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Abstract

The opening of oceanic basins constitutes one of the key features of Plate Tectonics because it determines the rifting and
displacement of the continental crustal blocks. Although the mechanisms of development of large oceans are well known, the
opening and evolution of small and middle size oceanic basins have not been studied in detail. The Protector Basin, located in the
southern Scotia Sea, is a good example of a small oceanic basin developed between two thinned continental blocks, the Pirie Bank
and the Terror Rise, poorly studied up to now. A new set of multibeam bathymetry, multichannel seismic reflection, and gravity and
magnetic anomaly profiles obtained on the SCAN 2001 cruise led us to determine that the Protector Basin probably opened during
the period comprised between C5Dn (17.4 Ma) and CSACn—C5ABr chrons (13.8 Ma), forming a N—S oriented spreading axis. The
end of spreading is slightly younger to the north. The start of spreading is clearly diachronous, with the most complete set of chrons
up to C5Dn in the southern profile, C5Cn in the middle section and only up to C5ADn in the northern part of the basin. The
spreading axis propagated northwards during the basin development, producing the wedge shape of the basin. In addition, at the
NE part of the basin, a reverse fault developed in the border of the Pirie Bank after basin opening accentuates the sharp northern
end. Moreover, the northwestern part of the Pirie Bank margin is an extremely stretched continental crust with N-S elongated
magnetic anomalies related to incipient oceanic southward propagating spreading axes. The Protector Basin shows the oldest
evidence of E-W continental stretching and subsequent oceanic spreading during Middle Miocene, related with the eastward
development of the Scotia Arc that continues up to Present. The relative rotation of continental blocks during the development of
small sized oceanic basins by continental block drifting favoured the opening of wedge shape basins like the Protector Basin and
conjugate propagating rifts.
© 2005 Elsevier B.V. All rights reserved.
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Pacific Oceans, are to date the best studied and occur
through the fragmentation and drifting of large conti-
nents. The oceanic spreading axes and the subduction
zones are the two main structures that control the
development of large basins and the drifting of the
continents. The progressive cooling of oceanic crust is
one of the main mechanisms that led to the develop-
ment of subduction of old and dense oceanic crust. In
small oceanic basin development, the most important
structures are those that determine the relative displace-
ment of their margins; this is because there is not
enough time for an increase in density of the oceanic
crust that might contribute to developing subduction. In
back-arc basins, opening is related to the separation of
the island arc from the continental margin that deter-
mines the oceanic spreading [1], while in pull-apart
basins like the Marmara Sea [2] basin opening is a
consequence of the relay of transcurrent fault segments.
In addition, other more irregular oceanic basins are
found between continental blocks in regions of intense
fragmentation, like the Caribbean Arc [3].

The mechanisms involved at the end of spreading
may be also different in large and small oceanic basins.
In large basins, with well developed oceanic crusts, the
subduction of the spreading axis below the active con-
tinental margin is one of the main mechanisms involved
in the spreading end (e.g., Weddell Sea [4]). In small
basins, however, the end of the drifting of continental
blocks is directly related with the end of spreading, both
processes being determined by the regional tectonic
context. Spreading axes of large oceanic basins gener-
ally end in transcurrent or subduction plate boundaries
or in different types of triple junctions [5]. Yet there are
few examples where spreading axes end in propagating
rifts like the Gulf of Viscay [6—8], which is one of the
better known inactive propagating rifts formed during
the development of the northern Atlantic ocean; other
examples are the opening of the Labrador Sea [9] or the
back-arc basin related to the Tonga-Kermadec subduc-
tion [10]. In addition, there exist oceanic propagating
rifts produced by a change in the spreading features,
such as those described in the Galapagos area [11], the
Mid-Atlantic ridge [12], the Selkirk palacomicroplate in
the South Pacific [13] or the Pacific-Antarctic ridge
[14]. Small microplate development generally is related
to fast vertical axis rotations [15]. The studied examples
are scarce, and of variable sizes, so the mechanisms and
features of propagating rift development and cessation
of oceanic spreading may be better characterized by the
study of the small oceanic basins.

Good examples of small oceanic basins formed be-
tween stretched continental blocks are found in the

Scotia Arc (Fig. 1) [16,17] where a complex array of
different tectonic plates has developed since the Oligo-
cene. The aim of this contribution is to study the spread-
ing of the Protector Basin in order to contribute to an
understanding of the processes of oceanic basin devel-
opment by the drifting of continental blocks. This basin
may offer a good example of a propagating rift that is
small in size. Finally, the data presented in this contri-
bution may provide new constraints of a poorly known
basin for reconstructions of the development of the
Scotia Arec.

1.1. Geological setting

The two main plates found at present in the southern
Atlantic area are the South American and Antarctic
Plates. The Scotia and Sandwich Plates accommodate
the sinistral transcurrent motion between these two
large plates in the Scotia Sea area [18].

Small oceanic basins are recognized in the region as a
result of this evolution, which is related to the dispersion
around the Scotia Arc of the continental blocks that
formed the connection between South America and the
Antarctic Peninsula. In the Antarctic Plate, two of the
most important basins are the Powell and Jane Basins.
The Powell Basin is an oceanic basin that opened during
the Late Oligocene—Early Miocene [19,20] surrounded
by continental crust except along the southeastern bor-
der, and formed by the eastward migration of the South
Orkney Microcontinent from the Antarctic Peninsula
[21,22]. The Jane Basin is a back-arc basin related to
the subduction of the oceanic crust of the northern Wed-
dell Sea below the border of the South Orkney micro-
continent [23,17], which developed in the time period
comprised between the anomalies C5Dn (17.6 Ma) and
C5ADn (14.4 Ma) [24]. The end of the oceanic spreading
and the migration of the plate boundary to the South
Scotia Ridge conditioned the incorporation of these
structures into the Antarctic Plate.

The Scotia Plate, mainly of oceanic nature, has
developed since Oligocene times [25,26], when the
continental connection between South America and
the Antarctic Peninsula was broken. The continental
blocks were thinned and spread widely around the
Scotia Plate [26]. While the central and western part
of the Scotia Plate has been structured by oceanic
spreading at the West Scotia Ridge, the southeastern
part is made up of a complex array of small oceanic
basins and continental blocks, with different degrees of
stretching, formed during the eastward progressive
propagation of the Scotia Arc. In the northern part of
the South Scotia Ridge and from west to east, the
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Fig. 1. Tectonic setting of the Protector Basin in the frame of the Scotia Arc. BB, Bruce Bank; BrB, Bransfield Basin; CHT, Chile Trench; DB,
Discovery Bank; HFZ, Hero Fracture Zone; JB, Jane Bank; Jba, Jane Basin; PAR, Phoenix—Antarctic Ridge; PB, Pirie Bank; PoB, Powell Basin;
SOM, South Orkney Microcontinent; SSB, South Shetland Block; SSR, South Scotia Ridge; SST, South Shetland Trench; TR, Terror Rise.

following tectonic elements can be distinguished: the
Ona Basin, the Terror Rise, the Protector Basin, the
Pirie Bank, the Dove Basin, the Bruce Bank, the Scan
Basin and the Discovery Bank (Fig. 1).

The opening of these basins has not been studied in
detail because of a lack of data. In the Protector Basin,
Hill and Barker [27] identify linear magnetic anomalies
that include the C5Cn and the C5Bn, indicating a
period for spreading between 16 and 13.1 Ma, although
a period between 21 and 17 Ma has been also proposed
[26]. These studies do not pinpoint the end of the
oceanic spreading or the full geometry of the anomaly
bands, however.

2. Geophysical data and methodology

In order to determine the deep structure of the Pro-
tector Basin, we acquired a set of geophysical data—
including multichannel seismic, gravity, magnetic and
multibeam bathymetry along several transects orthogo-
nal to the basin margins—during the SCAN 2001 cruise
aboard the Hespérides research vessel (Fig. 2). The
swath bathymetry data were obtained with a SIMRAD
EM 12 system and processed with NEPTUNE software.

Three multichannel seismic reflection (MCS) pro-
files were obtained (SCO09 in the south, SCO7 in the

middle and SC13 in the north, Fig. 2) with a tuned array
of five BOLT air guns with a total volume of 22.14  and
a 96 channel streamer with a length of 2.4 km. The shot
interval was 50 m. Data were recorded with a GEO-
METRIC Strata Visor™ digital system at a sampling
record of 2 ms interval and 12 s length. The seismic
data were processed with a standard sequence that
includes migration using a DISCO/FOCUS system.

Gravity and magnetic data were obtained along the
MCS profiles and along profile SC45. Marine gravity
data were acquired with a Bell Aerospace TEXTRON
BGM-3 marine gravimeter. The Edtvos correction to
determine free air anomalies was calculated using Lan-
zada software (Carbo, pers. comm.) considering ship
navigation data. In addition, the bathymetric and free
air anomaly data from the [28] database were taken into
account. The free air anomalies we obtained and those
included in this database are generally similar for the
study area, although our data show higher frequency
variations.

Total intensity magnetic field data were recorded
every 12.5 m with a Geometrics G-876 proton preces-
sion magnetometer along the ship track lines. Proces-
sing includes elimination of spikes and filtering using a
running mean to obtain one value each 1500 m. The
magnetic anomalies were calculated using the IGRF
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Fig. 2. Protector Basin bathymetry, including multibeam data (A) and free air gravity anomaly map (B) from Sandwell and Smith [28] database.
Location of seismic lines of the SCAN2001 cruise and magnetic profiles reported by Hill and Barker [27] (A to F) are included.

2000 [29] and magnetic data recorded at the Spanish anomalies took into consideration the Cande and
magnetic measurement station located on Livingstone Kent [30] magnetic reversal time scale. In the first
Island (South Shetland Islands), for diurnal corrections. step, a plot including the different available E-W

In this contribution, we have also considered mag- oriented profiles was analysed to identify correlation
netic profiles reported by Hill and Barker [27] (Fig. of positive and negative values that evidence the

2). The modelling of seafloor spreading magnetic existence of linear magnetic anomalies. Secondly, the
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measured profiles were compared with the synthetic
profiles obtained with the Gravmag v. 1.7 program
[31] assuming constant velocities of expansion. The in-
tensity of remanent magnetization was taken as 6 A/m
and parameters of magnetized vector were taken
according to the Earth dipole magnetic field, with a
paleoinclination of —73°.

3. Structure of Protector Basin
3.1. Seismic structure and depositional units

The Protector Basin is located near the southern
boundary of the Scotia Plate (Fig. 1). Bathymetric data
and free air anomaly maps (Fig. 2) indicate that the basin
has a triangular shape pointing to the north. In the
southern sector, its width is around 250 km and it
narrows northwards until disappearing into the abyssal
zones of the Scotia Sea. This geometry is a consequence
of its progressive opening along a N-S oriented spread-

ing axis located in the middle of the basin. From a
morphotectonic point of view, the oceanic area of the
Protector Basin is bordered by the western and eastern
margins that correspond respectively to the Terror Rise
and the Pirie Bank highs; and to the south, the South
Scotia Ridge, where the present-day boundary between
the Scotia and Antarctic Plates, with related seismicity,
is located [18,32].

The MCS data, together with gravity data, help to
constrain the geometry of continental and oceanic
blocks. Fig. 3 shows that the central part of the
Protector Basin is occupied by an oceanic crustal
domain of approximately 4000 m in depth (Fig. 2)
that deepens slightly southwards. The thickness of the
sedimentary cover is irregular, mainly controlled by
basement morphology. Maximum thickness appears
close to the margins and decreases toward the central
ridge, characterized by a single high whose basement
crops out in the northern area (Fig. 4). Up to five
sedimentary sequences have been distinguished in the
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oceanic crust of this basin [33,34], which may be
grouped into two major seismic units separated by a
marked reflector.

The top of the basement has an irregular morphol-
ogy characteristic of an igneous nature, occasionally
controlled by the development of normal faults with
short slips (Figs. 3 and 4). The physiography shows a
central N-S oriented ridge with flanks generally deep-
ening toward the margins and usually in a progressive
manner, according to the basement tilting. The basin
shape in relation to the central ridge is roughly sym-
metrical in the southern profiles (profile SC09, Fig. 3)
and asymmetrical northwards (profile SC13, Fig. 4),
where the eastern flank is shorter and deeper, probably
as a consequence of the activity of a reverse fault
dipping eastward that separates the oceanic crust of
Protector Basin from the thinned continental crust of
the Pirie Bank. In some sectors (e.g. profile SCO09,
Fig. 3), a discontinuous band of reflectors (between
8 and 9 s TWT)—possibly related to the Moho-is
recognized.

The Terror Rise is a minor bathymetric high that
constitutes the western margin of the Protector basin,
with depths of more than 2250 m. It has a NNE-SSW
elongation (Fig. 2) and an asymmetrical profile. It is
affected by normal faults that sink this continental
block progressively into the western Scotia Sea, while
the eastern boundary is sharp, controlled by a major
extensional fault (Fig. 3). Several small perched basins
are developed in the Terror Rise, bounded by normal
faults that mainly affect the lowermost part of the
sedimentary fill. The morphotectonic features indicate
that the Terror Rise may constitute an extremely
thinned continental crustal block.

The Pirie Bank, located at the eastern margin of the
Protector Basin, corresponds to a complex continental
high of about 2000 m in depth (Fig. 3). Its structure is
characterized by the development of a set of basins
bounded by major normal faults. In the western sector
there are asymmetric small perched basins associated
with normal faults dipping generally towards the oce-
anic domain of the Protector Basin. These small basins
are half grabens. The central part of this bank is char-
acterized by the development of basins bounded by
normal faults that are wider northwards, in a region
of highly stretched continental or even oceanic crust.
The sedimentary cover is controlled by this structure
with a maximum thickness of 2 s (TWT) in small
asymmetric basins. Three main seismic units have
been differentiated in the Pirie Bank. The normal faults
mainly deform the lower sedimentary sequences, which
may be interpreted as syn-rift deposits (Fig. 3).

3.2. Gravity models

The analysis of free air anomaly data from the region
of study reveals the nature of the crustal elements and
the variability of the crustal thickness. The free air
anomaly map from the Sandwell and Smith database
[28] (Fig. 2) shows low values (— 20 to 40 mGal) in the
triangular area corresponding to the Protector Basin
oceanic crust, with relative minor positive anomalies
in the central part, where the spreading axis is covered
by sediments. The Terror Rise and the Pirie Bank are
characterized by relative positive anomalies that are
more intense in the case of the southern part of the
Pirie Bank (30 to 130 mGal). The western margin of the
Pirie Bank features a progressive and irregular west-
ward decrease in the free air gravity values, pointing to
an intermediate crust. The Protector Basin is bounded
to the south by a band of negative anomaly values
related to the South Orkney Trench, reaching up to
— 160 mGal, alternating with a chain of positive values
corresponding to the continental blocks of the South
Scotia Ridge.

Gravity models were determined on the basis of the
free air anomaly obtained from the marine data. Along
the study profiles, these anomalies are generally posi-
tive, ranging from — 10 to 70 mGal (Fig. 5). The 2D
gravity models (Fig. 5) were obtained considering the
geometry for the sea bottom, basement and the Moho
discontinuity, locally observed in oceanic crust through
MCS profiles. In addition, an initial continental or
oceanic attribution of the crust deduced from the seis-
mic data was considered and checked during gravity
modelling. The standard densities for the different types
of rocks were taken into account [35] and sometimes
modified in order to fit the models as well as possible.
Although calculated and measured gravity values show
a good fit, extreme anomaly values cannot be modelled
adequately, probably due to the short spatial limitation
of the geometry of the surface structures near the
spreading axis, not considered in 2D modelling.

The central part of the basin is occupied by oceanic
crust (2.95 g/cm?) surrounded by the continental crustal
blocks of Pirie Bank and Terror Rise. While in the
central and southern profiles (SC09 and SCO07, Fig. 5)
a standard density (2.67 g/cm?) is considered for the
continental crust, in the northern profile (SC13, Fig. 5)
a better fit is obtained regarding a higher density
(2.75 g/em’) that may represent very thin continental
or intermediate crust. The western basin margin is
determined by the presence of a main sharp scarp, but
the eastern continental basin margin, which corresponds
to the Pirie Bank, is more irregular and includes several



J. Galindo-Zaldivar et al. / Earth and Planetary Science Letters 241 (2006) 398—412

405

SC13

200
Protector Basin

250 300 350
Pirie Bank

0 50 100
Terror Rise
0
£s
£
g0
15 L vertical exaggeration x 5

T
200

1
250 300 350

0 50 100 150 400
0 Terror Rise Protector Basin Pirie Bank
—-
Es
=
8
o 10 +
o
15
70
= 50
2 30 1
10
=10 4
T T 1 1 T — 1 1
0 50 100 150 200 250 300 350 400
0 Terror Rise Protector Basin Pirie Bank
= PPN e — P A GO
E 5 b e =~
x 5 PN AN AN S NN SIS I
G N NN NN AN
P AN, AN
- A A A A A A X
B g ORI AN NN,
SR N NN A,
=] Z, NN,
rical , s N NN
vertical exaggeration x
15 —

1 | 103gkm® 4 275gkcm * 7 [ 295g/cm
2 220glem’ 5 280gkem® 8 [ | 335glm’
3 267glem® 6 [ | 285gkem?

Observed

Calculated -

50

100 km

Fig. 5. Gravity models crossing the Protector Basin based on the geometry of MCS profiles. (1) Sea water, (2) sediments, (3) standard continental
crust, (4) thinned continental crust, (5, 6) probable intermediate or oceanic crust, (7) oceanic crust and (8) mantle.

minor depressions, filled with sediments and highs that
probably developed during the passive margin rifting.
The best fit for gravity anomalies in the modelled

profiles is obtained when an increase in densities with
respect to the standard continental crust (2.67 g/cm®) is
considered for some intermediate blocks (2.80 g/cm® to
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2.85 g/cm?) from the southern to the northern profiles,
indicating the presence of intermediate to oceanic crust
in the thinned northern margin of the Pirie Bank. The
northernmost profile (SC13, Figs. 2, 4 and 5) shows a
bathymetric step, whereas the eastward dipping reflec-
tors observed in the MCS profile (Fig. 4) may corre-
spond to a reverse fault of continental crust on oceanic
crust that is also considered in the gravity model
(Fig. 5). In the central and southern profiles, the best
fit between model and measured gravity anomalies is
obtained when the continent/oceanic crustal boundary
dips towards the continental Pirie Bank.

The Moho position determined from MCS data in
some profiles is extended by gravity modelling along
all the profiles. Moho depths are generally between 10
and 13 km, both in oceanic crust and in very stretched
continental or intermediate crust. Only in the central
and southern part of Pirie Bank, does Moho reach the
deepest values of the region—14 km—in a sector of
thinned continental crust.

4. Age and spreading of the oceanic crust

The age of the oceanic crust is established by the
analysis of linear magnetic anomalies. The magnetic
profiles collected in the Protector Basin and surround-
ing areas are shown in Fig. 6. Magnetic anomalies are
characterized by amplitudes of up to 400 nT and are
well correlated between profiles indicating good north—
south trends. The magnetic anomaly pattern shows an
obvious symmetry from the centre of the basin.

An unambiguous correlation with the linear magnet-
ic time scale is not possible because of the very limited
length of the magnetic anomaly sequences in this small
basin and the absence of direct ages from samples of
oceanic crust by dredging and drilling. Within the
period 0-50 Ma, however, three simple and acceptable
possibilities have been considered, taking into account
the previous published profiles [27,36] (Fig. 6). Model
1 (chrons CSABr—C5AC to C5D, 13.8-17.4 Ma) and
model 2 (chrons C5D to C6AA, 17.6-22 Ma) are
according Barker [26]. In addition, we include model
3 (chrons C6 to C6Cn.2n, 20.1-23.8 Ma) as another
possible sequence of chrons.

Synthetic anomaly profiles with a constant total
opening velocity (6 cm/yr, model 1; 6.6 cm/yr, model
2; and 8 cm/yr, model 3) were computed using the
magnetic reversal time scale of Cande and Kent [30].
A magnetized body of 0.5 km thickness is considered
below the sea floor, with a depth of 4 km for the
basement of oceanic crust at the dead spreading axis.
According to Hill and Barker [27], the thickness of the
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extension inside
the Pirie Bank

SC07B ——

Fig. 6. Correlation of seafloor total field magnetic anomalies on
profiles crossing the Protector Basin and northwestern Pirie Bank.
Comparison with a constant velocity opening models based on Cande
and Kent [30] magnetic reversal time scale. Model 1, chrons C5AC—
C5ABr to C5D, 13.8-17.4 Ma, opening velocity of 6 cm/yr; model 2
chrons C5D to C6AA, 17.6-22 Ma, 6.6 cm/yr; model 3, chrons C6 to
C6Cn.2n, 20.1-23.8 Ma. Location of profiles in Fig. 2.

magnetized body increases with the square root of age.
The observed anomalies along the basin (Fig. 6) are
quite similar to those of the synthetic profiles although
model 1 seems to represent the best fit and we concen-
trate our study on it. Anomaly peaks are generally well
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correlated along the basin, although only the most
recent anomalies are recognized to the north and anom-
aly C5B is only well developed in the central part of the
basin. In addition, we observed several anomalies in the
NE margin of the Pirie Bank (profile fragments SC13B,
SC13C and SCO7B, Figs. 2 and 6) in sectors of inter-
mediate or oceanic crusts.

In the southern part of the Protector Basin (profile
SC09, Fig. 6), linear magnetic anomalies C5AC to C5D
(beginning) are identified; in the central part of the
basin (profile SCO7A, Fig. 6), magnetic anomalies
C5AC to C5C (beginning) can be seen; and in the
northern part (profile SCI3A, Fig. 6), anomalies
C5AC-C5AD are recognizable. North of 58°30'S, in
the northern end of the Protector Basin, the character of
magnetic anomalies progressively changes. The anom-
aly related to the axis of spreading shows, in the central
and northern profiles (e.g. profiles SCO7A and SC13A,
Fig. 6), a small local minimum superimposed on a large
maximum owing to the presence of a narrow negative
polarity body that is also considered in the model. This
negative polarity body is associated with the chron
C5ABr and points to a slightly more recent age than
the one proposed by Hill and Barker [27]. The inter-

pretation of magnetic anomalies allows us to present a
new scheme of chron distribution in the Protector Basin
and in the northern Pirie Bank margin (Fig. 7).

Two more areas of linear magnetic anomalies are
found to the east of the Protector Basin, along the
northern margin of the Pirie Bank (Figs. 6 and 7).
The length of sequences in these areas is less than
those of the Protector Basin, and they do not allow us
to present an unambiguous correlation with the linear
magnetic anomaly time scale. Anomalies have ampli-
tudes up to 250 nT and are generally elongated from
north to south. Tentatively, if we consider that these
anomalies developed during the same spreading period
as the Protector Basin, it is possible to attribute anom-
aly C5AC to two segments of the eastern part of the
profile SC13 (profile segments SC13B and SCI13C,
Figs. 6 and 7). An anomaly is also recognized on the
eastern part of profile SCO7 (profile segment SC07B,
Figs. 6 and 7), though it is narrow. Far to the south,
these anomalies disappear towards the Pirie Bank.

The mean total opening velocity during the devel-
opment of Protector Basin is near 6 cm/yr, slightly
higher in the central and southern parts (profiles
SCO09 and SC07A) than in the northern SC13A profile.
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In detail, however, spreading velocities may show low
variability, confirmed by the small divergence of dis-
tances along the profiles in between different magnetic
anomalies (Fig. 6).

The correlation between adjacent profiles of the
magnetic anomaly bands (Fig. 7) illustrates the oceanic
crust spreading. The central and southern sectors of the
basin are characterized by subparallel magnetic anom-
aly bands, symmetric with respect to the central ridge
that progressively ends northwards toward the conti-
nental margins. In between profiles SC45 and SCO7A
(Fig. 7), a possible E-W oriented transform fault is
identified. Towards the north, the magnetic anomaly
bands are narrower and show a wedge shape. In addi-
tion, along the northern border of the Pirie Bank, two
main linear magnetic anomaly bands decreasing in
width southwards are identified (Fig. 7).

5. Discussion

The development of small oceanic basins has differ-
ent constraints than the larger ones. While in large
oceanic basins subduction zones may develop (Pacific
Ocean) or may not form (Atlantic Ocean), small oce-
anic basins generally do not have these associated
structures, probably as an influence of the relatively
low density of their oceanic crusts. While the basins
formed in pull apart or in back-arc settings are in
general elongated, the small basins formed by the drift-
ing of small and thinned fragments of continental crust
are irregular, and their features have been poorly stud-
ied to date. The Protector Basin, located in between the
western margin of the Pirie Bank and the eastern mar-
gin of the Terror Rise, may illustrate the development
of small basins by block rifting and drifting. This basin
has a triangular shape pointing to the north and is
bounded southwards by the continental blocks related
to the Scotia—Antarctic Plate boundary along the South
Scotia Ridge.

The oceanic nature of the Protector Basin floor is
supported by the seismic facies observed in the MCS
profiles and by the presence of linear seafloor spreading
magnetic anomalies. The Pirie Bank and the Terror Rise
are probably formed by thinned continental crust, as
suggested by the relatively shallow bathymetry of the
sea areas with respect to the abyssal plain of the Pro-
tector Basin. The more chaotic and less reflective char-
acter of the top of the acoustic basement and the
relatively low density obtained in the gravity models
also support this hypothesis. In any case, the northern
part of the Pirie Bank and even the Terror Rise would
represent extremely thinned continental crusts as a

consequence of the overprinting of the opening of the
Drake Passage and the Protector Basin.

The Protector Basin grows as a consequence of the
continental stretching and subsequent oceanic spread-
ing during Middle Miocene times in relation to the
development of the southern branch of the Scotia
Arc. This process may be a consequence of an eastward
flow of the Pacific mantle through the Scotia Arc [37].
While the contact with the Terror Rise is sharp and
probably determined by a normal fault, the contact with
the Pirie Bank is irregular, characterized by several
small perched basins where syn-rift deposits are well
recognized below a post-rift sedimentary sequence. To
the north, these small basins become larger and have
associated linear magnetic anomalies indicating that an
intermediate or even an oceanic crust is developed. The
asymmetry of the margins and of the surrounding con-
tinental banks suggests that the extension along the
basin was asymmetric, and related to a low angle
fault dipping towards the Terror Rise, similar to those
proposed for continental stretching [38]. This asymme-
try may similar to the one proposed for the develop-
ment of large basins.

The data recently acquired during the SCAN 2001
cruise are consistent with the spreading ages proposed
by Hill and Barker [27] and allow us to specify their
variability along the basin. The Protector Basin opened
as a consequence of a northward propagating rift. A set
of seafloor magnetic anomalies ranging from chrons
C5ACn to C5Dn (14 to 17.4 Ma) has been clearly
identified in the basin. Moreover, in some profiles of
the central and northern part of the basin, a younger
chron (C5ABr, 13.8 Ma) has influenced the anomaly
profile on the ridge. The oldest bands of magnetic
anomalies progressively end northwards, from the
C5Dn in the southern sector, to C5Bn in the central
part and up to C5ADn in the northern part (Fig. 7).

The data previously presented suggest the tectonic
development of the Protector Basin sketched in Fig. 8.
An initial stage of rifting (Fig. 8A) on previously
thinned continental crust of the southern part of the
Drake Passage is followed by a second stage (Fig. 8B)
that implies relative block rotation and opening and
spreading of the oceanic crust. The spreading started
in the southern part of the basin and extended towards
the northern sector. The northwards propagation of the
spreading axis continued for 3.6 ma (time space be-
tween chrons C5AD and C5D) for about 113 km (dis-
tance between profiles SCO7A and SC13A) with a
average velocity of 3 cm/yr—that is, about the average
of half spreading rate—and produced the triangular
shape of the basin. These relatively high spreading
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Fig. 8. Tectonic sketch of development of Protector Basin. White, continental crust; grey, oceanic crust.

rates developed a spreading axis characterized by a
single ridge. The next stage (Fig. 8C) implies E-W
extension and drifting predominant over rotation, as is
signaled by the approximately parallel recentmost mag-
netic anomaly bands in the southern part of the basin,
whose small irregularities indicate E-W stretching.
This trend of extension is also confirmed by the E-W
orientation of the transform fault obtained in between
SCO07A and SC45 profiles from the interpretation of the
magnetic anomaly data.

In a late stage of development, the southwards prop-
agation of thinning or spreading axes along the northern
passive margin of the Pirie Bank, conjugated to the
Protector Basin, possibly produced rotation of an inter-
mediate block (Fig. 8D). This setting may give rise in
the northern part of the basin to northwards convergent
magnetic anomalies ranging from C5ADn up to
CS5ACn. If we apply the same spreading model as
applied for Protector Basin in the north Pirie Bank
(profile SC13), it is possible to attribute the spreading
to chrons C5ABr—C5ACr (Fig. 6). To the south, when
approaching the Pirie Bank, spreading becomes more
and more narrow and, at 59°30’S (profile SC 07B), it
practically disappears (Fig. 7). Bathymetry (Fig. 2) also
shows the progressive narrowing of sea floor in the
southern direction. Another area of possible spreading
lies near 47°W, 58°30/S. In this area, chrons C5ACn
and C5ACr can be estimated if we apply the same

spreading model as for Protector Basin. These spread-
ing axes produce E-W extension in the region as a
whole. Available magnetic data do not contradict the
presence of a northern transform fault as indicated by
Hill and Barker [27].

The end of the oceanic spreading may not only be a
consequence of the switching of the extension east-
wards of the Scotia Sea by the development of the
Scotia Arc, but also of a compressional deformation
that produces reverse faulting at the northeastern border
of the Protector Basin at the contact with the Pirie Bank
margin (profile SC13, Fig. 4). This fault accentuates the
sharp northern end of the basin and its triangular shape.
The age of this fault would be shortly after the spread-
ing because apparently no sediments filling the basin
are involved (Fig. 4). While in large plates with old
oceanic crust, as in the Pacific Plate, the development
of young oceanic crust along the ridges may coexist
with the presence of subduction of old and dense
oceanic crust, this mechanism does not develop in
small oceanic basins, where the ridge is frozen before
true subduction develops.

Protector Basin is driven by forces at the margins
of the basin. However, there appear to be differences
from the Schouten model [15], where edge-driven
kinematics also results in rift propagation, with Euler
poles near the edges, resulting in rapid variations in
spreading rates along the propagating ridge axes and
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simple rotation of the microplate. In the Protector,
Basin the spreading rates do not appear to vary as
quickly as predicted by the edge-driven model and,
although there is a “v’-shaped opening of the basin,
there is no overall rotation. This may be a conse-
quence of the combined oceanic and continental ter-
rains involved in the Protector Basin kinematics,
resulting in deformation that is partitioned between
seafloor spreading and continental extension.

The Scotia Plate, considered thus far as mainly
oceanic in nature, is formed by a complex set of oceanic
crusts and thin continental blocks. Other similar basins
developed in this area, such as the Dove Basin located
between Pirie Bank and Bruce Bank, and the Scan
Basin, located in between the Bruce and Discovery
banks. These basins are poorly known up to date. The
development of the Protector Basin is simultancous
with the activity of the West Scotia Ridge spreading
axis, with a NE-SW orientation, from anomaly C10
(28.7 Ma, [25]) up to anomaly C3A (6.5 Ma, [39]), and
represents a variation of the spreading direction from
NW-SE up to E-W, necessary for the eastward devel-
opment of the tectonic arc. The E-W oceanic spreading
in the Protector Basin, which ends about 14 Ma (chron
C5ACn) ago in this area, continues up to present in the
Scotia—Sandwich spreading axis.

In the Antarctic Plate, the Powell Basin was also
developed by a mechanism of continental fragmenta-
tion caused by eastward drifting of the South Orkney
microcontinent [21,22] from 26 to 17.6 Ma [19] or
during the period 29.7 to 22.1 Ma [20]. Later the
Jane Basin develops (17.6 to 14.4 Ma, [24]), during a
period roughly similar to the one proposed in this
contribution for the Protector Basin. However, the
mechanisms of development of the two basins, separat-
ed by the South Scotia Ridge, are different: Jane Basin
is interpreted as a back-arc basin associated to the SE
border of the South Orkney microcontinent [24],
whereas in this contribution we support that the Pro-
tector Basin develops as a consequence of continental
block fragmentation and drifting related to the devel-
opment of the southern branch of the Scotia Arc. Yet
the simultaneous opening of the two basins may be
related with the final stage of subduction of the western
part of the Weddell Sea oceanic crust and a subsequent
reorganization of the major plate setting.

6. Conclusions
The Protector Basin is an asymmetrical rifted basin

probably formed by the activity of a westward dipping
low angle fault. The Terror Rise and the Pirie Bank

correspond respectively to the upper and lower blocks
of this extensional system.

The Protector Basin spreading is related to a north
propagating rift. The interpretation of magnetic anoma-
lies indicates that the oceanic spreading was active
during a period of about 3.6 ma comprised between
chrons C5ACn and C5Dn (14-17.6 Ma). Although in
all the profiles the end of spreading corresponds to the
same chron (C5AChn, in transition to C5ABTr, 13.8 Ma),
the set of chrons is more complete to the south, ranging
from C5ADn in the northern part of the basin up to
C5Dn in the southern part. This geometry is a conse-
quence of the northward propagation of the spreading
axis during the basin development at a rate of approx-
imately 3 cm/yr, equivalent to the average half opening
rate (6 cm/yr of total opening) in the area. In addition,
two other minor spreading axes, located in the northern
margin of Pirie Bank, extended to the south and existed
during a short time period of about 0.5 Ma in the latest
stages. The development of these two last spreading
axes probably produces block rotations and accentuates
the triangular shape of the anomalies in the northern
part of the Protector Basin. On a whole, the spreading
system indicates regional E-W stretching.

After the end of the oceanic spreading, the spreading
axis freezes and the ridge begins to be covered by
sediments. The development of a reverse fault located
at the northeastern border of the basin, in contact with
the Pirie Bank margin, indicates an inversion in the
tectonic regime that accentuates the sharp northern end
of the basin.

The Protector Basin represents the oldest evidence
up to date of the E-W oriented extension into the Scotia
Arc, which switched eastward up to the present-day
active Scotia—Sandwich spreading axis. The geophysi-
cal data presented here evidence the extreme fragmen-
tation and stretching of the continental crust, which for
small oceans should not be considered rigid blocks of
constant shape during reconstructions. In addition, the
new data presented here may help to constrain the
tectonic development of the Scotia Arc, although
more data in similar basins located north of the South
Scotia Ridge are needed for this purpose. The opening
of the Drake Passage and the dispersion of its crustal
elements are determinant in the development of one of
the most important oceanic gateways around the Ant-
arctica, with a global climatic influence.

The continental rifting in small oceanic basins may
develop just as it does in large basins, through the
activity of crustal detachments that produce asymmetric
continental margins. However, the development of
small oceanic basins by continental block drifting
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entails differential features with respect to other oceanic
basins, such as the presence of well developed propa-
gating rift with accentuated triangular shapes, implying
large rotation of small continental blocks and the de-
velopment of relays of conjugate spreading axes. In
addition, the presence of fossil spreading axes, gener-
ally preserved below the sediments, is a common fea-
ture because in these basins the cessation of oceanic
spreading is related to the end of block drifting and the
frozen spreading axis is not destroyed by subduction.

Acknowledgements

We thank the Commander, officers and crew of the
BIO HESPERIDES for their support in obtaining these
data, sometimes under severe sea conditions. The dili-
gence and expertise of engineers E. Litcheva and J.
Maldonado who processed the MCS data and swath
bathymetry is appreciated. The comments of two anon-
ymous referees have largely improved the contents of
the paper. Spain’s CICYT supported this research
through project REN2001-2143/ANT.

References

[1] K.M. Marsaglia, Interarc and backarc basins, in: C.J. Busby,
R.V. Ingersoll (Eds.), Tectonics of Sedimentary Basins, Black-
well Science, Cambridge, 1995, pp. 299—-329.

[2] R. Armijo, B. Meyer, S. Navarro, G. King, A. Barka, Asym-
metric slip partitioning in the Sea of Marmara pull-apart: a clue
to propagation processes of the North Anatolian Fault? Terra
Nova 14 (2002) 80—86.

[3] N.W. Driscoll, J.B. Diebold, Deformation of the Caribbean
region: one plate or two? Geology 26 (1998) 1043—1046.

[4] R.A. Livermore, R.W. Woollett, Sea-floor spreading in the
Weddell Sea and southwest Atlantic since the late Cretaceous,
Earth Planet. Sci. Lett. 117 (1993) 475-495.

[5] R.G. Park, Geological Structures and Moving Plates, Blackie,
Glasgow, 1988. 337 pp.

[6] J.C. Sibuet, B.J. Collet, Triple junctions of Bay of Biscay and
North Atlantic: new constraints on the kinematic evolution,
Geology 19 (1991) 522-525.

[7] S.P. Srivastava, J.C. Sibuet, S. Cande, W.R. Roest, I.D. Reid,
Magnetic evidence for slow seafloor spreading during the for-
mation of the Newfoundland and Iberian margins, Earth Planet.
Sci. Lett. 182 (2002) 61-76.

[8] J.C. Sibuet, S.P. Srivastava, W. Spakman, Pyrenean orogeny and
plate kinematics, J. Geophys. Res. 109 (2004) B08104.

[9] S.P. Srivastava, W.R. Roest, Extent of oceanic crust in the
Labrador Sea, Mar. Pet. Geol. 16 (1998) 65—84.

[10] L.M. Parson, I.C. Wright, The Lau-Havre-Taupo backarc basin:
a southward-propagating, multi-stage evolution from rifting to
spreading, Tectonophysics 263 (1996) 1-22.

[11] R.N. Hey, S.P. Miller, T.M. Atwater, R.C. Searle, Sea Beam/
Deep-Tow investigation of an active ocean propagating rift
system, Galapagos 95.5 degrees west, J. Geophys. Res. 91
(1986) 3369—-3393.

[12] M.C. Kleinrock, B.E. Tucholke, J. Lin, M.A. Tivey, Fast rift
propagation at a slow-spreading ridge, Geology 25 (1997)
639-642.

[13] A. Blais, P. Gente, M. Maia, D.F. Naar, A history of the Selkirk
paleomicroplate, Tectonophysics 359 (2002) 157-169.

[14] A. Briais, D. Aslanian, L. G¢li, H. Ondréas, Analysis of
propagators along the Pacific—Antarctic Ridge: evidence for
triggering by kinematic changes, Earth Planet Sc. Lett. 199
(2002) 415-428.

[15] H. Schouten, K.D. Klitgord, D.G. Gallo, Edge-driven microplate
kinematics, J. Geophys. Res. 98 (1993) 6689—6701.

[16] P.F. Barker, . W.D. Dalziel, B.C. Storey, Tectonic development
of the Scotia Arc region, in: R.J. Tingey (Ed.), Antarctic Geol-
ogy, Oxford University Press, Oxford, 1991, pp. 215-248.

[17] A. Maldonado, N. Zitellini, G. Leitchenkov, J.C. Balanya, F.
Coren, J. Galindo-Zaldivar, A. Jabaloy, E. Lodolo, J. Rodriguez-
Fernandez, C. Zanolla, Small ocean basin development along
the Scotia—Antarctica Plate boundary and in the northern Wed-
dell Sea, Tectonophysics 296 (1998) 371-401.

[18] A.M. Pelayo, D.A. Wiens, Seismotectonics and relative plate
motions in the Scotia Sea region, J. Geophys. Res. 94 (1989)
7293-7320.

[19] F. Coren, G. Ceccone, E. Lodolo, C. Zanolla, N. Zitellini, C.
Bonazzi, J. Centonze, Morphology, seismic structure and tec-
tonic development of the Powell Basin, Antarctica, J. Geol. Soc.
Lond. 154 (1997) 849—-862.

[20] G. Eagles, R.A. Livermore, Opening history of Powel Basin,
Antarctic Peninsula, Mar. Geol. 185 (2002) 195-202.

[21] J. Rodriguez-Fernandez, J.C. Balanya, J. Galindo-Zaldivar, A.
Maldonado, Tectonic evolution and growth patterns of a restrict-
ed ocean basin: the Powell Basin (northeastern Antarctic Penin-
sula), Geodin. Acta 10 (1997) 159—-174.

[22] E. King, G. Leitchenkov, J. Galindo-Zaldivar, A. Maldonado, E.
Lodolo, Crustal structure and sedimentation in Powell Basin, in:
P.F. Barker, A. Cooper (Eds.), Geology and Seismic Stratigra-
phy of the Antarctic Margin: Part 2. Antarctic Research Series,
vol. 71, American Geophysical Union, Washington D.C., 1997,
pp. 75-93.

[23] P.E. Barker, P.G. Barber, E.C. King, An Early Miocene ridge
crest-trench collision on the South Scotia Ridge Near 36°W,
Tectonophysics 102 (1984) 315-332.

[24] F. Bohoyo, J. Galindo-Zaldivar, A. Maldonado, A.A. Schreider,
E. Surinach, Basin development subsequent to ridge—trench
collision: the Jane Basin, Antarctica, Mar. Geophys. Res. 23
(2002) 413—421.

[25] E. Lodolo, F. Coren, A.A. Schreider, G. Ceccone, Geophysical
evidence of a relict oceanic crust in the south-western Scotia
Sea, Mar. Geophys. Res. 19 (1997) 439—450.

[26] P.E. Barker, Scotia Sea regional tectonic evolution: implications
for mantle flow and palacocirculation, Earth-Sci. Rev. 55 (2001)
1-39.

[27] 1.A. Hill, P.F. Barker, Evidence for Miocene back-arc spreading
in the central Scotia Sea, Geophys. J. R. Astron. Soc. 63 (1980)
427-440.

[28] D.T. Sandwell, W.H.F. Smith, Marine gravity anomaly from
Geosat and ERS-1 satellite altimetry, J. Geophys. Res. 102
(1997) 10039—-10054.

[29] 1.A.G.A., International geomagnetic reference field 2000, Geo-
phys. J. Int. 141 (2000) 259—262.

[30] S.C. Cande, D.V. Kent, Revised calibration of the geomagnetic
polarity timescale for the Late Cretaceous and Cenozoic,
J. Geophys. Res. 100 (1995) 6093 -6095.



412

31]

[32]

[33]

[34]

[35]

J. Galindo-Zaldivar et al. / Earth and Planetary Science Letters 241 (2006) 398—412

R.C. Pedley, J.P. Bubsby, Z.K. Dabek, GRAVMAG v1.7, British
Geological Survey, 1993.

J. Galindo-Zaldivar, A. Jabaloy, A. Maldonado, C. Sanz de
Galdeano, Continental fragmentation along the South Scotia
Ridge transcurrent plate boundary (NE Antarctic Peninsula),
Tectonophysics 242 (1996) 275-301.

F. Bohoyo, Fragmentacion continental y desarrollo de cuencas
oceanicas en el sector meridional del Arco de Scotia, Antartida.
Ph. D. Thesis Univ. Granada, 2004. 251 pp.

A. Maldonado, F. Bohoyo, J. Galindo-Zaldivar, J. Hernandez-
Molina, A. Jabaloy, F. Lobo, J. Rodriguez-Fernandez, E. Suri-
fiach, J.T. Vazquez, Ocean basins near the boundary between the
Scotia and Antarctic Plates: the importance of tectonics and
current bottom flows on the stratigraphic and palacoceanographic
evolution (unpublished results).

W.M. Telford, L.P. Geldart, R.E. Sheriff, Applied Geophysics,
Cambridge University Press, Cambridge, 1990. 770 pp.

[36] Tectonic Map of the Scotia Arc, Sheet BAS (Misc) 3, Scale

1:3000000, British Antarctic Survey, 1985, Cambridge.

[37] J.A. Pearce, P.T. Leat, P.F. Barker, I.LL. Millar, Geochemical

tracing of Pacific-to-Atlantic upper-mantle flow through the
Drake Passage, Nature 410 (2001) 457—461.

[38] G.S. Lister, M.A. Etheridge, P.A. Symonds, Detachment models

for the formation of passive continental margins, Tectonics 10
(1991) 1038—-1064.

[39] A. Maldonado, J.C. Balanya, A. Barnolas, J. Galindo-Zaldivar,

J. Hernandez, A. Jabaloy, R.A. Livermore, J.M. Martinez-Mar-
tinez, J. Rodriguez-Fernandez, C. Sanz de Galdeano, L. Somoza,
E. Surifiach, C. Viseras, Tectonics of an extinct ridge transform
intersection, Drake Passage (Antarctica), Mar. Geophys. Res. 21
(2000) 43-68.



	Propagating rift during the opening of a small oceanic basin: The Protector Basin (Scotia Arc, Antarctica)
	Introduction
	Geological setting

	Geophysical data and methodology
	Structure of Protector Basin
	Seismic structure and depositional units
	Gravity models

	Age and spreading of the oceanic crust
	Discussion
	Conclusions
	Acknowledgements
	References


