west Scotia Sea is `back-arc in the broad 

sense'-part of a multiphase back-arc basin represented by the whole Scotia Sea. A break 

in oceanic basement slope at about 100 km from the West Scotia Ridge is consistent with 

a slowdown in spreading rates at or near 17 Ma (Livermore et al, 1994). The West Scotia 

Ridge is distinct bathymetrically and gravimetrically and is dextrally offset six times by 

transform and non-transform offsets. The west Scotia Sea margin with Tierra del Fuego is 

steep and abrupt, with seismic evidence for block faulting suggesting it is a rifted margin 

(Maldonado et al, 1993). Parts of the northern margin are bathymetrically steep and 

probably dominated by strike-slip faults. At the eastern margins of the spreading system 

are areas of oceanic crust: the central Scotia Sea and Protector Basin. The nature of the 

interfaces is indistinct. The southern margin is at the steep northern edge of the South 

Scotia Ridge near Elephant Island, and probably has a strike-slip dominated origin. This 

gives way further west to the Shackleton Fracture Zone, a bathymetrically distinct com- 

pound ridge-trough feature with a complicated trace. Strike-slip tectonics dominate the 

Shackleton Fracture Zone, but other components of strain are likely to be accommodated. 

Central Scotia Sea 

The central Scotia Sea lies immediately to the east of the west Scotia Sea. There is no 

bathymetric or gravimetric ridge expression, but a sequence of magnetic reversal anomalies 

is present. Hill and Barker (1980) interpret these to represent back-arc spreading in a 

north-south direction between 20 Ma and 6 Ma, or between 33 Ma and 23.5 Ma, favouring 

the former interval. This interpretation is the pre-eminent view of the development of the 

central Scotia Sea, but not without criticism and alternatives. De Wit (1977) builds a case 

that the central Scotia Sea is an extension of the Rocas Verdes Basin that escaped mid- 

Cretaceous inversion. Livermore et al (1994) suggest alternative views, that the central 

Scotia Sea may be a crustal allochthon or the result of disorganized back-arc spreading 

(Lawyer and Hawkins, 1978; Tamaki, 1985). 
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East Scotia Sea 

The east Scotia Sea lies immediately to the east of the central Scotia Sea and to the 

southeast of South Georgia. Its boundary with each is not distinct. Early studies of mag- 

netic reversal anomaly profiles suggested that it probably began spreading near to 8 Ma 

and continues to the present, and later work puts initiation at or before 15 Ma (Barker, 

1972; Livermore et al, 1994; Barker, 1995). The axial ridge is evident in bathymetric and 

gravimetric data, and is segmented into at least nine axial valleys with mostly sinistral 

offsets. The ridge terminates at an east-west arm of the South Sandwich Trench in the 

north and at the South Sandwich Are in the south. Thus is defined the modern Sandwich 

plate, which overrides the South American plate at the subduction zone. At the western 

edges of the east Scotia Sea there is no obvious remnant arc to the South Sandwich Arc. 

Small basins 

Powell basin separates the South Orkney Microcontinent from the Antarctic Peninsula, 

it is thought to have opened in the late Oligocene and early Miocene (King and Barker, 

1988; King et al, 1997; Lawyer et al, 1994; Eagles and Livermore, 1999). Protector 

Basin intervenes between the southern parts of the west and central Scotia Seas. Hill 

and Barker (1980) determine that it opened between 17 Ma and 11 Ma. The deep- 

water gap between Jane and Discovery Banks and the South Orkney Microcontinent 

and Bruce Bank is interpreted as a back-arc basin, termed Jane Basin, which is thought 

to have opened in response to subduction of South American lithosphere beneath the 

microcontinent, possibly between 32 Ma and 25 Ma (Lawyer et al, 1991). Dove basin 

(Hill, 1978; Burrell, 1983) intervenes between Bruce Bank and Pirie Bank, little is known 

about its development. 

Southeast Pacific 

To the southwest of the Shackleton Fracture Zone an extinct oceanic spreading system is 

present. It formed by accretion at the now extinct Phoenix ridge (Barker, 1982; Larter 

and Barker, 1991; Livermore et al, 2000). Upon extinction of the ridge at magnetic chron 

C2a (N 3.3 Ma) the Phoenix plate on its southeastern flank fused to the Antarctic plate 
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on its northwestern flank. The Phoenix plate had been subducting beneath the western 

margin of the Antarctic Peninsula, and upon deactivation of spreading, the slab continued 

to sink and the trench to roll back. The result was net extension behind (landward of) 

the trench which is manifest as a young back-arc basin in Bransfield Strait. Lawyer et al 

(1995) reverse the causality, suggesting that opening of the back-arc Bransfield Strait 

drives ongoing subduction at the South Shetland Trench, which is aseismic. 

Weddell Sea 

Southeast of Jane and Discovery Banks, east of the Antarctic Peninsula and north of the 

Dronning-Maud Land-Berkner Island coast of East Antarctica the Weddell Sea formed 

by the relative movement of South America away from East Antarctica between the Early 

Cretaceous and about 20 Ma. Only the southern flank of the system exists in its entirety 

now as much of the northern flank has been subducted at the South Sandwich Trench and 

its presumed predecessors. East of the Scotia Sea relative motion between South America 

and Antarctica is taken up by spreading at the South-American-Antarctic ridge, which 

joins the Mid Atlantic Ridge and Southwest Indian Ridge at the Bouvet triple junction 

1400 km east of the South Sandwich Trench. 

1.5 Plate kinematics in the Scotia Sea 

The present-day kinematics of the Scotia Sea region has been addressed by Forsyth (1975) 

and Pelayo and Wiens (1989). The modern Scotia Sea consists of two main plates, the 

western, Scotia plate and eastern, Sandwich plate. Their mutual boundary is the East 

Scotia Ridge. The Sandwich plate advances behind the retreating South Sandwich Trench, 

which is joined to the East Scotia Ridge by an east-west trough at its northern end and 

by less obvious means at the south, at about 55 mma 1 (Pelayo and Wiens, 1989). Minor 

sinistral movements are known along the north and south Scotia Ridges, which define the 

northern and southern margins of the Scotia plate, from earthquake focal mechanisms 

(Pelayo and Wiens, 1989), accommodating the slow east-northeast relative movement 
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between South America and Antarctica. The Scotia plate intervenes between these two 

major plates. Slow advance of the South Shetland microplate behind the South Shetland 

Trench is accommodated by opening of Bransfield Strait. 

1.5.1 Reconstructions of the Scotia Sea 

Reconstructions of the Scotia Sea intending to show its development from a region of 

connection between South America and the Antarctic Peninsula have been given by Dalziel 

and Elliott (1971); Barker and Griffiths (1972); Barker and Burrell (1977); De Wit (1977); 

Hill (1978); Hill and Barker (1980); Barker and Hill (1981); Burrell (1983); Dalziel (1983); 

Barker et al (1984); Garrett et al (1986); King and Barker (1988); Hamilton (1989); Barker 

et al (1991); Diraison et al (2000) and others. 

The first published reconstruction is that of Dalziel and Elliott (1971), based on litho- 

tectonic division of the region from outcrop geology extrapolated offshore (Figure 1.14). 

They assume a compact, linear connection between Tierra del Fuego and the Antarctic 

Peninsula existed in the latest Mesozoic. South Georgia and the Shag Rocks part of the 

North Scotia Ridge were positioned at the Pacific side of this connection, which subse- 

quently deformed by oroclinal bending in Patagonia and the Antarctic Peninsula. South 

Georgia and Shag rocks dispersed from the interior of the bent region after the early 

Cenozoic. 

A linear connection is not assumed in the next reconstruction attempt, of Barker and 

Griffiths (1972); Figure 1.15, which attempts to reconstruct simultaneously sedimentary 

basins, shallow basement, and `intense magnetic zones' prior to `lower Tertiary fragmen- 

tation' of an assumed compact cusp. The Shackleton Fracture Zone is used as a tectonic 

flowline for closure of the west Scotia Sea. It is not clear which modern regions some 

of the fragments in the closure reconstruction represent. A number of `random relative 

motions' are applied on an ad hoc basis to produce the final fit. The admission is made 

that a number of other reconstructions are possible, but that all imply the existence of a 
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Figure 1.14: Reconstruction by Dalziel and Elliott (1971). A: Mesozoic, as a linear margin 
beneath which Panthalassa is being subducted. B: early Tertiary, after initial opening in the west 
Scotia Sea. Labels redrawn. 

compact cuspate connection prior to development of the region. 

No such compact cusp is reconstructed, however, by aligning the earliest seafloor 

spreading anomalies (thron C8) from the west Scotia Sea manually on a polar stereo- 

graphic projection, as done by Barker and Burrell (1977; Figure 1.16). The existence of 

an assumed compact cusp is nonetheless maintained, and its disassembly is attributed 

to movements preceding C8. Very similar reconstructions, based on a least-squares fit 

of magnetic anomaly data and using similar assumptions, are given by Burrell (1983) 

(see also Section 3.1). In both, again, the Shackleton Fracture Zone is used as a tectonic 

flowline, defining the effective southwestern boundary of the west Scotia Sea. However 

it is also suggested to entrain a pair of sliver-shaped continental fragments pared off the 

southern edge of Tierra del Fuego. 
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Figure 1.15: Reconstruction at closure by Barker and Griffiths (1972). a: present-day magnetic 
north (arrows). b: regions of high magnetic intensity. c: interpreted sedimentary basins. Labels 

redrawn. 

Figure 1.16: Reconstruction at C8 by Barker and Burrell (1977). Close-hatching: continental 
crust, loose hatching: `unusually elevated oceanic crust' (including Pirie and Bruce banks), SO: 
South Orkney Islands, SG: South Georgia, SR: Shag Rocks. Labels redrawn. 



31 

56 
JJ jý. 

6 5 
78 

, 5C? 
i. 67 O an 

ý Ji ýi 

a5p 
ýý'ýcC- 

J. 

6 7" 50 
1 

f, 

-ý , 
O' 

e 

Figure 1.17: Reconstructions at 5 Ma (top) and 10 Ma (bottom) by Barker and Hill (1981) 
by visual fits of seafloor spreading data (numbers denote reversal chrons). Zigzag lines: ridge 
crests, plain lines: transform faults and fracture zones, enclosed hatched regions: trenches at 
subduction zones. Modern South Sandwich Trench is shown as faint enclosed contour on each. 
Insets: summary plate boundaries. Labels redrawn. 

The 5 Ma, 10 Ma and 16 Ma ('C3, C5, C5c) reconstructions of Hill and Barker 

(1980) and Barker and Hill (1981) have their origins in the work of Hill (1978), and 

are concerned with exposition of the interpreted back-arc opening of the central Scotia 

Sea and its tortuous linkage with the west Scotia Sea and east Scotia Sea systems with 

which, the studies maintain, it is partially contemporaneous (Figures 1.17 and 1.18). The 

approach makes fits of seafloor spreading anomalies at the reconstruction times using 

pieces of paper cut from Mercator projections. 

Barker et al (1984) provide a 20 Ma reconstruction (Figure 1.19) in the light of their 

ideas concerning the history of subduction in the northern Weddell Sea and the influence 

of ridge-crest-trench collisions on a back-arc basin with multiple spreading loci in the west, 

central and east Scotia Seas. Hamilton (1989) presents reconstructions of the proximal 

effects of these collisions, and concludes that there is little evidence to support the notion 
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Figure 1.18: Reconstruction at 16 Ma by Hill and Barker (1980). A short ridge is shown active 
in Protector Basin (southeast of D. P., between question marks). Inset: Discovery Arc motion with 
respect to South America as vector sum of Drake Passage and central Scotia Sea spreading. Note 

problematic linkage between D. P. and C. S. S. Double lines: ridge crests, plain lines: transform 
faults, barbed lines: subduction zones (barbs on overriding plate). SAM: South American plate, 
ANT: Antarctic plate, D. P.: Drake Passage, C. S. S.: central Scotia Sea, D. A.: the Discovery Arc. 
Labels redrawn. 

of ridge-crest-trench collisions having observable effects in the west and central Scotia 

Sea. The attempt to reconstruct at 30 Ma (Barker et al, 1991; Figure 1.20) by fitting the 

earliest reversal anomalies of the central and west Scotia Seas sets the scene just following 

the initial disruption of a cuspate connection as envisaged by Barker and Burrell (1977). 

South Georgia is situated at the eastern end of a deep water corridor, whose opening is 

attributed to unspecified `earlier events' for which no evidence is extant. The existence of 

a compact cusp is an explicit constraint on the 40 Ma reconstruction of King and Barker 

(1988) (Figure 1.21), which is presented again as the precursor to the 30 Ma reconstruction 

by Barker et al (1991). Both the 30 Ma and 40 Ma reconstructions feature apparently 

unconstrained rotations and unexplained changes in the shapes of crustal blocks. All these 

reconstructions are shown yet again, and the multi-local back-arc basin hypothesis is made 

explicit, by Barker (1995). A Middle Eocene (' 45 Ma) reconstruction is presented by 

Toker et al (1991). Like the 40 Ma reconstruction of King and Barker (1988) it features 

subduction beneath Burdwood Bank which is wrapped tightly around South Georgia by 

some unexplained means. 
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Figure 1.19: Reconstruction at 20 Ma by Barker et al (1984). Use has been made of seafloor 
spreading anomalies in the west and central parts of the Scotia Sea. 
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Figure 1.20: Reconstruction at 30 Ma by Barker et al (1991). Despite use of seafloor spreading 
data in central and west Scotia Seas there are unconstrained rotations and unexplained changes 
in the shapes of crustal blocks. BB: Burdwood Bank, S: Shag Rocks, SG: South Georgia, D: 
Discovery Bank, J: Jane Bank, B: Bruce Bank, P: Pirie Bank, SO: South Orkney microcontinent. 
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Figure 1.21: Reconstruction at closure (' 40 Ma) by King and Barker (1988). Hatched areas: 
interpreted magmatic arcs, spots: fore-arc areas. Labels as Figure 1.20, except SOM: South 
Orkney Microcontinent, SAm: South America, APen: Antarctic Peninsula, FP: Falkland Plateau, 
N: northern part of South Scotia Ridge, M: southern part of South Scotia Ridge, SS: South 
Shetland Islands. 

Dalziel (1983) reviews cuspate reconstructions and favours a modification with the 

Antarctic Peninsula rotated more than ninety degrees anticlockwise about a pole in the 

cusp. This produces an extension to the Patagonian batholith through the juxtaposed 

southern South Orkney Microcontinent and South Georgia block (Figure 1.22). Subse- 

quent characterization of the Weddell Sea's spreading history is not consistent with the 

large rotation required of the Antarctic Peninsula. A similar rotation is evident in the 

reconstruction of De Wit (1977); Figure 1.23, whose novelty is the continuation of the 

Rocas Verdes Basin into the central Scotia Sea, its opening being responsible for the fold- 

ing of a linear connection to a cuspate one. Its subsequent dispersal from within the cusp 

is a result of the action of the West Scotia Ridge. 

The reconstruction of Garrett et al (1986) is an attempt to produce a continuous belt of 

magnetic anomalies through a closed Scotia Sea region (Figure 1.24). A straight anomaly 

is reconstructed through the South Scotia Ridge and South Orkney Microcontinent quite 

simply, as is another straight anomaly through Tierra del Fuego and southern South 

Georgia. The two are connected into a cuspate form at 65 Ma via a similar anomaly on 

Discovery Bank using a simple translation with no relative close-pole rotation between 
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Figure 1.22: Reconstruction prior to Scotia Sea development, from Dalziel (1983), presented in 

response to perceived problems with cuspate reconstructions. It need not represent the Scotia Sea 
immediately prior to its formation. 

the two linear anomalies. To progress from this situation to the C8 reconstruction of 

Barker and Burrell (1977) implies northeast directed convergence between the southern 

and northern limbs of the cusp in the period 65-30 Ma. 

1.6 Gondwana tectonics 

The history of dispersal of the constituents of the former supercontinent Gondwana, which 

now form the southern hemisphere continents, is important to the study of the Scotia Sea's 

evolution because it is within this context that the Scotia Sea grew. In particular, the 

Scotia Sea is set within the boundary between South America and Antarctica. The de- 

velopment of the Southern Ocean in the breakup of Gondwana is summarised by Lawyer 

et al (1992), Figure 1.25. Initial separation of eastern and western Gondwana occurred 

at chron M22 (about 150 Ma) between the Mozambique Basin and Dronning-Maud Land 
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Figure 1.23: Reconstructions at 70-50 Ma (left) and post-50 Ma (right) by De Wit (1977). 
Central Scotia Sea is the wide eastern end of Rocas Verdes Basin, with remnant arc in south 
(Pirie and Bruce banks). Falkland Trough interpreted as a related, older, back-arc basin exposed 
on South Georgia. Double lines: ridges, lines with ticks: trenches (ticks on downgoing plate), dark 

shading: Cenozoic ocean crust, loose stipple: arc, close stipple: back-arc, SA: South America, SFZ: 
Shackleton Fracture Zone, HFZ: Hero Fracture Zone, TFZ: Tharp Fracture Zone. 

(East Antarctica) (Bergh, 1977; Simpson et al, 1979). Further breakup, of West Gond- 

wana, between South America and Africa began in the southern Atlantic Ocean before 

M12 (135 Ma). Mesozoic seafloor spreading anomalies are identified from the Falkland 

Plateau, Agulhas Basin, Argentine Basin, Natal Basin and Cape Basin (Larson and Ladd, 

1973; Rabinowitz, 1976; du Plessis, 1977; Rabinowitz and LaBrecque, 1979; Martin et al, 

1982). The South American-African system is well constrained by a long series of stud- 

ies, to have been a relatively stable episode with only small changes in opening direction 

and rate giving rise to significant ridge jumps in the southern part of the ocean (Barker, 

1979; for example). By the time of the opening of the Scotia Sea, however, spreading 

was a simple steady affair. Spreading between South America and Antarctica is much 

less well studied. Pioneer work on the present-day tectonics of the region (Forsyth, 1975; 

Lawyer and Dick, 1983) confirmed the complex nature of the boundary within the Scotia 

Sea. East of the South Sandwich Trench, relative motion is divergent and the boundary is 

accretionary-the South American-Antarctic Ridge. Research by Barker and Jahn (1980) 
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Figure 1.24: Reconstructions by Garrett et at (1986). b: at 30 Ma, after hypothesised regional 
convergence had disrupted continuous magnetic arc terrane (stipple) since 65 Ma: as shown in (a). 
AP: Antarctic Peninsula, SSI: South Shetland Islands, SOI: South Orkney Islands, DB: Discovery 
Bank, SG: South Georgia. 

and LaBrecque and Barker (1981) concludes that the Weddell Sea probably formed by 

the action of this ridge, but that the ridge itself had been subducted along with much of 

the northern (South American) flank of the system at the South Sandwich Trench or its 

ancestors. Barker and Lawyer (1988) combine data from the South American-Antarctic 

Ridge and Indian Ocean with a set of reconstruction poles for the South Atlantic (Cande 

et al, 1988) to produce reconstruction poles for the ridge back to C21 (- 50 Ma). A change 

in the direction of spreading at C6 (' 20 Ma) is hypothesised to have caused reorganisa- 

tion of the ridge-transform geometry and the creation of two long-offset transforms-the 

Bullard and South Sandwich fracture zones. Later work by Livermore and Woollett (1993) 

and Livermore and Hunter (1996) using fracture zone traces in the Weddell Sea cemented 

the view that its most likely origin is seafloor spreading due to the relative motion of 

South America and East Antarctica. Livermore and Woollett (1993) show that the latter 

part of South American-Antarctic spreading in the Weddell Sea, including and during 

the period up to the development of the Scotia Sea, is a steady affair with no drastic 

changes in spreading direction or rate. Prior to this time, however, a series of changes 

in spreading direction give rise to a spectacular `herring bone' pattern of flowlines in the 
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Figure 1.26: Cartoon by Barker et al (1991) showing how the changing direction of relative 
motion of Antarctic Peninsula with respect to South America (from M15 (- 139.5 Ma) to 45 Ma) 
could result in subduction at an east facing trench. Mechanisms for inversion of the Rocas Verdes 
Basin and development of the Magallanes fold and thrust belt are corollaries. Lines with ticks: 
convergent margins (ticks on underthrusting plate), double lines: ridges, single lines: transform 
faults. 

Mesozoic and early-middle Cenozoic Weddell Sea floor (Haxby, 1988; McAdoo and Marks, 

1992; Livermore and Hunter, 1996). Dating of the break up preceding this is hampered 

by poor definition in the early magnetic reversal anomaly sequence in the southernmost 

Weddell Sea, and the lack of a definite conjugate margin. The anomaly identifications 

of Livermore and Hunter (1996) differ in their sequence from those of Barker and Jahn 

(1980); LaBrecque and Barker (1981) and LaBrecque et al (1989), but all suggest break 

up just before 165 Ma. 

Work attempting to link the Weddell Sea and Scotia Sea histories using reconstructions 

usually assumes that Weddell Sea spreading was simply connected to the Rocas Verdes 

Basin, but escaped inversion that shortened it (Dott, Jr et al, 1982; Barker et al, 1991; 

Diraison et al, 2000). With the destruction of the Rocas Verdes Basin and most of one 

flank of the South American-Antarctic system, no evidence remains to test this type of 

hypothesis directly. Perhaps the biggest question remaining in studies of the Weddell 

Sea is the timing of the onset, and the extent of, subduction of the northern limb of 

the ancestral South American-Antarctic Ridge. In cartoons shown by Barker et al (1991) 
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(Figure 1.26) and Barker and Lonsdale (1991) subduction starts due to the gradual change 

in direction of relative motion between South America and Antarctica, which included a 

`Rotas Verdes outer arc', in the mid-Late Cretaceous. In the north. the Rotas Verdes 

Basin closed due to this motion and a foreland fold and thrust belt developed, but further 

south oceanic lithosphere of the Weddell Sea was juxtaposed with the cusp of King and 

Barker (1988), and began to be subducted. In this model rollback of the trench thus 

formed is the prime agent in the subsequent development of the Scotia Sea. 

The cartoons of Diraison et al (2000) (Figure 1.27) show a similar initial story for the 

Weddell Sea-Rotas Verdes Basin, but subduction of the Mesozoic Weddell Sea crust is 

not shown at all. Instead the South Sandwich Trench appears between 50 Ma and 30 Ma, 

presumably as a response to the opening of the west Scotia Sea, although this is not made 

I 

explicit 
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Figure 1.27: Reconstructions by Diraison et al (2000) to show the development of the Scotia Sea 

region since the mid Mesozoic. Note continuity between the Rocas Verdes Basin and Weddell Sea. 
Development of the South Sandwich Trench occurs only at 25-30 Ma when the west Scotia Sea 

opens. Circular arrows: oroclinal bending, barbed lines: subduction zones (barbs on overriding 
plate), thick single lines: spreading centres, thin single lines: transform faults (sense of motion 
shown by half-arrows) and fracture zones. Labels redrawn. 
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Chapter 2 

A model of crust in the Scotia Sea 

Keywords Gravity anomalies. Magnetic anomalies. Gridded data. Data uncertainty. 

Continental crust. Oceanic crust. Magnetic isochrons. Fracture zones. 

2.1 Introduction 

This chapter has three aims: 

1) To characterize the crustal elements and their interfaces in the Scotia Sea region. 
This is done by using grids of Bouguer and isostatic residual gravity, and magnetic anoma- 
lies. 

2) To map fracture zones and isochrons for input to the reconstruction method used 
in Chapter 3. Fracture zones are mapped from a grid of free-air gravity anomalies derived 

from satellite altimetry (Smith and Sandwell, 1995). A map of magnetic reversal isochrons 

is made using magnetic anomaly profiles and a grid of modelled seafloor magnetization. 

3) To identify evidence for past plate tectonic regimes on the continental parts of the 

Scotia Sea. The geology of continental crust, which is buoyant and long-lived, is com- 

plicated by its involvement in multiple plate tectonic regimes which may leave evidence 

as magnetic batholiths, dyke swarms, sedimentary basins, or major faults, for instance. 
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Grids of bathymetry, free-air, Bouguer and isostatic residual gravity anomalies and re- 
duced to the pole total field anomalies are used to infer the presence of such features. 

2.2 Scotia Sea bathymetric grid 

The bathymetric map of the Scotia Sea is shown in Figure 2.1. The map is an image of 

a grid of interpolations between bathymetry measurements taken by ships of BAS and 

other marine agencies since 1958. Tracks covered by ships in acquisition of the data are 

shown in Figure 2.2. Some large areas of interpolated values have very little or no control. 
These areas are not central to the area of interest, but within them bathymetry predicted 
from satellite altimetry (Smith and Sandwell, 1994) has been used as a guide. Grid cells 

measure 2 minutes of arc on each side, or approximately 2 km east-west by 4 km north- 

south. Interpolation is implemented in the GMT routine surface (Wessell and Smith, 

1991), which fits a surface to irregularly spaced data, using a continuous curvature spline 
in tension (Smith and Wessell, 1990). This lessens the spurious oscillations and inflexions 

that feature in minimum curvature techniques (Briggs, 1974; Swain, 1976; Sandwell, 1987) 

whilst maintaining the condition that the function fits the input data. 

Accuracy of the bathymetric grid 

At the scale of this study the inaccuracy in the recording of bathymetric depth by ships, 

which is of the order of a few tens of metres, is insignificant. 80% of estimated bathymetry 

values from satellite altimetry may have inaccuracy as large as 240 m (Smith and Sandwell, 

1994), the remainder are even less accurate, but such data are only used in non-critical 

areas. Elsewhere the most serious problem is navigational uncertainty which can occur at 
kilometres-scale. Navigational uncertainty contributes to cross-over errors which must be 

corrected for (Johnson, 1971; Smith, 1993). The largest cross-over errors (N 200-500 m) 

are due to problems in data reduction and digitising (Smith, 1993). By 1993, inter-cruise 

cross-over errors in the Scotia Sea had median values of 0-25 m, and 100 m or more 
in the Weddell Sea and eastern Falkland Plateau (figure 10 of Smith (1993)). These 
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Likely Uncertainty at - 50°S Length in 
Era 

Navigation km °latitude °longitude Figure 2.2 

pre-1975 Celestial 15 -0.13 -0.26 ' 176000 km 

1972-78 (BAS) 
saTýransit tellite 10(4? ) -0.04 -0.08 - 175000 kin 

1975-1980 ansit 
satellite 

10 -0.09 -0.18 - 96000 km 

1980-85 ` 'ansit & 
partial GPS 5 -0.04 ' 0.08 - 46500 km 

post-1985 Full GPS 2.5 -0.02 -0-04 203000 km 

Table 2.1: Likely navigational uncertainties for marine bathymetric data acquisition in the Scotia 

Sea, by era. No data are duplicated between the pre-1975 and 1975-80 eras and the 1972-78 (BAS) 

era. 

values are consistent with navigational uncertainty being the main cause of uncertainty 

in bathymetric data. With later satellite-fixed and swath bathymetry data (Livermore 

et al, 1997; Cunningham et al, 1998; Livermore et al, 2000; for example) these median 

values are likely to have lessened. 

A general value for uncertainty in bathymetric grid data 

BAS marine operations in the Scotia Sea in the era 1972-1978 used Transit satellite 

navigation, for which Hill and Barker (1980) contend navigational uncertainty of 4 km. 

Implicit in the discussion of Kirkwood et al (1999) is that this figure might be put more 

conservatively at 10 km. Navigational uncertainty for bathymetric data acquisition is 

summarised in Table 2.1. 

Figure 2.2 shows the distribution of likely navigational uncertainty in data contributing 

to the grid. Most of the Scotia Sea is well served by satellite fixed data whereas the 

peripheries of the region tend to have seen infrequent visits by poorly fixed passage. 

Average navigational uncertainty per line-kilometre of data (modern cruises typically use 

more frequent sampling rates than older cruises) is 7.2 km admitting values from Hill and 

Barker (1980), or 8.7 km assuming the estimations of Kirkwood et al (1999) to apply 

to BAS data in the 1972-78 period. No weighting is imposed to favour newer data in 
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interpolation. The bathymetry derived from satellite altinietry of Smith and Sandwell 

(1994) locates features with at best about 5-10 km positional uncertainty. 

Considering all of the above, I adopt average navigational uncertainty of 8 km for 

the data used to produce the bathymetry in Figure 2.2. This can be expressed as 0.07° 

latitude or 0.14° longitude in the region. This figure can be extended to the bathymetric 

grid, with the obvious caveat that uncertainty in the gridded values increases dramatically 

with separation from the nearest ship track. 

2.3 Satellite derived gravity anomalies 

This section introduces and describes the gravity anomalies used in setting up the crust 

model. The starting data are a subset of a widely-available grid of satellite-derived free- 

air gravity anomalies over the marine parts of the Scotia Sea region. No gravity data 

over land were available to me. The missing area over land is only a small fraction of 

the Scotia Sea region so that its omission is of little importance. A brief overview of one 

method of reduction to free-air anomalies from data collected by satellites is given. For 

more complete descriptions the reader is referred to the literature on the subject. 

2.3.1 Free-air anomaly 

The free-air anomaly at sea is closely related to seafloor topography, and so is used to infer 

the presence of troughs, ridges and trenches at fracture zones, transform faults, mid-ocean 

ridges and subduction zones (Haxby and Weissel, 1986; Shaw, 1987; Marks et al, 1991; 

for example). It is less reliable where substantial geologically-induced density variations 

(for example thick sediment bodies or igneous intrusions) produce deflections of their own 

which are superposed on the topographic signal. In Section 2.6.1 the free-air anomaly 

grid in the Scotia Sea region is presented and used to inform the crust model. 
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Free-air anomalies from satellite altimetry 

Assume the Earth were a perfect spinning ellipsoid. The geoid would be described by a 

reference model, or spheroid, based on the ellipticity and spin. The geoid is an equipoten- 

tial surface at sea level: the surface of a static, laterally homogeneous ocean. In reality the 

geoid (sea surface) has a measurable deviation from the spheroid which is a result of the 

distribution of anomalous mass beneath the sea surface (Figure 2.3). Anomalous masses 

(which are mostly due to seafloor topography) require work to be done against the po- 

tentials they raise. The observable result is sea surface undulation in phase with seafloor 

topography. It is possible to measure the undulation using artificial satellites fitted with 

microwave altimeters, and to create a free-air gravity anomaly from it. When reducing to 

Satellite 
Sea surface slope 

Sea surface 

Sea floor 

Figure 2.3: Undulation of sea surface over a seamount, after Sandwell and McAdoo (1988). The 

sea surface must do work against the excess mass represented by the seamount in order to assume 
a potential over it. This work is manifest as an upwards undulation which has a characteristic sea 
surface slope as seen by a satellite flying over it from left to right. Less work needs to be done 

over a trench, where the sea surface would undulate downwards, giving rise to a sea surface slope 
of opposite phase. 

a free-air anomaly from observed gravity (gobs) in a traditional ground-based survey sev- 

eral corrections are made. Most important of these are go; the correction for `theoretical' 

gravity based on a reference Earth of given radius, ellipticity and spin (Chovitz, 1981), 

and gfa; the free-air correction for elevation above sea level, so that: 

09fa = gobs - 9fa - 90 (2. i) 

The altimeter approach is a direct inversion for the free-air anomaly however, so that gfa 

and go are implicitly accounted for. 
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There are two approaches to reducing the raw altimeter data to a gravity anomaly: 

by direct conversion from geoid height (Rapp, 1983; Haxby et al, 1983; Fairhead et al, 

1998) or by a gradient method (Sandwell, 1984). Throughout this thesis I use the free-air 

grid of Smith and Sandwell (1995) which is derived using the gradient method. For this 

reason the gradient method alone is described here. 

Smith and Sandwell (1995) use gradients of the geoid (i. e. sea surface slope) measured 

along the tracks of the Geosat and ERS-1 satellite missions. After corrections for orbital, 

tidal, and tropospheric-ionospheric errors (Cheney et al, 1987; 1991), altimeter data from 

a number of orbit tracks are edited, binned, and stacked to reduce noise. Sea surface 

slopes are computed from these spline-smoothed track arcs and converted to deflections 

of the vertical in the north and east directions-two orthogonal horizontal components of 

the gravity anomaly vector (Sandwell, 1984; Sandwell and McAdoo, 1988). The method 

substitutes derivatives of these deflections into the first two terms of Laplace's equation; 

the third term relates to the deflection in the direction of gravity. The equation is solved 

in the wavenumber domain. For a rigorous treatment of the method the reader is referred 

to Sandwell (1984; 1992). 

Uncertainty in satellite free-air anomalies 

The typical reliable resolution offered by satellite free-air gravity maps is about 15 km 

minimum wavelength (- 0.1° latitude). This is determined by the bin duration (1 second, 

or about 7 km), the altimeter pulse `footprint' (2-9 km) and cross-track spacing (3-5 km 

at equator, 2-3 km in the Scotia Sea). Individual crests or troughs of 7.5 kin dimension 

across axis should be resolvable. Müller et at (1991) show the positioning error of satellite 

passage is ' ±5 km for the axis of the Kane Fracture Zone in the Atlantic Ocean, by 

comparison of the satellite geoid measurement with ship-based bathymetry. 
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2.3.2 Bouguer anomaly 

The Bouguer anomaly is most strongly influenced by the varying thickness and density of 

the crust, the variable mass due to which is compensated for by mass variations at depth: 

a phenomenon known as isostasy. It is positive over oceanic crust due to its greater 

density compared to continental crust, and more importantly to the high density antiroot 

which isostatically compensates for the negative topography. The thick, anomalously low 

density root beneath continental crust, which compensates its greater elevation and lower 

density, gives rise to negative Bouguer anomalies. The Bouguer anomaly, then, can be 

useful to identify and delineate differing areas of isostatic compensation, which, at first 

order, correspond to regions of continental and oceanic crust. For the Scotia Sea this is 

done in Section 2.6.2. 

Reduction to a Bouguer anomaly 

To determine the Bouguer anomaly the gravity effects of topography and bathymetry are 

removed from the free air anomaly. The Bouguer anomaly is nearly always the objective 

of land based gravity surveys, but is less often wanted for surveys exclusively in oceanic 

crust, within which density contrasts are subtle. Reducing a free-air anomaly (Ogfa) to 

a Bouguer anomaly (Ogbo�g) requires two corrections. The first is for the column of 

anomalous material (air or water) between the reference plane (usually sea level) and the 

land surface or seafloor; this is called the slab correction, or water-depth correction, gslab" 

The second correction is for the gravity effect of the relief of the surface surrounding the 

observation; the terrain correction gterr, so that 

09boug = Agfa - 9slab - 9terr" (2.2) 

Slab correction 

The slab correction (gslab and Figure 2.4) is the gravity effect of an infinitely extensive 

flat slab of uniform density difference p and thickness h (elevation between the reference 

plane and the seafloor or land surface): 

9s1ab = 2irGph, (2.3) 
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where G is the universal gravitational constant. For this work I use two slab corrections: 

' -- _ 
Okm 

^, n ^ 
PO PW 

------------------------- ---------- -- --- 30km 

1 Slab correction 

Continental 
.' 

Oceanic 

Figure 2.4: Slab correction for reduction to a Bouguer anomaly. Slab thickness at each obser- 
vation point over the ocean equals the water depth, over land it equals topographic height. Slab 
has infinite horizontal extent and density defined as density difference between crustal rocks (p, 

continental, po oceanic) and sea water (p, 
y), or air. The sign changes for corrections above and 

below the 0 km reference plane. No Bouguer anomaly over land areas has been calculated in this 
thesis. 

one each for bathymetry deeper and shallower than 2.5 km. The intention is to use 

suitable density differences for regions which approximate continental and oceanic crust. 

The 2.5 km criterion envelopes most oceanic crust because it is the global average depth 

of the youngest oceanic crust. Oceanic crust subsides with time (Trehu, 1975; Parsons 

and Sclater, 1977), so it is unlikely that large areas of normal oceanic crust lie shallower 

than 2.5 km. In the Scotia Sea this assumption is consistent with the following: (i) 

the majority of spreading centres are extinct and subsided; (ii) the active East Scotia 

Ridge crest at 3-4 km is anomalously deep; (iii) no oceanic large igneous provinces are 

positively identified in the Scotia Sea (Coffin and Eldholm, 1992). A result of this is that 

any areas of extended, subsided continental crust below 2.5 km are given a correction 

several times larger than continental crust shallower than 2.5 km. The effect of this is less 

dramatic than at first seems since extended continental crust is likely to be denser than 

unextended continental crust due to intrusion and underplating of mafic igneous rocks 

during stretching (Cox, 1980; McKenzie, 1984; White and McKenzie, 1989; Brodie and 

White, 1994). 
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The effect of varying the slab correction is much less than that of applying a slab 

correction in the first place. Figure 2.5 is a Bouguer anomaly elevation cross plot of the 

northwest Scotia Sea to illustrate that the change in density difference at 2.5 kin does not 

introduce a step at 2.5 km which might bias interpretation of crustal interfaces to follow 

the 2.5 km bathymetric contour. The density differences used for the two corrections are: 

1. Below 2.5 km; 1870 kgm-3 (a `typical' oceanic crustal density of 2900 kgin 3 minus 

ocean water density of 1030 kgin-3) 

2.2.5 km-0 km; 1570 kgm-3 (crustal density from consideration of fractal topography 

in South America: 2600 kgm-3 (Chapin, 1996) minus sea water density). 

-1000 
E 

2000 
Q) 

E 
-3000 

(z 
ca 

-4000 

Figure 2.5: Bouguer-elevation cross plot for the northwest Scotia Sea and Scotia Arc. Note the 
strong correlation of Bouguer gravity with bathymetry. The use of different slab corrections for 

water depths greater than and less than 2500m does not introduce an artefact in the Bouguer 

anomaly along the position of the 2500m submarine contour which, if it existed, might bias 
interpretation of the continent-ocean boundary. The individual trends in the plot have probably 
carried through from the ship tracks used to make the bathymetric grid. 

Terrain correction 

The terrain correction is of smaller size than the slab correction, and is of most importance 

in areas of large topographic gradients. The terrain correction process I use is different 

0 100 200 300 

Bouguer, mGal 
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to the traditional approach (Plouff, 1977; Spielman and Ponce, 1984; for example), which 

involves laborious calculations of the gravity effect of volumes concentric about the obser- 

vation point. Instead I use a faster wavenumber domain approach to calculate the gravity 

effect of seafloor terrain (Parker, 1995; 1996). The technique has been applied successfully 

to large surveys at sea (Parker, 1996) and on land (Kirby and Featherstone, 1999), and 

for void detection purposes in microgravity surveys on land (Bishop et al, 1997). The 

method is described in some detail in Appendix B, and for a full treatment the reader is 

referred to Parker (1995; 1996). 

2.3.3 Isostatic residual anomaly 

A further gravity correction, the isostatic correction (gis,, and Figure 2.6), aims to remove 

the long wavelength components of observed gravity due to deep masses compensating 

topographic loads. The result is the isostatic residual anomaly (Og; so): 

09iso = 09boug - 9iso" (2.4) 

Because gravity anomalies due to compensating masses in the mantle are removed, the 

isostatic residual anomaly gives information regarding the distribution of anomalous mass 

above an adopted compensation depth: i. e. within the crust or lithosphere. In fact some 

mantle anomalies probably remain as the mantle is likely to contain inhomogeneities unre- 
lated to its role in compensation (McKenzie et al, 1980; Bowin, 1983; Hartley et al, 1996; 

for example). However these should have long wavelength, given the source depth. With 

this reasoning shorter wavelengths in the isostatic residual anomaly can be attributed 

mainly to upper crustal density sources. 

Isostatic correction 

A model is needed to predict the shape of compensating masses, given the distribution of 

the topographic loads. Models may consider pure Airy-type isostasy (the compensating 

blocks are vertical-sided and the crust has no strength between them) or a crust of finite 

strength governed by an effective elastic thickness. In places models can be informed by 
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Figure 2.6: The isostatic correction is similar to the slab correction, but of opposite sign. It is 

shown here before upward continuation to the 0 km reference plane. The thickness of the slab 
representing the compensating mass at the observation point is calculated using assumed Airy- 

type isostatic compensation of the topographic load, with respect to a reference depth of 30 km, 

assumed to represent the thickness of crust at sea level. The density of the slab is the density 
difference between rocks of the mantle (pm) and of the lower crust (p1). Note the sign of the 
isostatic correction changes for the compensation surface above and below the 30 km reference 
depth. 

seismic experiments. All models provide very similar isostatic corrections given the depth 

and equality of compensating mass in each (Simpson et al, 1986). 

I assume simple Airy-type isostasy, balancing crustal masses about a 30 km compensa- 

tion depth for crust at sea level, to predict the topography of the crust-mantle boundary. 

A density contrast of 430 kgm-3 at the boundary is used. The gravity effect of compen- 

sating masses is calculated using an implementation of the method of Parker (1973) in the 

GMT routine grdfft. This is a method of calculating the anomaly due to a distribution of 

density (or magnetization) on a flat surface by use of the Fast Fourier Transform. Upward 

continuation of the anomaly by 30 km, also with grdfft, gives the correction at sea level 

to remove from the Bouguer anomaly. 
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2.4 Magnetic anomalies and some transforms 

This section introduces and describes the total field anomaly, its transformation by reduc- 

tion to the pole, and inversion for oceanic crustal magnetization. A brief description of 

how magnetic anomalies are defined and measured is given, but for textbook treatments 

the reader is referred to Dobrin and Savit (1988); Fowler (1990) and Blakely (1995). 

2.4.1 Total field anomaly 

The compilation of total field anomalies recorded by ships in the Scotia Sea region is shown 

in Figure 2.7. The illuminated function is produced by the same continuous curvature 

spline technique as was the bathymetric grid described in Section 2.2. The grid cell size 

is also the same. The ship track data interpolated for the surface are shown in Figure 2.8, 

which also shows their likely navigational uncertainty. No weighting has been applied to 

account for the varying vintages of data used. 

The total field anomaly 

The total field anomaly, AT, is a residual magnetic field intensity after removal of the 

theoretical magnetic field intensity, F, and the time-variant part of the ambient field, 

FTV, from the observed total magnetic intensity, Tobs: 

OT=Tobs -F- FTV. (2.5) 

The theoretical value F comes from a mathematical model (Langel, 1992; for example) 

which describes the magnitude of the geomagnetic field at the Earth's surface. The 

geomagnetic field originates in Earth's liquid iron outer core, and is probably due to its 

convection possessing a self-exciting dynamo-like property (Elsasser, 1956a; b; Carrigan 

and Gubbins, 1979). FTV has its sources in interactions of atmosphere with ionosphere, 

and of the sun and moon with the ionosphere. It varies on many time scales. 

Most of the remainder of the recorded field (about 1%) has its source in the crust 

above the intersection of the geotherm with the Curie temperatures of the common crustal 
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ferromagnetic minerals. Ferromagnetism will not be addressed here: it is enough to know 

that for each mineral it only pertains below that mineral's Curie temperature, which 

is usually met at about 5-10 km depth. Mineral magnetization has so-called induced 

and remanent components whose vector sum is the mineral's total magnetization. The 

induced component aligns parallel to the regional field and is the product of the regional 

field and the mineral's magnetic susceptibility. Remanent magnetization may arise in 

different ways, but for minerals formed by cooling magma the most important is thermo- 

remanent magnetization. The thermo-remanent component needs no external field in 

order to persist, but mimics the regional field at the time a `blocking temperature', below 

the Curie temperature, was passed during cooling. The Königsberger ratio-the ratio of 

the magnitudes of remanent and induced magnetizations-is usually greater than unity, 

as remanent magnetization is generally the stronger. 

So the total field anomaly arises from the anomalous magnetization of ferromagnetic 

minerals in crustal rocks. Since it is a scalar measurement it is not necessarily a de- 

scription of any vector component of that magnetization. Blakely (1995) shows that it 

can, nonetheless, be treated as if it gives rise to a potential providing it is harmonic, 

and a good approximation to one of these components. These conditions pertain when 

the ambient field is much greater than the perturbing field and when the regional field is 

approximately constant within the survey area. The former is usually true, and the latter 

is a point for survey design. 

The magnetization's vector nature and variability within lithologies makes the task 

of producing further residuals difficult. Methods are available to include explicitly the 

effect of terrain in special circumstances (see Section 2.4.4). Elsewhere, assuming the 

perturbing field is confined to crustal rocks, interpretation needs to consider topographic 

and terrain effects. 

Uncertainty in total field anomalies 

Most of the total field anomaly data used in this study were collected by proton magne- 

tometers towed behind ships. Anomalies recorded in the Scotia Sea between 1972 and 
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Era Likely Uncertainty at - 50°S Length in 
Navigation km °latitude °longitude Figure 2.8 

pre-1975 Celestial 15 -0.13 -0.26 - 128000 km 

1972-78 (BAS) ansit 
satellite 

10(4? ) -0.04 -0.08 - 168000 km 

1975-1980 Transit 
satellite 

10 -0.09 -0.18 - 59000 km 

1980-85 Transit & 
partial GPS 5 -0.04 -0.08 N 30000 km 

post-1985 Full GPS 2.5 -0.02 -0.04 - 153000 km 

Table 2.2: Likely navigational uncertainties for marine total-field data acquisition in the Scotia 
Sea. 

1978 are uncertain to within 11 nT (Hill and Barker, 1980). As peak-to-peak amplitudes 

of seafloor spreading anomalies may exceed 500 nT it is obvious that navigational uncer- 

tainty will prevail over observational uncertainty. Navigational uncertainty is discussed 

in Section 2.2, and addressed in Table 2.2 and Figure 2.8. Average navigational uncer- 

tainty per line-kilometre of total field data is 6.7 km, assuming the uncertainty of Hill 

and Barker (1980) for BAS acquisition between 1972 and 1978, or 8.7 km applying the 

uncertainties of Kirkwood et al (1999) to all data. A general navigational uncertainty of 

8 km is adopted for the data used to make the grid. It is important to remember that 

gridded data become much more uncertain than this value even at short distances from 

ship track control. 

In addition to uncertainty from acquisition a systematic misplacement of anomalies 

with respect to their causative bodies is inherent in total field anomalies recorded in an in- 

clined magnetic field. This misplacement, manifest as `skewness' (Figure 2.9) in magnetic 

profiles, is significant with respect to the dimensions of the causative magnetization- 

several kilometres for seafloor spreading anomalies. So the total field anomaly is unsuit- 

able to interpret for the positions of magnetic bodies. The following sections detail how 

to remove much of the skewness so that in effect only navigational uncertainties remain. 
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2.4.2 Reduction to the pole 

Reduction to the pole is a treatment of total field anomalies which multi to rvuwve their 

skewness (Baranov and Naudy, 1964; Bhattacharyya, 1965). Skewness comes from the 

contribution to an anomaly's phase of the inclination of a ferromagnetic body's inagneti- 

zation, which is a vector quantity. Inclined magnetization is the result of the dipole-like 

core field which is inclined everywhere but the magnetic equator. At the magnetic poles 

the field aligns vertically with respect to the surface. A smaller `anomalous' skewness 

(Cande, 1976; Roest et al, 1992) may be present due to other effects which are not well 

understood. 

Skewness gives rise to appreciable systematic misplacement of the anomaly with re- 

spect to the underlying source: the skewed anomaly will not align with all the causative 

body's edges, and has a large negative component to the main part of the anomaly (Fig- 

ure 2.9). Reduction to the pole deskews anomalies by changing the inducing field to a 

vertical orientation, as if the source body were situated at one of the magnetic poles. The 

transformed anomaly's induced component is centred over the perturbing body and is 

monopolar. Remanent magnetization may continue to supply a dipole component to the 

anomaly as most methods assume that the anomaly is completely induced. However if the 

latitude of the body at the time of formation and the present latitude are similar much 

of the skewness supplied by remanent magnetization will also be removed. A treatment 

of one means of performing reduction to the pole is given in Appendix B. 

The reduced to the pole grid was produced by transforming total field anomalies using 

Geosoft software. To address the large changes in the inducing geomagnetic field in the 

Scotia Sea region I perform the transformation on a set of five degree by five degree tiles, 

overlapping by one degree at the edges to enable smoothing between tiles. 

h: 1 " ý. S 
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Figure 2.9: For identical dyke-like magnetic bodies, the total field anomaly depends on the 
direction of the inducing field and the body's strike. At the magnetic poles the inducing field is 
aligned vertically and the total field anomaly is monopolar and centred over the dyke. Elsewhere 
the dipole component induced gives rise to `skewness' in the total field anomaly. 

2.4.3 Block models 

The importance to plate tectonics of reversals of the geomagnetic field is reviewed in 

Section 1.2. The present north geographic pole is in fact a south magnetic pole as it 

attracts the north seeking needles of compasses, but the anomaly field from rocks world- 

wide exhibits multiple synchronous reversals over geological time, at apparently random 
intervals. The reversal mechanism is not well understood but is thought to be related to 

the instability of the core dynamo (Gubbins, 1987). Relative to the duration of periods 

of constant polarity (chrons) the time taken for a reversal to occur is geologically instan- 

taneous (about 10 thousand years). Dates from rocks characterized by a known reversal 

sequence can be applied everywhere the sequence is identified. The magnetic reversal 

record provides a basis for dating and measuring the plate movements that create the 

SKEWED 
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ocean basins. 

To assess the age of ocean crust comparison is made between a real magnetic anomaly 

profile over it and a synthetic profile created for a model of the region. The synthetic is 

created using a published pattern of reversals, or timescale (Cantle and Kent, 1995; for 

example; Figure 2.10), based on dating procedures applied to magnetic rocks. Dating can 

be by biostratigraphic classification of fossils in sediments above the magnetic layer 2 of 

seafloor, by radiochronology of drilled or dredged samples of layer 2 itself, or by compar- 

ison with geological sequences on land which allow dual magneto- and biostratigraphic 

analysis for comparison with oceanic records. Dates for the tiuiescale used in this study 

(Cande and Kent, 1995) are calibrated by astrochronology (Shackleton et al, 1990; Hilgen, 

1991; for example), an approach which ties cyclic climate proxy events (for example cyclic 

deposition of sapropels or calcium carbonate-rich rocks) to cycles in Earth's orbit, which 

are precisely known. These dates are then applied to magnetic reversal sequences via 

biostratigraphic markers. 

Source model for synthetics in the Scotia Sea 

Synthetic profiles are created for a source model of rectangular sectioned prisms having 

infinite length in the direction of anomaly strike. Just two components of the induced 

field (horizontal, perpendicular to the length of the blocks, and vertical) need be con- 

sidered. The third component is confined to the block itself (Figure 2.11). Parameters 

describe the magnetic susceptibility and thickness of the layer, whose upper surface is 

the sea floor. Each block's magnetization is allowed to reverse according to the reversal 

timescale and user-defined spreading rates which also determine block width. The source, 

thus described, is magnetized by a model field at its present latitude and longitude (in- 

duced component), and latitude at the time of block formation (reinanent component). 

Asymmetric accretion and ridge jumps can also be modelled. An implementation of this 

technique, in the Fortran program magbath, was supplied by BAS. 

The field due to the model is determined as components in the vertical and spreading 
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Ma Ma 
Pleistocene 1 0 

Paleocene 
aD Pliocene 
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Oligocene 30 Turonian - 90 
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Figure 2.10: Part of the magnetic anomaly reversal timescale of Cande and Kent (1995) between 
0 Ma and 133 Ma (Early Cretaceous to Present day). Ages on the right of the columns, on the left 
are the names of some major chronostratigraphic divisions, and (small numbers) selected reversal 
anomaly numbers. 
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Figure 2.11: The block model scheme by which synthetic magnetic anomaly profiles are gen- 
erated. Three components characterize magnetization in the model blocks, which have infinite 
length along strike. Only two (M2 and My) need be considered as Al.. is confined within the 
infinite dimension of the model. The magnetization (X) is given a constant value but allowed to 
change sign according to whether a normally- (black) or reverse-magnetized (white) block is being 
modelled. Blocks have a constant thickness and their upper surface is constrained to coincide with 
the bathymetric surface. 

0 
directions which are added to the local reference field to determine a resultant. This re- 

sultant field's magnitude is taken from the reference field's magnitude to give a synthetic 

total field anomaly due to the model magnetization. Some synthetics modelled for the 

Scotia Sea region are presented in Section 2.6.4. They are generated by rnagbath, embed- 

ded in a shell script model-it written to perform data pre-processing and display, using 

some GMT programs and the UNIX utility awk. 

2.4.4 Seafloor magnetization 

The convolution of anomalies due to terrain can be mitigated for by determination of rock 

magnetization, a scalar quantity which therefore shows no skewness or spherical diver- 

gence (i. e. it does not vary with the observer's distance). Magnetization distributions can 

be forward modelled (Whitmarsh and Miles, 1995; for example) or inverted for assuming 
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an appropriate source model. A source model appropriate to oceanic crust formed by 

seafloor spreading is used here in an inversion for a grid of seafloor magnetization. This 

grid is used in Section 2.6.5 to pick edges of magnetic isochrons for use in Chapter 3. 

Modelling seafloor magnetization 

An inverse Fourier procedure for determining rock magnetization from a two dimensional 

source model is described by Parker and Huestis (1974). The source model is similar to 

that used for making synthetic profiles: a constant thickness layer whose upper surface 
is the seafloor, in which layer the magnetization is constant but allowed to reverse. The 

method is extended to deal with three dimensional sources by Macdonald et al (1980), 

an approach which is described in Appendix B. 

I use an implementation of the inverse technique for three-dimensional anomalies in 

a Fortran program inv3d (Martinez et at, 1995; Smith et al, 1999; Taylor et al, 1999) 

which works for sea-surface as well as deep-tow total field anomalies. I embed inv3d in a 
GMT-awk shell script, mgz_grd, along with two short Fortran data handling programs, 
in order to pre-process and filter the input and display the results. In order for the 

inversion to succeed, which is inherently unstable as it is in effect a downward continuation 
(Appendix B), the input bathymetric grid is masked to 2500 m depth for all areas shallower 
than 2500 m. In addition total field anomalies are band-pass filtered between 6 km and 
50 km, with cosine taper to 3 km and 100 km. A source layer thickness of 1 km is used. 
Model magnetizations typically reproduce the input total field anomaly with root-mean- 

square differences of less than 10 nT. 

For ship-track total field anomalies I use a similar implementation, inv2d, embedded 
in a shell script mgz_pro£ As with the three-dimensional implementation a1 km thick 

source layer is used, but it is necessary sometimes to use a different filter width to achieve 

convergence. 
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2.5 Other data 

In addition to potential field data, numerous other data exist in and out of the literature 

as a result of the prolonged period of exploration in the Scotia Sea region. In particular, 

at BAS, a large volume of seismic reflection data is held which has never been published. 

Where necessary, this is used to inform models set up in the course of the thesis. 

2.6 Scotia Sea model of crust 

2.6.1 Free-air anomaly grid 

The free-air anomaly from satellite altimetry is shown in Figure 2.12. The dominant 

topographic signature can be appreciated by comparing it with the bathymetric grid of 

Figure 2.1. Most prominent are the elongated, deep low anomalies associated with the 

trenches at the South Sandwich and South Shetland subduction zones, and with the active 

strike-slip boundaries north of the North Scotia and South Scotia ridges. The highs of the 

ridges themselves and the South Sandwich Islands are clearly visible as are the spreading 

centres of the west Scotia Sea, east Scotia Sea, and the former Phoenix spreading centre. 

Another prominent class of anomalies is the fracture zone troughs caused by the action 

of transform faults and other features offsetting segments of the West Scotia and Phoenix 

Ridges. The anomaly fabric created by the presence of slow-rate spreading centrt's and 

their offsets is striking in these areas. No such fabric is evident in the central Scotia Sea. 

In the west Scotia Sea the median ridge anomaly is segmented into seVCII parts by 

transform and non-transform offsets. From southwest to northeast these are referred to 

as W1-W7, and can be considered parental to spreading segments similarly numbered. 

Segments WI to W4 are bounded to the southwest by the Shackleton Fracture Zone 

and northeast by the Quest Fracture Zone. Segmentation between these fracture zones is 

by non-transform offsets. The offsets in magnetic anomalies they produce were naiued, by 
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Burrell (1983), the Beagle, Terror and Fram fracture zones, from southwest to northeast. 

Although these offsets do not all appear to be presently in continuity with flowline troughs, 

all appear to have produced lengths of free air anomaly lineations that adopt tectonic 

flowline trends comparable to the Quest and Endurance fracture zones. 

North of the Quest Fracture Zone, segments W5-W7 are bounded by two further 

fracture zones, the Endurance fracture zone and an un-named fracture zone which I refer 

to as the `Burdwood Fracture Zone'. The Burdwood fracture zone of Burrell (1983) 

strictly refers to the western fossil offset only. Burrell (1983) calls the eastern feature the 

`Scotia trough' (after Hill (1978)). I will not be using this term in order to avoid confusion: 

the `Scotia trough' is interpreted by Hill (1978) as a triple-junction trace rather than (as 

here) a scar left by an extinct transform fault. Segment W6 appears to be segmented into 

three parts by two sharp bends in the axis at - 48.1°W, 56.0°S and at - 47.1°W, 55.1°S, 

possibly at non-transform offsets. The axial anomaly strike between these bends is similar 

(NN45°E) to that in segments W1-W5. The presence of a short fracture zone-like trough 

on the east flank of W6, between anomalies C6b and C8, suggests this segmentation may 

have had an earlier manifestation as a significant age offset, which might have been erased 

by successive small ridge jumps. The width of segment W7 (-i 600 km), and the northern 

part of segment W6 is somewhat less than the widths of all the other segments (- 770 kin). 

In the former Phoenix spreading regime a well ordered system of seven spreading 

segments, labelled P1 to P7 from north to south, are offset by transform faults and 

their fracture zones. Further segments, not shown in Figure 2.12, exist south of P7. The 

northern three segments have crust of both Antarctic and former-Phoenix plates, whereas 

those further south are all Antarctic plate, following subduction of the Phoenix Ridge. 

Picking transform fault and fracture zone troughs 

Transform faults and fracture zones are important in the crust model. They form part of 

the data set used in inversions for relative plate motions detailed in Chapter 3, because 

many transform faults act purely by displacement along their strike to accommodate strain 

between separating plates, later to become fossilized as fracture zones: they are therefore 
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tectonic flowlines of plate motion. Free-air anomaly troughs, which are a systematic 

expression of fracture zones (Shaw, 1987; Cande et al, 1988; Gibert et al, 1989), are 

picked using the method of Nankivell (1997a) as follows. Closely-spaced sets of profiles 

cross perpendicular to fracture zone troughs, along which the free-air anomaly grid is 

sampled, and an automated procedure picks an anomaly minimum along each. The 

resulting line of minima, describing the floor of the fracture zone trough, can be edited 

using an X-Windows program - xfzpick, and the data formatted using split_fzpicks, both 

written by Nankivell. 

Using this process I produce a set of picks of all likely fracture zones, or part fracture 

zones, representing flowlines which are as long as possible and as internally consistent a 

data set as possible, without compromising their continuity. 

West Scotia Sea 

Three main fracture zones are picked in the west Scotia Sea, each represented on both 

flanks of the West Scotia Ridge. From south to north these are the Quest Fracture 

Zone, the Endurance Fracture Zone, and the Burdwood Fracture Zone. The Quest and 

Endurance Fracture zones have been split into shorter segments due to the presence of 

gaps in the fracture zone troughs which exceed 50 km in length. Within these gaps, 

continuity of the fracture zone trace can not be assumed, and no trough is available to 

be picked. 

The Endurance Fracture Zone has a long (250 km) offset, and could have been active 

in transpression or transtension at some time, accommodating strain across, rather than 

along, its length. An example of this kind of behaviour is known from the southwest 

Indian Ocean (Patriat et al, 1985), where the Prince Edward Fracture Zone fails to adopt 

a flowline trend consistent with predicted changes in the spreading direction. If such 

behaviour were the case, the Endurance Fracture Zone would not be a reliable tectonic 

flowline for the west Scotia Sea and should not be used for reconstructions. However 

the apparent co-polarity of parts of the Endurance Fracture Zone with the neighbouring, 

shorter-offset (N 100 km), Quest Fracture Zone postpones its exclusion. A similar caveat 
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applies to sections of the Quest and Endurance fracture zones aged between anomalies 

C5c and C5. With the possibility of spreading in the Protector Basin during this interval 

(Hill and Barker, 1980) and possible presence of a triple junction at its northern margin 

involving either fracture zone as transform faults, data from between C5 and C5c were 

included in the data set with caution. 

In addition numerous shorter troughs are picked. This is done under an assumption 

that flowline traces can be created at stationary non-transform offsets (Schouten and 

White, 1980). Data from features like this are desirable for the inverse procedure described 

in the next chapter. Picking must be undertaken with caution because without connection 

to an extant transform or non-transform offset, a feature's flowline nature can not be taken 

for granted. With this in mind the following criteria are used to select features in this 

class: 

1. Presence within the west Scotia Sea spreading system (essential). 

2. Apparent co-polarity with known fracture zone lengths in the west Scotia Sea 

(essential). 

3. Length exceeding 30 km (essential given resolution of satellite gravity anomalies). 

4. Apparent offset of magnetic anomalies (where magnetic grid resolution allows). 

5. Existence of a conjugate feature (desirable). 

6. Presence in other (e. g. bathymetry, seismic) data (desirable). 

Phoenix system 

In the Phoenix spreading regime a set of nine fracture zones (four are expressed on both 

Antarctic and Phoenix plates, the remainder are Antarctic plate features) are picked. 

Transform faults are typically less than 100 km in length, and magnetic isochron offsets 

for the region where the Phoenix plate has been subducted show that offsets here were 

similar. Fracture zone troughs show no significant breaks in continuity. 

Pivoting subduction (which is thought to be the result of the greater slab pull force 

where the subducting crust is older, (Menard, 1978)) has acted within segment P4, mean- 

ing that it is possible that either of the fracture zone traces at its boundaries could have 
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been distorted. Some care is taken when picking data describing those fracture zones, al- 

though they appear not to have been distorted as their strikes do not deviate significantly 
from the strikes of the set of fracture zones in the Phoenix system. 

The tectonic flowline data picked in the west Scotia Sea and Phoenix system are shown 
in the introductions to the inversions of Chapter 3 (Sections 3.4.1,3.4.2,3.4.3 and 3.4.5). 

Shackleton Fracture Zone 

The Shackleton Fracture Zone is not included in either the west Scotia Sea or Phoenix 

system pick sets. The Shackleton Fracture Zone is part of the modern sinistral trans- 

pressional plate boundary between the Scotia and Antarctic plates. The extinct Phoenix 

spreading system to its southwest is the result of relative motion between the Antarctic 

and former Phoenix plates but, in the west Scotia Sea to its northeast, a different plate 

pair was active. As a result this feature is of no use as a passive recorder of plate motion 
in either system. Exclusion of the Shackleton Fracture Zone from the reconstruction pro- 

cess is a crucial difference between this study and all previous Scotia Sea reconstructions, 
in which the assumption of its importance as a tectonic flowline for motion between the 

Antarctic Peninsula and Tierra del Fuego is a keystone (Barker and Burrell, 1977; Burrell, 

1983; Cunningham et at, 1995). 

2.6.2 Bouguer anomaly grid 

The Bouguer anomaly grid for the Scotia Sea region is shown in Figure 2.13. Most striking 
is the strong anticorrelation with long-wavelength topography, which is the result of no 

account being made for compensating masses in the mantle. On this basis the following 

fragment groups are of likely thickened crust: 

I. Offshore Tierra del Fuego and the North Scotia Ridge as far east as 49°W. 

2. The South Sandwich Arc, Herdman Bank, Discovery and Jane Banks (possibly 

extending north along 36.5°W as far as 57.3°S), a complex of highs around Herdman and 
Discovery Banks, and an isolated relative high in the South Sandwich forearc centred on 
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58.6°S, 25.3°W 

3. The Antarctic Peninsula, South Shetland Islands. South Scotia Ridge and South 

Orkney Microcontinent. 

4. Bruce Bank, Pirie Bank and the high centred on 51°W, 58.5°S at the western 

margin of Protector Basin (here named the Terror block, after the nearby magnetic- 

anomaly offset of Burrell (1983)). 

5. South Georgia and Shag Rocks. 

6. The Falkland Islands and Falkland Plateau as far east as Maurice Ewing Bank, the 

Northeast Georgia Rise. 

Small areas of oceanic crust are interpreted from strongly positive anomalies in Drake 

Passage, the west Scotia Sea, east Scotia Sea, Powell Basin, Protector Basin and Dove 

Basin. In addition, as would be expected, the Weddell Sea and Atlantic and southeast 

Pacific oceans also show strong positive Bouguer anomalies. 

Large areas of intermediate anomalies are identifiable. Often these intervene between 

the interpreted areas of continental and oceanic crust, they represent a transition between 

the two. Examples are the eastern margins of Tierra del Fuego and Burdwood Bank and 

the opposing Antarctic Peninsula and South Orkney Microcontinent margins of Powell 

Basin. Elsewhere areas of intermediate anomalies are less easy to interpret: in the central 

Scotia Sea and the eastern Falkland Plateau. 

I use the total horizontal derivative of the Bouguer anomaly 
(Agb 'rill)) to pick promi- oug 

nent edges in the Bouguer anomaly grid. The intention is to draw outlines around regions, 

or blocks, of continental crust at whose boundary with oceanic crust AgT houg 
H assumes a 

maximum. This depends on two assumptions: 

1) The density difference between continental crust and oceanic crust is greater than 

100-km-scale rock-density differences within either, and 

2) The transition occurs over a short enough horizontal distance for the density con- 

trast to be manifest as a steep gradient in the Bouguer anomaly. 
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The first assumption is quite reasonable, but the second might be invalid for stretched 

margins with particularly wide regions of `transitional crust'. Such margins are already 

identified: at the southeastern margin of the Falkland Islands block, the northwestern 

margins of the west Scotia Sea, and the opposing margins of Powell Basin. The presence 

of relative isostatic residual highs at the Falkland Islands block and northwestern margin 

of the west Scotia Sea is used as an indication of proximity to the boundary between 

`transitional' and oceanic crust, the boundary of continental crust taken at a maximum 

in Ogbo g somewhat further landward of this anomaly. In Powell Basin I use the sea- 

ward boundary of `extended continental crust', derived by King et al (1997) from seismic 

reflection and free-air gravity anomalies as a guide to choosing a suitable maximum in 

Ogb D. The axes of the deep trenches and troughs also all exhibit maxima which have 

been avoided when picking block edges. 

The Total Horizontal Derivative of the Bouguer anomaly is defined here by 

Q THD 
_ 

rp0gboug)y 

+I 
a09bou9 

(2.6) 

J' 9boug ax 
I\ 

19 

in which x and y are two mutually orthogonal horizontal directions. Ogboýp can be 

approximated closely using finite-differences, or computed in the waveiu tuber domain 

(Pedersen, 1989). Here I take the wavenumber domain approach for AgboýýR, using the 

GMT tools grdfft and grdmath. 

The grid of derivatives is shown in Figure 2.14, with prominent edges used to define 

the continental or thickened crustal blocks mentioned in the text highlighted by green 

outlines. 

2.6.3 Isostatic residual anomaly grid 

The isostatic residual anomaly field for the Scotia Sea region is sliown iii Figure 2.15. 

The big difference from the Bouguer anomaly is the loss of anticorrelation with long- 

wavelength topography. As a result, at long wavelengths the isostatic residual anomaly 
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resembles the free air anomaly but at shorter wavelengths there are significant differences. 

The prominent positive anomaly over Aurora Bank is in spite of the thick deformed 

sediment pile there (Cunningham, 1998), so the basement beneath this pile is likely to 

be of oceanic crust. Southernmost Discovery Bank. Pirie and Bruce Batiks, and the 

Terror block all show sharp-edged negative anomalies whose prominence suggests that 

each of these features is at least partially supported within the crust. The anomalies' 

similarity to those of the South Orkney Microcontinent suggests that all have a similar 

crustal nature: old, essentially continental, blocks which have undergone extension. More 

attenuated highs can be seen along the northwest and southeast margins of the west 

Scotia Sea. Their setting, landward of the older edge of C8, and character suggest that 

these anomalies are representative of stretched, thermally subsided crust. 

Isostatic residual anomalies at passive margins are discussed by Rabinowitz and La- 

Brecque (1977) who show that a common feature is a narrow relative high just seaward 

of the continent-ocean boundary. This is hypothesised as due to anomalously shallow 

injection of oceanic crustal material at the earliest stages of seafloor spreading. Exposed 

dense, non-volcanic, mantle peridotite at the continent-ocean boundary could also cause 

such an anomaly. Such exposures are known at the Iberian passive margin (Whitinarsh 

et al, 1993; ODP Leg 149 Shipboard Scientific Party, 1993; Dean et at, 2000) and are 

a feature of some models of continental break-up (Boillot et a!. 1995; Brun and Beslier, 

1996; Pickup et al, 1996). Relative isostatic residual highs of this type are visible in 

the gridded anomaly presented here, southeast of the Falkland Islands as recognised by 

Rabinowitz and LaBrecque (1977), and also at the northwestern passive margins of the 

west Scotia Sea off Tierra del Fuego and Burdwood Bank. They are included for reference 

on Figure 2.15, although they are not used as unequivocal evidence for proximity to the 

continent-ocean boundary. 

Strongly negative isostatic residual anomalies are presumably related to sedimentary 

accumulations in the South Orkney and Falkland Troughs and the Chile Trench. Similar 

anomalies are present at the deep South Sandwich and South Shetland trenches although 

4 
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neither is sediment-filled. 

2.6.4 Magnetic reversal models 

West Scotia Sea 

A selected set of profiles recorded by ship passage over the west Scotia Sea, with synthetic 

reversal models is shown in Figures 2.16 and 2.17. Profiles come from modelling over six 

segments, W1-W6 of the spreading centre in the west Scotia Sea. The northernmost 

spreading segment, W7, has proved difficult to model. Livermore et al (1994) suggest 

that the reason for this is likely to be significant ridge-jumping tectonics within W7. 

Apparent migration of non-transform offsets has made modelling for the oldest parts 

of W1--W4 and the central and northern parts of \V6 difficult. Further from the axis, the 

possibility that a ship track may cross the track of one of these migrating non-transform 

offsets increases. This difficulty is compounded by a lack of suitably oriented ship tracks, 

especially on the eastern limb of the system. As a result, some anomalies preceding C6 

are only tentatively identified using assumed symmetry about the ridge axis, or are left 

unidentified. 

The anomalies at chrons C5, C5c, C6, C6b, C7 and C8 (Table 2.3) are well identified 

in the profiles (Barker and Burrell, 1977; Livermore et a!, 1994) and so were chosen as the 

basis for modelling. The west flank of the system is often very well modelled. The ea, -it 

flank is sometimes less straightforward: even when ancient offsets are almost certainly 

not crossed. This can be seen in W6 where a number of the profiles show complexity with 

respect to the model at chrons prior to C6 or C6b. Notwithstanding all these difficulties, 

the east flank seems best matched by an asymmetrical model favouring it by four or five 

percent. 

Phoenix system 

Recorded and synthetic profiles for the Phoenix spreading; ý} aý iu :uý . liu u in Figure 2.1 3, 

for eight spreading segments (Pl to P8, north to south; Figure 2.12). The five southern 

I 
16 
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Figure 2.16: Ship track anomalies in the west Scotia Sea segments W1-W5 (black) compared 
to a modelled profile (for the sequence in W2, red). Along-track bathymetry, used as the upper 
surface of the model source layer, is shown below the model, and beneath that are spreading 
rates. Selected reversal anomalies from the timescale of Cande and Kent (1995) are annotated. 
For location of ship tracks see the inset to Figure 2.17. 
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Figure 2.17: Ship track anomalies in the west Scotia Sea segment W6 (black) compared to a 
modelled profile for W6. Along-track bathymetry, used as the upper surface of the source layer, is 

shown below the model, and beneath that are spreading rates. Selected reversal anomalies from 
the timescale of Cande and Kent (1995) are annotated. Inset at top: location of ship tracks in 
this figure (segment W6) and Figure 2.16 (segments W1-W5). 
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segments are solely in crust of the Antarctic plate after subduction of the Phoenix ridge 

crest. 
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Figure 2.18: Ship track anomalies in the Phoenix-Antarctic spreading regime segments P1-P8 
(black) compared to a modelled profile (for the sequence in P1, red). Along-track bathymetry, 
used as the upper surface of the source layer, is shown below the model, and beneath that are 
spreading rates. Selected reversal anomalies from the timescale of Cande and Kent (1995) are 
annotated. 
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Model thron Cande and Kent (1995) Age(Ma) Used in system 
C3 3n. 4n 5.230 P 
C4 4n. 2n 8.072 P 

C5 5n. 2n 10.949 WP 

C5a 5An. 2n 12.401 P 
CSac 5ACn 14.076 P 

C5c 5Cn. 3n 16.726 WP 

C6 6n 20.131 WP 
C6b 6Bn. 2n 23.069 W 

C7 7n. 2n 25.183 w 
C8 8n. 2n 26.554 WP 
C10 10n. 2n 28.745 P 

Table 2.3: Names of magnetic reversals picked from ship tracks and their ages from the polarity 
timescale of Cande and Kent (1995). P denotes use of that reversal in the Phoenix spreading 

system, W denotes use of that reversal in the west Scotia Sea. 

The anomaly sequence is usually simple to model (Larter and Barker, 1991; Livermore 

et al, 2000): chrons C3, C4, C5, C5a, C5ac, C5c and C6 are modelled on profiles over 

both plates, and C8 and CIO solely on the Antarctic plate further south (Table 2.3). The 

sequence is chosen to bracket the west Scotia Sea anomaly sequence, and not to represent 

the entire episode of spreading at the former Phoenix ridge. In addition no anomaly 

identifications are made for regions of relevantly-aged crust outside the magnetization 

grid of Section 2.6.5, so that this set of identifications is neither complete nor exhaustive 

with respect to spreading at the Phoenix ridge. 

2.6.5 Seafloor magnetization grid 

The inverted for grids of seafloor magnetization in the west Scotia Sea and Phoenix 

spreading region are shown in Figures 2.19 and 2.20. The transformation shows many 

of the seafloor spreading anomalies to be linear that appear more complicated as total 

field anomalies. This is to be expected as the inversion is intended to remove topographic 

effects. In addition the band-pass filter (applied to stabilise the inversion) will have 

removed some of the noise from other sources (e. g. gridding oscillations or noise from 
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acquisition). The inversion requires no a priori information explicitly regarding what the 

anomaly strike should be, and no directional filtering is applied at any stage; the linearity 

is not a result of over-zealous processing. 

Once the effect of topography is accounted for the steepest horizontal gradients should 
be at the instantaneous reversals between modelled blocks of crust; so the total horizontal 

derivative of magnetization is used to delineate these boundaries. Interpreted anomaly 

profiles, inverted for seafloor magnetization, overlain on the derivative map show which 

maxima represent the reversal chrons to use for reconstructions. In Figures 2.21 and 2.22 

the derivatives are shown with the anomaly identifications. 

These maxima are digitized for the reconstruction techniques in Chapter 3. The 

following selection scheme for digitisation is concerned with producing a data set which is 

an internally consistent description, by the gridding process, of normal seafloor spreading. 
This is important, given certain aspects of the use of gridded data, which are discussed 

in Section 3.2.3. For now only the selection scheme is necessary: 
1. Picks are not taken in the immediate vicinity of transform or non-transform offsets. 

These are transparent to the gridding process: some data may have unwanted effects on 

gridded edges in neighbouring segments. In addition offsets may have an appreciable 
three-dimensional magnetization of their own due to enhanced melt supply (Kent et al, 
2000). 

2. Picking is not undertaken further than 8 km (the likely uncertainty in ship track 

data) from ship track control. 

3. No single edge or length of edge whose strike deviates from that of the set of 

edges in a segment is picked unless its conjugate deviates similarly. If such deviation is 

suspected to be a gridding artefact then edges with conjugates may also be discarded, 

depending on whether other data are available for the same chron. 
4. Picks are made each 3-4 km along maxima so that no bias is introduced except to 

data from well defined, continuous, edges in the grid. 

5. Three dimensional features such as seamounts (where identified) are not picked if 
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Figure 2.20: Mercator projection of the seafloor magnetization in some of the crust formed by 
the Phoenix spreading regime, modelled from total field anomalies in the presence of bathymetry. 
Grey areas: the 2500 m bathymetry mask. 
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Figure 2.22: Mercator projection of the total horizontal derivative of modelled seafloor magne- 
tization in the Phoenix spreading regime. Thin green lines and white numbers: reversal chrons 
identified for digitisation, thick green lines: ridge axis from free-air gravity, black lines: flowline 
troughs from free-air gravity, Piv. Sub.: area of pivoting subduction, SFZ: Shackleton Fracture 
Zone, TdF: Tierra del Fuego. 
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their modelled magnetization causes deviation to a chron edge. 

A final special criterion for data selection is applied to isochrons in the Phoenix system. 

In P4, near the former subduction zone, gridded magnetization isochrons appear to bend 

towards the trench in the direction (northeast) of increasing age of the subducting plate 

(Larter and Barker, 1991). This is a consequence of pivoting subduction (Menard, 1978) 

which is thought to be the result of the greater slab pull force where the subducting crust 

is older. The fan-shaped accretion is a localised phenomenon, so data describing accretion 

behind a subduction zone pivot are discarded. 

2.6.6 Reduced to the pole total field grid 

The grid showing total field anomalies in the Scotia Sea region, de-skewed by reduction to 

the pole is shown in Figure 2.23. Areas of continental crust, as defined from the Bouguer 

anomaly, are overlain as outlines on the map to aid interpretation. Comparison with raw 

total field anomalies (Figure 2.7) reveals the phase effect of reduction to the pole is small. 

This is to be expected given the region's proximity to the magnetic pole in the south- 

ern hemisphere. The effect appears to align edges of some magnetic anomalies with the 

Bouguer anomaly derivative maxima picked in Section 2.6.2, for example at the southern 

edges of Bruce and Discovery Banks, the South Scotia Ridge, and the southeastern ruar- 

gins of the South Orkney Microcontinent and South Shetland Islands. This observation 

is qualitative support for the notion that reduction to the pole has succeeded in removal 

of some of the skewness in the remanent magnetization of the causative bodies, because, 

and furthermore, there has been no great latitudinal movement of these bodies since their 

formation. 

Anomalies with established causes 

Over continental areas the wide, linear, high-amplitude Pacific Margin Anomaly of the 

Antarctic Peninsula, and its continuation onto the South Shetland Islands, South Scotia 

Ridge and South Orkney Microcontinent is prominent. Where exposure is available this 
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anomaly coincides with outcrops of mafic igneous rocks, suggesting that it is the mag- 

netic signature of a regional batholith (Leat et al, 1995). Another wide high-amplitude 

anomaly is present in offshore Tierra del Fuego, along strike from mapped outcrops of the 

Patagonian batholith (Tectonic map of the Scotia arc, 1985) which is strongly magnetic 

(Simpson and Griffiths, 1982). 

Anomalies with unknown sources 

Prominent anomalies are associated with the regions of transitional crust at the eastern 

margin of Burdwood Bank, the southeastern margin of the Falkland Islands Block (Barker, 

1999), and the western and eastern margins of Powell Basin (Eagles and Livermore, 1999). 

Anomalies of this type may be related to volcanism during crustal stretching (Larsen et al, 

1994) and coincide with the relative isostatic residual anomaly highs (where present) of 

Section 2.6.3. 

At the southern edge of the South Georgia continental block a prominent positive 

anomaly has been attributed to a batholith (Simpson and Griffiths, 1982; Garrett et al, 

1986), but there is no independent evidence for such a cause. This anomaly is apparently 

continued as an anomaly just to the south of the Shag Rocks block, completing its presence 

along the entire southern edge of the North Scotia Ridge east of the West Scotia Ridge 

axis in W7. West of this axis the North Scotia Ridge is not strongly magnetic. Such 

a pattern could plausibly be related to the presence or absence of volcanism along the 

northern strike-slip margins of the growing west Scotia Sea. 

More attenuated anomalies all with similar (- 80 km) width across strike are present 

on the southern margins of the Bruce and Pirie banks and the Terror block. The fragments 

are likely to be continental (Toker et al, 1991; Mao and Mohr, 1995; Sections 2.6.2 and 

2.6.3), but the causes of the anomalies have never been speculated on. An anomaly of 

similar proportions is present over the wide southern part of Discovery Bank, suggesting 

that it too may have continental affinities, as speculated by Garrett et al (1986) and 

Hamilton (1989). Barker et al (1982) suggest the anomaly is the expression of a'Discovery 

Arc', ancestral to the South Sandwich Arc, on the basis of dredge hauls of arc material 
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further to the northeast, where the anomaly itself does not persist. 

Oceanic crust 

Much of the region's oceanic crust, as defined by high positive Bouguer anomalies, shows 

a typical linear magnetic reversal anomaly character. On this basis, the west Scotia Sea 

probably includes the crust beneath Aurora Bank. Similarly, the east Scotia Sea probably 

extends from the South Sandwich Islands to 35°W, and is narrower in the south than in 

the north. Smaller areas showing reversal-type anomalies (of typical amplitude, width, 

and elongation) are evident in Protector Basin and in Dove Basin. 

Two departures from the agreement between the Bouguer and reduced to the pole 

grids are apparent. Powell Basin, whose Bouguer anomaly suggests has an oceanic na- 

ture, has no apparent reversal anomalies. Its oceanic nature has been established using 

seismic reflection techniques (King et al, 1997), and an explanation forwarded to explain 

the absence of reversal anomalies, as will be outlined in Chapter 4. The central Scotia Sea, 

the crustal nature of which the Bouguer anomaly is equivocal on, shows very strongly de- 

veloped east-west trending reversal anomalies. These two-dimensional anomalies, having 

peak-to-peak amplitudes typically exceeding 500 nT and wavelengths of 10-30 km, are al- 

most certainly the result of seafloor spreading, but problems exist in their interpretation. 

This difficult area will be addressed further in Chapters 4 and 6. 
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Chapter 3 

Reconstructions by joint inversion 

of isochrons and flowlines 

Keywords Joint inversion. Isochrons. Flowlines. West Scotia Sea. Phoenix spreading 

system. Reconstruction poles. 

3.1 Introduction 

In this chapter I use an automated reconstruction technique for the margins of the spread- 

ing system in the west Scotia Sea and of the extinct Phoenix-Antarctic spreading system. 

Many plate tectonic reconstruction techniques rely on visual assessment of fits of recon- 

structed geological features and produce subjective results. Where enough good quality 

data can be amassed, mathematical techniques bring rigour and some objectivity to the 

endeavour. 

Chapter 1 has shown how the Scotia Sea is a case in point where a number of visually- 

deduced fits are published within regional reconstructions. Because visual-fit reconstruc- 

tions can not be assessed by formal uncertainties, different views of the formation of the 

Scotia Sea complex of basins have been able to co-exist in the literature. In particular, 
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reconstructions have presented the kinematics of the Scotia Sea plates: 

1) As a multiphase back-arc region dominated by subduction dynamics (Barker et al, 

1991; Barker, 1995), 

2) As a complication of the South American-Antarctic plate boundary (Cunningham, 

1993; Cunningham et al, 1995), and 
3) because 1) and 2) are not necessarily mutually exclusive, as a hybrid system (Bur- 

rell, 1983). 

In Chapter 21 muster the data describing the west Scotia Sea and Phoenix-Antarctic 

seafloor spreading systems. Some of the magnetic data have been used previously for a 

mathematical analysis aimed at deriving plate tectonic reconstructions of the west Scotia 

Sea (Burrell, 1983), which closely resemble those published by Barker and Burrell (1977). 

Burrell's (1983) study suffers from unrealistic identification of flowlines by over-reliance 

on the use of sparse flowline magnetic profiles (Tectonic map of the Scotia arc, 1985), and, 

as in Barker and Burrell (1977) undue importance ascribed to the Shackleton Fracture 

Zone. The resulting reconstruction poles are poorly constrained (Figure 3.1) and the 

kinematic model unnecessarily complex. With gridded magnetic and satellite free-air 

gravity data, the opportunity arises for a more informed objective attempt at deriving 

reconstructions in the region. In this chapter I describe briefly the method used for two- 

plate reconstructions of the west Scotia and Phoenix systems. I present and discuss the 

data used, followed by the results of the method as applied to these data. 

3.2 Two plate reconstructions in the Scotia Sea 

Nankivell's (1997) iterative inverse method develops the joint inversion for isochron and 

flowline data of Shaw and Cande (1990). It defines magnetic residuals as displacements 

from a great circle rather than from a point on a circle (Figure 3.2). Residuals and partial 

derivatives for fracture zone data are also calculated in a simpler way. Inversion can be 

extended to three plate systems. Finally, the method allows use of data which have no 
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Figure 3.1: Reconstruction poles for the west Scotia Sea at anomalies C8, C6 and C5 derived 
from least-squares fitting of magnetic anomaly data (Burrell, 1983). A two plate (red) and three 
plate (green) model are presented. The ellipses (which have been digitised from a hand-drawn 
figure) are derived in a similar method to that used in this chapter, but define poles with low 

confidence due to the inadequate data set used and undue importance ascribed to the Shackleton 
Fracture Zone. 
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conjugate, for instance where data have been lost to subduction. 

Here I deviate from Nankivell's method by using gridded model magnetization anoma- 

lies (Section 2.6.5) as opposed to picks from ship track profiles. This enables use of mag- 

netic data from profiles which would be impractical to process for isochron picks due to 

their high angle to flowlines. A condensation of the description of the method for two- 

plate reconstructions, given in Nankivell (1997a) and Nankivell (1997b), follows. It is 

reproduced in greater detail in Appendix A. 

3.2.1 Definition and calculation of residuals 

A residual is the quantified difference between an observed datum and the model. It may 

take a positive or a negative value. Summation of the set of residuals gives a test criterion 

which the inverse method aims to minimise. 

For magnetic isochron position data (picks) residuals are defined as the pick's displace- 

ment from the closest point on a target great circle (Figure 3.2). They are evaluated as 

the angular separation between the target great circle's pole and the rotated pick, minus 

ninety degrees. Target great circles are defined as the best fitting great circle to all picks 

in a `target group' representing a single isochron in a single spreading segment. Data 

being rotated to target circles can be from the conjugate, or any non-conjugate, isochron 

on either ridge flank. Conjugate fitting is preferred because the solution is unaffected by 

spreading asymmetry or ridge jumps between conjugate isochrons. Non-conjugate fitting 

can not address asymmetric spreading using data from just one plate and may do so only 

incompletely with data from two plates. 

For fracture zone picks residuals are defined as the pick's great circle distance from a 

model flowline. The flowline (Figure 3.3) is generated as a series of small circle segments 

about stage poles, calculated from the test finite poles, and emanating from a seed point. 

This seed point can be any isochron-intersection point along the flowline. A bad seed point 

could cause a systematic error in a flowline's residuals, so it is allowed to be perturbed 
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Figure 3.2: The definition of magnetic residuals used in the joint inversion sc"henw of Nankivell 
(1997a) as opposed to that used by Shaw and Cande (1990). Nankivell's method is more flexible 
in the case of a test rotation causing significant displacement of an isochron datum parallel to its 
target great circle. The rotating datum is shown by a square, the data used to define the target 

great circle are shown as circles. 

slightly in order to minimize such error. Residuals are calculated as the angular difference 

between two small circles about the stage pole-one describing the flowline segment and 

the other containing the rotated pick. For picks of transform faults residuals are great 

circle displacements from the best fit small circle, about the test pole, to all the transform 

fault picks. This is evaluated as the difference between the colatitudes of the pick and 

the target small circle, using the current pole. 

3.2.2 Partial derivatives, least squares and inversion 

The method next takes partial derivatives of each residual with respect to perturbations 

to the Euler pole parameters (latitude A, longitude ¢, rotation angle 0). Each is a de- 

termination of how the residual would be changed by the perturbation to the next pole 

parameter. 

Using a matrix of such partial derivatives, for all residuals with respect to all model 
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Figure 3.3: The definition of flowline residuals used in the joint inversion scheme of Nankivell 
(1997a). For the first flowline segment the small circle is about the first test reconstruction pole, 
and half a finite rotation in length. Subsequent sections are about stage poles calculated from the 
reconstruction poles; for instance s' = Fb/2F-a/2 (for notation see Appendix A). 

pole parameters, a least squares procedure can determine changes to the model for min- 

imising the set of residuals. The model parameters inverted for are a set of finite rotation 

poles each consisting of (A, 0,6). All residuals, from magnetic, fracture zone and trans- 

form fault data, and their sum, will equal zero for a perfect description of the observed 

data. The technique assumes that residuals generated by imperfect pole parameter sets 

differ only slightly from those generated by a perfect set in order to approximate a lin- 

ear least-squares problem. The detail of the derivation of partial derivatives, and their 

incorporation into a working scheme by this assumption, is given in Appendix A. 

Inversion 

To combine all partial derivatives for the data sets (magnetics, fracture zones and trans- 

form faults), equally they are normalised by dividing each by its own uncertainty, the 

pick sets' standard deviations. A combined matrix of all these normalized partial deriva- 

tives and a normalised vector of residuals are incorporated into the inversion equation 

(Appendix A) to give a matrix equation which is used to perform the inversion. 

Prior to inversion a weighting scheme is used to mitigate the effects of poor quality 
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data. Here it is enough to say that extra weight is given to groups of picks which are 

likely to bring the best constraint to the model. The weighting matrix is combined into 

the matrix equation which is solved iteratively. The least squares method, which has a 

provision for damping (Paige and Saunders, 1982; NAG, 1985), finds sets of adjustments to 

pole parameters which improve the overall fit of the model to the data, until a minimised 

stable parameter set has been found. 

3.2.3 Data selection 

Isochron data 

The isochron data set inevitably contains outliers which can bias the reconstruction. To 

combat needless, and detrimental, inclusion of such compromised picks all data whose 

residuals exceed a cutoff criterion, F, are disregarded. A suitable value for r is chosen 

by looking at q-q (quantile-quantile) plots of the magnetic data (Shaw and Cande, 1990; 

Nankivell, 1997a; Kirkwood et al, 1999). A quantile Q(p) is the value below which a 

fraction p, of data, lies. Given a hundred data each quantile is a percentile. The q-q 

analysis plots quantiles of the residuals against those of a Gaussian distribution with zero 

mean and standard deviation of one. Assuming the set of reliable residuals is normally 

distributed the q-q plot has gradient equal to the standard deviation of the residual set, 

and intercept equal to its mean value. The q-q plot deviates from a straight line where 

outliers become significant. P is a multiple of standard deviation chosen in order to ignore 

these outliers. The need to remove outliers is particularly important for reconstructions 

of the west Scotia Sea. Here the plate boundary is short and the influence of compromised 

data is potentially much higher than for a longer boundary. 

When using gridded data normal distribution of errors can not be assumed for the 

residual set as a whole. As a result outliers occur as members of sub-populations. Broadly, 

two classes of sub-populations are evident from q-q analysis of isochron residuals. In the 

first class the mean residual differs from that of the main population. In the second class 

the standard deviation of the sub-population differs. 
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Sub-populations with differing mean residual 

These sub-populations arise when the set of picks in an isochron group does not fit its 

target as well as the majority of sets in isochron data (Figure 3.4). Possible causes for 

this are, from more to less likely: 

1. Bad anomaly determination at the modelling stage. 

2. Anomaly not well expressed on ship tracks (data gaps, poor record, bad source) so 

is not prominent on total field grid, e. g. C5c in segment W6, east flank. 

3. Spurious oscillations in gridding produce apparent edges e. g. C6 in segment W3, 

west flank. 

4. Anomaly expression lost or suppressed by filter prior to magnetization inversion. 

5. Picks belong in another spreading segment. 

6. Large ridge jumps in segment. 

7. Intra-plate deformation distorts anomalies (Wilson, 1993; Cunningham, 1993). 

8. Anomalous skewness. 

Some outlier populations originating from bad anomaly determinations are eliminated 

by reinterpretation of block models after early inversions. Problems of identification error 

must be present in inversions run on profile data alone but are not evident since they 

do not give rise to populations of residuals. By using data digitised from grids it proves 

possible to be able to address the worst of identification difficulties and salvage data. This 

is a further advantage in the use of isochron data from grids. 

The remaining outlier populations seem most likely due to failure of the gridding 

or magnetization modelling processes to resolve isochron edges in regions of sparse or 

compromised data. This is a specific problem when using gridded isochron data. It 

imparts an en echelon segmentation to the q-q plot (Figure 3.4). In q-q analysis, en 

echelon sets with a mean differing by less than 8 km are not considered significant variance 

in the residual set, because they fall within the adopted navigational uncertainty. This 

uncertainty is a formal constraint on the accuracy of the inversion; removing such data 

does not have a beneficial effect on the solution. 
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Figure 3.4: At top: the source of an outlier population having a different mean in an isochron 
(Cl) fitting not as well as the rest of the isochrons (C2-C4) in the inversion. The same effect is 
achieved when the target data are used instead to generate residuals. Histograms for each isochron 

are shown at the bottom. The effect of the outlier population in a q-q analysis of the residuals-en 
echelon segmentation-is shown at bottom right. 

Sub-populations with differing standard deviation 

The most likely source of sub-populations with anomalous standard deviation is an 

isochron pick set and target great circle which are not co-polar, i. e. they have a dif- 

ferent strike (Figure 3.5). The different standard deviations (steeper q-(l gradients) give 

rise to a facetted q-q plot. It is difficult to envisage how single isochrons with unusual 

strike could be produced by seafloor spreading. These sub-populations are likely to arise 

out of the following, from more to less likely: 

1. Gridding in the presence of sparse data or impertinent data. 

2. Merging of a `staircase' of anomalies and short non-transforiu offsets during grid- 

ding. 

3. Off-axis volcanism distorting a pre-existing magnetization or anomaly. 
4. Post-emplacement deformation of seafloor (Cunningham, 1993). 

kh 
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Figure 3.5: At top: the source of an outlier population having a different standard deviation in 

a target great circle (Cl) not being co-polar with the rest of the targets (C2-C4) in the inversion. 
The same effect is achieved when the target data are used instead to generate residuals. Histograms 
for each isochron are shown at the bottom. The effect of the outlier population in a q-q analysis 
of the residuals-facetting-is shown at bottom right. 

None of these is pertinent to the process of making reconstructions used here. Ac- 

tive selection against sub-populations with anomalous standard deviation is practised, 

although data which are compromised in this way are preferable to no data at all. 

Fracture zone and transform fault data 

Just two criteria were used for the selection of fracture zone and transform fault data: 

the presence of a trough exceeding 30 km length as part of an apparently co-polar set. 

As a result outliers are less inherent in these residuals, leading to larger F. The main 

difficulty lies with the possibility of a partial or complete fracture zone or transform fault 

locus not being representative of spreading. A scheme for consideration of each trough as 

a member of a set of troughs was described in Section 2.6.1, at the fracture zone picking 

stage. In q-q analysis any surviving trough not co-polar with the main set should give 

rise to facetting, allowing the offending feature to be discarded. 
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3.2.4 Confidence intervals 

It is important to be able to appreciate that uncertainty in a reconstruction arises from 

uncertainty in the data used to make it. To this end, methods of quantifying uncertainties 

in solution poles using estimated data uncertainties have been developed (Hellfinger, 1981; 

Stock and Molnar, 1983; Chang, 1987; Jurdy and Stefanick, 1987; Shaw and Cande, 1990; 

Richardson and Cole, 1991; Wilson, 1993; for example). A comparison is made by Wilson 

(1993) and a review given in Nankivell (1997a). Traditionally uncertainties are presented 

as elliptical or ellipsoidal confidence regions about reconstruction poles on maps. 

Here, confidence intervals are calculated using a covariance matrix derived from the 

inversion equation itself (Shaw and Cande, 1990; Wilson, 1993; Nankivell, 1997a). A 

correlation matrix of partial derivatives: 

{ATA]= (3.1) 

Z, c9pj 

relates changes in the normalised residuals (9) to pole parameter perturbations (p). Its 

inverse is the covariance matrix 

C= [ÄTÄ]_1. (3.2) 

By definition, for uncertain solutions, close-neighbour pole parameter sets do not 

cause large changes in residuals. The resulting low value of ATA in that neighbourhood 

means a high value of C. This shows how (assuming the problem function is linear in the 

region of the solution) the covariance matrix can relate uncertainties in the poles from 

uncertainties in the data. 

The 3x3 submatrices for each individual pole can be extracted from the covariance 

matrix. The submatrices' eigenvectors represent the semimajor axes of their confidence 

ellipsoids in three dimensional parameter space, once their longitudinal (small circle) 

aspects have been converted to great circle distances. The ellipsoid's magnitude can be 

defined with X2 tables. Alternatively, assuming a fixed angle of rotation, 2x2 submatrices 

for each pole can similarly define a confidence ellipse for the pole's map position. 
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Wilson (1993) shows that covariance-derived intervals can be misleadingly small if 

outliers remain in the data set, and expresses concern over the efficacy of their removal 

with q-q plots derived from inversions partially dependent on the very data they seek to 

eliminate. This potential pitfall may add to the problem of dependence and underesti- 

mation of confidence intervals (Section 3.2.6). I stress the importance of thoughtful data 

selection prior to inversion (cf Sections 2.6.1 and 2.6.5) in order to use the covariance 

technique to assess reconstructions. 

3.2.5 Data importances 

A datum's importance (Minster et al, 1974) to the reconstruction, Z, is defined on the 

diagonal of the symmetrical matrix P: 

P= A(ATA)-1AT (3.3) 

where A is the normalised and weighted partial derivative matrix. Hence, and since only 

the diagonal of P is needed, the importance of the ith datum, Ii, is defined at Ai, the ith 

row of A: 

Ii = Ai(ATA)-IAZT. (3.4) 

Each importance value is positive and measures how changes in the datum correlate with 

the stability of the reconstruction. Uncertainty in an important datum is strongly linked 

to uncertainty in reconstruction with respect to the linkage of less important data. It is 

therefore desirable that important data be confidently identified. 

3.2.6 Use of gridded data 

Use of gridded magnetic data has been unavoidable for inversions in this chapter. This is a 

significant departure in quantitative reconstruction techniques, and the issues associated 

with it have been approached piecemeal so far. A summary of those issues is given here, 

which is intended neither to be exhaustive nor rigorous. 
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Advantages of using gridded data 

1. Allows use of all available ship track data, as a result: 

a) highlights outliers in q-q analysis, as members of groups, and enables the pos- 

sibility of reinterpreting those data; 

b) the importance of the assumption of normal distribution of data is lessened as 

the number of data is much greater than the number of segments (Kirkwood et at, 1999) 

2. Potentially eliminates error due to poor segment assignment. 

Disadvantages of using gridded data 

1. Unavoidably breaches the assumption of stochastic independence of data (i. e. that 

errors should not be predictable as members of a population (Kirkwood et at, 1999)). As 

a result of the greater numbers of correlated data: 

a) calculated rotation uncertainties may be underestimated if the number of `good' 

data greatly exceeds the number of features they describe, and 

b) the calculated reconstruction poles may be susceptible to inappropriate `bad' 

data introduced by the gridding process. 

The selection criteria of Sections 2.6.1 and 2.6.5 are concerned with trying to make 

sure that dependence does not give rise to influential volumes of inappropriate data. It is 

to be hoped that further selection by q-q analysis is effective as a second line of defence. 

Whether or not dependence gives rise to underestimated rotation uncertainties in this 

chapter has not been tested. Such a test might be made either by using a different 

method to the covariance technique to calculate rotation uncertainties, or by altering the 

data set's volume and, somehow, its character so that it resembles data derived from 

profiles. 

3.3 Data preparation and formatting 

Some final editing may be desired before compiling all the input data in the formats used 

by the inversion suite. An interactive program by Nankivell-xsortdata-enables the full 
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data set to be viewed at once and, if necessary, edited. After this, magnetic data are pre- 

processed using the inversion-suite program magprepro, which formats them, calculates 

a starting set of target great circles, and calculates some of the parameters used for the 

weighting scheme. At this stage the instruction is given to undertake conjugate or non- 

conjugate fitting. Fracture zone and transform fault data are ready to use in the same 

format used by xsortdata. 

3.4 Results of inversions 

Results from inversions of the Scotia Sea region seafloor spreading data are presented in 

this section. I begin with results from the west Scotia Sea spreading centre, and explain 

why it is necessary to separate the data into two sets for more meaningful results to 

be obtained. Following this I present the results for the southern and northern parts of 

the west Scotia Sea system. Immediate implications are highlighted at this stage, but 

further discussion is reserved for a later chapter. Finally I present the results from the 

Phoenix-Antarctic spreading system. 

Inversion Procedure 

Uncertainty in input data is a formal constraint on the least squares procedure (Paige 

and Saunders, 1982; NAG, 1985). It is expressed as a single value, in essence the number 

of significant figures to which the data may be deemed reliable, for all data in the control 
file inv. dat. The 8 km navigational uncertainty (Section 2.4.1) is between the third and 
fourth significant figures for the Scotia Sea, formatted as latitude (-90-90°), longitude 

(-180-180°), as is the ±5 km uncertainty in satellite fixes of fracture zone troughs (Müller 

et al, 1991). I assume that all latitude-longitude data are accurate to three significant 
figures. 
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Figure 3.6: The data set used in inversion for reconstruction pole-, in the west Scotia Sea. 

Coloured symbols with black outlines locate picks of magnetic reversal anomalies. Smaller, unen- 

closed, red stars locate picks along tectonic flowlines. The West Scotia Ridge crest is shown by a 
black line. 

3.4.1 West Scotia Sea - full data set 

The full data set of magnetic and fracture zone data used in the entire west Scotia Sea is 

shown in Figure 3.6. Details of its acquisition are given in Chapter 2. 

I apply the inversion procedure following Nankivell (1997a). Conjugate fitting is 

applied wherever possible. Where conjugate pairs are not identifiable this is due to absence 

of information on the grid as described in Sections 2.6.5 and 3.2.3. For these isochrons it 

is necessary to use non-conjugate fitting. In weighting, no simple overt bias towards any 

data set is applied. This inversion uses the three definite fracture zone traces: the Quest, 

Endurance and Burdwood Fracture Zones, and-in order to include flowline data from 

along the entire length of the West Scotia Ridge-the trough feature branching off the 

Shackleton Fracture Zone on the eastern flank. The cutoff criteria, r, are set to ±5a for 

the first ten iterations (this value results in the weighting subroutines being disregarded) 

in order to drive the solution quickly to a pole that satisfies the majority of the data. An 
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4 
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Chr n 
Age 

Latitude Lon it d A l 95% confidence ellipsoid, degrees 
o (Ma) g u e ng e Axis 1 Axis 2 Axis 3 Azimuth 

C5 10.95 68.35 -13.19 1.22 1.07 0.38 0.012 68.8 
C5c 16.73 45.16 -10.36 2.51 7.44 0.42 0.010 68.4 
C6 20.13 44.78 -26.05 3.71 2.46 0.20 0.008 75.7 

C6b 23.07 52.28 -23.82 5.55 1.79 0.11 0.016 74.5 
C7 25.18 53.38 -23.44 6.24 1.95 0.13 0.014 74.5 
C8 26.55 53.28 -23.30 6.59 2.03 0.21 0.013 73.1 

Table 3.1: Solution finite poles for the entire west Scotia Sea inversion; motion of west flank with 
respect to east flank. Axis 1 and Axis 2 describe variation in the position of the pole, and lie mostly 
within the surface of the globe. Axis 3 is for variation in the rotation angle. The azimuth is that 
of Axis 1. These parameters describe the 3D confidence ellipsoid, for completeness, but, following 

convention and for simplicity, only the 2D ellipses are shown in all the maps of reconstruction 
poles. 

intermediate round of ten iterations with all r= ±3a (Nankivell, 1997b) maintains the 

influence of low-population regions in the data set. The final run, disregarding outliers 

by reducing F to ±la, continues until convergence (usually a few tens of iterations more). 

The starting pole set is a guess, to give a reasonable fit, by looking at the data. It is 

situated in the North Atlantic. 

Solution poles for inversion with the whole west Scotia Sea data set are shown in 

Table 3.1 and Figure 3.7. Figure 3.7 also shows the solution poles of Nankivell (1997) for 

South America-Antarctica spreading from two-plate (South America and Antarctica) and 

unmodified three-plate (South America, Antarctica, Africa) inversions, and the solution 

poles from the rudimentary inversion on South American-Antarctic data of Barker and 

Lawyer (1988) for which there are no confidence regions. Comparison of the west Sco- 

tia Sea poles with those for South America-Antarctica relative motion betrays a strong 

similarity between relative plate motion in the South American-Antarctic and the west 

Scotia Sea systems. 

Figure 3.8 shows flowlines about solution poles to the data diverging significantly from 

the fracture zones in the northern part of the west Scotia Sea system, at the Burdwood 
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Figure 3.8: Model flowlines about the reconstruction poles from the entire west Scotia Sea in- 
version, in green, compared to fracture zone picks (red stars). Note the large inflexions which are 
not present in the data, and the poor fits to the Burdwood Fracture Zone (BFZ). EFZ: Endurance 
Fracture Zone, QFZ: Quest Fracture Zone. 

Fracture Zone. Figure 3.9 shows q-q plots of the magnetic and fracture zone data sets 

used in the inversion. Facetting in both plots betrays the presence of two populations of 

data in the west Scotia Sea describing two seafloor spreading systems. Inspection of the 

residuals shows that the two populations broadly represent residuals from the northern 

and southern parts of the west Scotia Sea system, dissected by the Endurance Fracture 

Zone, or possibly the Quest Fracture Zone. The implication of this is that the northern 

and southern parts of the west Scotia Sea were not always co-polar. 

In order to take account of this bi-polarity I split the west Scotia Sea data about the 

Endurance Fracture Zone and applied the inversion technique to the smaller data sets 

thus produced. The next two sections describe the results obtained from doing so. 



110 

30 

20 
E 10 

m 
0 

a1 

-10 

-20 

-no 

_ff 

3 -2 -1 0123 -3 -2 -1 0123 

G(0,1) quantile G(0,1) quantile 

30 
20 

10 

7 

-0 
y1 0 
m 

-10 LL 

-20 

-30 

Figure 3.9: Quantile-quantile plots of residuals inverted for in the west Scotia Sea system. 
refers to residuals from magnetic isochron picks, FLOW to those from fracture zone picks. 
facetting in both residual data sets and en echelon segmentation in the magnetic data se 
gesting that two populations of data are present in the west Scotia Sea. 

3.4.2 West Scotia Sea south of the Endurance Fracture Zone 

The data sub-set for west Scotia Sea spreading south of the Endurance Fracture Zone 

is shown in Figure 3.10. The Endurance Fracture Zone itself is omitted on the grounds 

of a strong suspicion that its long offset accommodated differential strain between the 

northern and southern part of the west Scotia Sea. Initially, the inversion is performed 

using definite fracture zone traces only (i. e. the Quest Fracture Zone alone), prior to 

inclusion and reduction of the data set for shorter troughs not connected to offsets, to 

give the set shown in Figure 3.10. Solution poles produced using these data are given in 

Table 3.2 and Figure 3.11. 

For most of the set of poles, within the bounds of the error ellipses, there can not 

be shown to be much difference from one chron to the next. The exceptions are jumps 

at C6 and C5 although the latter pole, being constrained only by a short length of 

fracture zone, could easily have been different. Given the possibility that error ellipses 

are underestimated by the use of gridded data I believe it wisest to conclude that the 

positions of the finite poles for the southern west Scotia Sea do not change much or at 
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Figure 3.10: The data set used in inversion for reconstruction poles in the west Scotia Sea, south 
of the Endurance Fracture Zone. Symbols as for Figure 3.6. 

all, except for a jump at C6. The group of poles, however, is displaced significantly 

south and east of the various groups of poles for the South American-Antarctic system. 

This displacement is by just a few degrees suggesting that the southern limb of the west 

Scotia Sea system was a close approximation to South American-Antarctic motion during 

its spreading. The clear separation of 95% confidence ellipses between the two systems 

nonetheless implies that some feature of the southern west Scotia Sea's margins decoupled 

it from South American-Antarctic relative motion. On the west flank relative motion is 

known from convergent deformation at Burdwood Bank and strike-slip movements on the 

Magallanes-Deseado fault zone in Tierra del Fuego, both presumed to have occurred in 

the post-C8 era. On the east flank the Antarctic plate can be reached via the South 

Sandwich Trench and South American-Antarctic Ridge, or through the small Protector, 

Dove and Jane basins. A final, more tortuous path is possible through Powell Basin and 

the Antarctic Peninsula. 
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Figure 3.11: Solution finite poles, and their 95% confidence ellipses for the west Scotia Sea, south 
of the Endurance Fracture Zone, in pink. Red and green: two-plate and unmodified three-plate 
inversion results of Nankivell (1997a) for South America-Antarctica motion, blue: inversion of 
Barker and Lawyer (1988) for which no confidence regions were determined. Chron numbers for 

each given in appropriate colours. 
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n Ch 
Age 

Latit d Lon it d An le 95% confidence ellipsoid, degrees 
ro (Ma) u e g u e g Axis 1 Axis 2 Axis 3 Azimuth 

C5 10.95 70.37 -11.49 1.30 0.93 0.36 0.009 65.1 
C5c 16.73 65.84 -10.77 3.12 4.84 0.14 0.009 59.4 
C6 20.13 59.92 -12.29 4.26 3.08 0.14 0.008 62.9 

C6b 23.07 64.79 -11.70 6.54 2.12 0.09 0.010 60.7 
C7 25.18 67.81 -6.02 7.69 2.83 0.13 0.011 55.7 
C8 26.55 65.18 -10.19 7.83 2.68 0.25 0.009 58.9 

Table 3.2: Solution finite poles for the southern west Scotia Sea inversion; motion of west flank 

with respect to east flank. The 3D confidence ellipsoid is described: Axes 1 and 2 describe variation 
in the position of the pole, and lie mostly within the surface of the globe. Axis 3 is for variation 
in the rotation angle. Only the 2D ellipses are shown in Figure 3.11. 

Fits of data with the model are shown graphically in Figure 3.12. Flowline fits to 

the data are reasonable given the short lengths of fracture zones used, but obviously 

more continuous fracture zone data would be useful. Importantly there is a good fit 

to the Quest Fracture Zone, the longest uninterrupted length of fracture zone and best 

constraint on continuous plate motion. A real kink in the Quest Fracture Zone correlates 

well with the changing reconstruction pole at C6. Data from the short trough features 

themselves are modelled well and consistently as parts of a set of flowlines. The feature 

branching off the Shackleton Fracture Zone on the eastern flank has been suggested in the 

past to be neotectonic, a readjustment of the modern Scotia-Antarctic plate boundary 

after extinction of the triple junction at the north end of Bransfield Strait (Klepeis and 

Lawyer, 1996). 1 suggest here that it may have had an earlier (pre-C6b) manifestation 

as an age-offset producing a fracture zone. Magnetic data fits to their great circles are 

also good where available. The use of non-conjugate fits of C8, C7 and C6b anomalies in 

segments W3, W4 and W5 is shown. 

Quantile-quantile plots for magnetic and fracture zone residuals are shown in Fig- 

ure 3.13. Facetting of the magnetic plot suggests a number of edges with inconsistent 

strike are used in the inversion, probably coming from regions where the magnetic grid is 

not well constrained by ship track data (principally the east flank in W2-W4). A cutoff 

a;, 
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Figure 3.12: Fits of the model elements (great circles and synthetic flowlines) to the data used 
in the inversion for the west Scotia Sea south of the Endurance Fracture Zone. Flowlines (top, 
in green) are compared to fracture zone picks (red stars). Rotated magnetic anomalies (bottom, 

various small coloured symbols) are compared to their target great circles (larger coloured symbols 
and orange lines). QFZ: Quest Fracture Zone. 
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Figure 3.13: Quantile-quantile plots of residuals in the west Scotia Sea system, south of the 
Endurance Fracture Zone. MAG refers to residuals from magnetic isochron picks, FLOW to those 
from fracture zone picks. Facetting is eliminated from fracture zone data, but persists in the 
magnetic data. 

criterion of ±lQ is used in spite of this, as there are no alternative data. For flowline 

residuals cutoff at ±1. OQ is also used and the data are clearly self consistent at this level. 

Data importances are shown in Figure 3.14. A wide distribution of data has similar 

importances, which is good as it indicates that the influence of any remaining outliers will 

be quite small relative to the size of the data set. Encouragingly, the most important data 

are from the extremities of the fracture zones: the Quest Fracture Zone off Burdwood 

Bank and the short trough feature near Elephant Island. The Quest Fracture Zone 

is prominent and uncomplicated on the satellite gravity grid, inspiring a high level of 

confidence in its data. All magnetic picks have a roughly uniform level of importance, 

so that unfortunately some compromised data must have an influence on the solution. 

Because the compromised data are from the magnetic data set, the undue influence might 

be seen more strongly in the determined rotation angles than in the pole positions. 
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Figure 3.14: Relative importances of data to the solution poles inverted for in the west Scotia 
Sea system, south of the Endurance Fracture Zone. The size of each circle is proportional to the 
importance of the pick at its centre to the solution. Fracture zone picks have red circles, magnetic 
isochron ones green. Model flowlines are included, in blue, and the West Scotia Ridge crest, in 
black. 

3.4.3 West Scotia Sea north of the Endurance Fracture Zone 

The reduced data set used in inversion for west Scotia Sea reconstruction poles north of 

the Endurance Fracture Zone is shown in Figure 3.15. 

Again, inversion was first done using only definite fracture zone traces in order to 

assess later the effect on the solution, and pertinence of, the short troughs picked as 

possible flowlines. Reconstruction poles are given in Table 3.3 and Figure 3.16. 
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Figure 3.15: The data set used in inversion for reconstruction poles in the northern part of the 
west Scotia Sea. Symbols as for Figure 3.6. 

Chron Age 
Latitude Longitude Angle 95% confidence ellipsoid, degrees 

(Ma) Axis 1 Axis 2 Axis 3 Azimuth 
C5 10.95 89.80 -17.25 1.44 1.00 0.64 0.002 71.4 
C5c 16.73 80.32 -22.39 3.35 17.06 0.33 0.003 70.2 
C6 20.13 74.39 -24.32 4.96 13.17 0.23 0.003 74.2 

C6b 23.07 73.52 -22.52 6.76 4.25 0.13 0.005 72.3 
C7 25.18 76.27 -18.07 8.13 2.79 0.11 0.003 67.2 
C8 26.55 76.75 -15.80 8.83 7.05 0.20 0.005 65.4 

Table 3.3: Solution finite poles for the northern west Scotia Sea inversion; motion of west flank 
with respect to east flank. The 3D confidence ellipsoid is described: Axes 1 and 2 describe variation in the position of the pole, and lie mostly within the surface of the globe. Axis 3 is for variation in the rotation angle. Only the 2D ellipses are shown in Figure 3.16. 
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Figure 3.16: Solution poles and their 95% confidence ellipses for the west Scotia Sea system, 
north of the Endurance Fracture Zone, in pink. Red and green: two-plate and unmodified three- 

plate inversion results of Nankivell (1997a) for South America-Antarctica motion, blue: inversion 

of Barker and Lawyer (1988) for which no confidence regions were determined. Chron numbers 
for each given in appropriate colours. 
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As was the case with the southern part of the system, progression in the sequence of 

poles is only hinted at outside the 95% confidence ellipses. Bearing in mind the ellipses' 

possible underestimation and that inversion effectively only uses data from a single seg- 

ment, the vague hint of a northerly progression of poles can not be taken as significant. 

The significance of the solution, because nearly all the data originate in one segment, is 

completely dependent on the quality of interpretations made in picking the data, and so 

the results of this inversion are of little more use than a set of visual fits of the isochrons 

and flowlines. The solution would be hostage to any unusual feature of the spreading 

process in this segment. Ideally, magnetic isochron data from W7 would be useful to 

assess the validity of the data in W6, as it seems likely that both could be part of the 

same circuit. Nonetheless, close coincidence of the reconstruction poles with those for the 

southern part of the west Scotia Sea system and for South American-Antarctic relative 

motion gives cause for some satisfaction with the result. 

Fits of data and model are shown graphically in Figure 3.17. The small set of flowlines 

is modelled reasonably well. This includes the prominent trough on the east flank, within 

W6, between chrons C8 and C6b, which has previously been suggested as a possible 

accretionary locus for the central Scotia Sea. Its model flowline tracks back to the ridge 

crest at the southerly bend and possible offset. Maybe the age-offset at this feature was 

reduced or eradicated at or soon after C6b: the reduction in the amount of offset might 

plausibly have been achieved by small, successive, ridge jumps below the resolution of 

magnetic reversal modelling in W6. 

Quantile-quantile plots for fracture zone and magnetic residuals are shown in Fig- 

ure 3.18. Data are consistent with the solution for flowline residuals within ±1. OQ. Again 

there are facets in the magnetic anomaly data set, in spite of which a ±1.00' cutoff cri- 

terion is used in the absence of alternative data. Inspection of the residuals, and of the 

magnetization anomaly grid, suggests that merging of `staircase' anomalies by gridding 

on the east flank seems the most likely source of the deviant data. 
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Figure 3.17: Fits of the model elements (great circles and synthetic flowlines) to the data used 
in the inversion for the west Scotia Sea north of the Endurance Fracture Zone. Flowlines, top, in 
green are compared to fracture zone picks (red). Rotated magnetic anomalies (bottom, various 
small coloured symbols) are compared to their target great circles (orange lines and larger coloured 
symbols). BFZ: Burdwood Fracture Zone. 
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Figure 3.18: Quantile-quantile plots of residuals inverted for in the west Scotia Sea system, north 
of the Endurance Fracture Zone. MAG refers to residuals from magnetic isochron picks, FLOW 
to those from fracture zone picks. Facetting persists in the magnetic isochron data, where it forces 
the inclusion of many unsuitable data, but is unimportant in the fracture zone data. 

Data importances to the reconstruction poles are shown by Figure 3.19. A wide distri- 

bution and great number of data are of similar importance to the solution suggesting that, 

unless the whole interpretation responsible for making the picks is flawed, the solution, 

such as it is, can be held with some confidence. The exception to this is the determined 

angles of rotation which depend more heavily on the compromised magnetic data. 

3.4.4 Immediate implications 

At the resolution allowed by available data within the west Scotia Sea system, there 

are only small differences in the positions of the reconstruction poles from what might 

be expected due to passive opening of the west Scotia Sea in response to relative motion 

between South America and Antarctica. Only the angles of rotation differ significantly, in 

the sense that more crust has been created than would be necessary if the passive margins 

of the west Scotia Sea were South America and Antarctica. The degree of coupling 

between the systems appears to have been strong enough for the west Scotia Sea to 

exhibit a change in spreading direction at C6, at which time a change also occurred in 
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Figure 3.19: Importances of data in the west Scotia Sea system, to the results of the inverted for 

poles north of the Endurance Fracture Zone. Circles are proportional to the relative importance 
to the solution of fracture zone (red) and magnetic isochron (green) picks at their centres. Model 
flowlines are included, in blue, and the West Scotia Ridge crest, in black. 

relative (Barker and Lawyer, 1988; Nankivell, 1997a) and (since Antarctica was more-or- 

less fixed in an absolute sense) absolute motions of South America. Decoupling of the 

west Scotia Sea from the South American-Antarctic system might therefore be expected 

to occur largely on its `Antarctic' eastern flank. The obvious location for this is the South 

Sandwich Trench. 

The extra amount of accretion is significantly larger than the error that might be 

expected to have been introduced by the unavoidable use of inappropriate magnetic data 

in the inversions, visibly so on comparison of flowlines, as `too much crust' in the west 

Scotia Sea (Figure 3.20). The extra accretion is noted by Hill and Barker (1980) and 

Barker (1995), and given as unequivocal evidence that the Scotia Sea is entirely back-arc 

in nature: that is, they relate it explicitly to the presence of the South Sandwich Trench. 

Figure 3.20 shows that the discrepancy is constant in W1-W5 but decreases northward 
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from the northern third of W6 so that in W7 the amount of crust produced is, coinci- 

dentally, similar to what might be expected if the west and east flanks were the South 

American and Antarctic plates respectively. The decrease in accreted width of the west 

Scotia Sea beginning in the middle third of W6, is at about the same latitude as the 

present-day northern termination of the South Sandwich Trench. I attribute this variable 

accreted width of the west Scotia Sea to its asynchronous opening, or possibly asyn- 

chronous extinction, although it is not possible to prove which given the garbled nature 

of magnetic reversal anomalies in W7. It can be seen that the accretionary discrepancy is 

reduced after C5c ('' 16.7 Ma), when South American-Antarctic and west Scotia relative 

motions become closely comparable. This correlates closely with estimates of the timing 

of the onset of spreading in the east Scotia Sea back-arc basin, at about 15 Ma. 

V 
Figure 3.20: Comparison of model flowlines in the west Scotia Sea (red lines) and what might be 
expected there from spreading between South America and Antarctica during the same interval 
(blue lines). Small numbers indicate magnetic chrons. Most of the extra accretion in the west 
Scotia Sea occurs before C5c. In northern W6 and in W7 less crust is created than in W1-W5 
and southern W6. 

So there is a strong influence by major plate motions on spreading in the west Scotia 

Sea, and the enhanced accretion, over what might be expected from this influence, is 

apparently correlated in space with the presence on the east flank of the South Sandwich 

Trench and in time with the absence of back-arc extension in the east Scotia Sea. All 
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this suggests that subduction at the South Sandwich Trench has influenced the amount, 

but not greatly the azimuth, of seafloor spreading in the west Scotia Sea. I put forward 

an interpretation, (summarised in Figure 3.21) for the opening of the west Scotia Sea 

whereby its opening was due to the relative motion of southernmost South America away 

from a trench at the eastern edge of the Scotia Sea, which I refer to as the proto-South 

Sandwich-Discovery Trench. The trench therefore has to have had, between C8 and C6 

(at least) a greater easterly component of motion relative to South America than has 

Antarctica. This can be attributed to its easterly rollback. 

Although the trench had this relative easterly component of motion with respect to 

Antarctica, it still closely resembled it in a kinematic sense, as the absolute westerly mo- 

tion of South America was much greater than both. Hence the strong apparent influence 

by major plate motion. 

m 
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3.4.5 Phoenix system 

The full data set used in the inversion for relative motion of the Phoenix and Antarctic 

plates is shown in Figure 3.22. Chrons C3, C4, C5, C5a, C5ac, C5c and C6 all use both 

non-conjugate and conjugate fitting using data on both the Antarctic and former Phoenix 

plates. C8 and CIO use only non-conjugate fits on the Antarctic plate. 

Reconstruction poles for the Antarctic plate relative to the Phoenix plate are shown in 

Figure 3.23 and Table 3.4. As in the west Scotia Sea it is possible that the 95% confidence 

ellipses are underestimated. Despite this, a smooth westerly progression of finite poles 

between C10 and C4 is shown, possibly accelerating between C5c and C5ac. The pole 

for C3 is contained within a very large confidence ellipse, reflecting the fact that it is 

constrained by the shortest length of fracture zone data of all the poles. Also note that 

the ellipses for C8 and C10 use magnetic data only from two spreading segments. 

Ch 
Age de L tit itude Lon An le 95% confidence ellipsoid, degrees 

ron (Ma) a u g g Axis 1 Axis 2 Axis 3 Azimuth 
C3 5.23 47.38 -2.77 0.49 15.22 2.28 0.009 59.9 
C4 8.07 73.61 16.55 2.59 5.03 0.39 0.016 30.3 
C5 10.95 73.17 27.19 5.54 1.82 0.15 0.014 23.6 

C5a 12.40 70.83 24.69 6.53 2.17 0.18 0.014 29.8 
C5ac 14.08 73.01 36.60 9.19 0.88 0.12 0.014 15.8 
C5c 16.73 75.50 52.15 14.16 0.49 0.06 0.018 6.1 
C6 20.13 71.77 46.77 15.94 0.47 0.04 0.021 14.0 
C8 26.55 71.65 48.92 23.04 0.71 0.04 0.032 12.5 
C10 28.75 70.99 42.15 23.12 1.72 0.11 0.056 17.4 

Table 3.4: Solution finite poles for the Phoenix plate inversion using mixed conjugate and non- 
conjugate fitting; motion of Antarctic flank with respect to Phoenix flank. The 3D confidence 
ellipsoid is described: Axes 1 and 2 describe variation in the position of the pole, and lie mostly 
within the surface of the globe. Axis 3 is for variation in the rotation angle. Only the 2D ellipses 
are shown in Figure 3.23. 
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Figure 3.22: The data set used in inversion for reconstruction poles in the Phoenix spreading 
system. Small red stars locate fracture zone picks. Larger coloured symbols locate magnetic 
isochron picks. 
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Figure 3.23: Solution finite poles, and their 95% confidence ellipses for the Phoenix spreading 
system between C10 and C3. 
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Model fits to the data are shown in Figure 3.24. Flowline fits to fracture zones are 

all very good-this is to be expected since there are no significant kinks in the fracture 

zones to model. Magnetic fits are similarly well made, magnetic errors are largest for the 

southern part of the region modelled. This is partly because these data are only available 

for non-conjugate fitting, with its vulnerability to ridge jumps, and also due to the very 

sparse ship track coverage in the region. 
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Figure 3.25: Quantile-quantile plots of residuals inverted for in the Phoenix spreading system. 
MAG refers to residuals from magnetic isochron picks, FLOW to those from fracture zone picks. 
Facetting in the magnetic isochron plot is probably due to the difference between the well-defined 
grid in the north of the system, and the less-well defined part in the south where ship tracks are 
more scarce. 

Quantile-quantile plots for magnetic and fracture zone residuals are shown in Fig- 

ure 3.25. Cutoff criteria, for both, of ±la are used. Residuals for the magnetic data 

hint at two populations. The first population (lower gradient bar in center of plot) is 

the product of conjugate fitting of well-defined anomaly edges in the northern part of the 

Phoenix system. The second population, with the higher standard deviation, is the result 

of non-conjugate fitting of less-well-defined anomaly edges in the remainder of the system, 

where ship tracks are less closely spaced and data picked from the grid are, in effect, the 

same as profile data. Relative importances of the data used for the inversion are shown 

in Figure 3.26. Paucity of picks of C8 and C10 means that these are the most important 

magnetic data. Fracture zone data are the most important overall: the prominence of 

troughs used to pick the data inspires high confidence in them, and this extends to the 

solution itself. 
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Figure 3.26: Relative importances of data in the Phoenix spreading system, to the results of 
the inverted for poles. Picks at the centres of larger circles are relatively more important, in 

proportion to the circle's size, than those in smaller circles. Red circles for fracture zone picks, 
green ones for magnetic isochron picks. Model flowlines are included, in blue. 
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Chapter 4 

Reconstructions of small basins 

Keywords Visual fits. Small basins. Plate circuits. 

4.1 Making qualitative reconstructions 

Outside the west Scotia Sea, east Scotia Sea, and the Phoenix-Antarctic regime the 

advantages of automated reconstruction are lost because the smaller basins of the region 

do not show large areas of well-identified magnetic reversal isochrons and tectonic flowlines 

or simply do not show enough of these features to be statistically significant. Stretching 

of continental crust becomes important in consideration of the opening of small basins, 

where the stretched regions occupy proportionally much more space. As a result, for 

smaller systems, only subjective, visual assessments of reconstructions can be carried 

out. The rotations applied to produce these reconstructions are themselves subjective 

and confidence regions can not be quantified for them. In this chapter reconstructions 

of this type will be presented of the west Scotia rift basins, North Scotia Ridge, Powell, 

Protector and Dove basins, and the Jane-Discovery back-arc basin (Figure 1.11 locates 

these features). Following this a short section will explain why I have made no attempt 

to reconstruct seafloor spreading in the central Scotia Sea. 



134 

4.1.1 Visual fitting 

Reconstructions by closure of the minor basins in the Scotia Sea are here done by trial 

and error to make acceptable visual fits of conjugate features, using an interactive plate 

tectonic modelling program developed by Cambridge Paleomap Systems and called AT- 

LAS (Hall, 1996; 1997; Reeves and Sahu, 1999). It is important to note however that 

this type of modelling is more sophisticated than the traditional `cut and move' recon- 

structions described in Section 1.5.1 (Barker and Burrell, 1977; Barker et al, 1984; for 

example) because it is all done on a mathematical representation of a sphere rather than 

on a projection. The distortion effects inherent in the use of map projections are not an 

issue, and the reconstructions can be described using the same systematic (Euler poles) 

as for major plate reconstructions. The resulting fits are presented using GMT (Wessell 

and Smith, 1991; Taylor et al, 1999; Frey et al, 2000). 

4.1.2 Completing circuits 

In Chapter 3 the opening of the west Scotia Sea is shown to have been strongly influenced 

by the relative motion between South America and the `proto-South Sandwich-Discovery 

slab' in the mantle whose kinematic identity is similar to that of East Antarctica. The 

essence of the west Scotia Sea is that it formed the main part of a microplate circuit 

between the South American plate, which was mobile with respect to the mantle, and 

a plate seismically coupled to the proto-South Sandwich-Discovery Trench, which was 

more closely fixed to the mantle. With this interpretation I have a model of first-order 

kinematics within which context I make assessment of microplate reconstructions. The 

result is the first model of Scotia Sea kinematics that is complete at first and second 

order; that is both self consistent and consistent within the context of separation of 

South America from East Antarctica. 

If we suspect the presence of an ocean basin, at a certain time, within a given plate 

circuit whose other elements are well known a reconstruction pole for the basin can be 
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derived from the circuit. This approach is used successfully for major plate circuits 
involving the Weddell Sea whose age and plate boundaries were for a long time unknown 
(Barker and Lawyer, 1988; Livermore and Woollett, 1993; Livermore and Hunter, 1996; 

Nankivell, 1997a; for example). 

A similar approach might be expected to be useful in the west Scotia Sea: to predict 
the opening of minor basins alongside spreading at the west Scotia Ridge-an approach 
taken, in a qualitative sense, by Hill and Barker (1980) for Protector Basin. However, 

aside from the real uncertainties involved in determining the ages of small basins, the 

distances between finite poles describing the opening of the west Scotia Sea are smaller 
than the 95% uncertainty ellipses for the poles themselves. So, despite confidence that 

the set of reconstruction poles describes the gross opening process in the west Scotia Sea, 

there can be little confidence in the azimuthal predictions of stage poles derived from 

them (Figure 4.1). There is little chance of success in trying to derive reconstruction 

poles from `stage' circuits containing the Scotia Sea's short lived minor basins. Instead 

of this process, the assumption that minor basins complete circuits is used to assess 

reconstruction poles derived from visual fits. If the reconstruction pole for a basin of 
known age can be used to complete a plate circuit within known bounds of uncertainty 
then greater confidence can be applied to that rotation as part of a self consistent model. 
This approach is of less use when the age of the sub-basin is unknown. 

4.1.3 Checking reconstructions with model flowlines 

The use of model flowlines to illustrate reconstructions is familiar from Chapter 3. Barker 

and Lawyer (1988); Livermore and Woollett (1993); Livermore and Hunter (1996) and 
Nankivell (1997a) all use poles from the circuit between South America, Antarctica and 
Africa to construct sets of flowlines for visual comparison with fracture zones. In this 

chapter this approach will be taken using poles derived from forward modelling in order 
to compare model flowlines to tectonic features expressed in the potential field anomalies 

of the minor basins. 
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Figure 4.1: Comparison of stage poles for west Scotia Sea and South American Antarctic spread- 
ing. Stages denoted by their start and end chrons. Red, northern west Scotia Sea; Green, southern 
west Scotia Sea; Blue, three plate inversion of Nankivell (1997a) for South America-Antarctica. 
All three sets occupy the same region, showing the strong similarity between South American- 
Antarctic and west Scotia relative motions. Greater uncertainty in Scotia Sea inversions results 
in sequences of stage poles without smooth progression: the large jumps are in the direction 

of greatest uncertainty. Poles predicted for opening of minor basins, by balancing these three 
progressions, would be fatally flawed. 
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4.2 Rift basins in the west Scotia Sea 

4.2.1 No need for `chaotic seafloor spreading' 

Pre-C8 extension in the Drake Passage region is predicted from major plate reconstruc- 

tions (Lawyer et al, 1985; Livermore and Woollett, 1993) where Tierra del Fuego passes 

the tip of the Antarctic Peninsula by at least C21 (-i 48 Ma). Reconstructions at 26.55 Ma 

(C8o) of the west Scotia Sea show part of this as remaining separation between Tierra del 

Fuego-Burdwood Bank and the elevated regions of the eastern flank (Figure 4.2, Barker 

and Burrell (1977)). In the reconstructions of Barker and Burrell (1977) and Burrell 

(1983), where the Shackleton Fracture Zone is used as flowline constraint, the area of 

separation is of variable width along the length of the west Scotia Sea. To account for 

this, and for the discontinuous nature of identified C9 and CIO anomalies, they invoke an 

early so-called `chaotic' episode of seafloor spreading, involving multiple ridge jumps and 

the asynchronous onset of rifting in an apparently random sequence of locations. Using 

the `break-up' reconstruction poles (C8) from Chapter 3 instead, the region separating 

the eastern and western flanks is about 150 km in east-west extent all along its length 

(Figure 4.2). As a result I believe a simple model of stretching prior to synchronous 

break-up at C8o of the entire west Scotia Sea margin is preferable. In this scheme the 

isolated C9 and C10 identifications commute to expressions of local break-up volcanism 

off the eastern margin of Burdwood Bank and south of Staten Island. Seismic reflection 

data could provide corroborating evidence for this interpretation. 

4.2.2 Reconstructing stretching 

Previous reconstructions 

The reconstructions of Barker et al (1984) and King and Barker (1988) (Section 1.5.1) 

show the rift basin region closed by 40 Ma. The variable sizes, shapes and positions of the 

reconstructed blocks suggest that the rifting episode is largely unconstrained, although 
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Figure 4.2: Reconstruction of west Scotia Sea at thron C8 using poles from Chapter 3. Blue: 
Bouguer anomaly outlines Tierra del Fuego (TdF), Burdwood Bank (BB), Terror block (TB), and 
a line around the province of east-striking magnetic reversal anomalies in the central Scotia Sea 
(CSS). Red and green lines: C8 (' 26.5 Ma) on west and east flanks, respectively. Rift basins 

150 km wide (approximate scale shown) are inferred on east flank (W1 W2, WL'4-W5), and 
west flank (W3, W6). Black lines: `C9 and C10' anomalies of LaBrecque and Rabinowitz (1977); 
Lodolo et al (1998); Tectonic map of the Scotia arc, 1985, occupying the inferred rift basins. 

Barker et al (1991) mention that further closure in the Barker et a! (1984) reconstruction 

is achieved using the same rate and trajectory as the earliest seafloor spreading. 

For closure of the stretched southern part of the west Scotia Sea I assume the east- 

northeast trending magnetic anomaly of Tierra del Fuego and the more attenuated east- 

northeast trending anomaly of the Terror block are conjugates. I attribute the difference 

in peak-to-peak amplitudes simply to the greater depth to source over the Terror block 

(Figure 4.3). The likely duration of a typical stretching episode, from intrusion of the 

first dykes to break-up is 7-15 million years (White and McKenzie, 1989). Assuming 

a single rotation of the west flank by 8.22°, lasting 10 million years, about a close-by 

reconstruction pole (36.8°N, 34.1°W) the conjugate edges of the magnetic anomalies are 

tightly reconstructed at 37 Ma. The C18y (- 38.4 Ma) pole of Nankivell (1997a) (76.5°N, 

1.8°E, 12.09° rotation of west flank with respect to east flank) provides a slightly less tight 

fit and implies a rifting episode of - 12 million years duration. However this pole is more 

consistent with the `close coupling' scenario which developed in Chapter 3. 
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Figure 4.3: Bottom: five total field anomalies of similar width across-axis in Tierra del Fuego 
(TdF), the Terror block (TER), Pirie Bank (PIR), Bruce Bank (BRU) and southwestern Discovery 
Bank (DSB). Differing peak-to-peak amplitudes are shown by profiles over the grids along lines 
shown (left-right = south--north). Upward-continuation (top, distance in km) to the bathymetric 
level of the deepest component (Terror block) improves the likeness. Differences persist after 
upward-continuation-for instance anomalies over the Terror block and Pirie Bank have a more 
subdued negative component south of the positive peaks. These two blocks are the most subsided 
and it may be that processes related to extension (burial and/or intrusion) could have reduced 
the magnetic susceptibility of the batholith on each. 
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Assessment 

To assess which of the alternative reconstruction poles to use I compare model Howlines 

about them to troughs in the free-air gravity anomaly crossing parts of the stretched 

rift basins. In order to do so I assume that these troughs represent faults in the rift 

basins of the west Scotia Sea which acted in a purely strike-slip sense. In addition I 

make comparison with the faulted southern margins of Burdwood Bank and the un- 

named high of the North Scotia Ridge to its northeast, which become further east the 

Burdwood, Endurance and Quest Fracture Zones. The assessment is shown in Figure 4.4. 

Although both poles produce similar flowlines, which is to be expected as they describe 

similar reconstructions, the stage pole implied by using the C18y reconstruction pole of 

Nankivell (1997a) is a better fit to the steep southern margins of the North Scotia Ridge, 

and fits more of the seafloor troughs than the alternative pole. In the absence of obvious 

conjugate features in the northern part of the west Scotia Sea I choose to adopt the stage 

pole in both the north and south of the west Scotia Sea. I have made some adjustments 

in each case to the angle of rotation in order to produce a tight fit of the passive margins. 

4.3 North Scotia Ridge 

4.3.1 Nature and age of the North Scotia Ridge 

Ludwig and Rabinowitz (1982b) use seismic reflection profiles as evidence for north-south 

compression of the North Scotia Ridge and subduction of the oceanic or thinned con- 

tinental floor of the Falkland Trough (Ewing et al, 1971; Ludwig et al, 1978; Ludwig, 

1983; Lorenzo and Mutter, 1988) beneath the Scotia Sea. In contrast Cunningham et al 
(1998) and Cunningham (1998) contend that compression, which gave rise to deformed 

sediment accretions on the northern side of the North Scotia Ridge buttress, may never 

have developed as full-blown subduction, and has mostly ceased and given way to local 

transpression. The timing of the onset of this convergence is even less well known, Ludwig 



141 

Figure 4.4: Flowlines in the west Scotia Sea during pre-C8 rifting. Pink flowlines use C18y pole 
of Nankivell (1997a), yellow ones the closer pole. Green outlines: Bouguer anomaly highs of TdF 
(Tierra del Fuego), TB (Terror block) SSR (South Scotia Ridge) and BB (Burdwood Bank). All 

overlain on the free-air anomaly grid reconstructed at C8 using the pole for the southern part of 
the west Scotia Sea (Section 3.4.2). Flowlines are compared to subdued seafloor troughs (arrows) 

and the steep southern flank of the North Scotia Ridge, with the pink set giving better fits. 

and Rabinowitz (1982b) merely put it within the Tertiary, and Cunningham et al (1998) 

suggest convergence occurred during northward propagation of the West Scotia Ridge. 

4.3.2 Relative motion on the North Scotia Ridge since C8o 

Assuming that the North Scotia Ridge was the sole locus of decoupling between the 

South American-Antarctic and west Scotia Sea systems between C8 and C3a a flowline 

for relative movements on the North Scotia Ridge can be produced. A set of such flowlines 

is shown in Figure 4.5. The flowlines show movement of the flanks of the west Scotia Sea 

with respect to a fixed South American plate. 

It would be unwise to place too much confidence in the detailed changes in the flow- 

lines, because of the large instabilities in the west Scotia Sea poles with respect to the 

variation between them. However there is a pronounced change in the motion of the west 
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55°: 

Figure 4.5: Flowlines for relative motion at North Scotia Ridge. Black outlines: present-day 
Bouguer highs at Tierra del Fuego (TdF), Burdwood Bank (BB) and the South Georgia micro- 
continent (SG). Thick coloured lines are flowlines. Red: Tierra del Fuego, southern Burdwood 
Bank; Green: North Scotia Ridge east of Burdwood Bank; Blue: Shag Rocks; Yellow: South 
Georgia microcontinent. Coloured numbers: flowline ages (Ma). Coloured dashed outlines: po- 
sitions of the North Scotia Ridge units with respect to the Falkland Plateau at C8, red: Tierra 
del Fuego and Burdwood Bank, dark green: North Scotia Ridge, blue: Shag Rocks, yellow: South 
Georgia. Flowlines stop at 6 Ma, not showing mo li'rn sinistral strike-'. lily : 1ß, Imrsent location 

of Aurora Bank. 

flank of the west Scotia Sea with respect to South America, which occurs at 20 Ma. A 

20 Ma `kinematic epoch' is evident in the reconstruction poles of the unmodified three- 

plate inversion of Nankivell (1997a) which have been used here, although the change is 

quite small. However, as shown here, when combined with the small changes in the re- 

construction poles for spreading in the west Scotia Sea, which began to decelerate soon 

after 20 Ma, it is enough to have produced quite a pronounced alteration of the tectonic 

setting at the North Scotia Ridge. 

On the west flank of the west Scotia Sea, relative motion between l3urdw(x)(l Bank and 

the Falkland Plateau prior to 20 Ma is predicted to have been dextral strike-slip, fast, and 

occurring almost parallel to the axis of the Falkland Trough. The flowlines suggest that 

a more significant component of convergence is predicted further north, where the North 

Scotia Ridge strikes north of east, although here the West Scotia Ridge's west flank plate 

is subtly different. After 20 Ma and until extinction of the west Scotia Sea at 6 Ma, much 

slower relative movement is associated with the introduction of a significant component 

of convergence all along the ridge west of Aurora Bank. On the east flank, a change in 
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relative motion is also seen at 20 Ma, although this is a subtle bend. It implies a change 

from sinistral strike-slip with a minor component of extension (mild transtension), to a 

purer sense of strike-slip. 

4.4 Protector Basin 

4.4.1 Age of Protector Basin 

Hill and Barker (1980) suggest that a spreading centre in Protector Basin may have been 

active in the post-c8 period on the grounds of postulated east-west extension in the 

southern part of the west Scotia Sea, needed to provide coincidence in their visual fits of 
C8 (Barker and Burrell, 1977). In the basin itself, which is about 200-250 km wide, a 

short sequence of magnetic reversals shows symmetry about a subdued central trough in 

free air gravity. Hill and Barker (1980) model this sequence as C5c (- 16.7 Ma) to C5 

(- 10 Ma). This interpretation is based on a west Scotia Sea reconstruction by visual 
fitting which I believe to have been sufficiently flawed, because of its over-reliance on the 

Shackleton Fracture Zone as a tectonic flowline, to invalidate the `circuit' closed within it. 

Thus only the reasonably good fit of reversal anomalies remains to commend it, and this 

requires adjustment to take account of a modern, more detailed, reversal timescale, such 

that a reasonable fit can only be achieved at spreading rates which are at least double 

those in the west Scotia Sea at the same time (Figure 4.6). 

A seismic reflection survey crossing Protector Basin is reproduced in Figure 4.7, show- 
ing oceanic basement rocks present between 5s and 6s beneath a layer of sediments which 

reaches 1s or more in thickness (all two-way-time). The basin's age, using the age-depth 

relationship of Parsons and Sclater (1977) and corrected for sedimentary loading using the 

scheme of Crough (1983), is determined at twelve sites across the basin (labelled a-1 on 
Figure 4.7; Table 4.1). The ages show no progression from younger to older from the cen- 

tre to the flanks of the basin, so no attempt is made to fit the data to a subsidence curve. 
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Figure 4.6: Two models of seafloor spreading anomalies in Protector Basin. Top: an 'old' model 
consistent with the age determined from basement depth. Spreading begins at C21 (- 49 Ma; 
and ends during C19 (-j 41 Ma), at rates between 15 and 20mma'1, slightly slower than thos( 
in the west Scotia Sea models of Figures 2.16 and 2.17. Bottom: a 'young' model that fall: 
within the bracket given by Hill and Barker (1980), re-modelled using the timescale of Cande an( 
Kent (1995) instead of the older Lamont anomalies. To create a fit to the more detailed reversa 
sequence requires much faster spreading rates than in the original model. Inset shows the locatiot 
of the magnetic profile. 
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Site Seafloor 
time (ins) 

Seafloor 
depth (m) 

Sediment 
(ms) 

Correction 
(m) 

Corrected 
depth (m) 

Age 
(Ma) 

a 5180 3885 540 324 4209 25.9 
b 5180 3885 1080 648 4533 36.6 
c 5243 3932 1350 810 4742 44.5 
d 5297 3973 1053 632 4605 39.2 
e 5297 3973 729 437 4410 32.3 
f 5432 4074 1080 648 4722 43.7 
g 5405 4054 891 535 4589 38.7 
h 5622 4217 810 486 4703 43.0 
i 5216 3912 702 421 4333 29.8 
j 5189 3892 864 518 4410 32.3 
k 5185 3892 918 551 4443 33.4 
1 5162 3872 405 243 4115 23.1 

Table 4.1: Determinations of basin age from seafloor depth in Protector Basin, corrected for 
sedimentation. For locations see Figure 4.7. The correction used is 600 m for each two-way 
second of sediments. 

The determined mean and median ages are close to 35 Ma and their distribution shows 

no significant anode. The lack of any subsidence signature, taken at face value, may be 

indicative of an even older basin age than that computed. Oceanic crustal ages are often 

not well determined from basement depth in small ocean basins, which led Burrell (1983) 

to reject an `old' interpretation for Protector Basin in favour of that of Hill and Barker 

(1980). However, nearby Powell Basin, which has similar dimensions, obeys the age-depth 

relationship well (King and Barker, 1988; Eagles and Livermore, 1999; Section 4.5). 

Clearly there is ambiguity regarding the age of Protector Basin, but none of the 

evidence presented here is inconsistent with an older Protector Basin than has been 

thought previously, whereas some of it is inconsistent with the younger age previously 

modelled. Unless the oceanic crust of the Protector Basin is unusual in some way-for 

instance being anomalously thin-basement depths might be admitted, at least to say 

that Protector Basin pre-dates the west Scotia Sea, and possibly that it does so by 10 

million years or more. In fact, magnetic data recorded over the basin can be modelled 

by slow spreading between chrons C21 and C19 (49-41 Ma), which is consistent with the 
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basement depth prediction of an `old' Protector Basin (Figure 4.6). 

I favour the older interpretation for Protector Basin given here because it does not 

require the basin to open at a time when it might complicate the simple, close-coupled, 

west Scotia Sea model developed in the previous chapter in the following ways: 

1) The northern and southern parts of the west Scotia Sea were present within different 

microplate circuits (Chapter 3, Barker and Burrell (1977)). Protector Basin is an obvious 

location for an extra plate in the south but no combination of the reconstruction poles of 

Chapter 3, within their 95% confidence ellipses, requires extension there; instead - 95 km 

of north-south convergence is needed to close the west Scotia Sea at C8. 

2) Any reconstruction where Protector Basin opens at the same time as the west 

Scotia Sea implies significant transfer movement of Pirie and Bruce banks with respect 

to the South Scotia Ridge and the central Scotia Sea, and fluctuations in the rate of 

subduction beneath Bruce Bank with respect to subduction further north, to balance the 

acceleration of the opening basin (see Chapter 5, Figure 5.2, and Hill (1978)). I can see 

no compelling evidence in the form of fossil plate boundaries for any of this complexity. 

Reconstruction of Protector Basin is neither necessary nor sufficient for closing the 

Scotia Sea at C8 in this model. Indeed its inclusion needlessly complicates matters. 

An earlier opening is a simpler proposition for the model Scotia Sea's development so I 

suggest, tentatively, an older age of - 49-41 Ma (i. e. inception at C21) and call attention 

firstly to the (albeit disputable) evidence favouring it and secondly to the circumstances 

of regional reconstructions in which extra accretion is required in the Drake Passage 

region prior to C8 (Lawyer et al, 1985; Livermore and Woollett, 1993). In fact Livermore 

and Woollett (1993) suggest this extension may have begun at C21, upon consideration 

of stage poles from visual fitting of Weddell Sea magnetic anomalies; this suggestion is 

supported by consideration of the stage poles of Nankivell (1997a) which also exit a stable 

period at the same time. 

With the rejection of the `young' model of Protector Basin, I suggest that the dif- 

ferential motion between the north and south parts of the west Scotia Sea (C8-C3a) is 

k ýFý.. ' 
may, e ýýT, Y. 

.. 
ý' ý., ; J`a. ý _ «!. 
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instead taken up elsewhere-maybe by convergent deformation of the western Endurance 

Fracture Zone and Burdwood Bank. 

4.4.2 Reconstructing Protector Basin 

Previous reconstructions 

Protector Basin is shown closed in the 20 Ma reconstruction of Barker et at (1984), but no 

elevated region is shown on its western flank. Presumably Pirie Bank has been translated 

westward, perpendicular to the reversal anomalies of Hill and Barker (1980). 

Reconstruction criteria for Protector Basin are shown in Figure 4.8. I reconstruct 

Protector Basin to the start of spreading by making visual fits of the reversal anomalies 

within the basin. In addition, for a reconstruction at closure, I assume the linear magnetic 

anomaly along the southern margin of Pirie Bank is a conjugate feature to the anomaly on 

the Terror block. In doing so I consider a stretched Patagonian batholith to have extended 

through the Terror block and Pirie Bank prior to the opening of Protector Basin-possibly 

as recently as 49 Ma (Figure 4.3). Reconstruction poles with longitudes at or very near 

to 50°W, but with latitudes in the range 40°S to 90°N, produce reasonable fits for all the 

features. A set of short, poorly-defined, east-striking troughs is present within Protector 

Basin, possibly including its southern margin along the northern base of the South Scotia 

Ridge. These troughs may represent fracture zones, and are better fit by a model using a 

more remote pole. As a result a pole at 80°N, 50°W is adopted for the full development 

of Protector Basin. Rotations of 2.75° and 3.7° produce start-of-spreading and closure 

reconstructions, respectively. 
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Figure 4.8: Reconstruction of Protector Basin opening, using pole given in the text. Background: 
modern free-air anomaly. Reversal anomalies (green and blue lines, Prl-Pr4) are symmetrical 
about subdued segmented central trough (arrows). In the favoured model Prl = C19o, Pr2 = 
C20y, Pr3 = C21y and Pr4 = C21o. White outlines: Bouguer highs. Red outlines: `batholith' 
anomaly; thin dark blue lines: reconstructed east flank reversal anomalies. Dashed red line: 
reconstructed Pirie Bank `batholith' anomaly. Yellow lines: model flowlines. Comparable troughs 
are present well north of the magnetic reversals; Protector Basin spreading may have extended 
to Quest (QFZ) or Endurance (EFZ) fracture zone. PBOH: gravity expression of `Pirie Bank 
Outlying High' from Figure 4.7. 
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4.5 Powell Basin 

4.5.1 Age and nature of Powell Basin 

Determination of the depth to oceanic basement using seismic data enables King and 

Barker (1988) to suggest an age range of 29-23 Ma for oceanic crust accretion in Powell 

Basin, using the subsidence curve of Parsons and Sclater (1977). Heat flow measurements, 

under the assumption that Powell Basin's oceanic crust cooled in a `typical' manner after 

creation at an axial ridge (Parsons and Sclater, 1977), however suggest that spreading 

may have ceased at 30.5 Ma (Lawyer et al, 1994; Howe et al, 1998). Most authors consider 

that Powell Basin formed as a back-arc basin behind the `Discovery' trench, although the 

strike of the Powell ridge and the presence of the Jane-Discovery back-arc basin argue 

against this. 

Magnetic reversal anomalies would help to choose between the different age estimates, 

but ship-track profiles do not show them well. King and Barker (1988) and King et al 

(1997) attribute this to a poor source due to slow cooling during hydrothermal circula- 

tion within thick axial sediments at the ridge crest (Levi and Riddihough, 1986). Care- 

fully levelled aeromagnetic data collected by the USAC (United States, Argentina, Chile) 

program, with selected marine profiles, show linear anomalies, a few tens of nanoTesla 

peak-to-peak amplitude, symmetrically disposed about, but oblique to, a central free air 

gravity trough (Figures 4.9 and 4.13). High-pass filtering, to remove a long wavelength 

negative component of the Pacific Margin Anomaly (the USAC data do not show enough 

of the anomaly to allow reduction to the pole to remove the component), shows that the 

lineations represent polarity reversals. Profiles taken over the grid of reversals are com- 

pared with synthetics for the two age ranges suggested by basement depth and heat flow, 

with plausible fits achieved for each. However the older timescale predicts some minor 

peaks which are not evident on the grid, whereas the age-depth guided timescale (Fig- 

ure 4.10) does not. So seafloor spreading in Powell Basin is put tentatively at between 

32.1 (C12) and 23.3 Ma (C6c). This is broadly consistent with the intrusion of alkali 
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basalt dykes at 31-29 Ma on Livingston Island, South Shetland Islands, which has been 

suggested to be related to opening of Powell Basin (Willan and Kelley, 1999). Assuming 

a 10 million years-long rifting episode, which immediately proceeded to spreading, the 

onset of extension in the Powell Basin region can be put at around 42 Ma (-C20). 

4.5.2 Modelling closure of Powell Basin 

Previous reconstructions 

Assuming former continuity of Pacific accretionary terranes, Dalziel and Elliott (1971) and 

Dalziel (1982; 1984), attempt reconstructions by restoring Mesozoic stretching lineations 

on the South Orkney, Elephant, and Clarence islands. Meneilly and Storey (1986) reject 

this on the basis of uncertain affinities of the stretching lineations, instead advocating a 

looser fit merely by extending the bathymetric trend of the South Scotia Ridge. Later 

reconstructions fit the disrupted Pacific Margin Anomaly in the region (Garrett et al, 

1986; Surinach et al, 1997; Maldonado et al, 1998). Garrett et al (1986) present a total 

reconstruction pole for the PMA, at 67°S, 50°W with a rotation angle of 30°. Dense 

coverage of Powell Basin by seismic reflection data enables interpretation of paired rift 

basins on its eastern and western margins which are restored in recent reconstructions 

(King and Barker, 1988; Coren et al, 1997; King et al, 1997; Rodriguez-Fernandez et al, 

1997; Maldonado et al, 1998). Coren et al (1997) attempt to constrain the seafloor 

spreading stage of Powell Basin development using a single magnetic anomaly profile. 

The resulting model suggests two-stages of seafloor spreading-the latter stage accretes 

material to the eastern flank only (Figure 4.11). Consideration of the magnetic reversal 

anomalies of the grid reveals no evidence to support such a model. 

Full reconstructions of the region suffer from large overlap of the South Scotia Ridge 

and South Orkney Microcontinent (Figure 4.12a) which has never been satisfactorily 

addressed. The nature and timing of seafloor spreading was, until now, uncertain due to 

the lack of magnetic reversal isochron control. 
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Figure 4.10: Model of seafloor spreading anomalies in Powell Basin. Synthetic seafloor spreading 
anomalies (red) for Powell Basin, between 32.1 Ma and 23.3 Ma, modelled using a1 km thick layer 

whose upper surface is defined by seismic basement in the basin (Coren et al, 1997). The sequence 
of anomalies in Powell Basin (PO-P6), taken from the grid along the lines shown in Figure 4.9, 
corresponds to anomalies C6c-C12 in the timescale of Cande and Kent (1995). 

Reconstruction Poles for Powell Basin 

Filtered aeromagnetic data show the pattern of magnetic reversal isochrons in Powell 

Basin for the first time. Visual fitting of these isochrons is possible, enabling real con- 

straint on seafloor spreading in Powell basin. Reconstruction of the marginal rift basins 

makes use of their seismic and free-air gravity expressions. Constraint is possible for 

full closure using the free-air anomaly expressions of basins within the South Orkney 

Microcontinent and by recreating a continuous Pacific Margin Anomaly. 

At closure the older (landward) edges of the free-air anomalies are digitised for fitting 
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Figure 4.11: Powell Basin reconstruction of Coren et al (1997) showing three phases of develop- 

ment. The final stage is based on the interpreted decreasing width of the basins's axial ridge from 

north to south. AP: Antarctic Peninula; SOM: South Orkney Microcontinent; PPB: proto-Powell 
Basin. 

by test rotations in ATLAS. These edges provide east-west constraint on the reconstruc- 

tion. North-south constraint is supplied by the northern edge of the Pacific Margin 

Anomaly which strikes roughly east through the Antarctic Peninsula and South Orkney 

Microcontinent. Reconstruction of Powell Basin at closure is achieved by rotation of the 

South Orkney Microcontinent by 14.6° about a pole at 72.6°S, 37.5°W. For end-rifting 

reconstruction (Figure 4.12) the younger (oceanward) edges of the rift basin King et al 

(1997) are digitised and fitted. There is no obvious complexity in the reversal anomaly 

sequence, so a simple spreading phase seems most likely. This is described by aI 

which moves the South Orkney Microcontinent from its end-rifting position to its pre: 

day position with respect to the Antarctic Peninsula: by 12.9° about a pole at 69. ' 

38.1°W. This pole is tested by looking at the visual fits of outlines drawn around 

gridded conjugate magnetic isochrons (Figure 4.13). The success of the pole in this i 
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Figure 4.12: Four stages in modelling of Powell Basin. Blue outlines: Bouguer anomalies and 
red: parts of the Pacific Margin Anomaly. (a) end rifting reconstruction shows fit of seaward edges 
of `extended continental crust' (green; King et al (1997)). (b) closure reconstruction by fitting 
Pacific Margin Anomaly. Grey: Problem overlap of South Orkney Microcontinent and South 
Scotia Ridge. (c) removal of overlap by aligning northern branch of Pacific Margin Anomaly 
in South Scotia Ridge and South Shetland Islands (closure of Bransfield Strait and inclusion of 
western South Scotia Ridge in Powell rifting episode). (d) further tightening of fit by including 
extension of southern part of South Orkney Microcontinent-Airy, Bouguer and Eötvös basins. 

suggests that seafloor spreading in Powell Basin was indeed a single stage, steady affair. 

To remove the overlap in the northwest of the closed Powell Basin region (Figure 4.12b) 

some movement of the South Scotia Ridge was long deemed necessary (Garrett et al, 1986; 

King and Barker, 1988; King et al, 1997). This is achieved by movement of the South 

Scotia Ridge along an offset, which is evident in both the Pacific Margin Anomaly and 

the gravity anomalies, between the South Shetland Islands and the South Scotia Ridge 

(Figure 4.12c). The stage pole for rifting in Powell Basin produces a good alignment 
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of the Pacific Margin Anomaly on the South Scotia Ridge and South Shetland Islands 

in the closed Bransfield Strait region. I use this same pole in addition to shorten the 

southern part of the South Orkney Microcontinent in order to tighten the fit at closure 

(Figure 4.12d). This assumes an east-west stretching factor of about two through Airy, 

Bouguer and Eötvös basins (King (1983); King and Barker (1988); Figures 4.12 and 4.13). 

The basins' ages are unconstrained-in this model they pre-date seafloor spreading in 

Powell Basin and accompany rifting there. 

Assessment of model 

Addition of the Powell Basin closure reconstruction pole (C12-C6c) to an interpolated 

pole for C12-C6c motion in the south part of the west Scotia Sea gives a pole near 62°S, 

34°W, and rotation of 4° as a stage pole for rotation of Magallanes with respect to the 

Antarctic Peninsula. This bears no resemblance to a stage pole for the South American- 

East Antarctic system for that timescale (Nankivell (1997a), interpolated). So, if the 

Powell Basin reconstruction pole is correct, then either 

1) the basin can not have been present in a simple circuit between South America and 

East Antarctica, or 

2) the determinations of its age are all wrong. 

As shown here, Powell Basin's age and opening seem well constrained by a variety of 

data, so the former case seems more reasonable. In addition to the complications to the 

circuit within the Scotia Sea, a reconstruction pole for relative movement between West 

Antarctica (which includes the Antarctic Peninsula) and East Antarctica, in opening of 

the Adare Trough, Ross Sea, is given for chron C13 by Cande et al (2000), along with 

a 95% confidence ellipse. Assuming this rotation was finished by C6c time (24 Ma-in 

fact Cande et al (2000) put extinction of the Adare Trough between 28 and 26 Ma), a 

hypothetical circuit equivalent to South American-East Antarctic relative motion could 

be constructed which includes both the Scotia Sea and Adare 'Trough regions. One simple 

circuit like this incorporates movement on the North Scotia Ridge (Section 4.3), the 

southern west Scotia Sea (Section 3.4.2), Powell Basin (this section), and the Adare 

-- .., 



158 

Trough (Cande et al (2000); Figure 4.14). The circuit can be closed using poles from this 

study and an Adare Trough reconstruction pole at 69°S, 43°W, having 11° rotation (East 

Antarctica with respect to West Antarctica). Even notwithstanding the undoubtedly 

large uncertainty in the Powell Basin pole, and the over-simple circuit, this pole falls just 

inside the southern extremity of the 95% confidence ellipse given by Cande et al (2000) 

(Figure 4.14). So extension in Powell Basin, the only reconstruction in the circuit for which 

no confidence ellipses have been determined, can be said to be very close to consistent with 

the crude circuit hypothesised here. Considering the encouraging nature of this result, 

and the possibility of unknown further minor movements between the Antarctic Peninsula 

and East Antarctica, I suggest that more confidence can be placed in the interpretation of 

Powell Basin as a local consequence of major plate motion (Eagles and Livermore, 1999), 

rather than as a back-arc basin (King and Barker, 1988). Such confidence can be equated 

with confidence in the circuit hypothesised for it. More work should be applied, therefore, 

to the characterization of plate boundaries within and between West Antarctica and East 

Antarctica during the Cenozoic, not least the South Scotia Ridge. 

4.6 Dove Basin 

4.6.1 Age of Dove Basin 

There has been no published work on the age of Dove Basin, the basin intervening between 

Pirie and Bruce Banks, and named informally so by Hill (1978). Hill (1978) suggests, 

based on its depth, that Dove Basin is the site of the oldest seafloor in the Scotia Sea. 

Burrell (1983) merely suggests that it could have formed by back-arc extension as part 

of a multiphase back-arc Scotia Sea. Seismic reflection data (Figure 4.15) show basement 

rocks which, if they are assumed to be of oceanic crust, have a sediment-corrected depth 

suggesting Dove Basin was opening around 37 Ma (mean and median of determinations 

at a-q, Figure 4.15, Table 4.2). 
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Figure 4.14: A possible South American-East Antarctic plate circuit including movement on 
the North Scotia Ridge (NSR), spreading in the west Scotia Sea (WSS), Powell Basin, Adare 
Trough, and Weddell Sea. Bouguer anomaly highs in the Scotia Sea are reconstructed to their 
positions at C8 relative to East Antarctica which is fixed. The circuit can be closed using poles 
from the text, and a reconstruction pole-at the orange star-for spreading in the Adare Trough. 
Compare this to the 95% confidence ellipse (orange) for East Antarctica-West Antarctica relative 
motion-expressed by Adare Trough spreading (orange arrow) determined by Cande et al (2000). 
Additional plate boundaries may have existed at the South Scotia Ridge (SSR) or within West 
Antarctica, which consists of several discrete crustal blocks: MBL, Marie Byrd Land; TI, Thurston 
Island; EWM, Ellsworth-Whitmore Mountains; HN, Haag Nunataks; ANP, Antarctic Peninsula. 

ºý'ý äö 00 



160 

° 01 ms TWT 
CD 

In 
ry ä 

öö 

o0 

A An I. t 
öw m(' $.: 

oöö m 
p rt, 

k t- 

e* v 
ýF 

o 

ä`D 
' cr 0 
Q ýy 
y= 

ý. J" 1ý1 Y 

A (D 

+ A 

to :. ý l 
3 

_. ate 
OA 
(D n n 

C9 
hAA 

} 

, 

ý11 

, 
et p `' 

( 
00 

ý 

n 00 AA "tV 
ý 

rte.. A 

A ýý "ý '9 
F 

to .ý 
ý 

Cl) rD (D CL 

coo 0 

>ýý , 

N 
V 
7 
fD 

ms TWT 
O) . OO 

p 8O 

1 r 
"I 

"yr 

ý 

' ` ýy J 
,ý 

ýýý 

ý ýt 
ý-'; 

, 

0 0 
m 
co °' 
N 
7 

0 
0 
co 
co 
d 

ý1 
ýý 

`ý`ý 

::, 
<i ý. 
ý. ̀. 

;,: ý, ý-, 

r 

OD 

lii 

A 

'" 

G 

G 

Ö 
19 OO 

(n 0 !ny 

ýo, äwT5f: ' 



161 

Site 
Seafloor 

time (ms) 
Seafloor 

depth (m) 
Sediment 

(ms) 
Correction 

(m) 
Corrected 
depth (m) 

Age 
(Ma) 

a 5250 3938 1250 750 4688 42.4 
b 5275 3956 1300 780 4736 44.3 

c 5300 3975 700 420 4395 31.8 
d 5300 3975 950 576 4551 37.3 

e 5350 4013 950 576 4589 38.7 
f 5300 3975 1100 660 4635 40.4 

g 5300 3975 625 375 4350 30.3 
h 5200 3900 750 450 4350 30.3 
i 5200 3900 1300 780 4680 42.1 
j 5250 3938 1050 630 4568 37.9 
k 5475 4106 950 576 4682 42.2 
1 5400 4050 900 540 4590 38.7 

m 5300 3975 800 480 4455 33.9 

n 5250 3938 900 540 4478 34.7 

o 5200 3900 1000 600 4500 35.4 

p 5100 3825 1100 660 4485 34.9 

q 5000 3750 1150 690 4440 33.3 

Table 4.2: Determinations of basin age from seafloor depth in Dove Basin, corrected for sedi- 
mentation. For locations see Figure 4.15. 

A spectacular spine, evident in bathymetry, free-air gravity and seismic reflection data, 

and faults breaking the 1 s-or-thicker sediments in the basin suggest the basin may be a 

younger feature. Acknowledging the possible unreliability of age-depth determinations as 

in Protector Basin, there is some ambiguity regarding whether Dove Basin opened during 

or before the development of the west Scotia Sea. It is possible that the spine feature and 

faults could be explained by recent reactivation of an `old' Dove Basin. The spine has a 

strong negative magnetization so is unlikely to be a Recent feature: similar highs, both 

fossils, are known from Powell Basin (-i 23 Ma) (King et al, 1997) and from the Phoenix 

Ridge (N 3 Ma) (Livermore et al, 2000), and have been related to volcanism draining a 

magma plumbing system after spreading ceases. A very short sequence of two or three 

magnetic reversal anomalies are present over the basin but I consider them too poorly 

developed to attempt to model. 
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As for Protector Basin, attempts to model Dove Basin opening at the same time as the 

west Scotia Sea imply plate boundaries between the central Scotia Sea and northern Bruce 

Bank, between southern Bruce Bank and the South Scotia Ridge, and differential rates 

of subduction at the South Sandwich Trench, for which there is little evidence. Given 

these admittedly flimsy premises I opt to use the basement depth as a guide to a very 

tentative determination for opening of Dove Basin between 44 Ma and 30 Ma (Middle 

Eocene). I note that this overlaps with the age for Protector Basin, and that this implies 

complexity. If these ages are anywhere near appropriate then Dove Basin and its environs 

should have been undergoing thermal subsidence following intitial rifting during this time. 

Possible evidence for Eocene subsidence is given by water depth determinations for Bruce 

Bank (increasing in the range 800-1500m, 49-47 Ma or Middle Eocene), using planktonic 

foraminifers, pollen and spores collected from core samples on its southern flank (Toker 

et al, 1991; Mao and Mohr, 1995). 

4.6.2 Modelling closure of Dove Basin 

Previous reconstructions 

No attempt is made in the reconstructions of Barker et al (1984) to close Dove Basin prior 

to 30 Ma. Dove Basin does not exist in the 40 Ma reconstruction of King and Barker 

(1988), where Pirie Bank is shown north of Bruce Bank, implying opening involving 

significant southwesterly motion of Pirie Bank with respect to Bruce Bank in the 40Ma- 

present period. 

I close Dove Basin by visually fitting the `Patagonian batholith' magnetic anomaly 

of Pirie Bank with a similar anomaly on Bruce Bank. Again it is assumed the two are 

conjugate features and that an unextended continuous batholith occupied the region prior 

to Dove Basin opening (Figure 4.3). A good fit is achieved by rotation of Pirie Bank by 

1.6° about a closure reconstruction pole at 71.43°N, 2.68°E (Figure 4.16). This rotation 

also has the following virtues: 

1) It produces a good fit of the opposing edges of Bruce and Pirie banks' Bouguer 
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anomalies, 

2) The rotation is approximately perpendicular to the strike of magnetic lineaments 

in Dove Basin itself, and 

3) Flowlines drawn about the pole through the basin are sub-parallel to the magnetic 

anomaly marking the northern limit of the basin and parallel to some trends of troughs 

(interpreted as fracture zones) within the basin itself. 
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Figure 4.16: Reconstruction of Dove Basin opening. Background: free-air anomalies, showing 
`spine' feature (arrows). White outlines: Bouguer anomalies; Red outlines: inferred batholith 
anomaly; Green lines: magnetic reversal fabric; Dashed red outline: Bruce Bank batholith anomaly 
rotated about the reconstruction pole; Single red line: magnetic anomaly near northern edge of 
Dove Basin; Dashed white outline: Bruce Bank Bouguer anomaly rotated about the reconstruction 
pole; Yellow lines: flowlines about the reconstruction pole. Batholith anomaly on Bruce Bank 
apparently continues onto the basin floor (area `X') and may there represent volcanic rocks or 
rotated fault blocks in a rift basin. 
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If the adopted age for Dove Basin bears any resemblance to its true age, then it 

may represent a small, aborted ocean opening in response to relative movements between 

South America and the proto-South Sandwich Arc plate as a precursor to spreading 

in the west Scotia Sea. The closure pole is in the same part of the North Atlantic as 
Nankivell's 3-plate South American-Antarctic reconstruction poles and the west Scotia 

Sea reconstruction poles of Chapter 3, which is consistent with the notion that the relative 

movements responsible for its opening were closely coupled to major plate motion in the 

region. Given all this circumstantial evidence, an orthodox back-arc interpretation seems 

less likely to me than an exposition as a minor ocean basin like Protector Basin and 
Powell Basin. Failed rifts and aborted spreading centres are known elsewhere and might 

be expected in the west Scotia Sea. The Rockall trough (North Atlantic) is an example. 

The hints of youth provided by the magnetic spine and surface breaking faults do argue 

against such a reasoned interpretation, suggesting instead that Dove Basin may be a 
back-arc basin, and post-dates the west Scotia Sea, although I can see little reason why 

this should be when back-arc spreading was well established in the east Scotia Sea. 

4.7 `Jane-system' subduction 

4.7.1 Age of Discovery Bank and Jane Bank and basins 

Barker et al (1982) report from K-Ar analysis of samples dredged from the steep eastern 

flank of Discovery Bank that island-arc volcanism occurred there between 20 Ma and 

12 Ma, probably close to 16 Ma ("iC5c). According to Barker et al (1982) the are 
deactivated by collision of a segment of the South American-Antarctic Ridge with the 

parental subduction zone. This idea is applied by Barker et al (1984) for an earlier 

collision to the southwest which deactivated arc volcanism at Jane Bank. In these models 

it is necessary for the back-arc basin to have developed behind an active are and trench. 

Arc deactivation time, and hence younger bounds on the duration of back-arc extension 

to the north and west of the Discovery and Jane Banks is determined by identification 
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of the reversal chrons juxtaposed with the fossil trench, a narrow bathymetric trough. 

This approach suggests that back-arc spreading in Jane Basin could have ceased soon 

after collision at C6a (Barker et al, 1984; N 21Ma) or C6b (Hamilton, 1989; - 22.5Ma), 

and further northeast behind Discovery Bank soon after 10 Ma (Barker and Hill, 1981; 

C5n1) or 5 Ma-2.5 Ma (Hamilton, 1989). In Jane Basin at least, this determination is 

broadly supported by age-depth and heat flow analysis, which suggests an age in the 

region of 32 to 25 Ma (NC12 to C7) (Lawyer et al, 1991). Note the similarity of this 

age range with that determined for Powell Basin. In contrast Maldonado et al (1998) 

determine that Jane Basin opened following the deactivation of Powell Basin at 18 Ma 

(Coren et al, 1997) and persisted until 13-15 Ma. These ages are based on correlation of 

seismic stratigraphic units in the Powell Basin and Jane Basin, with no continuity proved, 

and so must be taken as speculative. 

Extent of back-arc basins behind Discovery and Jane Banks 

The southwestern limit of Jane Basin is not well known. Satellite free-air gravity suggests 

that an indistinct central ridge may continue as far west as 45°W where it appears to 

terminate at a north-northwest trending ridge (Figure 4.17). A prominent east-striking 

trough connects this high to the southern, transtensional, margin of Powell Basin. 

This segmentation is less evident in magnetic anomalies. The central ridge has no 

magnetic expression but the basin as a whole exhibits fairly strong (- -2000 to -4000 nT) 

negative anomalies (Figure 4.17). As in Powell Basin this regional low is probably a result 

of the inclined magnetization of the Pacific Margin Anomaly rather than to an appreciable 

seafloor magnetization. Reduction to the pole reveals a hint of a discontinuous axial 

relative high which disappears in the southwest at 62.85°S, 42.2°W and in the northeast 

at 61.25°S, 39.2°W. The southwestern termination is against a north-northwest trending 

positive high which appears to coincide with the free-air gravity ridge which crosses the 

basin there. To the northeast, the negative magnetic anomaly regime of Jane Basin 

terminates along a northwest trending line which connects the northern edges of the 

prominent positive magnetic highs of Bruce Bank and the Discovery Bank southern core. 
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Figure 4.17: Gridded magnetic (left) and free-air gravity (right) anomalies over the Jane- 
Discovery back-arc basin. Reduction to the pole has been performed on the magnetic data to 
reveal a subdued, discontinuous, central magnetic low which coincides with a relative free-air 
high. White lines: Bouguer anomaly highs, SOR: South Orkney Microcontinent; BRU: Bruce 
Bank; DSB: Discovery Bank; JAB: Jane Bank. The central free-air ridge and magnetic relative 
low may terminate in the southwest at a subdued ridge and in the northeast at a subdued step, 
trending north and northwest respectively (arrows). Black lines are Bowlines for Jane Bank about 
the reconstruction pole mentioned in the text, which in many cases parallel free-air anomaly 
lineaments. Oblique Mercator projection. 
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This is consistent with the idea that the magnetic signature of Jane Basin is heavily 

influenced by nearby strongly magnetized bodies rather than to a significant seafloor 

magnetization of its own. This line is marked only by a weak, diffuse relative low in the 

free-air gravity anomaly, so that it is not possible to say whether the basin is, or was, 

linked to the seafloor further north or northeast. 

In the region to the north, over and east of the relative Bouguer anomaly high along 

36.5°W, the magnetic grid reveals scattered short wavelength anomalies which are not all 

linear. Where linear trends are discernible an east-striking magnetic fabric is hinted at, 

which might be a continuation of the anomaly fabric of the central Scotia Sea just to the 

west. Some lesser north-striking anomalies tempt an interpretation involving east-west 

spreading in a back-arc basin ancestral to the modern east Scotia Sea. In Chapter 6I 

give reasoning for why I am inclined to the former interpretation. The conclusion here is 

that it is probable that the Jane-Discovery back-arc basin extends only as far north as 

the northern edge of Bruce Bank, at - 59°S, and if it continues beyond there it does so 

to the northeast for a short distance only, as far as 59°S, 35°W. 

4.7.2 Modelling closure of Discovery-Jane Basin 

Previous reconstructions 

In the reconstruction of Barker et al (1984) the Jane-Discovery basin is shown closed 

orthogonal to its length. King and Barker (1988) suggest that opening of Jane Basin in 

fact had an easterly azimuth based on the orientation and shape of its margins. 

The lack of definite conjugate features to fit makes closure of the basin a difficult 

task. Possible seafloor flowlines suggest opening orthogonal to the trend of the basin, as 

has been assumed for Bransfield Strait. An opening direction similar to the present east 

Scotia Sea could instead be used, but there seems no compelling reason to do so when 

multiphase back-arc basins are known to exhibit different spreading directions (Karig, 

1971). Closure orthogonal to the basin strike (using gravity ridges as flowlines for visual 
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fitting) is achieved by 0.7° rotation of the Jane (during 26.55-21 Ma) and Discovery (dur- 

ing 22.5-15 Ma) banks, with respect to the South Orkney Microcontinent, about a pole 

at 28.8°S, 169.6°W. Notably this rotation also aligns high amplitude magnetic anomalies 

on Bruce Bank and southwestern Discovery Bank. That southwestern Discovery Bank 

may have a continental core, of pre-Scotia arc-batholith crust, is suggested by Garrett 

et al (1986) and by Hamilton (1989). In fact Hamilton (1989) contends that much of 

the complex of highs in the southeastern Scotia Sea has continental basement-including 

Herdman Bank and Southern Thule. If such a body does exist at Discovery Bank, it 

completes the presence of the extended `Patagonian batholith' body (Figure 4.3) along 

the entire length of the southern Scotia Sea from Tierra del Fuego to Discovery Bank, 

and increases the length of the west-east arm of the Patagonian orocline. 

4.8 South Georgia and the central Scotia Sea in the Ceno- 

zoic 

4.8.1 Dismemberment of South Georgia and Shag Rocks 

The reconstruction poles of Chapter 3 predict much more extension than is seen in north- 

ernmost W6, W7, and beneath Aurora Bank, all north of latitude 55°S. A simple way to 

correct these imbalances is if the west Scotia Sea opens asynchronously, allowing strike- 

slip motions within one or both of the passive margins of the west Scotia Sea. The sense 

of movement would be dextral for strike-slip faults on the west flank, or sinistral on the 

east flank. Dextral movement on the west flank could have opened the Falkland Trough. 

Sinistral movements on the east flank would place the Shag Rocks block to the north of 

South Georgia, and internally deform the South Georgia microcontinent. I note, as did 

Barker (1995), an offset in the shelf of the South Georgia microcontinent along 55°S, and 

that elimination of this offset requires about 70 km sinistral strike-slip to have occurred. 

Such a restoration extends the strike of the Drygalski Fjord Complex from north of the 

offset to a restored Clerke Rocks offshore to the south, without the need for a change 
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in strike to connect the outcrops in the sense of Tanner (1982). It is impossible to say 

which of the strike-slip movements, west flank or east, acted to accommodate the spread- 

ing imbalance, or whether both acted. I choose to show strike-slip movement within the 

. 
South Georgia block as discussed, because it provides a means by which the ancestral 

South Sandwich Trench need not be present immediately to the east of South Georgia 

(there is no evidence for subduction beneath it), yet South Georgia itself can remain on 

the eastern passive margin of the west Scotia Sea system-by the action of a continental 

transfer zone within the South Georgia microcontinent. 

4.8.2 Provenance of South Georgia 

Comparison of the geology of South Georgia with that of Tierra del Fuego suggests that 

the Rocas Verdes Basin has an analogue on the South Georgia block, where a pseudo- 

ophiolitic body (the Larsen Harbour Complex) crops out at the island's southeast corner 

(Katz, 1973; Dalziel et al, 1975; De Wit, 1977; Storey et al, 1977). The simplest recon- 

struction of a continuous Rocas Verdes-Larsen Harbour basin, in the absence of other 

such outcrops, places South Georgia immediately to the south of Burdwood Bank and 

is a major theme in the reconstruction work of Dalziel (Dalziel and Elliott, 1971; being 

its first appearance). From such a reconstruction South Georgia requires approximately 

1600 km displacement to its present position, with significant north-south and east-west 

components, that can not be accounted for by relative motion between the Antarctic 

Peninsula and Tierra del Fuego along the Shackleton Fracture Zone (Cunningham et al, 

1995). The extra east-west component is not adequately explained (Barker et al, 1991; 

Royden, 1993; Cunningham et al, 1995) because it needs extra back-arc extension in the 

Scotia Sea for which there is scant evidence. A suggested source of the north-south com- 

ponent is the proposed contemporaneous opening of the central Scotia Sea (Hill, 1978; 

Barker and Hill, 1980; Hill and Barker, 1980; 20 Ma to 6Ma). This model is attractive 

because it predicts changes in spreading rate in the central Scotia Sea which correlate 

with changes in the west Scotia Sea (Figure 4.18), and taken at face value it does seem 



170 

to place South Georgia within the heart of a reconstructed cusp sensu King and Barker 

(1988). But there are problems, just one of which is outlined below, which suggest that 

the simplest reconstruction of a Rocas Verdes-Larsen Harbour basin is not as easy to 

reproduce using seafloor spreading data as it might seem. 

4.8.3 The central Scotia Sea did not open after 26Ma 

Chapter 3 shows how relative motion in the west Scotia Sea strongly resembles relative 

motion between South America and Antarctica, and suggests the reason for the small 
difference is the presence at the eastern margin of the central Scotia Sea of the migrating 

ancestral South Sandwich Trench. In this chapter I have suggested that relative motions 

at the North Scotia Ridge, and opening of most of the small sub-basins of the Scotia 

Sea could also be consequences of this situation. In the model, as it stands, major plate 

motion and the local complications of a migrating trench are accounted for without the 

need for a large back-arc basin opening in the central Scotia Sea. 

Now since the central Scotia Sea occupies most of the eastern flank of the west Scotia 

Sea spreading system, and is enclosed by the South Sandwich Trench and North Scotia 

Ridge, it is most reasonable that during the interval of spreading in the west Scotia 

Sea the entire central Scotia Sea should also have been closely coupled within the South 

American-Antarctic system. The simplest way to achieve this is for the central Scotia Sea 

to be a passive element in the circuit. For the central Scotia Sea instead to be actively 

spreading during this time, and for apparent close approximation of the South American- 

Antarctic circuit across it, would require 

1) complete decoupling of a linked west-central-east Scotia Sea system, most simply 
by subduction beneath, or of, the Scotia Sea on two or three sides, and 

2) an extraordinary coincidence where `random relative motions' (Barker and Griffiths, 

1972) combine to resemble the major plate motions one might expect to have seen in the 

region in the first place. 
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Figure 4.18: Central Scotia Sea magnetic models of Barker and Hill (1981). The models (top 

and bottom) are compared to recorded sequences in the central and west Scotia Seas ('Drake 
Passage'). The bottom, younger, model is favoured as a fit to the data. 
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I reaffirm that, as an alternative to the above, the scenario of close-coupling of mi- 

croplates to major plates in the region is more believable. That is to say, the central 

Scotia Sea and South Georgia together formed the eastern passive margins to the opening 

west Scotia Sea and that these margins were kinematically independent in only a small 

way from the Antarctic plate. On these grounds a different model for the central Scotia 

Sea is essential. The alternative options are summarised in Chapter 6, and one new option 

is pursued further there. For now it is enough to say that the central Scotia Sea must 

be included in Scotia Sea reconstructions, as a discrete, passive fragment, at least as far 

back as C8. 
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Chapter 5 

Reconstructions of the Cenozoic 

Scotia Sea 

Keywords Cenozoic. Scotia Sea reconstruction. Scotia Sea paleo-plate boundaries. 

5.1 Models of Scotia Sea plate kinematics 

The main part of this chapter presents reconstructions of the total field anomaly grid 

and of the Bouguer anomaly grid for six chrons (C3, C5c, C6, C8, C13, C30) during the 

Cenozoic evolution of the Scotia Sea. Ages in millions of years before present are given 

for these chrons based on the reversal timescale of Cande and Kent (1995). The plate 

tectonic situation in each is described, and interpreted plate boundaries are presented. 

The model to be presented is summarised in Figure 5.1. It is based on the reconstruc- 

tions discussed in Chapter 3 and Chapter 4, and is preferred to previous reconstructions 

for reasons discussed in those chapters on a basin-by-basin basis. I have attempted to 

represent a summary of previous reconstructions in Figure 5.2 as an alternative model. 

To summarise, the principal differences between the two models are given below. 

1) Spreading in the west Scotia Sea. In the preferred model this is reconstructed using 
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tectonic flowlines and magnetization reversals together. The west Scotia Sea regime is 

split into two parts about the Endurance Fracture Zone. In the other model I use the 

`red' set of reconstruction poles from Burrell (1983; Figure 3.1) which is based on total 

field anomaly data and assumes the Shackleton Fracture Zone is a tectonic flowline rep- 

resentative of motion in the entire west Scotia Sea. 

2) Movement of South Georgia and Shag Rocks. In the preferred model these blocks 

migrate as the eastern passive margins of the west Scotia Sea, which propagate north- 

wards. In the other model they move entirely independently of all other elements in order 

to be reconstructed to the area south of Burdwood Bank at 40 Ma. The east- west coin- 

ponent of this dispersal is greater than the amount of spreading seen in the west Scotia 

Sea. 

3) Spreading in the central Scotia Sea. In the preferred Model SI)rv, utitig in the central 

Scotia Sea precedes that in the west Scotia Sea, so that the central Scotia Sea exists as 

a rigid block throughout the model. In the other model the central Scotia Sea opens at 

the same time as the west Scotia Sea, filling the gap left by the northward component 

of the drift of South Georgia and the Shag Rocks block out of a cuspate reconstruction 

at 40 Ma. This would need subduction to the north of South Georgia and Shag Rocks, 

and complex migrating and jumping triple junctions connecting the central Scotia ridge 

to those in the west Scotia Sea and east Scotia Sea. 

4) Opening of Dove Basin and Protector Basin. In the preferred model both of these 

basins open as failing precursors to the opening of the west Scotia Sea, maybe both some- 

where in the interval between C21 (-. 49 Ma) and C8 (-i 26.5 Ma). In the other model 

Protector Basin opens very quickly between C5c and C5 (Hill and Barker, 1980) and Dove 

Basin opens immediately following extinction of the west Scotia Sea. The extra east west 

accretion they represent imply strike-slip plate boundaries between them and the central 

Scotia Sea and South Scotia Ridge, as well as much faster trench rollback at the south 

end of the proto-South Sandwich Trench than at the north. 
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5.2 Reconstruction technique 

Reconstructions (Figures 5.3,5.4,5.5,5.6,5.7,5.8,5.9,5.10,5.11,5.12,5.13 and 5.14) 

are made by drawing isochron outlines around whole or partial plates, or microplates, 

that may include single or multiple continental fragments and the areas of oceanic crust 

accreted to them. Within these outlines the gridded data are isolated, using grdinask 

and grdmath from the GMT suite, and rotated about the relevant reconstruction pole for 

that thron using a Fortran program: rotator. This sequence is handled in a shell script 

rotfrag, to which multiple calls are made in a parent shell script for each reconstruction. 

Following their isolation and rotation the data are re-gridded using nearneighbor (GMT) 

to produce a surface which is used to map the reconstructed region. All rotations are 

shown with respect to a fixed East Antarctic plate, and so resemble absolute motions 

inasmuch as East Antarctica has been relatively fixed in an absolute reference frame 

through much of the Cenozoic (Lawyer et al, 1992). 

Within the Scotia Sea I use the reconstruction poles presented in Chapters 3 and 4. 

Seafloor spreading west of South Georgia and Shag Rocks is shown beginning later than 

in the main part of the west Scotia Sea, so that in effect they move simply by switches 

of the South American-'Scotia' plate boundaries between their north and south edges at 

different times during the opening of the west Scotia Sea. This was done in view of the 

lesser amount of crustal accretion in W6 and W7. Any additional rotations used will be 

mentioned in the text accompanying the relevant reconstruction. 

The reconstructions are presented within the context of major plate motions, shown 

by the positions of the Antarctic Peninsula and Patagonia north of the Magallanes fault 

zone. Both of these major plates are shown moving with respect to East Antarctica about 

reconstruction poles derived by other workers. For movement of the Antarctic Peninsula 

in the period C20-C8 I use the reconstruction pole presented by Cande et al (2000). 

This is the first time that such relative movement has been incorporated into Scotia Sea 

reconstructions: all previous workers have had to assume that the Antarctic Peninsula was 
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part of the East Antarctic plate throughout the Cenozoic. For the periods prior to and 

after this motion I assume the Peninsula was fixed with respect. to East Antarctica. This 

assumption is not valid prior to C20, but large relative movements at leas are thought to 

have been confined to the pre-C34 period. For movement of South America with respect 

to East Antarctica I use the reconstruction poles in the unmodified three-plate inversion 

of Nankivell (1997a). 

Because the South Scotia Ridge has the characteristics of a fairly simple, recent, 

transtensional or strike-slip boundary (Galindo- Zaldivar et al, 1996) I atisun ie, as in Sec- 

tion 4.3, that most of the differential motion between the west Scotia Sea systems and 

the relative movement of South America and Antarctica was taken up along the north- 

ern margin of the Scotia Sea: the Magallanes fault, North Scotia Ridge and Endurance 

Fracture Zone. As a consequence no relative plate motion between East Antarctica and 

the Scotia Sea plates is shown, although the proposed mechanism for spreading in the 

west Scotia Sea requires at least some small relative motion between them (Section 3.4.4). 

The sense and magnitude of any such motion could only be known in the light of detailed 

knowledge of the past kinematics of the lithospheric slab in the mantle below the South 

Sandwich Trench. 

5.3 A reminder: the present day 

At the present day the Scotia Sea is comprised of two plates: the Scotia plate and Sand- 

wich plate. The Scotia plate is defined by the North Scotia Ridge (which exhibits minor 

sinistral transpression at its western end), the South Scotia Ridge (mild sinistral transten- 

sion and strike-slip), the East Scotia Ridge (an active back-arc: spreading centre), and the 

Shackleton Fracture Zone (sinistral transpression) (Pelayo and Wiens, 1989). Onshore in 

Tierra del Fuego, the Magallanes fault zone extends the North Scotia Ridge to meet the 

southern Chile Trench, which is linked to the Shackleton Fracture Zone at its southeastern 

end. 
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The Sandwich plate is defined by the East Scotia Ridge and the South Sandwich 

Trench, which is strongly arcuate, concave on its western edge, and meets the East Scotia 

Ridge at its northern and southern ends. The means by which the North Scotia Ridge 

links through the South Georgia area with these two features to form a South American- 

Sandwich-Scotia triple junction is uncertain. There is similar uncertainty regarding the 

exact nature and path of linkage through the Discovery Bank region of the South Scotia 

Ridge, East Scotia Ridge, South Sandwich Fracture Zone and South Sandwich Trench 

which separate the Scotia and Antarctic, Scotia and Sandwich, South American and 

Antarctic, and Sandwich and South American plates, respectively. 

A final small plate, the South Shetland microplate, is defined by the axis of stretching 

in Bransfield Strait and the residual subduction zone at the South Shetland trench. West 

of the Shackleton Fracture Zone the Phoenix ridge has been inactive since about anomaly 

C2a (Livermore et al, 2000), at which point the Phoenix plate amalgamated with the 

Antarctic plate. 

5.4 The west Scotia Sea dies: C3a 

The reconstruction of the Scotia Sea at chron C3a (, 6 Ma) is shown in Figures 5.3 

and 5.4. The east Scotia Sea is shown partly closed simply by visually fitting gridded 

magnetization anomalies for C3a on the east flank to those on the west, using 5.33° rota- 

tion about a pole at 83.77°S, 28.28°W. Relative movements with respect to the Antarctic 

plate are shown for the South American, Sandwich, and South Shetland plates. In addi- 

tion the distinction, post-C3a, between a Magallanes and a Burdwood plate is retained 

(dashed black line), although for simplicity no relative motion is shown between the two. 

The West Scotia Ridge is shown at its death, so there is no relative motion between the 

Magallanes-Burdwood plates and a central Scotia plate. In effect a rigid Scotia plate 

exists. The cessation of spreading in the west Scotia Sea could have been the result of a 

collision on the east flank between South Georgia and the Northeast Georgia Rise (Burrell, 
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1983). One consequence of this could have been the switch of the South American-central 

Scotia plate boundary from north of South Georgia to south of it, as shown. 

The reconstruction has a number of implications for post-C3a movements in the region. 

The assumption that all such movements were concentrated on the North Scotia Ridge is 

inadequate, as recent seismicity on the South Scotia Ridge attests. I retain the assumption 

because although it illustrates an extreme situation it does, nonetheless, predict many 

known movements in the post-C3a era. The movements implied are not great, and could 

be modified if some partitioning of regional stress is permitted onto the South Scotia 

Ridge. I suggest, guided by the generally reasonable nature of the predictions made by 

this reconstruction, that this partition was small until very recently. 

The relative movements, post-C3a, predicted by the reconstruction are: 

1) N 65 km sinistral strike-slip on the North Scotia Ridge at the southern edges of, or 

within, Burdwood Bank and Aurora Bank with respect to the Falkland Plateau (about 

10 mma-1), further west with a small component of convergence between the Scotia 

(Magallanes) plate and the South American plate on the Magallanes fault zone. 

2) sinistral oblique extension on the North Scotia Ridge east of Burdwood Bank (ti 

54°S, 51°W) and, possibly, west of it (N 54.2°S, 61.9°W). That is to say, at left bends on 

a sinistral fault. 

3) sinistral oblique convergence between South Georgia and the nascent Scotia plate. 

Some of these predictions are consistent with observations of recent relative movements 

in the Scotia Sea. Within Burdwood Bank and Aurora Bank seismicity shows relative mo- 

tion dominated by sinistral strike-slip (Forsyth, 1975; Pelayo and Wiens, 1989), presently 

occurring at about 5 mma-1. In continental Tierra del Fuego, modern sinistral strike-slip 

is also well known on the Magallanes fault zone (Forsyth, 1975; Pelayo and Wiens, 1989; 

Cunningham, 1993; Klepeis, 1994; Cunningham et al, 1995), where there is evidence for 

25 km of displacement on an unknown timescale (Klepeis, 1994). The component of con- 

vergence implied for the southern margin of South Georgia has also been recorded by an 

earthquake (Pelayo and Wiens, 1989). The recent distinction between Magallanes and 
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Burdwood plates may be manifest as seismicity on the Endurance Fracture Zone (Forsyth, 

1975). 

None of the geological studies of the Magallanes fault zone provides evidence for the 

predicted small component of convergence in Tierra del Fuego being accommodated on 

the Magallanes fault zone. Recent convergence is, of course, known at the southern 

Chile Trench, although it is difficult to envisage how the component in question could be 

partitioned there. Alternatively, if convergence does, or did, happen, I suggest it may be 

accommodated aseismically within the Magallanes fold and thrust belt to the north of 

the Magallanes fault. Strain partitioning is also a possibility in the South Georgia area, 

where the strike-slip component of predicted oblique convergence has not been proved. It 

could occur on the same fault system as the known thrust solution (Pelayo and Wiens, 

1989), or be partitioned elsewhere, for instance to the north of the South Georgia block. 

Lastly there is no evidence for or against the occurrence of oblique extension predicted in 

the areas east and west of Burdwood Bank. 

What is observed, but not predicted by the reconstruction, however, is the small 

component of convergence at the western part of the North Scotia Ridge within Burdwood 

Bank where the South American-Scotia plate boundary exhibits mild transpression. The 

significance of this failure is impossible to assess in view of the following: (a) transpression 

is shown by just one event in the inversion of Pelayo and Wiens (1989), (b) the orientation 

of the plate boundary within Burdwood Bank is not known (Cunningham et al, 1998), 

(c) uncertainties in all the C3a reconstruction poles, and (d) the lack of consideration 

given to any relative motion on the South Scotia Ridge. 

The reconstruction shows that a much smaller Sandwich plate existed at C3a. Its 

present-day southern part does not exist due to reconstructed closure of the basin sepa- 

rating Herdman Bank from Discovery Bank, for which I have used the same pole as for 

the Sandwich plate motion, but with just 2.33° rotation of Herdman Bank with respect to 

Discovery Bank. This part of the reconstruction is prompted by that of Hamilton (1989) 

and implies that the Sandwich-Scotia plate boundary passed to the north of Herdman 



184 

Bank at the time. Herdman Bank and Discovery Bank are interpreted as arc and fore-arc, 

respectively, into whose mutual boundary the East Scotia Ridge propagated after C3a. 

Possibly the final cessation of the west Scotia Sea and the east-west component of 

regional stretching it supplied meant that the east Scotia Sea back-arc basin started 

spreading more coherently and quickly. Barker (1995) notes the same point, along with 

an increase in the rate of spreading at the East Scotia Ridge beginning at about 8 Ma. 

The possibility of very young seafloor spreading in Dove Basin was suggeste(l in Chap- 

ter 4. If it existed it would introduce a `Dove' plate and ridge into the C3a reconstruction. 

However, here an interpretation where Dove Basin opens before the west Scotia Sea is 

favoured based on the lack of evidence for large recent relative movements bvtw(xen tile 

central Scotia Sea, Bruce Bank and the South Scotia Ridge implied by tht, younger inter- 

pretation. 

5.5 The young east Scotia Sea: C5c 

The reconstruction of the Scotia Sea at thron C5c (- 16.7 Ma) is shown in Figures 5.5 and 

5.6. Four plates comprise the model Scotia Sea at C5c. The Magallanes and Burclwood 

plates are present on the west flank of the west Scotia Sea spreading system, opposing the 

central Scotia plate on the east flank. Seafloor spreading defining thu'mu is shown as only 

having just begun in W7, as opposed to the already mature system in Wl W6. Hence 

Shag Rocks and the western North Scotia Ridge are still close neighbours. This scheme 

is preferred to ones where (a) the entire west Scotia Sea opens synchronously at C8 and 

shuts down progressively from north to south, or where (b) W7 is the contemporary of 

W1-W6 but opens about a different pole. 

The assumption that all major-micro- plate decoupling occurred at the North Scotia 

Ridge is retained, under which predicted motion at the North Scotia Ridge can he ac- 

counted for. Nonetheless the probability remains that -Anne small relative moveºnents 
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occurred at the South Scotia Ridge, to accommodate the difference in absolute motion 

between the East Antarctic plate and the South Sandwich Trench and central Scotia 

plate above it. In view of this, a central Scotia plate is labelled despite the reconstruction 

showing it to be kinematically indistinct from the Antarctic plate to the south. South 

Georgia and Shag Rocks are part of this central Scotia plate, and I have chosen to show 

the South Georgia microcontinent to be acting as a continental transfer zone between the 

South Sandwich subduction zone and the North Scotia Ridge, in preference to a discrete 

junction to the northeast of the block. This provides (a) an explanation for the lack of 

any evidence for subduction beneath South Georgia itself, (b) a means by which South 

Georgia and Shag Rocks can be present on the eastern passive margin of the west Scotia 

Sea, and (c) a locus for strike-slip faults accommodating the northward propagation of 

the west Scotia ridge. The South American plate incorporates the Falkland Plateau and a 

tapering hook of oceanic crust south of its eastern extremity which is simultaneously being 

subducted at the South Sandwich Trench and created at the South American-Antarctic 

Ridge. This ridge is isolated from its parent margin at Tierra del Fuego, however, by the 

presence and rollback of the South Sandwich Trench. The result is continuing spreading 

in the west Scotia Sea. 

The later stages of back-arc basin opening behind Discovery Bank are shown defining 

a Discovery plate which ceased independent motion following the deactivation of the ridge 

and basin at or after C5 (Barker and Hill, 1981; Hamilton, 1989). North and east of this 

the proto-South Sandwich Arc (the present arc is less than 4 million years old (Baker, 

1978)) may have been extending as a prelude to the main phase of extension in the 

east Scotia Sea, or a nascent East Scotia Ridge and Sandwich plate (not shown) may 

already have existed. The extent of this arc at least as far north as W5 is shown by the 

reconstructed position of the arc fragment, out of the present South Sandwich fore-arc, 

which had been active well before C5c (Livermore et al, 1994; Barker, 1995). I show the 

trench as being present as far north as the southeastern extremity of the South Georgia 

microcontinent and note, after Barker (1995), that the seamounts presently at 56.14°S, 
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36.49°W and 56.78°S, 35.79°W (present coordinates) may r eprvseut tarc volcanoes of a 

similar age which did not become entrained in the modern fore-arc further north along 

the trench. 

In the reconstruction the South Shetland plate is not yet active: Br nsfield Strait has 

been fully closed by rotating the South Shetland Islands with respect to the Antarctic 

Peninsula, by 0.80° about a pole at 61.51°N. 46.60'E. 

The reconstruction implies the following inovenients in the C5(7 C3ra period: 

1) Dextral strike-slip between the Magallanes and South American plates in Tierra 

del Fuego-Burdwood Bank, accompanied by convergence increasing in importance from 

west to east as the strike of the plate boundary becomes more easterly. About 60 km 

movement. 

2) A similar type and amount of relative movement betwecti Magallanes and Burd- 

wood plates on the western arm of the Endurance Fracture Zone. 

3) About 60 km dextral oblique convergence between the Hardwood and South Amer- 

ican plates along the North Scotia Ridge east of Burdwood Bank and at Aurora Bank. 

4) Continuing sinistral strike-slip north of South Georgia and `continental transfer' 

(dashed lines) within the South Georgia microcontinent. 

Convergent motion between the Magallanes and the South American pla t¬s (which was 

expressed also in Figure 4.5) could be manifest as the accretionary prism of the North 

Scotia Ridge. It has been shown that the southern edge of Burdwood Bank (i. e the 

Magallanes-South American and Magallanes-Burdwood plate boundary) is the buttress 

against which the prism accumulated (Cunningham, 1998; Cu nningthani ei al, 1998). 

Further east of the buttress, convergent motion between the Magallanes and Burdwood 

plates may have been taken up on the `Endurance transform fault' itself. Figure 4.5 also 

predicts oblique convergence on the North Scotia Ridge between the Burdwood and South 

American plates as far east as Aurora Bank where evidence for an accretionary prism 

persists (Cunningham, 1998). In the reconstructions the arrow at the northern end of the 

ridge segment in W5 implies its propagation accompanying convergence at the Burdwood 
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Bank buttress. The reality of convergence between the Magallanes and Burdwood plates 

is open to debate, bearing in mind the questionable nature of the inversion for Burdwood 

plate motion (Section 3.4.3) and the applicability of the Endurance Fracture Zone as a 

natural break within the west Scotia Sea system. 

The prediction of Hill and Barker (1980) that seafloor spreading in Protector Basin 

could have started at C5c, would imply the presence of a `Protector ridge' between a 

`Terror plate' and the Magallanes plate (Figure 5.2). This interpretation is not favoured 

because the model of west Scotia Sea spreading used here simply does not require it. 

Instead I keep Protector Basin open in this reconstruction. 

5.6 A change in the west Scotia Sea: C6 

The reconstruction of the Scotia Sea at chron C6 (' 20.1 Ma) is shown in Figures 5.7 

and 5.8. The plate configuration is broadly similar to that at C5c except that back-arc 

spreading is happening behind both the Jane and Discovery arcs. The central Scotia 

plate is still shown to be rigidly attached to the East Antarctic plate via the South 

Orkney Microcontinent region and northwest Weddell Sea but, as with the foregoing 

reconstructions, I believe this is an oversimplification and minor motions probably did 

occur on the South Scotia Ridge. Seafloor spreading is shown as only having just begun 

in northern W6, in a similar manner as has been envisaged for W7 at C5c, so that Shag 

Rocks and the North Scotia Ridge at - 50°W (present coordinates) are directly opposed, 

and northern South Georgia has just rifted away from the North Scotia Ridge to the south 

of this. A sinistral strike-slip boundary exists between the Shag Rocks block and South 

Georgia microcontinent. The Magallanes and Burdwood plates remain separated from 

the South American plate (Falkland Plateau) by the Magallanes fault and North Scotia 

Ridge. 

Predicted relative movements for the C6-C5c period are similar to those for the C5c- 

C3 period, implying a 14 million year long period of stability in the west Scotia regime, 
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which was characterised by slow, decelerating, seafloor spreading and convergence at the 

northern margins of the west flank plates. This was a change, however, from what had 

been the situation just previously, as will be outlined in the next section. 

5.7 The young west Scotia Sea: C8 

The reconstruction of the Scotia Sea at chron C8 (- 26.5 Ma) is shown in Figures 5.9 and 

5.10. The West Scotia Ridge in W1-W6 is shown as just having started as a spreading 

centre following initial rifting. As a consequence the Magallanes, Burdwood and central 

Scotia plates have just come into existence and are separated from each other by the 

West Scotia Ridge and western arm of the Endurance Fracture Zone, and from the South 

American plate by the North Scotia Ridge. The South American plate includes the part of 

the South Georgia microcontinent north of the present-day offset in its edge at 55°S. The 

remainder of the microcontinent continues to act as a continental transfer zone between 

the central Scotia and South American plates. This has been done in order to maintain 

the conditions where subduction does not occur beneath South Georgia but the southern 

part of South Georgia can be present on the eastern passive margin of the west Scotia Sea. 

At this time the Antarctic Peninsula has just ceased moving as part of a separate plate 

to East Antarctica and spreading in Powell Basin has just begun to decline over what 

will be the next three million years to extinction of the Powell ridge. Back-arc basins 

behind Discovery and Jane banks are not yet open on the east flank of the South Orkney 

Microcontinent, beneath which subduction of South American seafloor is occurring. 

Predicted movements between C8 and C6 are different to those following C6. On the 

North Scotia Ridge fast dextral strike-slip is predicted. In addition, due to the opening of 

Powell Basin, the northern margin of the South Orkney Microcontinent acts as a sinistral 

strike-slip fault with a significant convergent component. This movement would have 

lasted until C6c, when Powell Basin ceased opening. 

As in the foregoing reconstructions kinematic coupling between the central Scotia 
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plate and the Antarctic plate is assumed in order to make the reconstruction. Here it 

is only via the northern Antarctic Peninsula and western South Scotia Ridge that the 

central Scotia plate could be connected rigidly to East Antarctica. This connection is 

dominated by continental crust and is so narrow that it could not really have acted in a 

rigid sense. Instead at this time I believe it more realistic for the central Scotia plate to 

have been seismically coupled to the proto-South Sandwich-Discovery Trench and moving 

slowly with respect to the mantle and East Antarctica. As in the previous reconstructions 

a small amount of relative movement at the South Scotia Ridge seems to be necessary, 

but is not shown because of a lack of direct knowledge of the past kinematics of the 

proto-South Sandwich-Discovery Trench with respect to East Antarctica. 

Now possibly, as spreading in the west Scotia Sea proceeded, and with the extinction 

of Powell Basin and the Discovery-Jane trench the area of connection between the Mag- 

allanes and East Antarctic plates grew and relative motion along the South Scotia Ridge 

became more difficult to sustain. At chron C6 there were changes to seafloor spreading 

in the region; the direction of relative motion of South America with respect to East 

Antarctica changed from west-northwest to west, and the west Scotia Sea spreading cen- 

tre began deceleration and underwent a minor azimuth change. In addition this time 

probably saw the initial stretching and rifting in the proto-South Sandwich Arc. It is 

difficult to assess cause and effect, but I put forward a scenario where initial rifting and 

spreading in the west Scotia Sea were due to the relative motion of Tierra del Fuego away 

from the central Scotia Sea, which was strongly coupled to the South Sandwich Trench at 

its eastern margin. With time and growth of the connection between the central Scotia 

and East Antarctic plates coupling at the trench became less strong at the expense of fast 

strike-slip decoupling at the North Scotia Ridge, to a point where an orthodox back-arc 

basin (the east Scotia Sea) developed in proximity to the trench and the North Scotia 

Ridge entered a compressive phase that ended with the extinction of the West Scotia 

Maybe the change in motion of South America at about C6 was the event that 

set off such a change. Certainly after this time the spreading systems in the west Scotia 

l 

ý 
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Sea and between South America and Antarctica were more closely comparable in terms 

of the amount of crust created. 

Inception of spreading 

A remaining question is: why did seafloor spreading begin at C8, and not earlier or later? 

Since the presence of the South Sandwich Trench appears to be instrumental in this 

model to the process of spreading in the west Scotia Sea, changes to subduction might 

be considered important in answering the question. Two possible changes which I can 

envisage giving rise to the need for accretion in the west Scotia Sea are: 

1) Pre-C8 propagation of the trench to a point, at C8, where it isolates the South 

American margin south of the Falkland Plateau from spreading at the South American- 

Antarctic Ridge. Such propagation could have occurred either northward from the south, 

or in the opposite direction. 

2) Ridge-crest-trench collisions in the northwest Weddell Sea, prior to and southwest 

of those hypothesised for Jane and Discovery Banks, deactivate the spreading centre there. 

A large ridge jump results, into the west Scotia Sea region behind the still-active length 

of the subduction zone. 

Both scenarios are unproved. In the first case the history and direction of trench 

propagation is not well known outside of positions of presently-known dated arc fragments. 

In the latter case there is no reliable evidence for ridge-crest-trench collisions southwest 

of Jane Bank, let alone any that immediately pre-date C8. 

5.8 More speculative reconstructions 

Prior to chron C8 any reconstruction becomes more speculative as the rotations within 

the Scotia Sea are no longer based on the well-defined isochrons and azimuthal indications 

of features created during seafloor spreading. In particular it is difficult to demonstrate 

whether South American-Antarctic relative motion should have been outpaced by exten- 

sion in the proto-Scotia Sea as has been done for the C8-C3a period and so the position of 
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Tierra del Fuego with respect to the rest of South America in the following reconstructions 

becomes much more speculative with increasing age. 

Excess accretion in the west Scotia Sea has been attributed to the presence of the South 

Sandwich Trench at the eastern margin of the central Scotia Sea, isolating Tierra del Fuego 

from the East Antarctic plate and accretion at the South American-Antarctic Ridge. If 

subduction can be proved to have been active in the pre-C8 period (the occurrence of 

probable arc rocks dated at 29-32 Ma in the present-day South Sandwich fore-arc suggests 

this may be the case) then `excess' accretion similar to that demonstrated in the west 

Scotia Sea might be expected to have occurred. 

5.8.1 Early main extension: C13 

A reconstruction for chron C13 (- 32.1 Ma) is shown in Figures 5.11 and 5.12. The main 

body of the Scotia Sea is shown to consist of one kinematically distinct plate which is 

deforming by rifting in the future location of the West Scotia Ridge, at least as far north as 

the middle part of W6. South of this plate the onset of spreading in Powell Basin defines 

a South Orkney plate whose boundary with the plate in the Scotia Sea runs through 

the eastern South Scotia Ridge. The western South Scotia Ridge, which during Powell 

Basin rifting had remained part of the South Orkney plate is about to be abandoned to 

the Antarctic Peninsula by a jump of the boundary to the future Shackleton Fracture 

Zone. The Peninsula itself is moving as part of a West Antarctic plate with respect to 

East Antarctica as described by Cande et al (2000). The proto-South Sandwich Arc, and 

hence the trench, is likely to have been present at least to the north of Herdman and 

Bruce Banks at this time (Livermore et al, 1994; Barker, 1995). 

Bearing in mind that the reconstruction is more speculative than those already shown, 

the following relative movements are tentatively predicted: 

1. Extension in the northwest part of the west Scotia Sea-where it overlaps the 

North Scotia Ridge just east of Burdwood Bank (cross-hatched area). I have illustrated 
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a possible locus for this extension in the Falkland Trough as arrows showing the possible 

further reconstruction of the North Scotia Ridge into the Falkland Trough region (which 

has been masked to 2000 m bathymetry, not to the Bouguer anomaly edge as previously). 

An alternative scenario, invoking sinistral strike-slip faulting in the oceanic central Scotia 

Sea is considered less likely given the strength of oceanic lithosphere, and is not illustrated. 

2. Sinistral oblique compression between the South Orkney Microcontinent and Bruce 

and Pirie Banks. The magnitude of this predicted movement is open to question: the 

prediction exists due to the use of the Adare Trough pole of Cande et al (2000) rather than 

a pole that fully closes the hypothetical circuit described in Section 4.5, in which case there 

would be no relative motion. When constructing this circuit no consideration was given 

to possible movements on the South Scotia Ridge. I note the presence of Newton basin 

parallel to the strike of the predicted fault, which I suggest may be interpreted as a flexural 

feature related to loads accumulated by the hypothetical compressional component. 

3. Dextral transtension along southern margin of Powell Basin. The transtensional 

nature of this margin is preserved to the present-day and has been demonstrated by King 

and Barker (1988) and later workers. 

5.8.2 Closure, prior to early failed rifts: C30 

This speculative reconstruction, near the beginning of the Cenozoic, or C30 (- 65 Ma; 

Figures 5.13 and 5.14), shows the situation prior to the opening and failure of two early 

rifts in Protector Basin and Dove Basin. The age-depth relationships in these basins 

are the main constraints on their ages, although in Protector Basin this is supported by 

magnetic reversal modelling. Both basins have been ascribed Middle to Late Eocene ages, 

consistent with predictions of early extension in the Drake Passage region from major plate 

reconstructions (Lawyer et al, 1985; Livermore and Woollett, 1993). At this point, and 

maybe until the initial rifting of one or both of the small basins, say by C26 (- 57 Ma) 

there is the possibility of transient land linkage for mammal dispersal. Reconstruction 

of both Dove Basin and Protector Basin requires a plate boundary between Pirie and 



201 

Zý. 

Ira, 

11 1 

lýy 

Cl: 

C- oil 

W 
W I., 
Oj 
_ 

Z. zi 

V 
CD 

M 

ýd fZ 

b_0 q'ti 

Fa F 
o 

OQ "ý 
o ti c5 li 

U .bU 

ö0 

to zö 

cia 
°cv 

F bO 
o 

ý. 

`d-C oo 

ö °x ö 
C cad ' ön 

Ö 4" ý r4 
n a" cý0 

o 0 
V 

Z. C 

C ce 4) 

lfý +F"> o 

FgUz 
rin 

ö 
fý 3Uý 



202 

ft7 
04 
h 

O 

C. 

Ö 

O 

U7 
O 

05 
G 

ti 
U4 
M 

P 
ri O 

c 

O 

w 

CD 

0 
O 
1 

C 
C 

C 
ß. 

cr cý 

Ö 

p4 

h 

J1 



ý. -'' r, 
td 

i 
ýAtý X} 

_ý 

x 

203 

Bruce banks and the central Scotia Sea and Antarctic plates, which I show as dotted 

lines at C30. I have been unable to produce any reconstruction that does not require 

such a boundary in some form at some stage. I assume that subduction was active at the 

eastern margin of the system and that, similar to the west Scotia Sea, its presence was 

the stimulus for spreading in Protector Basin and Dove Basin. 
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Chapter 6 

Central Scotia Sea as conjugate to 

the southwest Weddell Sea 

Keywords Central Scotia Sea. Weddell Sea. Thermal rejuvenation. 

6.1 Introduction 

The reconstructions of Chapter 5 show that it is entirely possible for the province of 

east-striking magnetic reversal anomalies of the central Scotia Sea to exist as a discrete, 

passive, element within the Scotia Sea during its growth, as suggested in Section 4.8.3. 

They also show that at chron C8, the South Georgia microcontinent was juxtaposed with 

the elevated portion of the North Scotia Ridge just east of Burdwood Bank (Figures 5.9 

and 5.10). It seems unlikely that strike-slip movements preceding this time could have 

moved South Georgia around the southeast corner of Burdwood Bank from a position 

further west, as any preceding movement would have been likely to have been associated 

with initial rifting in the west Scotia Sea, as shown in the more speculative reconstructions 

at C13 and before. The only remaining undoubted oceanic crust in juxtaposition with 

South Georgia is in the central Scotia Sea. Understanding the central Scotia Sea is 
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important in determining whether South Georgia might have originated elsewhere in the 

pre-C8 period. 

That seafloor spreading has created the central Scotia Sea seems inescapable, on the 

grounds of the depth of seafloor, the depth and character of seismic basement, and the 

very well developed linear magnetic reversal anomalies. However the anomaly sequence 

shows no strong symmetry, there is no median ridge feature and fracture zones are not 

obvious as free-air anomaly troughs as they are in the neighbouring west Scotia Sea. As 

a result, the nature and timing of this spreading has been the subject of much speculation: 

1) The central Scotia Sea formed as a back-arc basin behind the proto-South Sandwich- 

Discovery Trench in the period 20-6 Ma (Hill and Barker, 1980) 

2) The central Scotia Sea formed as a back-arc basin behind the proto-South Sandwich- 

Discovery Trench in the period 33-23.5 Ma (Hill and Barker, 1980) 

3) The central Scotia Sea formed behind the proto-South Sandwich-Discovery Trench 

as a back-arc basin with no definite locus of accretion (Livermore et al, 1994; Hamburger 

and Isacks, 1988) 

4) The central Scotia Sea formed by Mesozoic back-arc spreading behind the ancestor 

to the Chile Trench as an extension to the Rocas Verdes basin (De Wit, 1977) 

5) The central Scotia Sea is a fragment of older normal oceanic crust trapped during 

growth of the Scotia Sea (Livermore et al, 1994) like the Celebes Sea (southeast Asia) 

(Silver and Rangin, 1991; Nichols and Hall, 1999), the Bering Sea (Cooper et al, 1976; 

1992), or (possibly) the Caribbean plate (Malfait and Dinkelman (1972); Pindell (1985); 

Ross and Scotese (1988), but see Meschede and Frisch (1998) for an alternative view). 

Section 4.8 shows that spreading in the central Scotia Sea, whatever its origin, is 

kinematically unlikely to have taken place during the period 26.55-6 Ma while the west 

Scotia Sea was active, because there is no evidence for the subduction that would be 

needed to accommodate it. Interpretations (1) and (2) are therefore rejected. Now, given 

that no subduction of central Scotia Sea floor has occurred beneath the North Scotia Ridge 

or South Scotia Ridge, and if the central Scotia Sea formed by back-arc spreading at any 
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time, the lack of symmetry in its reversal sequence requires that the locus of 

must have been non-stationary. However the lack of any ridge-like features (Fi 

or numerous seamounts suggests that the province contains no fossil accretionary centres. 

Moreover the long, well-developed, east-striking anomalies (Figure 6.2) are not compatible 

with multiple loci. On these grounds I reject interpretation (3). Interpretation (4) is 

elegant except that it too does not explain the anomalies' asymmetry, nor the lack of a 

median ridge. In addition I can see no evidence for the gradual eastwards widening of the 

back-arc basin from Tierra del Fuego that De Wit (1977) requires. In summary so far, 

then, an autochthonous central Scotia Sea is not compatible with the evidence. 

Interpretation (5), an allochthonous central Scotia Sea, seems the most attractive as a 

trapped fragment need not bear any fossil ridge if it represents just one limb of a system, 

and can be present in a purely passive sense: there is no need to explain its accretion in 

situ. It is this possibility that I explore in this chapter. 

6.2 Provenance of an allochthon 

So, if the central Scotia Sea is an allochthon, representing only one limb of a pre-C8 system, 

where can it have come from? Where is the other limb? The Scotia Sea is surrounded by 

regions of oceanic crust which pre-date it. To the west the Phoenix-Antarctic regime had 

been active since the Mid-Cretaceous. To the northeast, oceanic crust forms by opening 

of the Atlantic Ocean in response to separation of South America frone Africa, and has 

done since - 130 Ma. To the southeast, the Weddell Sea formed by separation of South 

America from East Antarctica between the mid Mesozoic (maybe 165 Ma, Livermore and 

Hunter (1996)) and about 20 Ma. 

Trapping crust of the Phoenix plate within the Scotia Sea seems impossible since it 

would have to pass through the undoubtedly closed Tierra del Fuego-Antarctic Peninsula 

connection in order to be positioned on the east flank of the nascent west Scotia Sea 
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Figure 6.1: Gridded free-air gravity anomalies over the central Scotia Sea. White outlines: 
Bouguer anomalies, SG: South Georgia, SR: Shag Rocks, BRU: Bruce Bank. Dotted white outline: 
relative Bouguer anomaly high extending north from Discovery Bank, this feature and a line of 
seamounts (SM) may mark the location of the proto-South Sandwich Arc. Red lines: central Scotia 
Sea magnetic reversal anomalies. Absence of prominent ridge features or seamounts suggests no 
accretionary locus for these anomalies is preserved. Short-wavelength rectilinear fabric parallel 
and perpendicular to the reversal anomalies (black arrows) may represent the original fabric of 
seafloor spreading, overprinted by later anomalies like the prominent north-northwest anomaly 
north of Bruce Bank. 
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Figure 6.2: Gridded magnetic anomalies over the central Scotia Sea, reduced to the pole. White 

outlines: Bouguer anomaly highs as Figure 6.1. East-striking anomalies are well developed in the 
west of the region, and just north and east of Bruce Bank. The offsets between these regions 
(arrows) correspond to short-wavelength ridges and troughs in the free air anomaly which may 
represent the original spreading fabric of the system. LHC: Larsen Harbour Complex (the pseudo- 
ophiolite suite on South Georgia). SM: seamounts. 
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system as its passive margin. Likewise, trapping lithosphere of the South American - 
African system would be difficult as substantial southerly transport of a fragment would 

be needed, by-passing the Falkland Plateau en route, as well as a 90° rotation to produce 

the observed strike of magnetic anomalies in the central Scotia Sea. The Weddell Sea 

spreading system is the most likely origin of a fragment, as the region once occupied 

by its northern (South American) limb is now filled by the Scotia Sea. The possibility 

that the Scotia Sea may entrain parts of the northern limb to the Weddell Sea system 

was briefly mentioned by LaBrecque and Barker (1981), but has never been investigated. 

A means by which part of this limb could have escaped subduction at the ancestor to 

the Jane- Discovery trench is the principal kinematic obstacle to its emplacement as the 

future central Scotia Sea. 

6.3 Trajectory and Fitting 

Flowline modelling 

To explore the possibility further that a fragment of the northern limb of the Weddell 

Sea survives in the central Scotia Sea I construct a set of model flowlines representing 

the relative motion of South America and Antarctica since closure. The flowlines are 

grown outwards from seed points on well-defined isochrons in the northern Weddell Sea 

(Livermore and Woollett, 1993) using the reconstruction poles of Nankivell (1997a; C8- 

C33, full joint inversion) and Livermore and Hunter (1996; C33--FIT, model B, poles from 

circuit between South America, Africa and East Antarctica). The flowlines thus show the 

predicted trajectories of fracture zones on both the Antarctic and South American limbs 

of the Weddell Sea system between 165 Ma (the `FIT' pole of Livermore and Hunter 

(1996)) and 26.55 Ma (a C8o pole interpolated from the unmodified 3-plate inversion set 

of poles of Nankivell (1997a)). To build the flowlines I assume that 

(1) the west Scotia Sea represents all South American-Antarctic accretion west of the 

proto-South Sandwich-Discovery Trench after C8, and 
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Chron ä Latitude Longitude Angle 
) (M 

Nankivell (1997) 
, unmodified 3-plate inversion 

C8 25.82 0.00 0.00 0.00 
C13 33.06 71.76 15.45 2.48 
C18 38.43 75.60 27.42 4.46 
C20 42.54 76.06 41.94 6.08 
C21 46.26 77.20 42.54 7.16 
C30 65.58 73.80 82.42 15.27 
C32 71.07 72.89 72.70 16.62 
C33 73.62 73.00 73.04 17.92 
C33r 79.08 72.90 76.40 20.56 
C34 83.00 72.71 77.68 22.41 

Livermore and Hunter (1996), model B 
E 93.00 71.7 71.2 25.78 

MO 118.70 68.1 95.4 41.67 
M2 122.64 67.4 91.7 41.39 
M4 126.46 66.7 88.3 41.18 

M1ON 131.65 64.4 84.4 40.96 
M21 149.65 58.8 87.7 41.07 
FIT 165.00 52.3 90.7 41.71 

Table 6.1: Finite poles used to produce the model flowlines of Figure 6.3; these are the poles 
of Nankivell (1997a) and Livermore and Hunter (1996), with the C8 pole of Nankivell (1997a) 

removed in consideration of the growth of the west Scotia Sea behind the South Sandwich Trench. 
Note that Nankivell (1997a) uses the younger end of C8, for which no adjustment has been made, 
and that Livermore and Hunter (1996) use the reversal timescale of Kent and Gradstein (1986). 

(2) The spreading centre at C8 was - 30 km wide. Table 6.1 shows the set of poles 

used 

The model flowlines are shown in Figure 6.3. The lengths of Howlines crossing the 

west Scotia Sea aged between 93 Ma and M10 (' 130 Ma) have a northerly trend and 

are enclosed by the Scotia Arc. Older portions of the flowlines towards M21 (- 150 Ma) 

show a northeasterly trend which is locally included within the Scotia Arc. Assuming 

the `Weddell ridge' trended approximately normal to its transform faults a model set of 

`Weddell' reversal anomalies stranded in the central Scotia Sea should, therefore, mainly 

strike east or southeast in its northern part. Figure 6.2 shows the magnetic reversal 
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Figure 6.3: Model flowlines for spreading in the Weddell Sea between 165 Ma and C8. Bottom: 
flowlines (yellow) overlain on free-air anomalies, flowpoints are labelled by their age or thron. Top: 
flowlines (black) overlain on total field anomalies. Green lines identify some anomalies on the grid in the Weddell Sea, which are used in Figure 6.4, thron numbers labelled in green. 
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anomalies in the central Scotia Sea and confirms that the easterly strike is certainly 

evident, and that north of the set of east-striking anomalies a set of two or three southeast- 

striking reversals is present. 

Visual fitting of magnetic isochrons 

Rotation of M-series magnetic reversal anomalies from the Weddell Sea, in a forwards 

construction about the same set of reconstruction poles (Figure 6.3), to a hypothetical 

position at anomaly C13 before the opening of the west Scotia Sea suggests that the 

southwestern Weddell Sea's conjugate seafloor at the time lay south of the present position 

of the North Scotia Ridge and east of Burdwood Bank. This is the position of the central 

Scotia Sea and South Georgia in Figure 5.11, the C13 reconstruction. A second rotation 

of the anomalies about the west Scotia Sea reconstruction poles shows there occupying 

the present-day central Scotia Sea region (Figure 6.4), and having little or no azimuthal 

discrepancy with respect to the anomalies actually recorded there. So, the central Scotia 

Sea could be conjugate to the seafloor of the southwest Weddell Sea, without appealing 

to extra rotations for which there is no evidence. 

6.4 Magnetic isochron modelling 

The new model predicts that the central Scotia Sea could have formed on the north 

flank of the Weddell ridge by spreading somewhere within the range of anomalies `E' to 

M21 (93-149.65 Ma; Cande and Kent (1995); Livermore and Hunter (1996)). I perform 

reversal modelling within this period for ship tracks crossing the set of well-developed east- 

striking anomalies in the central Scotia Sea. In the absence of a suitable seismic profile 

showing basement depths, I use the modern bathymetric surface and a typical magnetic 

susceptibility and source layer thickness (1 kni) for old ocean crust. A reasonable fit is 

achieved using model reversals between Min and M11, as might be expected using the 

models of the conjugate part of the Weddell Sea of Livermore and Hunter (1996) as a 

guide. However a more striking fit is achieved for the period M4-M16 (Figure 6.5), which 
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Figure 6.4: Gridded magnetic anomalies over the central Scotia Sea, reduced to the pole. Bouguer 

anomaly highs as before. M series anomalies identified in the central Scotia Sea are shown in black 
(see Section 6.4). Thick green lines and annotations are interpreted (sometimes speculatively) 
reversal anomalies from a grid in the southwest Weddell Sea (see Figure 6.3) rotated into the 
central Scotia Sea by two rotations: firstly about a finite pole for South American-Antarctic 

reconstruction to C13 from the chron being rotated, and secondly about the C13 pole of Nankivell 
(1997a) which reasonably describes motion of the east flank of the west Scotia Sea with respect to 
the west flank during its opening. East of the well-resolved anomalies some anomalies of the grid 
appear to agree with predicted east-northeasterly trends in a larger allochthon extending maybe 
as far as 35.5°W. LHC: Larsen Harbour Complex. 
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is similar to the modelled Weddell Sea sequences of LaBrecque et al (1989) and Ghidella 

and LaBrecque (1997). On some profiles closely-spaced multiple peaks merge into single 

anomalies at M7n-M9n and the M12 anomalies, behaviour which is known from M-series 

anomalies elsewhere (Nakanishi et al, 1992). The modelled sequence is produced using 

fairly constant spreading rates of between 20mma-1 and 15mma-1, as used in all the 

published Weddell Sea models. 

Figures 6.6 and 6.7 show modelled reversal anomaly sequences in the Weddell Sea, 

which I include to demonstrate that the sequence there, although on the whole poorly- 

fitting, is not inconsistent with the sequence which fits so well in the central Scotia Sea. 

I use the recorded bathymetric surface and same model susceptibility and layer thickness 

as in the central Scotia Sea model. Spreading rates are in the 20mina-1 to 15mina-1 

bracket, between M4 and M16, as in the central Scotia Sea model. All tracks include the 

prominent, easily modelled, C34 anomaly and a sustained drop in spreading rates to just 

under 10mma-1 beginning just before it. This deceleration is a feature of all models of 

Weddell Sea spreading. In the southern Weddell Sea no magnetic anomaly sequence is 

everywhere fit well by any model, and these models are no exception. The difficulty of 

magnetic modelling in the Weddell Sea is noted by Livermore and Hunter (1996) who note 

the inconsistency of the recorded sequence between neighbouring ship tracks. This may 

be the result of closely spaced fracture zones in deeply-buried basement-the reversal 

signature is convolved with that of basement topography (note the region of flowline- 

parallel magnetic anomalies in the Weddell Sea in Figure 6.3, centred on 50°W, 68°S). In 

addition non-flowline ship passage is likely to be important and anomalous skewness may 

have an effect. With this difficulty I have only found it possible to produce fits to the 

recorded sequences which are consistent locally with a model guided by the central Scotia 

Sea sequence. In particular reversals Mlln-M14 are often well reproduced. Livermore 

and Hunter (1996) note that on some profiles in the southernmost part of the Weddell Sea 

the modelled anomalies' amplitudes exceed those actually recorded. I also see this on the 

same profiles with my model parameters which is unsurprising as I use the bathymetric 
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surface instead of seismic basement to represent the top of layer 2. However not all of 

the difference is likely to be attributable to the choice of upper surface for the source 

layer. I note that on the best fitting profiles the amplitude difference is least evident 

and speculate that it is possible that the reduction in amplitude and the generally poor 

nature of reversals seen on the other profiles may have a common cause-possibly to 

closely spaced fracture zones in deep basement. 

6.5 Seismic comparison 

Seismic reflection data are available for tracks over the central Scotia Sea and the Weddell 

Sea, by which further comparison can be made between the two regions. Figure 6.8 and 

6.9 show seismic reflection profiles over the central Scotia Sea and southern Weddell Sea. 

The central Scotia Sea profile is oblique to the reversal anomalies there, it begins in 

the west Scotia Sea and finishes in an area of rather poorer east-striking anomalies to 

the east of Bruce Bank. The Weddell Sea profile is perpendicular to reversals identified 

as M4 and older. The most obvious difference between the two is depth to oceanic 

basement. Basement in both areas shows rough topography and considerable relief, which 

is consistent with low spreading rates in both areas as suggested by magnetic modelling, 

but in the central Scotia Sea the general level of the top-basement reflector is about 5.5 s 

whereas in the Weddell Sea profile this value is about 8 s. Sediment cover in the Weddell 

Sea is at least twice the thickness (' 1.5-2 s) of that in the central Scotia Sea's western 

part where magnetic reversal anomalies are best developed (' 0.5-1 s). Further east in 

the central Scotia Sea, north and east of Bruce Bank, the 1 s-or-more sediment thicknesses 

are more comparable to those in the Weddell Sea profile, but still less thick. In both areas 

the sediment pile is characterised by parallel reflectors onlapping basement highs. In the 

central Scotia Sea, however, the seafloor reflector is not at all smooth as it is in the Weddell 

Sea, and the crenulations of the surface appear to be present throughout the sediment 

pile. This character dies out further east, into a region which is less well characterised 



217 

250 

OnT 

-250 

250 SO " GAP 

OnT r`f 
11 

3 

700 -600 -500 

250 

OnT 

-250 

(km) 

M11 Min C34 

-400 -300 -200 -100 (k n\ 

iE 
uY 

T 

ýE mý 
Y 

-500 -400 -300 -200 -100 0 
(km) 

Figure 6.6: Mesozoic model seafloor spreading in the Weddell Sea (red) compared to ship track 
sequences (black). These sequences and those of Figure 6.7 are not exhaustive, but are repre- 
sentative: some fit well, others not so well. Overall, as for all published Weddell Sea magnetic 
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Site 
Seafloor 

time (ms) 
Seafloor 

depth (m) 
Sediment 

(ms) 
Correction 

(m) 
Corrected 
depth (m) 

Age 
(Ma) 

a 5125 3844 563 338 4182 20.3 
b 4802 3540 700 420 3960 18.9 

c 4782 3525 1200 720 4255 27.0 
d 4782 3525 1000 600 4125 23.4 

e 4721 3480 960 576 4056 21.4 
f 4700 3465 900 540 4005 20.1 

g 4680 3450 1000 600 4050 21.3 
h 4820 3555 1000 600 4155 24.3 
i 4985 3675 1000 600 4275 27.9 
j 4680 3450 0 0 3450 8.0 
k 4456 3285 440 276 3561 10.0 
1 4720 3480 1140 684 4164 24.5 

m 4720 3480 340 204 3684 12.4 

n 4580 3375 980 588 3963 19.0 

o 4700 3465 800 480 3945 18.5 

p 4600 3390 840 504 3894 17.2 

Table 6.2: Determinations of basin age from seafloor depth in the central Scotia Sea, corrected 
for sedimentation. For locations see Figure 6.8. 

by east-striking magnetic lineations, but which probably still is part of the central Scotia 

Sea allochthon. Here over a second of sediment is persistent, parallel-laminated and more 

flat-topped, as in the Weddell Sea profile. 

6.6 Thermal rejuvenation 

Seismic reflection data and magnetic modelling are consistent with the new hypothesis, 

except for the following points: 

1. Magnetic anomalies in the central Scotia Sea are more than twice the amplitude of 

those in the Weddell Sea. 

2. Basement depth in the central Scotia Sea is about 2.5 seconds two-way-time sooner 

than expected, or about 2 kin too shallow, as is the seafloor itself. 

3. The central Scotia Sea is not as heavily sedimented as crust of a similar age in the 



0öp ms TWT 
C ýG O) A 

I OÖ 
OO nPm n 

O Pý 

ýO 

:z CA ý cr 

5 

cD ýr O `J' Qq Ö 

cr C) 

ci 
CD 0 

n O 
Z 

O d 
OO CD 

ýG 
O<Ov 

ýJ Q ^1 

° 
d 

e+ (D O9 
ýD (D O cý ß oy n o-v 

cD r. n 

ý3 Co 

m C) 

CD M " 

a 
cvq CD 

u CID r, 
D' n 

o 
N 
° 
° Oy 

_ Z CD Sc 

OO 3 d 

a td o 4 
C CD 

P% 
ý: r0 
Z. 

ýpn 
1' _ 

I, "ý 
ro 

Q L7 P co 
O 

ti dc 

n CD r7' `yam' 'r co 

CQ ) 

bp ° . 

b ° CD 
C9 b 'L" .. N' a 
a co m 

" ýoý5 
M CD . 

ti ö° , oý 
C) 3 

.y/ O 
CD 

N 

, 0 m 
N 0 c9 M cD 

220 

ms TWT 
N 07 A 
OOO 
OOO 
000 

ýý 

'& 

GAP 

-3.3hrs 

sY 

l .) 

N 
O 
O 
0 



221 

p 

N 

3 

t0 
N 

zo 

N 

C) 

D 0 

U) 

I- 
O 
z 

I t' ,3 t Iý z i 

f.. 

ýý' is 1 

Q 
° ; Ilrll 

IC 

I` 
ýýIllr 

M r' 

A} 
+ 

ý Q I 

tk 
t 

ý` off 
. 14 I . 

I 
Id I" 

I 
r 

M1}ý 

0 000 
0 

CD CD 0 
OD o 

0 
usw 

ý -o 
ö 

C_ 

CD 

O aý O 

'' 0Q '0 ° 

a 

oo ýö aý Ü 
., ' cn Cd 

O r' ý (ID O 

-rVyU 
"d yy 

M cu O 

m oZ3d 

> 

Uvc 'L7 
G, '" Cd 

q 
cnQ) 

FV. [ý'y C d V 

ý + 

Z yZ ca 

ti VýäýO 

Ü 

ý, y V] 
0 
CD -ce Z. 2 

Co 
w r. 

1N11 Sw Gti Ü 
.G 

Ü 



222 

Weddell Sea, the discrepancy is of the order of 0.5-1 seconds two-way-time of sediment 

(about 0.5-1 km). 

The first two exceptions can be explained by appeal to a single plausible process: up- 

lift of the central Scotia Sea. Uplifting oceanic basement brings the magnetic source layer 

closer to the surface and so amplifies the recorded anomalies due to it. Uplift can be the 

result of underplating or serpentinization of the lithosphere, or its delamination, or re- 

heating and thinning. About 2 km uplift is required to bring seafloor of southwest Weddell 

Sea age (150-118 Ma) to the depth observed in the central Scotia Sea (thermal age circa 

19 Ma, Table 6.2). Upward continuation of observed magnetic anomalies in the central 

Scotia Sea by 2 km reduces their amplitude to the levels seen on the best Weddell Sea 

profiles. In the central Scotia Sea, the most obvious process to produce uplift is reheating 

and thinning-thermal rejuvenation. The South American and Antarctic conjugate areas 

of the Weddell Sea would originally have had similar depths due to subsidence. The cen- 

tral Scotia Sea geotherm could have been raised in one of two plausible ways. The first is 

crustal thinning, in the west, due to stretching prior to the onset of spreading in the west 

Scotia Sea. The second is island arc formation, and possibly back-arc extension to the 

east. I note that the western part of the central Scotia Sea shows pervasive disruption of 

the sediment pile: this could be due to faulting at a rifted margin on its western edge. 

I do not believe that uplift by thermal rejuvenation could have caused the significant 

difference in the thicknesses of accumulated sediments in the central Scotia and Weddell 

Seas, as the uplifted central Scotia Sea floor would have been well below a level sufficient 

for it to experience strong erosion. It is possible that the early Antarctic Circumpolar 

Current may have caused significant winnowing of, perhaps, a few hundred metres of 

sediment, as it passed through an early Scotia gateway created by the opening of Drake 

Passage: the Antarctic Circumpolar Current is known to have caused significant erosion 

(Berggren and Hollister, 1977), for instance at Maurice Ewing Bank in the Pliocene- 

removing over 150m of Cenozoic cover in less than 4 million years (Cieselski et al, 1982). 

However, there are no obvious unconformities in the central Scotia Sea seismic profile 
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which might be related to such an episode of erosion. As an alternative explanation, I 

suggest that it is possible the South American flank of the Weddell Sea was never as 

thickly sedimented as the Antarctic flank. East Antarctica and the Antarctic Peninsula 

would have been sources of voluminous sediments to the Antarctic flank of the Weddell 

Sea throughout its growth, enabling the build up of the thick sediment pile seen. Even 

prior to the time of Weddell Sea break-up, however, much of the Falkland Plateau (the 

Falkland Plateau Basin) may have been significantly subsided (Lorenzo and Mutter, 1988; 

Marshall, 1994; Richards et al, 1996) and sedimentary influx to the northern flank of the 

`Weddell ridge' may therefore have been significantly less, and more localised, than that 

on the southern flank. 

6.7 Extent of the central Scotia Sea allochthon 

The identification of a fragment of much older crust in the central Scotia Sea relies strongly 

on the presence of a set of east-striking magnetic anomalies there, having its western 

boundary with the east-flank C8 anomalies of the west Scotia Sea. A smaller set of east- 

striking anomalies is present just to the north of Bruce Bank and Dove Basin, which 

define the effective southern boundary of the allochthon. But what about its eastern and 

northern boundaries? 

If the central Scotia Sea extends as far east as the westernmost reversal anomalies 

of the east Scotia Sea, its east-striking anomalies might be expected to be seen curv- 

ing around to an east-northeasterly direction further east (Figure 6.4). Linear reversal 

anomalies become hard to identify east of the central Scotia Sea, but there is a hint of east- 

northeast trends in short anomalies to the east and north of the area of good anomalies 

near Bruce Bank and on the Bouguer anomaly relative high along 36.5°W. On this basis, 

and the apparent continuity of sedimentary reflectors through the region, I believe that 

the central Scotia Sea allochthon may extend as far east as 36°W. The Jane-Discovery 

back-arc basin would have extended only as far north as the northern edge of Bruce Bank 

. '. 
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does, and the Bouguer anomaly relative high along 36.5°W could be representative of arc 

material constructed on a Mesozoic basement of central Scotia Sea crust, possibly with 

more sporadic expression as seamounts further north (Figure 6.1). 

The present northern boundary to the central Scotia Sea spreading anomalies is the 

free-air gravity low immediately south of the South Georgia microcontinent. The west 

Scotia Sea reconstructions of Chapter 5 suggest that strike-slip deformation on the North 

Scotia Ridge was located within, or north of, South Georgia during most of its growth. 

Despite the 70 km offset between the northern and southern parts of the South Georgia 

microcontinent along 55°S with which differential amounts of opening of the west Scotia 

Sea have been accommodated, it seems that the northern boundary to the central Scotia 

Sea system is the South Georgia microcontinent and possibly the Shag Rocks block. The 

northern boundary would represent the conjugate passive margin to that in the Weddell 

Sea. In such an interpretation the free air anomaly low just south of South Georgia could 

represent thick sediments in a rift basin of late Jurassic age. One might expect to see 

tectonic inversion of originally-extensional features in it consistent with it having since 

been: (i) involved in the Rocas Verdes Basin inversion event, (ii) the locus of strike-slip 

deformation of the South Georgia microcontinent (- 26-6 Ma) and, (iii) the locus of 

latter-day limited underthrusting of Scotia Sea floor beneath the microcontinent (post 

6 Ma, Pelayo and Wiens (1989)). I know of no seismic reflection survey which shows the 

contents of the basin to test this prediction. Whatever the contents of the basin, this new 

interpretation of the central Scotia Sea and its northern margin represents a different, 

and new, opportunity to study the initial break-up of the Weddell Sea region, previous 

attempts at which have been hampered by sea ice cover in the Weddell Sea. 

6.8 Mesozoic Reconstruction of the Weddell Sea 

Assuming South Georgia and the central Scotia Sea together represent the conjugate pas- 

sive margin and seafloor to the southwestern Weddell Sea, a reconstruction at closure of 
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the Weddell Sea is shown in Figure 6.10. South Georgia is situated in a gap in the recon- 

struction of Livermore and Hunter (1996) between the Falkland Plateau and the Dronning 

Maud Land-Berkner Island coast. The southeastern margin of the South Georgia micro- 

continental block extends the implied strike-slip boundary between Maurice Ewing Bank 

and Dronning Maud Land as far as the present-day bend in the coast at N 30°W, 72.5°S. 

This positioning is consistent with the provenance, from the southeast and southwest, of 

volcaniclastic turbidites of the Cumberland Bay Formation of South Georgia (Macdonald 

and Tanner, 1983; Macdonald et al, 1987). Furthermore I note the geological similarities 

between South Georgia and Maurice Ewing Bank: both exhibit a Phanerozoic sequence of 

Lower/Middle Jurassic to Cretaceous rocks followed by depositional hiatuses, suggesting 

a common Phanerozoic history. 

The Rocas Verdes-Larsen Harbour Basin and proto-Weddell Sea 

The reconstruction suggests that a long but not very wide Rocas Verdes-Larsen Harbour 

Basin could have existed at the time of onset of spreading in the southern Weddell Sea, 

which may have been near to 165 Ma if it opened initially as part of a South American- 

African-Antarctic plate circuit (Livermore and Hunter, 1996). Stretching associated with 

this basin may have given rise to the widespread `Serie Tobifera' volcanism. The Rocas 

Verdes pseudo-ophiolites are almost continuous, but very thin across axis, through Tierra 

del Fuego. A similar body is present on the South Georgia microcontinent as a `Larsen 

Harbour basin'. No intervening occurrences of pseudo-ophiolitic bodies are known, but 

the reconstruction suggests that they might be found on the northern Terror block, Pirie, 

Bruce and possibly Discovery bank blocks: in the hinterland of the reconstructed Patag- 

onian batholith anomaly. More speculatively, I note that the Orion anomaly, a magnetic 

anomaly at the continent-ocean boundary in the southern Weddell Sea which has been 

interpreted as representative of break-up volcanism (Kristoffersen and Haugland, 1986; 

LaBrecque et al, 1986), continues the trend of the Patagonian batholith body, and may 

also mark a continuation of it in pre-165 Ma times, linking the Discovery Bank part of 

the body to that speculated at the southern margin of the South Georgia block. 
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The Larsen Harbour Complex is dated at 150 Ma by Mukasa and Dalziel (1996). This 

determination is an 40Ar-39Ar plateau date on a granite which cuts the complex, but 

which is cut by some of its dykes. The oldest identifiable seafloor spreading anomaly in 

the central Scotia Sea (from the model in Section 6.4) is M20 (- 149 Ma). The ages are 

consistent with the Larsen Harbour Complex being representative of oceanic crust which 

was originally continuous with that in the central Scotia Sea. An implication of this is 

that the Larsen Harbour Complex does not represent the floor of a back-arc basin but 

instead the very earliest oceanic crust formed in separation of South America from East 

Antarctica. This is consistent with geochemical analyses of the complex which conclude 

the Larsen Harbour basin did not form in relation to a subduction zone but instead by 

the action of a Gulf of California-type propagating ridge (Alabaster and Storey, 1990). 

Interpreted proto-Rocas Verdes Basin magmatism in Patagonia and Tierra del Fuego 

('Serie Tobifera') is dated at 164 Ma by Mukasa and Dalziel (1996) whereas the Sarmiento 

Complex (basin floor) itself has been dated at 137-142 Ma (Stern et al, 1992). Assuming 

a simply-linked Larsen Harbour-Rocas Verdes Basin these dates imply that the basin may 

have propagated from southeast to northwest (Dalziel, 1992; Mukasa and Dalziel, 1996) 

and furthermore that the entire Rocas Verdes Basin was not a back-arc basin in the strict 

sense of forming in response to subduction dynamics. The alternative presented here, a 

propagating oceanic rift like the modern Gulf of California, is consistent with this idea of 

propagation as well. Such a simple picture is complicated however when considering how 

the basins might have evolved from an initial setting like that shown in the reconstruction. 

Specifically, why should the Larsen Harbour part of the basin have proceeded to more 

orthodox mid-oceanic spreading (whence it produced the central Scotia Sea) when the 

Rocas Verdes part certainly did not? 

Inversion of the Rocas Verdes Basin in Tierra del Fuego is thought to have occurred 

at about 100 Ma based on a cooling age for the Beagle granite suite rocks in the Rocas 

Verdes Basin floor (Mukasa and Dalziel, 1996) and similar ages for uplift of the Larsen 

Harbour Complex (Macdonald et al, 1987). This occurs during a gradual change in 
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seafloor spreading in the Weddell Sea which culminates in a situation with almost a 

reversal of the earliest sense of opening, and coincides with global spreading rate changes. 
Inversion of the `Larsen Harbour Basin', at least, and possibly the Rocas Verdes Basin, 

might therefore represent the response of a passive margin to changes in the direction of 

spreading in its ocean, rather than to collision of a volcanic island arc with a continental 

active margin. 

6.9 Preservation of the allochthon 

In Chapter 4 it was mentioned that the principal kinematic obstacle to dispersal of a 

central Scotia Sea allochthon is subduction at the ancestral Discovery-Jane trench. The 

history of subduction at the trench is not well known prior to its collision with the South 

American-Antarctic Ridge and shutdown. Its date of inception is simply not known. 

Figure 6.11 is a sequence of reconstructions through the Mesozoic, made using the 

same set of reconstruction poles used for the flowlines in section 6.3 which shows the 

dispersal of the future central Scotia Sea out of the Weddell Sea. The possibility of internal 

deformation of the Antarctic Peninsula and its position relative to South America and East 

Antarctica is not well known at the early stages. The earliest motion of South American 

crust away from East Antarctica is directed northeast, and implies dextral strike-slip 

motion at the boundary between the Dronning Maud Land-Berkner Island Coast and 
Maurice Ewing Bank-South Georgia. This persists between roughly 165 Ma and 140 Ma. 

Later motion, until about 100 Ma, is predominantly north-south and creates the earliest- 
identifiable parts of the Weddell Sea and the central Scotia Sea. The position of the 

Antarctic Peninsula during this time is only partly known, using paleomagnetic poles, but 

it seems likely to have been present to the west of the region of crust created (summary 

in DiVenere et al (1996)). The mutual boundary may have been a passive margin or 

a strike-slip fault. The latest stage of motion is directed predominantly west-northwest 
(although changes have occurred) and continues to the present day. Its earliest stages 
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Figure 6.10: A reconstruction of the earliest stage in the growth of the Weddell Sea (165 Ma). 
The position of the Antarctic Peninsula (dotted blue line) is schematic only, based on the 175 Ma 
reconstruction in DiVenere et al (1996). Top: main features discussed in the text, FIB: Falkland 
Islands block, MEB: Maurice Ewing Bank, ANP: Antarctic Peninsula, SGA: South Georgia, BI- 
DML coast: Berkner Island-Dronning-Maud Land coast. Bottom: interpretation as a true ocean 
basin propagating into a back-arc region rather than a back-arc basin. 
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Central Scotia Sea reversal Strike-slip fault proto-South proto-South 
anomalies produced by Sandwich--Discovery American--Antarctic 
proto-South American-- trench Ridge & Age (Ma) 

Antarctic Ridge. 

Figure 6.11: A sequence of reconstructions of the growth of the Weddell Sea through the Meso- 
zoic, showing how the central Scotia Sea survived subduction at the proto-South Sandwich- 
Discovery Trench. Reconstructions made using the poles of Nankivell (1997a) and Livermore and 
Hunter (1996). SOR: South Orkney Microcontinent. Blue lines: present-day outlines of Antarctic 
Peninsula, South America and East Antarctica. Black outline: pre-Adare Trough spreading po- 
sition of Antarctic Peninsula. Brown-red outlines: successively younger reconstructions of South 
America (ages in Ma, at northeast tip of Falkland Plateau). Thickened lines show overlap regions 
between South America and the Antarctic Peninsula, which ceases by 11OMa. 
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are a slow rotation of the Magallanes region about the South Orkney Microcontinent, 

where what had been a passive or strike-slip margin with the Antarctic Peninsula slowly 

became convergent with continuing change to the azimuth of relative motion. In this 

way I envisage convergence at what was to become the proto-South Sandwich-Discovery 

Trench subduction zone to have been initiated by at least 70 Ma and maybe as long ago 

as 100 Ma, at the eastern face of the South Orkney Microcontinent. The central Scotia 

Sea, by the onset of the west-northwest phase of motion, has passed the South Orkney 

Microcontinent's southeast margin where subduction initiates, and so is not obliged to 

subduct, but shears off from the South American crust aged (maybe) less than 70 Ma 

and its parental spreading centre, by the continuing action of a new strike-slip fault 

at the South Scotia Ridge. Following this, at an unknown time or times, subduction 

propagated northwards, isolating the central Scotia Sea completely from the rest of the 

Mesozoic oceanic part of the South American plate, which was subducted. Thus I present 

a model of the inception of subduction at the South Sandwich Trench due to a kinematic 

imperative as a result of major plate motions. The later history of this subduction zone 

has been characterised by periodic ridge-crest-trench collisions, and their proximal effects 

and, more speculatively, northward propagation of the northern limit of the trench, until 

it met the Falkland Plateau at or near South Georgia and the conditions were met for 

the onset of spreading in the west Scotia Sea. 
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Chapter 7 

Discussion 

Keywords Gondwana. Shackleton Fracture Zone. Antarctic Circumpolar Current. Sco- 

tia Sea. Shallow mantle outflow. 

7.1 A new Scotia Sea plate kinematic model 

The reconstructions of Chapter 5 place the kinematic evolution of the Scotia Sea for the 

first time within the context of continuing dispersal of South America and Antarctica 

since some time within chron C8 (usually taken in this thesis as 26.55 Ma; the C8o edge). 

This has been made possible by the application of a joint inverse technique for plate 

tectonic reconstruction of the west Scotia Sea, which has enabled interpretations to be 

made of its development as a small oceanic basin-opening in response to plate motions 

which were a close approximation to those between South America and East Antarctica 

between chrons C8 and C3a. The spreading phase of this opening has been the main 

tectonic event in the late Cenozoic evolution of the Scotia Sea, in the light of which it 

has been possible to postulate that minor basins in the region represent (i) failed rifts 

and oceanic precursors to this spreading (the west Scotia rift, Protector, Powell and Dove 

basins), and (ii) back-arc basins opening behind subduction zones to the east of its eastern 
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margin (Jane-Discovery basin and the east Scotia Sea). 

In addition to the quantified reconstructions, more speculative reconstructions showing 

the development of deep-water parts of the Scotia Sea region from the latest Jurassic are 

presented. An explanation of this development as a special consequence of both the onset 

of subduction and of the capture of an oceanic crustal unit from the north flank of the 

ancestral South American-Antarctic Ridge (in effect simultaneously creating and fixing 

to the mantle a new plate with a passive margin opposing that at Tierra del Fuego) is 

put forward. This new plate later became dispersed as an allochthon by the opening of 

the west Scotia Sea. The allochthon hypothesis is attractive because it makes modelling 

the whole Scotia Sea as a reasonably simple plate tectonic system, rather than as a multi- 

phase back-arc basin, quite straightforward. In addition if the allochthon really does 

represent conjugate crust to the southwest Weddell Sea, it has important implications for 

studies of break-up in the Weddell Sea, and of Gondwana as a whole, as I have tried to 

suggest by simple means in Chapter 6. As such, this hypothesis regarding the central 

Scotia Sea is the most important tectonic result presented in this thesis. 

Future work 

The new view of Scotia Sea tectonics afforded by this work suggests a wide range of new 

studies might be fruitful. In particular, the allochthon hypothesis might be tested sim- 

ply and effectively by dredging of exposed oceanic basement in the central Scotia Sea, 

or by deep-sea drilling. The history of subduction at the eastern margin of the Scotia 

Sea is critical to the capture, preservation, and dispersal of the hypothetical allochthon, 

yet little is known about it. There is no solid evidence supporting hypotheses regard- 
ing the initiation in space and time of this subduction, such as those presented in this 

thesis, or that given by Barker et al (1991). Neither is there any strong or complete 

evidence for the subsequent evolution of the subduction zone by its propagation or by 

ridge-crest-trench collision. The southeastern extremities of Jane Bank, to the south of 
the transtensional southern margin of Powell Basin, and the isolated seamounts south 

of South Georgia (Section 5.5) represent possible subduction-related features which have 
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not yet been investigated to these ends. 

More briefly, kinematic explanations for the opening of the Protector, Dove and Powell 

Basins are presented for the first time here. If the Scotia Sea model is taken to be correct 

these basins represent an unusual situation where a region of continental crust had been 

experiencing more or less continuous extension over a period of at least 30 million years, 

as the tips of South America and the Antarctic Peninsula separated. Unfortunately the 

former two basins suffer with uncertainties in the determined ages of their floors. These 

difficulties might be overcome by sediment drilling or dredging to determine the ages of 

the basins' contents, either directly or via ties to seismic reflection images. 

7.2 Tectonics of the Shackleton Fracture Zone 

The Shackleton Fracture Zone has been an important issue throughout much of this thesis 

in considerations of the west Scotia Sea spreading system. Perhaps the most important 

difference between the reconstructions made here of that system, and all those which pre- 

cede it, is the assumption that the the Shackleton Fracture Zone is not a reliable tectonic 

flowline for the opening of the west Scotia Sea. A close look at the Shackleton Fracture 

Zone shows that unlike the other tectonic flowlines picked, it does not consist of a simple 

linear trough. Figure 7.1 shows three representations of the Shackleton Fracture Zone. 

The top two are perspective views of an oblique Mercator projection of satellite free-air 

gravity and ships' bathymetry which show a compound ridge-trough feature and its, first 

order, en echelon, segmentation. The form of the Shackleton Fracture Zone is asymmet- 

rical about the axis of the southern spreading segment in the west Scotia Sea, having 

both greater relief and elevation on the Elephant Island side than on the Tierra del Fuego 

side. This kind of segmentation, into transverse ridges rotated from the gross trend of 

the offset, is characteristic of transpressional offsets in the oceanic realm: the Clipper- 

ton (Pacific), Romanche (Atlantic), and Zabargad (Red Sea) transforms being examples 

(Marshak et al, 1992; Bonatti et al, 1994; Bonatti, 1996; Pockalny, 1997), in the latter 
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cases uplift appears to have been enough to have produced emergence. Oceanic trans- 

pression has also been shown for areas outside active offsets, at the Tiburon, Barracuda 

and Researcher ridges in the western equatorial Atlantic (Müller and Smith, 1993), where 

relative plate motions between South and North America and Africa and Eurasia, respec- 

tively, have been subtly different, leading to minor relative movements between North and 

South America. This situation is broadly similar to that envisaged for the ancient Shack- 

leton Fracture Zone, where relative plate movements between the Phoenix, Magallanes 

and central Scotia plates have had only a minor cross-axial component. Transpression 

is the present condition on the Shackleton Fracture Zone (Pelayo and Wiens, 1989), and 

appears to have been so in the past (Maldonado et al, 2000; Figure 7.2). 

The Shackleton Fracture Zone is also an important element in the considerations of 

the Antarctic Circumpolar Current and paleoclimate of Barker and Burrell (1977; 1982). 

These workers consider the bathymetric highs of the Shackleton Fracture Zone extending 

oceanward from Tierra del Fuego and from Elephant Island to represent continental crust 

which subsided slowly following the initial opening of the west Scotia Sea, remaining a 

significant barrier to deep-water passage (because of their overlap) until 23.5 ± 2.5 Ma. 

Burrell (1983) reports a dredge haul of `quartz-rich cataclasite' from the flank of the 

Shackleton Fracture Zone (location unspecified) and suggests this may be supporting 

evidence for the continental nature of the ridges, having rejected the possibility of the 

haul containing glacial drop stones. However, `continental' lithologies are known from 

other, undoubtedly oceanic, fracture zones (Honnorez et al, 1994), possibly representing 

pods entrained there since break-up, and are not representative of the bulk composition 

of the fracture zone. Furthermore, the ridges are shown in Figure 7.1 not always to be 

physically connected to the continental fragments of Tierra del Fuego and Elephant Island 

(although the latter is in bathymetric, but not free-air gravity, continuity). Finally an `old' 

continental ridge at the Shackleton Fracture Zone might reasonably be expected to show 

a significant magnetic anomaly which is different to the surrounding pattern of oceanic 

polarity reversals. The bottom part of Figure 7.1 is a grid of total field anomalies over the 
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Figure 7.1: The Shackleton Fracture Zone in free-air gravity, bathymetry and total field anomaly (reduced to the pole). eer: en echelon ridge (label on north slope), EI: Elephant Island, TdF: 
Tierra del Fuego, W1: southern spreading segment in the west Scotia Sea (WSS), P1: northern 
spreading segment on the Phoenix Ridge, former Phoenix plate (PHO). 
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same area as the two perspective views above it, and shows clearly that the Shackleton 

Fracture Zone has very little magnetic expression of its own, and is only discernible 

by virtue of its offsets of the west Scotia Sea and Phoenix plate reversal anomalies. 

The elevated ridges, therefore, are most unlikely to represent, in their entirety, subsided 

continental fragments, and might reasonably be expected to have always been present at 

oceanic depths. Substantial uplift of transpressional ridges, to emergence, is apparently 

possible (Bonatti et al, 1994; Bonatti, 1996), however, so there remains a real (if remote) 

possibility of transient, incomplete, barriers to Antarctic Circumpolar Current flow into 

the west Scotia Sea at the Shackleton Fracture Zone. 

Figure 7.2 shows flowlines for the Antarctic, Phoenix, Magallanes and central Scotia 

plates emanating from suitably-aged seed points on the Shackleton Fracture Zone. The 

flowlines predict that a sinistral transpressional situation dominated its southeastern limb 

throughout the opening of the west Scotia Sea. Sinistral transpression would have been 

strong on the lengths of the Shackleton Fracture Zone that juxtaposed the Central Scotia 

and former Phoenix, and the Magallanes and former Phoenix Plates, and fastest in the 

latter case-in the offset between W1 and P1. Further west, where the Shackleton Frac- 

ture Zone juxtaposed the Antarctic and Magallanes plates, flowlines are more parallel, 

suggesting that a purer sense of strike-slip may have dominated. The apparent trans- 

pressional ridge which expresses the Shackleton Fracture Zone northwest of W1 thus may 

be a largely post-C3a construction, whereas the one to the southeast may have a much 

longer history. 

One region which has not been addressed so far by the kinematic model presented 

in this thesis is the triangular region to the north of the Shackleton Fracture Zone and 

northwest of Elephant Island (shown in Figure 7.2, in green). If this triangle formed 

by accretion at the West Scotia Ridge, as suggested by Lodolo et al (1998), then some 

explanation is needed for the lack of a western flank. Here I put forward an alternative 

view. 

The closer gross similarity of the trend and curvature of the Shackleton Fracture Zone 
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Figure 7.2: Model flowlines for the west Scotia Sea (pink) and Phoenix (blue) spreading systems 
compared to the Shackleton Fracture Zone. Four separate plates were accreted to by the action 
of these spreading centres: MAG (Magallanes); CSS (central Scotia); ANT (Antarctic) and fPP 
(Phoenix). Small numbers indicate ages at flowpoints (Ma). Fieg. Terr.: Fuegian Terrace of 
Herron et al (1977). Green triangle: area of enigmatic crust in the Scotia Sea. 

to a Phoenix-system flowline, rather than a west Scotia Sea one, suggests that it may 

have originated as an intra-Phoenix system feature, so that the triangular region of crust 

north of the South Scotia Ridge-Shackleton Fracture Zone intersection formed on the 

east flank of a spreading segment northwest of P1, within the Phoenix system, to the 

north of a `Shackleton transform fault'. It is a reasonable assumption that the parental 

spreading centre was subducted during oblique convergence at the southeast Chile Trench. 

At such a point the area of crust on its southeast flank would have been transferred to the 

Antarctic plate, or possibly the central Scotia plate, but in either case the net result would 

be the cessation of subduction at the South Shetland Trench beneath Elephant Island, 

as the central Scotia plate was kinematically similar to the Antarctic plate. Continuing 

relative motion between the Antarctic and Phoenix plates would have become focused on 

the southwestern flank of the Shackleton Fracture Zone rather than its (now subducted) 

parental transform fault. Relative movement on its northeastern flank was between the 
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central Scotia and Phoenix plates. The result was the formation of transverse ridges by 

transpression. 

A final feature of the flowlines with respect to the free-air anomaly field is mentioned 

here. The Antarctic-flank Phoenix-system model flowline tracks back behind the south- 

east Chile Trench, showing the possible position of the subducted northwestern limb of 

the Shackleton Fracture Zone. Interestingly this is coincident with a sharp step in free-air 

gravity of the Tierra del Fuego active margin, inland of the trench (the northeast edge of 

the `Fuegian Terrace' of Herron et al (1977)) which bears a thick accreted sedimentary 

pile and fore-arc basins (Rubio et al, 2000). I suggest, based on this similarity, that 

this terrace might have been the location of strike-slip faults accommodating the trench- 

parallel component of the very oblique convergence at this part of the Chile Trench during 

the time when the Phoenix Ridge was active. Such an interpretation is given as one of 

two alternative views of the back wall of the fore-arc basin on the terrace by Rubio et al 
(2000), based on seismic and gravity evidence. The trench-normal component would have 

been very much smaller and characterised by very slow subduction or convergence within 

the sediment-filled trough to the south of the terrace. 

7.3 Pacific-Atlantic mantle outflow 

The modern South Sandwich Trench shows a number of differences from its predecessor, 

which I have been referring to as the proto-South Sandwich-Discovery Trench: 

1) Planform. The reconstructions of Chapter 5 show the new subduction zone to be 

strongly arcuate, as opposed to the more linear older trench parallel to the Jane and 

Discovery Banks, and the `Endurance Collision Zone' to its southwest. 

2) Rollback. The new model for the opening of the west Scotia Sea requires that rollback 

of the old trench was rather slow as it was responsible for the creation of 150-200 km more 

crust at the West Scotia Ridge than at the South American-Antarctic Ridge-over the 

period C8-C3a (about 20 million years) this rollback would be of the order 10 mma-1, 
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which is less than one fifth of the rate of rollback of the modern trench (Carlson and 

Melia, 1984; Pelayo and Wiens, 1989). 

3) Back-arc basins. The modern phase of the east Scotia Sea, which formed quickly 

behind the modern trench since 8 Ma, is a large, very well-defined, back-arc basin. This 

is in marked contrast to the narrower back-arc basins behind the Discovery and Jane arcs 

and the early, slow-spreading, phase of the east Scotia Sea itself-all formed behind the 

ancestral subduction zone. 

4) Volcanic arcs. The modern South Sandwich Arc is an entirely intra-oceanic feature, 

probably formed within the last 4 million years and built on oceanic crust formed at 

the East Scotia Ridge. The Discovery arc, in contrast, is strongly suspected at least to 

entrain some elements of continental crust (e. g. Section 2.6.6 and Figure 4.3, Garrett 

et al (1986); Hamilton (1989)), and may even be built on continental basement. 

The transition from the old subduction regime to the new may have begun in the 

kinematic changes which happened at chron C6 (' 20 Ma), as outlined in Chapters 3,4 

and 5. At this time the first signs of back-arc spreading to the north of Discovery Bank 

are seen, apparently at the expense of the spreading rate at the West Scotia Ridge. But 

why the reorganisation, especially why the counter-intuitive increase in the rate of trench 

rollback that occurred later? A very speculative reasoning can be related to the possibility 

of asthenospheric outflow through the Scotia Sea, from the sub-Pacific asthenosphere to 

the sub-Atlantic. This outflow has been related to the shrinking of the Pacific basin 

and simultaneous growth of the Atlantic basin by Alvarez (1982). In this hypothesis the 

oceanic asthenosphere, which occurs at very shallow depths, is obliged not to flow beneath 

thick (maybe 600 km deep) continental lithospheric `keels' and/or the subducted slab 

`curtains' at their margins, but takes place instead around their edges through shallow 

mantle gateways. Such gateways, allowing the shrinking sub-Pacific asthenosphere to 

augment the growing sub-Atlantic asthenosphere, are present beneath the largely oceanic 

Caribbean and Scotia seas. A test of this hypothesis, using shear-wave splitting results 

to demonstrate seismic anisotropy in aligned mantle minerals, by Russo and Silver (1994) 
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is consistent with asthenospheric flow parallel to the subducted slab at the Chile Trench, 

and with an eastward bend in this flow north of Venezuela, possibly indicating a shallow 

mantle outflow beneath the Caribbean plate, as predicted. Perhaps due to a lack of 

suitably-placed seismic observatories, no similar result is available for the Scotia Sea. 

The results of Russo and Silver (1994) do not ubiquitously show seismic anisotropy and 

as such, also, are by no means unequivocal. So shallow mantle outflow in the Scotia Sea 

remains an interesting, but unproved, hypothesis. 

Accepting the mantle return flow hypothesis, however, provides a reason for the un- 

expected increase in the rate of trench rollback at the eastern margin of the modern 

Scotia Sea with respect to that in earlier times. With the possibility that the trench 

tip propagated northward from an initiation south of the South Orkney Microcontinent, 

(as suggested by the northward propagation of the onset of spreading at the West Scotia 

Ridge), and with ongoing descent of the slab, it is possible that, at some stage-maybe 

near chron C6, the subducted slab had reached a situation where it entirely closed off 

the eastern end of the oceanic Scotia Sea to shallow outflow. At the northern tip of the 

subduction zone the slab `curtain' was juxtaposed with thickened continental lithosphere 

of the Falkland Plateau, and at its southern end it was juxtaposed with the thickened con- 

tinental lithosphere of the Antarctic Peninsula at the South Orkney Microcontinent. The 

slab at this point was blocking a hydrostatic gradient between the Pacific and Atlantic 

asthenosphere, and could have been compelled to move, like a sail, within it. I note that 

the rate of rollback of the modern South Sandwich Trench (-i 55 mina-1) is close to the 

calculated rate of asthenospheric outflow (- 40 mma-1) through the gateways postulated 

by Alvarez (1982). The faster rollback of the new trench is consistent with the change in 

back-arc basin character from small confined basins to a large, open ocean, basin. Drag 

on the northern and southern edges of this `sail', where it is juxtaposed with thickened 

continental lithosphere, could explain the strongly-arcuate shape of the modern trench. 

What is not explained by such speculation, however, is why trench rollback might still 

be so fast at the modern day, when apparently the slab should no longer be blocking the 
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Figure 7.3: World ocean circulation showing the central importance of the Antarctic Circumpolar 
Current as a link between deep waters of the meridional oceans. From Cromwell (20 May, 2000). 

`Scotia gateway': new paths having developed to the north of the east and west Scotia 

Seas by their opening. 

7.4 Paleoclimatic implications 

The Antarctic Circumpolar Current is the dominant feature of Southern Ocean circulation 

and the largest current system in the world ocean. It transports 100-140 x 106 m3/s of sea 

water in the west-east direction, and passes through the axial region of the west Scotia 

Sea (Grose et al, 1995; Orsi et al, 1995), exiting via deep water gaps in the North Scotia 

Ridge. It is of great importance in ocean circulation because it forms the sole substantial 

link between the deep meridional oceans (Figure 7.3), and thus is the primary conduit for 

chemical and biological admixture between them. Nutrient-rich water upwelling at the 

Antarctic Convergence (the current's northern front) is the principal seat of production 

of biogenic silica in the world ocean. 

It has been suggested that the Antarctic Circumpolar Current was solely responsible 

- 
. r. i-! -- 

: 

ý Y .h 

4 , 
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for the inception of Antarctic ice sheet formation (disputed by some workers to have 

happened over the Eocene-Oligocene boundary (Shackleton and Kennett, 1975; Zachos 

et al, 1992)) by thermally isolating the continent via deep (Kennett, 1977) or intermediate 

water (Diester-Haass and Zahn, 1996) circulation. That substantial cooling did occur is 

well established, probably starting at about 53 Ma (Stott et al, 1990; Stott and Kennett, 

1990; Zachos et al, 1994). Ocean circulation modelling results however suggest that the 

inception of circumpolar circulation is not sufficient on its own to achieve the cooling 

effect needed for glaciation (Mikolajewicz et al, 1993). The same modelling results also 

suggest that circumpolar currents are not an inevitable consequence of the creation of 

polar seaways, but develop instead if equatorial circulation is restricted, and thermohaline 

circulation develops (Warren, 1983; Gordon, 1986). However it started, the Antarctic 

Circumpolar Current and thermohaline circulation are both intimately linked with the 

evolution of the glacial pattern of the later-Cenozoic Earth (Berggren and Hollister, 1977). 

The current itself is manifest in the entire water column and is strongly affected 

by seafloor topography which has been linked to the banded structure of the current's 

mass (Gordon et al, 1978; Hofmann, 1985; Rattray Jr, 1985; Nowlin and Klinck, 1986). 

The post-40 Ma pattern of global circulation is characterised by strong currents at the 

seafloor, a change from the preceding situation where tranquil, warm bottom waters saw 

widespread deposition (Berggren and Hollister, 1977). In the Scotia Sea the Antarctic 

Circumpolar Current is strong at the seafloor, sometimes strong enough to cause signif- 

icant erosion (Cieselski et al, 1982). Deposition occurs only locally by interactions with 

seafloor topography, typically forming large `mudwaves' (Barker and Burrell, 1977; Howe 

et al, 1998; Pudsey and Howe, 1998). A speculative link between ridge crest collisions at 

the `Discovery Trench' and acceleration of the Antarctic Circumpolar Current is suggested 

by Rack (1993). 

A necessary prerequisite to the inception of the Antarctic Circumpolar Current is an 

ocean pathway for it to flow within. True Antarctic Circumpolar Current flow includes 

near-bottom water and so requires the pathway to be in seaways of oceanic depths. The 
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final two barriers to such a seaway were south of Australia at Tasmania, and the west 
Scotia Sea. A Tasmanian gateway was established by 40 Ma (Lawyer et al, 1992), with the 

west Scotia Sea opening at C8 (N 26.5 Ma) long considered to be the final barrier (Barker 

and Burrell, 1977; 1982). A wide seaway had undoubtedly developed by 20 Ma (Lawyer 

et al, 1992) but whether, or when, vigorous circulation started in the aftermath of opening 

of the west Scotia Sea is not well known (Rack, 1993), as is whether this was preceded by a 
less-vigorous mid-water circulation. Shorter spreading episodes in the time between 60 Ma 

and 25 Ma, in the Protector, Dove and Powell Basins have been hypothesised and tested 

in Chapter 4, and shown in reconstructions in Chapter 5. In the case of the Protector 

and Dove basins the hypotheses are very vulnerable ones. Furthermore, whether these 

basins, being so small, and almost inevitably therefore confined, could have been available 

as conduits for a precursor circumpolar current is open to question, but the possibility 

remains that a shallow or medium-depth Drake Passage seaway could have existed prior 
to 26.55 Ma. 

The possibility of the existence of such a seaway is not a new idea: Lawyer and Gaha- 

gan (1998) suggest that spreading in Powell Basin might have provided opportunity for 

current flow since about 35 Ma. I note from the reconstructions of Chapter 5 that the 

presence of an active strike-slip northern margin to this basin, which may also have had 

a compressional component, could have presented a transient barrier to passage through 

the basin from west to east. Further north however, subsided Terror, Pirie and Bruce 

Bank bodies may have existed since as long ago as the Middle Eocene (- 50 Ma), allow- 
ing any current body passage through to the central Scotia Sea allochthon and beyond. 

Alongside the uncertainty regarding the age of subsidence of these blocks, which results 
from uncertainty in the age of Protector and Dove basins, there is similar uncertainty 

regarding the width of any mid-water depth gap at the northwestern South Scotia Ridge, 

north of Elephant Island. This uncertainty comes directly from the uncertainties in the 

reconstruction poles for East Antarctica-West Antarctica (Cande et al, 2000), in those 

for South America-Antarctica (Nankivell, 1997a) and from uncertainty in the relative 
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movement between the Magallanes and South American plates prior to C8 (Section 5.8). 

Within all this uncertainty, it is possible that a gap may have existed for current flow 

into the future west Scotia Sea, if it existed as subsided continental crust as suggested in 

Chapter 5. A final unknown is the possibility of outward flow, either across the Falkland 

Plateau or directly eastwards. The existence or otherwise, and extent, of subduction to 

the east of the central Scotia plate and its potential to place volcanic island arc material 

as a barrier to eastward progress of any current that had entered the region is not well 

known. Added to all this the uncertainty regarding the timing of the onset of thermo- 

haline circulation means that very little can be said beyond that it is possible that a 

mid-water seaway could have existed since as long ago perhaps as 50 Ma. I note that this 

date is similar to that put forward by Stott et al (1990); Stott and Kennett (1990) and 

Zachos et al (1994) for the onset of cooling leading to the glaciation of Antarctica. 
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Appendix A 

Inversion technique of Nankivell 

(1997a) 

A. 1 Joint inversion technique of Nankivell (1997a) 

In this appendix further description of Nankivell's (1997) joint inversion technique is given 

to augment what was presented in Chapter 3. For a full treatment, however, the reader 
is referred to Nankivell (1997a) and Nankivell (1997b). 

A. 1.1 Rotations and spherical geometry 

Notation 

A 3-vector is described by its three components. Throughout this thesis a 3-vector has 

been given as a lower-case bold character so that 

x1 

X= :2 

x3 

(A. 1) 
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A3x3 matrix is denoted by an upper-case bold character so that 

A11 A12 A13 

A= A21 A22 A23 (A. 2) 
A31 A32 A33 

Coordinate system 

One use of 3-vectors is in a Cartesian coordinate system for positions on spheres. The 

familiar latitude-longitude system describes the position of a point on a sphere with 

respect to a grid wrapped around it. A 3-vector describes the position of the same point 

with respect to the centre of the sphere, by use of three axes originating at it. A point, 

p, at latitude, longitude (A, 0) is given by the 3-vector 

Pi cos(A)cos(q) 

p= P2 = cos(. A) sin(g) 
P3 sin(q) 

and 

.ý= sin-(p3), = tan-1 
(p2 

(A. 4) 

'P1) Vector products 

The dot product of two vectors, a and b is defined as 

a. b = aibi = lal JbI cos(O), (A. 5) 

where 0 is the angle between the vectors. When the vectors are unit vectors on a sphere, 

the dot product can be used to yield the distance, along a great circle, between the points 

they describe. 

The cross product of two vectors is 

and its magnitude 

a2b3 - a3b2 

c=aAb= a3b1-alb3 

alb2 - a2b1 

(A. 6) 

cl = lal JbI sin(B). (A. 7) 
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Now c is perpendicular to both a and b, forming a right-handed set, so that (with unit 

vectors on a sphere) the cross product can be used to find a pole to the great circle in 

whose plane both a and b reside. 

Rotations on a sphere 

The method of rotation used in this thesis, and in that of Nankivell (1997a), uses Euler 

poles. The rotation pole is a point on the sphere which is joined to the centre of the 

sphere to form an axis about which a rotation of a given number of degrees occurs. The 

rotation can be described using a3x3 matrix operating on a 3-vector. A rotation, which 

is positive in a right-handed sense (i. e. anticlockwise), of B degrees about an axis defined 

by point p is given by 

R= 

plpl(1 - cos(B)) + cos(0) plp2(1 - cos(O)) - p3sin(O) plp3(1 - cos(9)) + p2sin(O) 

p2p1(1 - cos(O))+ p3sin(O) p2p2(1 - cos(O)) + cos(O) p2p3(1 - cos(B)) - plsin(9) 

p3pl(1 - cos(O)) - p2 sin(O) p3p2(1 - cos(h)) + plsin(O) p3p3(1 - cos(O))+ cos(B) 
(A. 8) 

This can be derived from three elementary rotation matrices A, B and E which are 

rotations for A, 0 and 0 so that R= (BA)TE(BA) (Shaw, 1987). 

Rotating point x by (p, 0) or (A, 0,0) to point y is given by 

y=Rx. 

Summation 

(A. 9) 

For summation of rotations, that is to say, rotating x about R to y and then about S to 

Z: 

z= Sy 

= S(Rx) 

_ (SR)x 

= Tx, (A. 10) 

where T= SR is a single matrix to rotate x to z, not necessarily via y. 

!ý 
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A. 1.2 Partial derivatives 

The inversion method takes partial derivatives of each of the residuals with respect to 

small alterations, or perturbations, to the Euler pole parameters (A, q5,8). 

For magnetic isochron residuals, rotation of pick d about stage pole S to point r is 

given by 

r= Sd. (A. 11) 

The target great circle's pole, g, is used to define the misfit: the angular displacement of 

r from g, minus ninety degrees: 

E= cos-' (r. g) -2. (A. 12) 

Given the derivative of cos-1 and differentiating A. 12, applying the chain rule, we 
have 

äe 
-( 

-1 ) 8(r. g) (A. 13) äpry 1- (r. g)2 äp'Y 

Since g is constant, and given (from A. 11) that 

apry - 
Iap 

J 
d, (A. 14) 

then 
äe 

=( -1 
2) g. 

f aS 1 
d. (A. 15) äpy 1-- (r. g) J LapryJ 

The determination of partial derivatives of the type aP is given in Appendix A of 
Nankivell (1997a). 

Fracture zone residuals are measured great circle displacements from the flowline, 

grown out from a zero-age seed, f0. The finite rotation for chron rr is FT(AT, 0T, BT), and 

the flowpoint on the rotating plate at chron 'r is 

fT =F 12i fo, or (A. 16) 

fT = F-21 fo, (A. 17) 
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depending on which is the reference plate and where F2 is a rotation of (AT, 01, B2) and 

F- 2 is a rotation of (A', 0, -2r ) 

With flowpoints and finite poles thus constructed a stage pole Sab describing motion 

between flowpoints at chrons `a' and `b' is given by 

S°6 = F2 F-2 (A. 18) 

such that 

fb = FZfp = FZF-2fa = Sabfa. (A. 19) 

Sab can provide the stage pole vector s, and the flowline between f,,, and fb is a constant 

angle 0 from s so that 

cos-1(p. s) = cos-1(fa. s) = cos-l (fb. s) = 0. (A. 20) 

The residual for pick d, the angular distance between a small circle containing d and the 

flowline segment itself is 

1, = cos-1(fa. s) - cos-'(d. s) (A. 21) 

= cos-'(fb. s) - cos-1(d. s). 

Given the derivative of cos-1 the partial derivative of e for a perturbation to the pole 

parameter pry is: 

ae 
-( 

-1 ) a(fa,. s) 
-( 

-1 ) a(d. s) (A. 22) 
apry 1- (fa. S)2 

J ap'y 1- (d. s)2 apry 

_ -1 a(fb. s) -1 a(d. s) - 

(1 

- (fb. S)2) apry - 
(1 

- (d. s)2 ap7 

Parameters of finite pole Fa do not affect point fb, and vice versa, so 

-1 OS a, - 
(1-( 

s) 
fa 

[8p7] 
- 

(1-(d. 

s) 

) 
d. I 

spy] 
py E {ýbýýbýeb} 

(A. 23) 
aP7 1 -1 ) fb 

r ös ]- 
I- -1 

) 
Cl. 

lLllös 1J py E{ Aa a ea 
`1-(fb J LaPy `1 (ä J ap7 }. 

The partial derivative of a stage pole vector with respect to a pole-parameter pertur- 

bation, of the type a, is given in Appendix A of Nankivell (1997a). 

-: 
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Transform fault residuals are defined as the angular distance between the small circle 

about the current pole pl containing the rotated pick and the best fit small circle to the 

set of picks. For the ith transform fault pick ti the residual is given by 

(A. 24) ýi =B- cos-' (p, 
-ti), 

where 0 is the angle describing the distance of the best fit small circle from the current 

pole. 

For this residual the partial derivative, with respect to a perturbation to pole param- 

eter, p7, is given by 

aEi ao a11 

ap7 -W- ap7 cos- (P 
"ti) 

(A. 25) 

=1a cos 11t 
-( 

-1 1 3(P1ä) 

n apt 1_ (Piti)2 /J ap7 
Z-1 

(P 
' Z) 

n_ 

\1 - (Plt, )2l 
[ap] 

apJ 
t2 - 

('_ 
(P1ä)2/ aapi pry] 

t2 

where the summation term describes the best-fit small circle to the set of n picks in the 

set t=tt... t. The partial derivative apl is determined in Nankivell 1997a {1... 
,an} agy 

ýý 

appendix A. 

A. 1.3 Least squares and inversion 

A matrix of partial derivatives for all residuals with respect to all model pole parame- 

ters enables a least squares inversion procedure to determine changes to the model for 

minimising the whole set of residuals. The model parameters inverted for are a set of 

1 finite rotation poles each consisting of (A, 0,0). That is, n= 31 parameters, in a set 

p= {pl 
... , Pi ... , p31}. The total set of residuals, from magnetic, transform fracture zone 

and transform fault data, will all equal zero for a perfect description of the observed 

data. So for the ith residual, ei(p), in the hypothetical set p*, with the `perfect' set of 

parameters: 

Ei(P*) = 0. (A. 26) 
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Each residual generated by any imperfect pole parameter set p has a partial derivative 

relating how a perturbation to the next pole parameter, äpß, effects a change in that 

residual. Assuming the set of poles, p, is close to the perfect set p*, then 

EZ P*) - Ei(P) 
a, - i* (A. 27) ( app (1ýý - pý ) 

Following this, by defining the difference between the jth parameter in each set as 

App = pj* - pj, (A. 28) 

and applying equation (A. 26), we have 

ýi(P) Opi apj (A. 29) 

Normalisation of partial derivatives for all three data sets; magnetics (mag), trans- 

form fracture zones (fz) and transform faults (tf), is done by dividing each by its set's 

standard deviation: Qmag, o. fz or utf. Normalised matrices of partial derivatives are thus 

constructed; 

mag 
= 

�mag 

1mag Ö 

CJýEipj 

mag 
fz 

1 OEifz 
tf 

1 DEitf 

`ý ij `ýij - Q£z Ö jJj 3 Aij - O' tf Cýi)j 
(A. 30) 

Similarly, vectors containing normalised residuals are; 

mag-- 
1 

mag fz-_ 1 fz tf- 1 
tf bi - mag 

Ei ' 
bi - Kfz ': i ' 

bi -- -tf ýi . 
(A. 31) 

Q 

These combine in a single matrix, dimension mn, of partial derivatives and a single vector, 

length m, of residuals, respectively: 

Ämag -b mag 

Ä= ÄlZ b= bfz (A. 32) 
Atf btf 

From equation (A. 29) we have the matrix equation which can be inverted: 

AOp = b. (A. 33) 
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After additional weighting using a weighting matrix W to mitigate the effects of poor 

quality data (see next Section): 

A= WA, b= Wb (A. 34) 

or more simply, as the weighting matrix is diagonal, and Wii = wi, 

AZT = wiAZj, bi = wibi, (A. 35) 

the matrix equation reads 

AAp = b. (A. 36) 

This is solved iteratively, using a least squares method with a provision for damping 

(NAG, 1985; Paige and Saunders, 1982), for sets of adjustments to pole parameters, Op, 

until a minimised stable parameter set has been found. 

A. 1.4 Data weighting 

In addition to normalisation, extra weighting is applied to mitigate the effects of `bad' 

data. Crude bias can be applied using factors 
, 
ßmag,, ßfz and ßtf 

. Weighting proper is 

applied according to some of the properties and uses of the data as follows. 

For isochron-groups of magnetic picks four factors determine the weight: i) w,,,, the 

number of great circles to which the group rotates, ii) we, the root mean square residual 

of all picks defining and rotating to the target great circle, iii) w"p, related to the number 

of picks n, defining the target great circle, 

w, P= t2 
n, =2 

1 n, >3 

iv) w,., related to the type of fitting (conjugate fitting is preferred) 

I target conjugate anomaly 

Wr = 1.5 target axial anomaly 

12 target independent anomaly. 
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Weights less than a standard deviation, Qmag, are given unit weighting and those 

greater a normalised weight. Each magnetic isochron datum's total weight, including 

biasing, is given by: 

I mag when (wn9 X We X wnp X wr) < Qmag 
W= mag mag 

wn Xw xw Xw when (wn9 X We X Wp X wr) > mag 
ge np r 

The best fracture zone or transform fault data are those with the best fit to synthetic 
flowlines. Given a fracture zone or transform fault (a fault feature 'f') with root mean 

square error we, biasing factor 0 and overall standard deviation aff the data from each 

pick are weighted according to: 

off when we < aff 
W- 

aff e aff when we > uff 



254 

Appendix B 

Fourier techniques for potential 
field anomaly grids 

B. 1 The Fourier transform 

The Fourier transform (T) of a function F is 

F(k) = 27 (f (x)) = 
r: f: 

f (x) e-i21rk. Xd2x, (B. 1) 

in which x is the coordinate (x, y) and k is the horizontal wavenumber vector (kr, ley). 

B. 2 Terrain correction technique 

The technique used for terrain correction of the simple Bouguer anomaly is that of Parker 

(1995; 1996). The correction is evaluated by integration of columnar mass elements within 

the survey area: 

9terr(r) 
= 

fD 
d2S 

GP Is - rl 
(B. 2) 

[(h(s)_h(r))2+js_rI2]) 2- 
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where r is the observation locality, s is the locality of the attracting column and h(r) and 
h(s) describe the observation surface and the bathymetric surface at each, respectively. 
The domain D is split in two: D< inside a cylinder centred on the observation point 

and D> outside (Figure B. 1). D< is evaluated numerically and D> using a wavenumber 
domain approach, which follows. A binomial expansion of equation B. 2 describes the 

bathymetric surface as a series in powers of ýs 
1 
rl , so that: 

00 Ste 
GP(r) _ 

D, 
d2s E C. 

(his) 

r(r) l2ý 
2n 

(B. 3) 
n=1 

where Cl= Z, C2=-8, C3= ls""" 

The expanded equation is itself subjected to a binomial expansion, of its numerators, 
in order to express it as a series of convolutions (denoted by *): 

00 2n 
m 2n-m 9terr> (r) 

-L2 
h(S) h(r) 

Cý S Cn (-1) C2n, 
rn GP 

> n=1 m=o 
Is 

- rl2m+l ' 

00 2n 

_> ý%n > (-1)mC2n 
mh(r)2n-m x d2s 

h(s)m 

n=1 m=0 
JD> IS-rl2n+l' 

00 2n 

_E Cn > (-1)mC2n, 
mh(r)2n-m 

(Ln * hm) (r), (B. 4) 

n=1 m=0 

where Cn 
,k denotes the binomial coefficient n! /(n - k)! k! and for which, with a the radius 

of D< 

Ln(s) - 

ISI-2n-1, psi >a 
0, otherwise. 

Convolution in the space domain is equivalent to multiplication in the wavenumber 
domain to which equation B. 4 is transformed, where it can be solved quickly. The method 
is complicated by approximations to widen the validity of the expansion and to speed com- 

putation. Its further derivation will not be described here. Reported inherent inaccuracy 

(due to truncation of the binomial series) is small, decreasing with water depth to the 

order of 10-3mGal at oceanic depths. The largest errors are in the flat earth assumption 

and the uncertainties of the input bathymetric grid. The flat earth assumption results in 
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Figure B. 1: Fourier technique for evaluating terrain corrections. For the observation point r the 
attraction of columns at all points s is summed by the integral equation B. 2. Within a cylinder 
centred on r (D<), the integral is evaluated numerically, outside (D>) use is made of the fast 
Fourier transform. 

inaccuracy at long wavelengths (Dahlen, 1982; >, 1000 km), which are of little importance 

to the use intended here. Implementation of the technique uses a set of Matlab scripts 

supplied by R. L. Parker. 

B. 3 Reduction to the pole 

The following treatment is that of Blakely (1995). A model three dimensional distri- 

bution of magnetization M(x, y, z) is located entirely below the observation plane zo. 

The anomaly function must be harmonic so the distribution is defined as zero outside 

a finite region horizontally smaller than the survey. Assuming a constant direction of 

magnetization within the distribution, the Fourier transform of the total field anomaly is: 

27rCmemOfJkleIkIz° J°, e-I kI z'. ý[M (z')]dz'. (B. 5) I, 
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. F[M (z')] is the Fourier transform of the magnetization on a horizontal slice through the 

body at z'. Cm is a constant of proportionality, for SI units CC� = 4, 
' where po is the 

magnetic permeability of free space. em and Of are defined in terms of unit vectors of 

magnetization (m = (mi +r"rn, +m, z)) and ambient field ((f = (f, +fy+fz)), respectively: 

nr, = m-, +2m, 
k, + 7hyky 

Ikl 
Of = 

. 
fz+2f--k, 

lklfyky. 
(B. 6) 

The shape of the model can be included in the integral term of equation B. 5 as it too has 

an effect on the phase of the anomaly. The remaining source of phase (the one we want 

to be rid of) is the inclination of m and f. For reduction to the pole these inclinations 

are vertical, i. e. m' = f' _ (0,0,1), and the transformed anomaly can be written: 

J'7(OT, ) = 21rC.. Or�Oflklelklzp 
f 

e-I kl z', F[M (z')]dz'. (B. 7) 
p 

Here Or� and 0-' can be similarly defined as in equations B. 6 except in terms of m' and 

f'. It is obvious that e'm = O' = 1. 

Finally, combining equations B. 5 and B. 7, and eliminating common factors gives: 

. 
T(OTr) = Y(Or)Y(AT), (B. 8) 

where the reduction to the pole operator: 

77(? Pr) =1= 
Ikl2 

k0 
mnf alk2 + a2ky + a3k,, ky + ilki (blk, + b2ky) 

Ii# (B. 9) 
O 

a1 = mzfz -'ºn. fx, 

a2 = mzfz - myfy, 

a3 = -9hy 
fx 

- 71Zx 
Jy. 

bl =rnJ, +m f, 

b2 = rnyfz +'r"nzfy, 

Near the equator this operator supplies an unreasonably large amplitude to a narrow 

part of the transformed anomaly's spectrum and gives rise to unwanted artifacts. Tech- 

niques have been developed to deal with this problem (Bott and Ingles, 1972; Leu, 1981; 
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Hansen and Pawlowski, 1989; for example), but because of the high southerly latitude of 

the Scotia Sea (inclination ' -55°) this instability was not an issue of concern in this 

study 

B. 4 Seafloor Magnetization 

The inverse technique for modelling seafloor magnetization was invented by Parker and 

Huestis (1974) and extended by Macdonald et al (1980). The following treatment is taken 

from those papers. The magnetic anomaly due to a given model magnetization (M), in 

the wavenumber domain, is given by 

[T (r)] - 
2µoe(-Iklzp) (1 

- e(-lklh°)) V (k) -ZI nlýn. 
T[M(r)h(r)], (B. 10) 

n=0 

((Parker, 1973)) where h0 is the thickness of the model layer, k is the horizontal wavenum- 
ber vector, zo is a reference plane above the bathymetric surface h(r) and 

V (k) =f" (ii, z)m " (ik, z), (B. il) 
(Macdonald et al, 1980). i is a unit vector in the vertical direction. As before m is a 

unit vector in the magnetization of the source. 

Equation B. 10 is rearranged to express the Fourier transform of M as 

1 [M(r)] = 
)7[T(r)]e(Iklzo) 

1 µo (1 - e(-Iklho)) V(k) - 
(n n 

! 
[M(r)ia(r)n]. (B. 12) 

n=1 

This is solved iteratively by first guessing M in equation B. 12, Fourier transforming it 

for a new M, and by then replacing this in the equation and calculating a new M. This 

process continues until M does not change, or the series diverges and the inversion fails. 

The operation is difficult to implement with stability. Short wavelengths in the total 
field anomaly are prone to contamination by noise. Transforming data from an upper 

observation plane (the sea surface) to inform a model (the seafloor) below amplifies the 

noise, and this is the source of the method's instability. Because of this some degree of 
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low pass filtering of M is necessary prior to inversion. Obviously the filter which is least 

destructive of seafloor spreading anomalies, which are typically a few to tens of kilometres 

in width, is most desirable. Further problems arise when non-oceanic crust is represented 

in the input data. The source model is inappropriate for many anomalies and may fail to 

adopt distributions of magnetization which can produce them. This is especially so with 

high amplitude anomalies in very shallow or very deep water. With such areas a dummy 

bathymetric surface is used to allow the inversion to converge, and the offending region 

removed afterwards. 
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free-air gravity, 165,166f 

magnetic anomalies, 165,166f 

model flowlines, 166f 

reconstruction, 167-168 

joint inversion, 93 

confidence ellipse, 102 

northern west Scotia Sea, 118f 

Phoenix system, 128f 

southern west Scotia Sea, 112f 

west Scotia Sea, 108f 

conjugate fitting, 95 

cutoff criteria, 98 

data importances, 103 

data selection, 68,83,98 

least squares, 97,250-252 

magprepro, 105 

model flowline, 95 

seed point, 95 

non-conjugate fitting, 95 

normalisation, 251 

partial derivatives, 96,248-250 

normalisation, 97 

procedure, 105 

q-q analysis, 98,109 

differing mean residual, 99,100f 

differing standard deviation, 100,101f 

residuals, 95 

uncertainty by covariances, 102 

use of gridded data 

advantages, 104 

disadvantages, 104 

weighting, 98,252-253 

xsortdata, 104 

Larsen Harbour Basin, 169,170,225-227, 

228f 

Larsen Harbour Complex, 22,169 

age of, 226 

basin, 23 

Laurasia, 5 

least squares, 15 

lithosphere, 9 

long-offset fracture zones 

non-flowline nature of, 69 

Magallanes 

rotation about South Orkney, 230 

Magallanes Basin, 20 

Magallanes fault zone, 178 

post-C3a movement, 182 

Magallanes plate, 179,180f, 184,185,186f, 

190,191f, 192,193,194f, 236 

magnetic anomalies 
Bruce Bank, see Bruce Bank 

Discovery Bank, 90 

in transitional crust, 90 

Pirie Bank, see Pirie Bank 

reversals, 61 

dating, 62 

seafloor spreading, see seafloor spread- 
ing anomalies 

source of, 55 

South Georgia, see South Georgia 

synthetic reversals 

modelst, 64 
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Terror block, see Terror block90 

total field anomaly, 55 

skewness, 59 

uncertainty, 58,105 

magnetization 
induced, 58 

inversion for seafloor, 64 

mgz_grd, 65 

remanent, 58,60 

seafloor 

reversals, 7,8f 

Malvinas Basin, 21 

mammal dispersal, 2,200 

mantle 

compensating mass in, 53 

convection, 6,6f, 9 

and seafloor spreading, 6 

secondary, 11 

Maurice Ewing Bank, 18f, 75f 

continuation with South Georgia, 225 

erosion of, 222 

reconstructed margin with East Antarc- 

tica, 225 

stratigraphy, 21 

microplates, 2 

model it, 64 

mudwaves, 242 

Newton Basin, 156f, 193f, 198f, 200 
North Scotia Ridge, 22,140-143 

convergence at, 22 

model flowlines, 141 

movement on since C3a, 182 

nature, 22,71 

onset of convergence, 142-143 

pre-C3a movement, 188 

Northeast Georgia Rise, 18f, 75f 

ocean basins, characteristics of, 6 

ocean gateway, 2 

oceanic crust 

structure, 10,11f 

Orion anomaly, 225 

overriding plate, 10,12f 

Pacific Margin Anomaly, 88,154 

reconstruction, 34 

Pangaea, 5 

Panthalassa, 5 

Patagonian batholith, 17,168 

continuation in reconstructions, 34 

magnetic anomaly, 90,139f 

Patagonian batholith anomaly 

continuation through Scotia Sea, 138,139f, 

148,162 

Patagonian orocline, 17,28,168 

Phoenix 

magnetic anomaly models, 78,81f 

plate, 26,206,236 

reconstruction fits, 129 

reconstruction poles by inversion, 126 

ridge, 26 

segmentation, 68 

seafloor magnetization, 82 

total horizontal derivative, 83 

tectonic flowlines, 70 

Pirie Bank, 18f, 75f 

as remnant arc, 36f 

isostatic residual anomaly, 76,77f 

magnetic anomaly, 90,139f 

nature, 72 

pseudo-ophiolites on, 225 
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pivoting subduction, 88 

plate circuit, 134-135 

involving Scotia Sea and West Antarc- 

tica, 157,159f 

plate tectonics, 10f, 5-12 

absolute reference frame, 12 

slab pull, 10 

Powell Basin, 26,150-158 

age by basement depth, 150 

age by heat flow, 150 

age by magnetic modelling, 150,151f 

alkali basalts, 24 

as back-arc basin, 150 

as true ocean basin, 158 

in plate circuit, 157 

marginal rifts, 153 

reconstruction, 155f, 156f, 151-157 

Coren et al, 154f 

transitional crust, 72 

Protector Basin, 18f, 26,143,148 

age from basement depth, 145,146f 

model flowlines, 148f 

not present in circuit at C5c, 147 

reconstruction, 148 

seafloor spreading anomalies, 143,143f 

seismic reflection, 146f 

proto-South Sandwich 

island arc, 24 

proto-South Sandwich Arc, 187 

proto-South Sandwich-Discovery Trench 

seismic coupling, 195 

pseudo-ophiolites, 19 

pseudofault, 16 

q-q analysis, 113,119,131 

Quest Fracture Zone, 66,69,106,109,113, 

115 

reconstruction 

pre-uniformitarian, 5 

Protector Basin, 148 

Scotia Sea, see Scotia Sea 

techniques, 13 

Bullard, 15 

grid search, 14-15 

inverse, 15-16 

Nankivell, 93, see joint inversion 

Shaw and Cande, 16 

rotator, 177 

rotfrag, 177 

Weddell Sea, 225,228f 

ridge jump, 36,196 

ridge-crest-trench collision, 23,31,164,196 

Rocas Verdes Basin, 19-20 

analogue Gulf of California, 23 

as back-arc basin, 22 

continuation on South Georgia, 169 

Larsen Harbour Basin, 225-227,228f 

link to Weddell Sea, 39 

margins, 20 

opening, 19 

tectonic inversion, 19 

Rockall Trough, 164 

rollback, see trench rollback 

rotations with matrices, 247 

S. Y. Scotia, 16 
Sandwich plate, 26,179,183 

Scotia Are, 16,18f 

Scotia plate, 28,178 

Scotia Sea 

as multiphase back-arc basin, 32 
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bathymetry, 43 Garrett et al 1986,37f 

acquisition, 43 Hill and Barker, 32f 

from satellites, 43 King and Barker, 34f 

interpolation, 43 linear, 28 

uncertainty, 43,44,46 seafloor spreading, 29,31,32 

Bouguer anomalies, 71-74 reduced to pole anomalies, 88 

early exploration, 17 total field anomaly, 55 

free-air anomalies, 46,66 seafloor magnetization, 64 

importance of, 1-2,3f inversion for seafloor, 65 

isostatic residual anomalies, 74 isochron picking scheme, 83 

location, 3f Phoenix system, 82 

name, 16 total horizontal derivative 

old reconstructions, 28-35 Phoenix system, 83 

opening mechanisms, 93 west Scotia Sea, 83 

present-day kinematics, 178 west Scotia Sea, 82 

reconstruction seafloor spreading, 7f, 6-8 

at C13/32.1 Ma, 198f, 199f, 197-199 excess at West Scotia Ridge, 123f, 121- 

at C30/65 Ma, 201f, 202f, 200-203 124 

at C3a/6 Ma, 180f, 181f, 179-184 seafloor spreading anomalies 

at C5c/16.7 Ma, 185f, 186f, 184-189 Mesozoic, 36 

at C6/20.1 Ma, 190f, 191f, 189-192 pre-C8 in west Scotia Sea, 137 

at C8/26.5 Ma, 193f, 194f, 192-196 reversal chrons, 61 

cuspate, 170,176f source of, 10 

new, 173,175f synthetic, 62 

reconstruction at C13/32.1 Ma, 200 magbath, 64 

reconstructions synthetic reversals 
Barker et al, 1984,33f Phoenix system, see Phoenix system 
Barker et al, 1991,33f west Scotia Sea, see west Scotia Sea 

Barker and Burrell, 29,30f seismicity, global, 8 

Barker and Griffiths, 28,30f Serie Tobifera, 20,22 

Barker and Hill, 31f serpentinization, 222 

cuspate, 29,32,34,173 Shackleton Fracture Zone, 18f 

Dalziel, 35f as tectonic flowline, 28,29,93,174,237f 
Dalziel and Elliot, 28,29f continental lithology, 24 
de Wit, 36f continental slivers, 29 
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flowline splay, 113 

nature, 25 

not tectonic flowline, 71,235f 

tectonics of, 236-238 

Shag Rocks, 18f, 22,75f, 168 

independent movement of, 174 

strike-slip boundary with South Geor- 

gia, 189 

skewness, 59,60 

anomalous, 60,214 

correction by reduction to the pole, 60 

South American-Antarctic Ridge, 27,36,187 

spreading at, 37 

subduction of, 37 

South Georgia, 18f, 20f, 168-170 

collision with Northeast Georgia Rise, 

179 

conjugate passive margin to SW Weddell 

Sea, 224 

continental transfer zone, 187,192 

convergence at SW margin, 182 

Cooper Bay Dislocation, 22,23 

Drygalski Fjord Complex, see Drygalski 

Fjord Complex 

free-air anomalies, 224 

in Rocas Verdes Basin, 28 

independent movement of, 174 

Larsen Harbour Complex, see Larsen Har- 

bour Complex 

magnetic anomalies, 90 

micro continent, 75f 

reconstruction S. of Burdwood Bank, 32, 

169 

stratigraphy, 22 

strike-slip deformation of, 168 

South Orkney Islands 

stratigraphy, 24 

South Orkney Microcontinent, 18f, 26,75f, 

200 

isostatic residual anomaly, 77f 

nature, 72 

South Orkney plate, 193,194f, 197,198,199f 

South Sandwich Arc 

extent in past, 187 

South Sandwich Fracture Zone, 18f 

South Sandwich Islands, 23 

arc, 187 

South Sandwich Trench, 23 

fore-arc high, 24,187 

importance to west Scotia Sea, 123 

initiation of, 230 

onset of subduction, 39,39f, 40,41f 

propagation of, 196 

South Scotia Ridge, 75f 

assumption of no relative movement, 178 
dismemberment, 155 

early convergence at, 192,200 

early strike-slip, 230 

nature, 72 

South Shetland Islands, 18f, 75f 

stratigraphy, 24 

South Shetland microplate, 28 

South Shetland Trench, 27 

spherical geometry, 13,245-247 

spheroid, 48 

strain partitioning 
South Georgia, 183 

Tierra del Fuego, 183 

subduction 

initiation, 9 
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pivoting subduction, 70 volcanism 

subduction zone, 9 at breakup, 137 

jump of, 12 at Discovery Bank, 164 

Tasmanian gateway, 243 Weddell Sea, 27,209 

Terrain correction break-up, 39 

by Fourier technique, 256f, 256 formation, 27 

Terror block, 75f link to Rocas Verdes Basin, 39 

isostatic residual anomaly, 76,77f model flowlines, 209,211f 

magnetic anomaly, 90,139f northern limb in central Scotia Sea, 209 

naming, 72 reconstruction 

nature, 72 sequence, 227,229f 

pseudo-ophiolites on, 225 reconstruction at closure, 225,228f 

Tethys, 5 seafloor spreading, 37-39 

thermal rejuvenation, 219-223 seafloor spreading anomalies, 217,218f 

thermohaline circulation, 242 difficulties in modelling, 214 

Tierra del Fuego, 18,19f modelled, 214 
faults, 20 rotated to central Scotia Sea, 212,213f 

geology, 19,20f seismic reflection, 221f 

Magallanes fault zone, 111 Weddellia, 1 

offshore transitional crust, 72 West Antarctic plate, 197 

stratigraphy, 17 West Scotia Ridge, 25 

total field anomalies death of, 179 

reconstructions of, 173-203 excess accretion, 197 

reduction to the pole, 60,256-258 free-air anomaly, 66 

total field anomaly, 55 propagation, 188 

transcurrent faults, 9f segmentation, 68 

transform faults, 7,9f west Scotia rift basin 

trench rollback, 11,12f, 40 model flowlines, 140,141f 

west Scotia Sea, 24-25 
underplating, 222 

chaotic seafloor spreading, 137 
University of Birmingham, 17 

as back-arc basin, 25 

Vine-Matthews hypothesis, 6 inception of spreading, 196 

visual fits, 134 magnetic anomaly models, 78 

volcanic arc margins, 25 

Chile, 19,20 model flowlines, 107 
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new mechanism, 121 

northern 

reconstruction fits, 119 

reconstruction poles, 116 

not always copolar, 109 

reconstruction 
by least-squares, 93 

reconstruction poles by inversion, 107 

rift basins at flanks, 137 

reconstruction of, 138 

seafloor magnetization, 82 

total horizontal derivative, 83 

seafloor spreading, 24,79,80f 

northernmost segments, 184 

southern 

reconstruction fits, 113 

reconstruction poles, 110 

stage poles, 135 

little confidence in, 135 

tectonic flowlines, 69 


