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Evolution of the Pacific-Antarctic Ridge divided into three domains of dif- 

South of the Udintsev Fracture Zone 
ferent morphological signatures (Fig. 2). 
The  southern area, between 65"30tS, 
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Because of the proximity of the Euler poles of rotation of the Pacific and Antarctic plates, 
small variations in plate kinematics are fully recorded in the axial morphology and in the 
geometry of the Pacific-Antarctic Ridge south of the Udintsev fracture zone. Swath 
bathymetry and magnetic data show that clockwise rotations of the relative motion 
between the Pacific and Antarctic plates over the last 6 million years resulted in rift 
propagation or in the linkage of ridge segments, with transitions from transform faults 
to giant overlapping spreading centers. This bimodal axial rearrangement has propa- 
gated southward for the last 30 to 35 million years, leaving trails on the sea floor along 
a 1000-kilometer-long V-shaped structure south of the Udintsev fracture zone. 

Because of its remoteness, the Pacific- 
Antarctic ridge (PAR) south of the Udint- 
sev fracture zone (FZ) remained poorly 
known until the recent past (1 ) .  From 
satellite gravity data, it has been predicted 
(2)  that morphological transitions occur 
along the ridge axis as the spreading rate 
increases with distance ' from the Euler 
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pole of rotation between the Antarctic 
and Pacific plates: from 54 mm/year near 
65"s up to 74 mm/year at its intersection 
with the Udintsev FZ, near 55"s (3).  Sat- 
ellite gravity data (4)  also reveal a large- 
scale V-shaped structure that extends for 
more than 1000 km south of the Udintsev 
FZ and separates two domains (Fig. 1): one 
of rough sea floor, with many well-marked 
fracture zones as is typical of slow spread- 
ing centers, and one of smooth sea floor, as 
is typical of fast spreading centers. Sahabi 
e t  al. (5) proposed that this V-shaped 
structure may reflect a change in axial 
morphology south of the Udintsev FZ that 
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(6)  explored an 1800-km-long section of 
the ridge, extending between 650301S, 
174'40'W and the Udintsev FZ, in Janu- 
ary and February of 1996 (Fig. 1). 

The  PAR south of the Udintsev FZ is 

174"401W and 64"40rS, 172"W, has an 
axial, valley-type morphology simllar to  
that observed at slow to intermediate 
spreading centers. The  northern area, 
northeast of 63"10tS, 157"20tW, has an  
axial, dome-type morphology characteris- 
tic of fast soreadine centers. In between, a - 
transition zone extends for 800 km along 
the axis of the PAR. 

In the south, the discontinuities sepa- 
rating the 80-km-long segments are curved 
and resemble overlapping spreading cen- 
ters (OSCs) (Fig. 2). In the transitional 
domain, the ridge morphology alternates 
from a flat axial dome to a shallow axial 
vallev. and most often the across-axis to- , , 
pographic relief is subtle. A large propa- 
gating rift (PR) is present near 167"20'W, 
63'48's (Fig. 3) and a second, smaller one 
near 63"15'S, 165"101W. Both PRs appear 
to have initiated at the Heirtzler FZ. By 
extrapolating the pseudofault traces up to 
this FZ, we estimate that the large PR 
formed about 2.5 million years ago (Ma),  
and the younger one about 0.8 Ma. In the 
northern domain, an  axial dome is Dresent 
at an  average depth of 2300 m: How- 
ever, a rifted high region (near 57"S, for 
instance) that evolves into an axial 
graben (south of the 58'20's OSC, for 
instance) appears in some places. The  
ridge axis is offset by three right-lateral 
transform faults (TFs): the Le GCographe 
TF  near 62"101S, the L'Astronome TF  
near 59"3OrS, and the Saint-Exupgry 
TF  near 57"30rS (7). The  ridge axis is also 
interrupted by four left-lateral nontrans- 
form offsets, three OSCs near 62"3OrS, 
60°20'S, and 58"201S, respectively, and 
one deviation of axial linearity near 
57"101S. Near 61°10'S, a nontransform 
offset can be inferred from satellite altim- 
etry, but it was not covered during our 
cruise. 

The  variation in spreading rate con- 
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trols the present-day axial morphology sitional section between typical axial val- mmlyear. However, although the spread- 
along the PAR: above a threshold spread- ley and axial high morphologies presently ing rate increases steadily from south to 
ing rate, the axial morphology changes extends from 64"30fS to 62"301S, and north, both types of axial morphologies 
from a valley to a high (5, 8). The tran- from the full spreading rates of 54 to 64 alternate in the transitional section, sug- 

gesting that parameters other than just the 

Fig. 1. Shaded relief image (north illumination) of shipboard bathymetry superimposed on satellite change at chron 3a (5.9 Ma) and two 
gravity data (4). White lines indicate the R/V L'Atalante track. The data along the Pitman FZ were minor changes after chron 2a (2.58 Ma) 
acquired in 1992 with R/V Maurice Ewing (10). PAC, Pacific plate; ANT, Antarctic plate. and chron 1 (0.78 Ma) that are superim- 

Fig. 2. Synthetic structural 
map of the area. Off-axis 
structures in areas without 
shipboard coverage are in- 
ferred from satellite gravity 
data (4). Sections of the PAR 
with an axial graben are in 
light blue; sections with an 
axial high are in red; those 
sectionswheretheaxial mor- 
phology is less pronounced 
are in green. The major char- 
acteristic types of axial dis- 
continuities are detailed on 
insets. (A) Grabenfgraben 
OSC structure (for example, 
near 64"43'S, 172'1 5'W); 
(B) self decapitation struc- 
ture (77) (for example, near 
64"5'S, 168O45'W); (C) WFZs 
with bent "overshot ridges" 
(15) and an extensional basin 
within theTF (for example, near 
62"30fS, 156O23'W); (D) 
dome/dome OSC structure 
like those found at the East Pa- 
cific Rise (1 7). Light green off- 
axis lines indicate isochrons 
2a, 3a, 5a, 6c, and 130, com- 
puted after (10). The along-axis 
plot on the right is expressed 
versus distance in kilometers 
from the Euler pole of rotation of the Pacific and Antarctic plates (there is no exact dinates above). The left plot indicates axial bathymetry and location of rock samples 
correspondence between distances in kilometers and the geographical map coor- (red dots). The right represents variations of the Nb/Zr ratio (9). 
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Fig. 3. Shaded relief image (southwest illumination) of sea floor bathymetry. tion of magnetic isochrons la, 2a, and 3a. The left figure shows the area of 
The color scale (in meters) is the same as in Fig. 1. Color isolines in the the 167"201W and 165"101W PRs, and the right one, the tip of the large 
background are satellite gravity 5-mGal isocontours. .Dots indicate the loca- V-shaped structure. 

posed on a gradual clockwise rotation over 
the last 12 My. These changes in spread- 
ing direction and rate have played a key 
role in shaping the axial morphology and 
the geometry of the plate boundary. 

Indeed, the PRs along the PAR near 
167"20fW and 165"10fW are likely to 
result from the latter changes in spreading 
direction, respectively at chrons 1 and 2a. 
Several mechanisms have been proposed 
to explain the existence of PRs along ridg- 
es: propagation due to lateral mantle flow 
away from hot spots ( I  1 ), propagation of a 
ridge as a crack down a topographic slope 
(12), or the development of PRs to allow 
for a ridge reorientation (13). However, 
the nearest hot spot is very far away from 
this section of the PAR, and the crack 

model does not apply to the 167"W PR as 
straightforwardly as to other PRs such as 
the Galhpagos and the Easter PRs (12). 
Because the age of inception of the PRs 
corresponds to that of the last two rota- 
tions of the spreading direction, we favor 
the third hypothesis. 

The three 60-km offset TFs in the north- 
em part of our study area are all character- 
ized by one or two deep, rhomboidal basins 
with a main direction of 120°N, indicating 
recent (<3 Ma) extensional tectonics (14). 
On the ends of each basin, the axial crest of 
the PAR bends inward and becomes sub- 
parallel to the transform zone, wrapping 
over it about 20 km. In addition, the fossil 
traces of these wrapped FZs (WFZs) are 
shifted by about 10 km. Following Lonsdale 

(15), we infer that the special shape of the 
WFZs and the shift between the fossil traces 
may be attributed to extension resulting 
from the change in the Pacific-Antarctic 
plate motion that occurred shortly after 
chron 2a. 

In the northem part of our survey area 
(between 61"s and 62"40fS), satellite grav- 
ity data indicate the presence of a FZ, 
named Le Petit Prince FZ (7), which does 
not appear on crust younger than about 4.5 
to 5 Ma (Fig. 3, right). As the Le Petit 
Prince FZ is interrupted, a complex struc- 
ture is observed in the bathymetry data in 
crust 3 to 4 My old, near 62"30fS, 152"W 
(16). This structure represents the fossil 
trace of a giant OSC, which formed just 
after the Le Petit Prince TF disappeared in 

Fig. 4. Sketch describing how clockwise rotations of the spreading direction 
induced morphological reorganizations along the axis of the PAR south of the 
Udintsev FZ. Before chron 3a, twoTFs are present: for instance, Le Petit Prince 
and Saint-Exup6ry FZs, the first with a small offset (<50 km), and the second 
with a large offset (>I50 km). At chron 3a, the spreading center rotates 
clockwise, resulting in an extensional zone in the transform zone and in an 
offset in the fossil traces of the FZ. Between chron 3aand 2a, the northern and 
the southem branches of the spreading centers "overshoot" (15) the basin of 

the small offset transform. The FZ becomes a WFZ or a giant OSC, depending 
on the initial offset of the transform and on the amount of rotation. In the large 
offset TF, the extensional zone is too large to be covered by the "overshot 
ridges," and the FZ evolves according to one of the three models described in 
(15). In the present case, the TF is split in two parts. At chron 2A, a second 
rotation decreases the distance between the two branches of the spreading 
center and permits their linkage in the north. In the south, the small offset of the 
newly formed FZ permits an evolution into a WFZ or into a giant OSC. 
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response to the change in plate motion that 
occurred after chron 3a (Fig. 4). 

The Le GCographe and L'Astronome TFs 
survived the changes in plate motion and 
apparently only evolved into WFZs, proba- 
bly because the initial offset was too large to 
allow the transition from FZ to GOSC. In- 
stead, they may have followed one of the 
alternative models described in (1 5) .  O n  the 
other hand, the traces of two FZs (respec- 
tively named FZ A and Antipodes FZ) are 
interrupted at the boundary of the large V, 
south of the Udintsev FZ. A t  their intersec- 
tion with the ridge axis, OSCs are present, 
respectively, near 60'1 llS, 152"15'W and 
near 58"23'S, 148"401W. The transitions 
from TFs to OSCs occurred between chrons 
6c and 5d for FZ A, and between chrons 4a 
and 3a for Antipodes FZ, coincidentally with 
changes in plate motions. 

The  proximity of the Euler poles of ro- 
tation of the Pacific and the Antarctic 
plates and the fact that the spreading rate is 
close to the threshold value over most of 
the ridge length amplify the effects of the 
changes in plate motions. The increase in 
spreading rate and the clockwise change in 
the direction of the Pacific-Antarctic rela- 
tive motion since 6 Ma have had three 
main consequences: (i) the axial morphol- 
ogy has changed from a rift valley to an  
axial high, (ii) rift propagation was trig- 
gered, and (iii) axial geometry has been 
rearranged, with the linkage of ridge seg- 
ments and transitions from FZs to OSCs. 
Extrapolation of shipboard data interpreta- 
tions suggests that this scheme has persisted 
over the last 30 to 35 My and explains most 
of the large V-shaped structure. This V, 
which initiated south of the Udintsev FZ 
shortly after chron 130 (33.5 Ma), results 
from a change in axial morphology that 
propagated southward. Its boundaries are 
the fossil traces of pseudofaults related to 
ancient PRs (such as on the Antarctic plate 
near 59"201S, 132"W, near 6 1 5 ,  141°W, 
and near 61°30'S, 146"201W), or the fossil 
traces left on the sea floor by numerous 
transitions from FZ to giant OSC. 
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Inner Core Rotation Rate from Small-Scale 
Heterogeneity and Time-Varying Travel Times 

Kenneth C. Creager 

The time it takes seismic waves to propagate from South Atlantic earthquakes through 
the inner core to station COL in Alaska has decreased systematically over the past 30 
years. Travel times from three earthquakes in 1991 to an array of 37 seismometers in 
Alaska suggest that lateral gradients in seismic wavespeeds are steep in this part of the 
inner core. This combination of observations can be explained by postulating that the 
inner core is rotating 0.2" to 0.3" per year faster than the mantle. 

Numerical  modeling of fluid flow in 
Earth's outer core has produced realistic 
models for the geodynamo that generates 
Earth's magnetic field (1-4). Rotation of 
the inner core should be coupled by mag- 
netic Lorentz forces to fluid flow near the 
base of the outer core which, in some cal- 
culations, is consistently faster than the 
rotation rate of the mantle (2,  3) and in 
others fluctuates between faster and slower 
(4). Systematic variations in the travel 
times of seismic waves through the inner 
core during the past 30 years have led some 
seismologists to conclude that the inner 
core is rotating faster than the mantle by 1" 
per year (5) to 3" per year (6). O n  the other 
hand, gravitational coupling between small 
aspherical variations in the topography of 
the inner core and in the density structure 
of the mantle are thought to prevent differ- 
ential rotation between the inner core and 

mantle unless the inner core can deform its 
large-scale shape on time scales of years. T o  
reconcile these fast differential rotation 
rates with gravitational coupling seems to 
require that the viscosity of the inner core is 
less than 3 X 1016 Pass (7, 8). 

The ~ r ima rv  evidence that the inner 
core is rotating at a different rate than the 
mantle comes from careful observations by 
Song and Richards (5) of differential travel- 
time residuals between the phases PIBc and 
PI,,. The PIDF (or PKPDF) ray goes through 
the solid inner core, while the PIBC ray 
traverses nearly the same path throughout 
the mantle, but turns near the base of the 
fluid outer core. As a result, the difference 
in travel times for these two rays is sensitive 
to the structure of the inner core but is 
much less sensitive to structure in the crust 
and mantle. Song and Richards found that 

D 

the differential time residuals observed at 

Geophysics Program, Box 351 650, University of Wash- 
station COL in Alaska from earthquakes 
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