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ABSTRACT Ridge extinction has been attributed to changes
New bathymetric and magnetic anomaly data from the Phoenix Ridge, Antarctica, show in plate boundary forces occasioned by the cessa-
that extinction of all three remaining segments occurred at the time of magnetic chron C2A tion of spreading on the nearby West Scotia
(3.3+ 0.2 Ma), synchronous with a ridge-trench collision south of the Hero Fracture Zone. This Ridge, giving rise to transpressive stresses across
implies that the ultimate cause of extinction was a change in plate boundary forces occasionethe Shackleton Fracture Zone, or by reduction in
by this collision. Spreading rates slowed abruptly at the time of chron C4 (7.8 + 0.3 Ma), slab width following ridge-trench collision to the
probably as a result of extinction of the West Scotia Ridge, which would have led to an increasesouthwest of the Hero Fracture Zone (Barker and
in slip rate and transpressional stress across the Shackleton Fracture Zone. Spectacular, highAustin, 1998).
relief ridges flanking the extinct spreading center, mapped for the first time using multibeam  On the basis of reconnaissance precision
swath bathymetry, are interpreted as a consequence of a reduction in spreading rate, involvingecho sounder and magnetic data, it was con-

a temporary magma oversupply immediately prior to extinction. cluded (Larter and Barker, 1991) that three in-
active segments of the Phoenix Ridge survive,
Keywords: Drake Passage, Phoenix Ridge, Antarctic plate, spreading centers. which we refer to (northeast to southwest) as
P1, P2, and P3. Magnetic anomaly profiles
INTRODUCTION field measurements, has provided a picture afrossing P1 and P3 were interpreted to imply

Extinction of spreading and the capture of sukevents leading to the demise of the spreadirextinction ca. 4.5 Ma (Barker, 1982) or 3.5 Ma
ducting microplates may have major tectonic coreenter, and permits us to speculate about the likelyarter and Barker, 1991), following a period of

sequences, such as the rotation of the westerauses of extinction. declining spreading rates, although the interpre-
Transverse Ranges, California (Nicholson et al., tation was hampered by an absence of data over
1994), and the rifting of New Zealand from GondPHOENIX RIDGE EVOLUTION segment P2.

wana (Luyendyk et al., 1996). Understanding the The Phoenix plate formed one of the major

sequence of events leading to the cessation Bécific Ocean plates (Larson and Chase, 197BATHYMETRY

spreading at ridge segments approaching subdiakanishi et al., 1992), created by seafloor Regional bathymetry derived from satellite
tion zones is thus of great interest. In the Drakepreading since the Jurassic at the Pacifialtimetry (Smith and Sandwell, 1994) confirms
Passage, between South America and Antarctiddhoenix and Farallon-Phoenix ridges, andhis general picture (Fig. 1), showing that the
the last remnant of the once-extensive Phoenilatterly, the Phoenix-Antarctic Ridge. Previousentral segment (P2) is separated from the others
Antarctic spreading center, the Phoenix Ridgeyork (Barker, 1982; Larter and Barker, 1991}y very straight, long-lived transforms with 80—
appears to have become extinct at some time dsuggests that the three remaining Phoenix Ridd®0 km offsets. New swath bathymetry was ob-
ing the Pliocene (Larter and Barker, 1991). As aegments became inactive following collisiongained over P2 in 1998 using a Simrad EM12
result, a small remnant (~9 x 4km?) of the between more southerly ridge segments and amultibeam sounder on the Spanish research vessel
former Phoenix plate, confined between thactive subduction zone to the southwest of thBIO Hesperidesalong tracks spaced 10 km apart,
Shackleton and Hero Fracture Zones (Fig. 1), h&tero Fracture Zone (Fig. 1). Because the Antarend processed onboard using the MB-System
become welded to the Antarctic plate. Sedimeric plate formed both the trailing and overridingsoftware (Caress and Chayes, 1996). A map of
accumulation has been prevented by the presergate in this subduction system, these ridgahe new data is shown in Figure 2.

of the Antarctic Circumpolar Current as it is funtrench collisions resulted in the progressive Off-axis morphology of segment P2 is gener-
neled into Drake Passage (Lawver et al., 1992), smrthward extinction of tectonic activity at theally comparable to that of fast or intermediate rate
that the fossil spreading axis is, uniquely, exposadargin. Continued subduction at the South Shespreading ridges, such as the East Pacific Rise or
to bathymetric mapping in the same way as moktnd Trench, with oceanward retreat of the hingBacific-Antarctic Ridge, dominated by linear,
active spreading centers. During the 1997-199§ subduction, then led to the rifting and separaaxis-parallel magmatic ridges and straight,
austral summer season, a complete segment of tiwn of a sliver of the Antarctic Peninsula margirsharply defined fracture zones. Abyssal hills strike
Phoenix Ridge was mapped using a multibeacarrying the South Shetland Islands, and thgerpendicular to fracture zones, except near trans-
echo sounder fitted to the Spanish research vesepkning of the Bransfield Strait marginal basiriorms, where fabric as much as 10 km from the
BIO HesperidesThis, together with magnetic (Maldonado et al., 1994). The cause of Phoentxansform appears to be rotated in a clockwise
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The axial region is flanked by two great
ridges; that on the northwest flank rises to an un-
expectedly shallow 570 m depth near the seg-
ment center, and that on the southeast flank is
deeper than 1500 m. The ridges are equidistant
from the ridge axis, and have similar trends, sug-
gesting that they are rifted parts of a former axial
topographic high, the strike of which was rotated
clockwise by ~10° compared to the overall trend
of off-axis fabric. Toward Fracture Zone D, the
northwestern ridge displays a hooked form,
mimicking that of adjacent fabric on the outside
corner, but on a slightly larger scale.

Figure 1. Bathymetry in
Drake Passage predicted
using satellite altimetry
(Smith and Sandwell,
1994). Dotted lines repre-
sent inactive Phoenix
Ridge and West Scotia
Ridge; box shows area
represented by Figure 3.
BS—Bransfield Strait;
HFZ—Hero Fracture Zone;
SCT—southern Chile
Trench; SFZ—Shackleton
Fracture Zone; SST—
South Shetland Trench;

WSR—West Scotia Ridge. MAGNETIC ANOMALIES

The earliest interpretation of magnetic anom-
aly profiles over the Phoenix Ridge (Barker,
1982) implied extinction of segment P3 at mag-
netic chron C3 (ca. 4 Ma on the time scale of
sense, suggesting transform shear. On the outsiildges elsewhere. Well-developed nodal basiinsaBrecque et al., 1977), following a reduction in
corners of P2, abyssal hills curve toward the direoccur at both ends of P2, at depths of 4000spreading rate at about chron 3B (ca. 6 Ma on the
tion of offset, as observed by Macario et al. (1994500 m, and are the only areas in which any sigime scale of LaBrecque et al., 1977). A more
at the Pacific-Antarctic Ridge. nificant accumulation of sediment has occurreccomplicated model was invoked by Larter and

The near-axis spreading center morphology @etween them, the ridge crest rises to a depth Barker (1991), who observed differences in the
P2 shows very high relief, and is anomalous2000 m near the segment center, forming @xial magnetic signatures of segments P1 and P3,

when compared to either fast or slow spreadingaddle-like structure. and also interpreted the absence of a pronounced
central magnetic high in all available profiles as

BATHYMETRY evidence that spreading could not have continued

into the Brunhes epoch. These interpretations
i =Sy R S e were handicapped by the lack of data from the

wwn  central segment (P2).
Scalar magnetic field measurements were

made during our survey of segment P2 using a
rotated / Geometrics G-876 magnetometer with a sam-
fabric : pling interval of 2 s. The data were edited visu-
warn  ally to eliminate spikes and obvious errors, and
filtered using a running mean to obtain data every
minute. Magnetic anomalies were calculated
using the International Geomagnetic Reference
Field 1995 (Barton et al., 1996), after correction
for diurnal variations and magnetic disturbances
using land data obtained at the Spanish magneto-
metric station (Torta et al., 1999) at Livingston
Island (62°3%4"'S, 60°2341"'W).

Six new profiles were obtained (Fig. 3) that
provide coverage of the axial region of P2, plus
an extended profile on the former Phoenix plate.
The latter correlates extremely well with syn-
thetic anomalies computed from chron C5AC
(14.1 Ma) to chron C4A (8.7 Ma) using half-
spreading rates of 30—-32 km/m.y. (Fig. 4), with
every anomaly clearly identifiable. A small 8 km
westward jump just after chron C5r.2 is incor-
porated to account for the double-peaked appear-
- - ance of this anomaly, an interpretation supported
HT" Y E by the presence of a 600-m-high bathymetric
ridge at this point. The excellent fit of the older
anomalies provides a sound basis for the inter-
pretation of younger anomalies near the ridge
axis, where anomaly identification on segments
Figure 2. Bathymetry of Phoenix Ridge segment, P2, obtained using Simrad EM12 multibeam P1and P3 was previously uncertain.

sonar. Shaded relief representation and illumination from south. Contours are depths predicted In our preferred model, a reduction in half-
from satellite altimetry (Smith and Sandwell, 1994). spreading rates from 32 to 27 km/m.y. occurs
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within chron C4A (9 Ma), followed by further
decreases to 16 km/m.y. (eastern flank) a
24 km/m.y. (western flank) at chron C4 (7.8 Ma
Between chrons C3A and C3 (5.6 Ma), spreadi
slowed to 13 km/m.y., and continued at this ra
until extinction within chron 2A at 3.3 Ma. We
estimate an uncertainty of 0.2 m.y. for this dat
based upon the ages of adjacent reversals. 1
interpretation depends upon our identification «
the positive anomaly C2A directly over the axi ==
of the median valley observed in the new bath

metric profiles (shown in Fig. 4). Profiles ove

the shallowest parts of the ridge axis have t

smallest depths to the magnetic source, and st

finer details of the anomalies, including all thre

peaks of anomaly C3 (C3n.1, C3n.2,and C3n.3,

on some profiles.

Larter and Barker (1991) concluded from the
magnetic anomaly modeling that segment |
ceased spreading earlier than segment |
following chrons C3 (3.6 Ma on the time scale «
Cande and Kent 1995), and C2A (2.4 Ma), respe
tively, or that extremely slow spreading accon
panied the final phase of P3. Their modeling w
based upon the correlation of a negative anome
in the central sequence with the relict spreadir
axis. Comparison with satellite-derived topog:
raphy (Fig. 1) shows that more likely locations
for the axes of segments P1 and P3 are direc
beneath the adjacent magnetic highs, as in se
ment P2. Using our spreading model with mino
rate changes, we find excellent fits to anomalie
C3A and older over P1 and P3, and convincin
fits on several profiles to anomalies C3 and C2#
demonstrating that all three sets of anomalie
may be satisfied by a model in which spreadin
ceases during chron 2A, following a period of de
clining rates (Fig. 4).
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DISCUSSION: THE FINAL STAGES
OF SPREADING

The apparently abrupt extinction of the
Phoenix Ridge may have occurred when slab pt
traction on the Phoenix plate was reduced by tt
loss of ~100 km of slab following the final ridge-
trench collision to the south of Hero Fracture
Zone. We note that a magnetic anomaly profil
just southwest of the Hero Fracture Zone, show
by Larter and Barker (1991, their Fig. 6), include:
a narrow, high-amplitude anomaly landward o
identified anomaly C3. This anomaly is probably
anomaly C2A, dating the end of ridge-trench col
lision and of subduction in this compartment a

L
>

Figure 4. Modeled magnetic anomaly profiles
over segments P1 (top, RRS Shackleton
cruise Shack71), P2 (center, BIO Hesperides
data), and P3 (bottom, R/V Conrad cruise
C1503).Time scale of Cande and Kent (1995) is
used, with 1-km-thick magnetized layer and
upper surface corresponding to smoothed
version of observed bathymetry. Spreading
rates used are shown in lower parts of figures.
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Figure 3. Selected mag-
netic anomaly profiles
over Phoenix Ridge; posi-
tive parts of new BIO Hes-
perides profiles are in
black, all others in gray.
FZ—fracture zone.
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3.3 Ma, identical to the age derived here foCONCLUSION Larter, R.D., and Barker, P.F., 1991, Effects of ridge crest
Phoenix Ridge extinction. If this is correct, it The Phoenix Ridge expired 3.3 Ma during  trench interaction on Antarctic Phoenix spread-

appears that this collision, by reducing the extermhron C2A, following sharp drops in spreading l?fg&ggﬁ;isicc;ﬁ]Seyscéir;ghslflbggcgnggplseggj%ugg?

of the subducting slab, may have altered theate at the times of chrons C4A (9 Ma) and Clawver, L.A., Gahagan, L.M., and Coffin, M.F., 1992,
boundary forces driving the Phoenix plate to th€7.8 Ma). Extinction appears to have been simul-  The development of paleoseaways around
point at which spreading was no longer possibléaneous on all three remaining segments of the ~ Antarctica,in Kennett, J.P., and Warnke, D.A.,

resulting in its fusion with the Antarctic plate.  ridge, and synchronous with the final ridge- ~ €9S- The Antarctic paleoenvironment: A perspec-
. . L tive on global change: American Geophysical
The latter stages of spreading are characterizeénch collision to the southwest of the Hero Union, Antarctic Research Series, v. 56, p. 7—30.

by decreasing rates that were probably morferacture Zone. This collision reduced the slabivermore, R., McAdoo, D., and Marks, K., 1994,
gradual than represented here. In all three spreadéth, leading to a reduction in slab pull and, ulti- Scotia Sea tectonics from high-resolution satellite
ing compartments, rates decline from >30 km/m.ynately, to Phoenix Ridge extinction. These  dravity: Earth and Planetary Science Letters,

prior to chron C4A (7.8 Ma) to 13 km/m.y. justchanges in spreading seem to have led to eXC?ﬁ?/er\\/('j)l/ESép.czizg\;vzsﬁ?'s Smith C. Richard. S.. and

before extinction. An abrupt drop at chron C4Avolcanism on one of the three remaining ridge ~ Kimbrough, D., 1996, Paleomagnetic study of
on the western flank was followed by asymsegments, creating steep-sided volcanic ridges. the northern Ford Ranges, western Marie Byrd

metric spreading until chron C4, when rates on?K’\lOWLEDGNIENTS Ea”?'XV*?SfAtDtaFC;icati Motion bitheeanngStlifld
; ; ast Antarctica: Tectonics, v. 15, p. —141.
the eastern flank also declined. Cessation of Wé% We thank the captain and crew of BH@8sperides Macario, A., Haxby, W.F., Goff, J.A., Ryan, W.B.F,,

Scotia Ridge spreading at about chron C4 (Liveff)r their support during ANTPAC97. We thank Rob Cande, S.C., and Raymond, C.A., 1994, Flow
more et al., 1994; Maldonado et al., 2000) wouldarter for discussions. Joann Stock and Tom Parsons  line variations in abyssal hill morphology for the
have led to a change in relative motion on thprovided valuable reviews. The Comision Interminis- Antarctic Ridge at 65-Degrees-S: Journal of Geo-

Shackleton Eracture Zone between the enlargé?iial de Ciencia y Tecnologia of Spain provided physical Research, v. 99, p. 17,921-17,934.

upport for the work through the research projedtlaldonado, A., Larter, R.D., and Aldaya, F., 1994,

Scotia plate and the Phoenix plate to the WesiNT%-lOOl. Figures were created using the GMT Fore-arc tectonic evolution of the South Shetland

The result would have been an increase in bofitware of P. Wessel and W.M.F. Smith. margin, Antarctic Peninsula: Tectonics, v. 13,
the amount of sinistral slip and of compressive p. 1345-1370.
stress (Larter and Barker, 1991), retarding thBEFERENCES CITED Maldonado, A., Balanya, J.C., Barnolas, A., Galindo-
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caused by strong upwelling or higher than normi

mantle temperatures.
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