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The motions between the Somalian, Antarctic, and Australian plates-the three plates 
believed to meet at the Rodrigues triple junction in the lndian Ocean-are inconsistent 
with the assumption that all three plates are rigid. The discrepancy is best explained if 
the Australian plate contains two component plates. Thus, the traditionally defined 
Indo-Australian plate consists of three component plates and multiple diffuse plate 
boundaries. The pattern of present deformation indicates that the boundaries between 
the three component plates are two unconnected zones accommodating divergence and 
a larger zone, which we interpret as three diffuse convergent plate boundaries and a 
diffuse triple junction. 

T h e  plate tectonic idealization of rigid 
plates and narrow plate boundaries is incon- 
sistent with seismicity and data recording 
the motion of the Indo-Australian plate 
(Fig. 1A). The first indications of an incon- 
sistency of plate motion data with a single 
rigid Indo-Australian plate were the diffi- 
culties in simultaneously fitting data along 
the three mid-ocean ridge (MOR) systems 
that meet at the Rodrigues triple junction 
(RTJ): (i) the Southwest Indian Ridge 
(SWIR), (ii) the Southeast Indian ~ i d g e  
(SEIR), and (iii) the Central Indian Ridge 
(CIR) and its northwestern continuation, 
the Carlsberg Ridge (1-3). Moreover, many 
earthauakes of mamitude 6 or 7 have oc- ., 
curred this century near the Ninetyeast 
Ridge (90ER) and give a rate of seismic 
moment release comparable to that along 
the San Andreas fault in California (4). 
These results suggest a plate motion model 
in which the Indo-Australian plate is treat- 
ed as two distinct plates separated by a 
possibly wide boundary that mainly follows 
the 90ER and continues southwest from the 
southern termination of the 90ER to inter- 
sect the SEIR near 80°E (1 ). where anom- 
alous off-ridge, normal-fa;ltiAg earthquakes 
occur (5). This two- late model fit the 

diffuse boundary (7) [or, strictly speaking, 
two disjoint diffuse boundaries that can be 
joined by an E-W-striking great circle (8)] 
(Fig. 1B). Plate motion data fit this model 
significantly better than they fit a model 
with a north-south (N-S)-striking bound- 
ary (3, 7-1 2). This model has been used to 
predict the average sense, orientation, and 
magnitude of the integral of deformation or 
deformation rate across the equatorial dif- 

fuse boundary since 3 million years ago 
(Ma) (8) and since 11 Ma (12). The main 
predictions are that the Indian plate is di- 
verging from the Australian plate west of 
the pole of rotation (5"S, 74"E) and is 
converging with the Australian plate east of 
the pole of rotation. Hence, approximately 
N-S stretching (1 3) is predicted across the 
deformation zone west of the pole of rota- 
tion, as is independently observed from 
earthquake mechanisms, and approximately 
N-S shortening is predicted across the de- 
formation zone east of the pole of rotation, 
as is observed across the Central Indian 
Basin from -77" to -86"E from earthquake 
mechanisms (14) and E-W-striking thrust 
faults observed along seismic reflection pro- 
files (1 5-1 7). North-south shortening in 
the Central Indian Basin is also indicated 
by the presence of E-W-striking undula- 
tions in topography having peak-to-trough 
amplitudes of -1 km and wavelengths of 
100 to 300 km (1 6, 17). These undulations 
are associated with 30- to 80-milliGalileo 
(1 mgal = m s - ~ )  peak-to-trough 
free-air gravity anomalies (1 6, 18), which 
occur east of about 74"E, that is, from a 
little east of the Chagos trough to -86OE, 
where there is a fracture zone with an ap- 
parently large offset (19) (Fig. 2). 

Although the predictions agree with the 
deformation observed west of -86"E in the 

Fig. 1. (A) Traditional Indo-Austra- 
lian plate boundaries with locations 
of earthquakes of magnitude m, > 
5.5 shown by small d i d  circles. 
RTJ: Rodrigues triple junction; CR: 
Carlsberg Ridge; CIR: Central Indi- 
an Ridge; SWIR: Southwest lndian 
Ridge; SEIR: Southeast lndian 
Ridge; 90ER: Ninetyeast Ridge; 
CIB: Central lndian Basin; WB: 
Wharton Basin; and PH: Philippine 
Sea plate. (B) Plate boundary as 
proposed in (8). (C) New plate ge- 
ometry proposed here. CAP: newly 
recognized Capricorn plate; AUS: 
redefined Australian plate. Stipples 
denote d i s e  boundaries accom- 
modating horizontal divergence, 
whereas hatched areas denote di- . . 

Indian Ocean plate motion data significant- 60.E 90"E 120~E 1 5 0 ' ~  180' fuse boundaries accommodating 
ly better than a single-plate model, but the 30.N 

horizontal convergence. 

data were still fit much worse than along 
other plate boundaries (I ). 

That anomalous off-ridge earthquakes 
occur near the CIR between about the 0' 
equator and 10°S (6) suggests an alternative 
model in which the Indo-Australian plate 
comprises two plates and an intervening 
east-west (E-W)-striking near-equatorial 30's 
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Central Indian Basin, they are inconsistent 
with the deformation observed elsewhere in 
the diffuse plate boundary and in the sup- 
posedly rigid Australian plate. In particular, 
the model fails to explain the following: (i) 
why there is NW-SE stretching adjacent to 
the SEIR near 80°E (5), (ii) why the direc- 
tion of shortening rotates from N-S west of 
-86"E to NW-SE east of -86", (iii) why 
NW-SE shortening continues so far south 
along and southwest across the 90ER, (iv) 
why there are NE-SW-trending undula- 
tions in the gravity field in the Wharton 
Basin, which presumably indicate NW-SE 
shortening (20, 21), and (v) why extinct 
fracture zones in the Wharton Basin are 
reactivated by N-S left-lateral strike-slip 
motion (22). Here we propose a revised 
plate geometry (Fig. 1C) and set of angular 
velocities that are consistent with these 
observations. 

Plate reconstructions. We investigate 
these problems through a detailed analysis 
of the location of the old end of anomaly 5, 
which is observed over 11-million-year-old 
sea floor flanking the SEIR and SWIR. We 
build on earlier studies of anomaly 5 flank- 
ing the CIR (1 2), SWIR, and SEIR (3, 23). 
We estimate the location of a crossing of 
anomaly 5 flanking the SEIR or SWIR on 
many profiles from digital data that were 
previously unavailable to us (24, 25) (Fig. 
3, A and B). 

We first tested the consistency with clo- 
sure of the motions since chron 5 (11 Ma) 
of the three plates that meet at the RTJ 
assuming the plate geometry of Fig. 1B (26, 
27). The resulting value of the statistic Ar is 
39.9 (26), which has a probability of occur- 
ring by chance of 1 part in 10' if the three 
plates are rigid (28). 

There is little evidence for deformation 
of the Antarctic plate, except for a few 
clustered off-ridge earthquakes between the 
Kerguelen Plateau and the SEIR. These 
earthquakes, which have a modest moment 
release about 1/16 of that of off-ridge events 
located nearby on the Australian side of the 
SEIR, can be attributed to the release of 
thermal and bending stresses associated 
with a residual depth anomaly between the 
Kerguelen Plateau and the SEIR (5). 

We calculated in the Somalian reference 
frame the rotation needed to close the gap 
in magnetic-anomaly crossings if the gap is 
due to a rotation between hypothetical dis- 
tinct parts of Somalia separated by a bound- 
ary intersecting the RTJ, which gives a 
rotation of 0.52" 2 0.27" (29) about a pole 
located at 29.8"S, 86.0°E. The sense of the 
rotation going forward in time is not diver- 
gence but convergence, if the hypothetical 
boundary follows the East Africa Rift Val- 
ley. Although we cannot exclude the pos- 
sibility of deformation of Somalia, the hy- 

pothesis that such deformation is causing 
the observed misfit is excludable. 

This exclusion leads to the hypothesis of 
deformation of the Australian plate, for 
which there is independent evidence, in 
particular the SSW-striking zone of NW-SE 
shortening that crosses the 90ER and the 
zone of NW-SE stretching next to the SEIR 
(Fig. 2). The calculated rotation between 
hypothetical NW and SE Australian plates 
with a boundary that intersects the RTJ is 
0.52" + 0.27" about a pole at 25.8"S, 
90.0°E. The sense of rotation indicates 
NW-SE convergence north and NNE of the 

pole and NW-SE divergence SW of the 
 ole. 

To carry the analysis further, we segre- 
gated the magnetic-anomaly and fracture- 
zone crossings flanking the SEIR into three 
groups: (i) crossings NW of the portion of 
the SEIR adjacent to the zone of off-ridge 
earthquakes, which are assumed to record 
motion between the Antarctic plate and 
the newly recognized Capricorn plate (Fig. 
lC), (ii) crossings flanking the portion of 
the SEIR adjacent to the zone of off-ridge 
earthquakes, and (iii) crossings flanking the 
portion of the SEIR southeast of the zone of 

Fig. 2 Tectonic map of the Indian Ocean showing focal mechanisms for earthquakes with moments > 
3 x 1 023 dynean [black-filled mechanisms are Harvard CMT solutions; gray-filled mechanisms are from 
(5, 46)] and a bandpass filtered (150- to 300-km wavelength) version of the gravity grid of (19). The 
dashed lines show the edges of the tectonic boundaries discussed in this paper. An en Bchelon array of 
ridges, which lie southwest of the 90ER (inside the rectangle), may be volcanic in origin and may have 
accommodated some of the divergence between the Capricorn and Australian plates (Fig. 1 C). 
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off-ridge earthquakes, which are assumed to 
record motion between the Antarctic plate 
and a redefined Australian plate (Fig. 1C). 
This plate geometry is consistent with clo- 
sure of the Antarctic-Somalian-Capricorn 
plate circuit (Fig. 4, B and C), with Ar = 
5.0, which has a probability of being ex- 
ceeded by chance of 17% if the three plates 
are rigid (30). When the resulting Capri- 
corn-Antarctic rotation is applied to the 
redefined Australian plate, there is a gap of 
-40 km in magnetic anomaly crossings 
south of Australia (Fig. 4A). Thus, the non- 
closure about the RTJ must be caused by 
deformation that intersects the SEIR east of 
about 75OE. 

We obtained a direct test of the rigiditv " ,  
of the Australian plate by using data only 
along the SEIR and omitting the second 
group of crossings described above. The fit 
to the plate motion data were compared for 
two cases: (i) the first and third groups of 

crossings were assumed to record the mo- 
tion of a single Australian plate relative to 
the Antarctic plate, and (ii) the first group 
was assumed to record the motion of the 
Capricorn plate relative to the Antarctic 
plate, and the third group, the motion of 
the east Australian plate relative to the 
Antarctic plate. The comparison gave Ar = 
21.0, which has a probability of occurring 
by chance of if there is a single rigid 
Australian plate (Fig. 1B) (31 ). Thus, we 
conclude that the motion between the Cap- 
ricorn and Australian plates is also statisti- 
cally significant from only data along the 
SEIR (32). When the Capricorn-Antarctic 
rotation estimated only from data along the 
Capricorn-Antarctic boundary is applied to 
the redefined Australian plate, there is 
a gap of -140 km in magnetic-anomaly 
crossings south of Australia (Fig. 4A). 

Comvarison with Dresent deforma- 
tion. If one assumes the existence of dis- 

tinct Capricorn and Australian plates, 
their pole of relative rotation can be esti- 
mated from the present pattern of defor- 
mation. The pole must lie to the NE of the 
zone of NW-SE stretching and to the SW 
of the zone of NW-SE shortening, which 
tightly limits its position to near that 
shown in Fig. 1C; positions slightly to the 
NW or ESE of where it is shown in Fig. 1C 
are also consistent with the pattern of 
deformation. 

The plate reconstructions indicate a ro- 
tation of 0.78 5 0.30" about 29.1°S, 90.3OE 
(Fig. 5) (33). The confidence region of the 
pole from plate reconstructions includes the 
region inferred from the deformation pat- 
tern, indicating the consistency of the plate 
reconstructions with the observed current 
pattern of deformation. The confidence 
limits from plate reconstructions is large, 
however. 

The plate reconstructions indicate that 
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since 11 Ma, a point now at 17OS, 10SOE on 
the Australian plate has moved 27.0 km 
approximately along N4S0W relative to an 
arbitrarily fixed Capricorn plate. The plate 
reconstructions indicate wnvergence of 
23 ? 26 km since 11 Ma between the 
Capricorn plate (10.3"S, 83.S0E) and the 
Australian plate (17"S, 10SOE), correspond- 
ing to a rate of 2.1 ? 2.4 mdyear, which is 
not only much slower than the global me- 
dian rate of convergence at trenches (-70 
&year) but is also less than the slowest 
(-20 &year) rate of trench convergence 
(34). This convergence, although slow, may 
have produced large earthquakes and large- 
scale folding of the lithosphere, as suggested 
by the undulations in gravity, which strike 
NE and occur both east and west of 90ER 
(Fig. 2). The reconstructions also indicate 

divergence of 13 ? 24 km since 11 Ma 
between the Capricorn plate (26"S, 74"E) 
and the Australian plate (41°S, WOE), cor- 
responding to a rate of 1.2 ? 2.2 mdyear, 
which is not only much slower than the 
global median rate of spreading at MORs 
(-40 mm/year) but is also less than the 
slowest (-10 mdyear) rate of sea-floor 
spreading (35). 

The plate reconstructions therefore sug- 
gest a unified kinematic explanation for the 
existence of the southwestern zone of NW- 
SE stretching, the existence of the north- 
eastern zone of NW-SE shortening, the 
cause of the change in direction of shorten- 
ing from N-S west of -86"E in the equato- 
rial zone of deformation to NWSE east of 
-86' in the equatorial zone, and the exis- 
tence of NW-SE shortening south and 

Fig. 4. (A) Crossings flanking the Southeast In- 
dian Ridge south of Australia (Fig. 34; the Ant- 513 
arctic plate (sdid symbols) was held fixed, and 
data from the redefined Australian plate (open 
symbols) were rotated about a pole describing 52's their relative motion since chron 5 (1 1 Ma). Four 
diierent rotations are com~ared: lo~en circles) 
the Australia-Antarctic best-fitting idtation; (dia: 
monds) the Ca~ricom-Antarctic rotation wedict- 53's 

ed from summing the best-Wing ~a~ricbm-SO- 
malia and Somalia-Antarctic rotations; (tdangles) 
the Capricorn-Antarctic rotation predicted by 54's 
the Capricorn-Somalia-Antarctic three-plate so- 
lution consistent with closure; and (squares) the 
best-Wing Capricorn-Antarctic rotation. Ellipses 
show 95% uncertainty regions of representative 
reconstructed points. Kilometer scale is correct 32'005 
at 53"s. (B) Crossings flanking part of the north- 
eastern Southwest lndian Ridge (Fig. 38); the 
Antarctic plate (solid symbols) was held fixed, 
and data from the Somalian plate (open sym- 
bols) were rotated about a pole describing their 32'3(YS 
relative motion since chron 5 (11 Ma). Three 
different rotations are compared: (open circles) 
the Somalia-Antarctic best-ftttirw rotation: 
(squares) the Somalia-Antarctic rota7ion predict- I . . .  I 
ed from closure, as if the Capricom and Austra- goo'E 57'3M 58'OM 58'3M 

southwest of the 90ER. These chanees are - 
herein viewed as a consequence of the rel- 
ative rotations of the Indian, Capricorn, 
and Australian plates. The pole of rotation 
between the Indian and Capricorn plates 
has small confidence limits and lies in the 
narrow region between the western zone of 
N-S stretching and the eastern zone of N-S 
shortening (Fig. 5). The stretching portions 
of both diffuse plate boundaries intersect a 
MOR, and the stretching direction in both 
cases is nearly parallel with the overall 
strike of the combined MOR and transform 
fault geometry. The Indii-Capricorn and 

, 

lian plates formed a single plate (that is, sum- 
ming the Somalia-Capricom and Australia- 
Antarctic rotations); and (triangles) the Somalia- 
Antarctic rotation predicted by the Capricom- mm. 
Somalia-Antarctic three-plate solution. Ellipses 
show 95% uncertainty regions of representative 
reconstructed points. Kilometer scale is correct 
at 32"s. (C) Crossings flanking part of the north- 
westem Southeast Indian Ridge (Fig. 3A); the 
Antarctic plate (sdid symbols) was held fixed, 
and data from the Capricom plate (open sym- 2T3(rS. 
bols) were rotated about a pole describing their 
relative motion since chron 5 (1 1 Ma). Four dii- 
ferent rotations are compared: (open circles) the 
Capricorn-Antarctic best-fitting rotation; (dia- 
monds) the Capricorn-Antarctic rotation predict- 
ed from summing the best-fitting Capricorn-So- 28'00s - 

Capricorn-Australia zones of shortening 
merge and are terminated by an overriding 
plate at a subduction zone. These charac- 
teristics, .having a pole of rotation lying 

malia and Somalia-Antarctic rotations; (triangles) WOOF [LBWE 

& 
w m  

the Capricorn-Antarctic rotation predicted by 
the Capricorn-Somalia-Antarctic three-plate solution; and (squares) the Australia-Antarctic best- 
fitting rotation. Ellipses show 95% uncertainty regions of representative reconsmed points. Kilo- 
meter scale is correct at 28"s. 
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between a zone of stretching next to a 
MOR system and a zone of shortening next 

Fig. 5. W& deformation zones (outlined by 
dashedlines)betweentheIndian,Capricom,and 
Australian plates. zones accommodati conver- 
gence are hatched; zones accommodating diver- 
gence are stippled. The three component plates, 
the Indian plate, Caplicom plate, and Australian 
plate, are labeled; 'C-I" is the Capricorn-India 
boundary; %-A," the Capricorn-Austdia bound- 
ary; 'I-A," the India-Australia boundary; and 
'DTJ,' the d i i  triple junction where the three 
boundaries meet. Poles of relative rotation and 
assodated 95% confidence limits determined 
from plate reconstruction data are also shown. 
The confidence regions for the Capncom-India 
and Capricorn-Australia poles of rotation deter- 
mined from plate reconstruction data include the 
poles of rotation inferred from present defma- 
tion (solid circles in Fg. 1C). Amount of motion 
(and onedimensional 95% confidence limits) 
since 11 Ma are given along some baselines 
across the d i i  boundaries; negative values in- 
dicate convergence and positive values indicate 
d i m .  
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to a subducting slab, are shared with the " 

diffuse plate boundary between the North 
and South American plates in the equato- 
rial Atlantic (36). None of these deforma- 
tion zones seem related to preexisting zones 
of weakness, suggesting that they are simply 
located where the deviatoric stresses due to 
externally imposed tectonic forces were the 
greatest. 

Averaged over the past 11 million years, 
the rate of rotation between the Indian and 
Capricorn plates is 0.24 i- 0.02" per million 
years, whereas that between the Capricorn 
and Australian plates is 0.07 i- 0.03" per 
million years. That the rotation rate about 
the Capricorn-Australian pole is slower 
than that about the India-Capricorn pole 
helps to explain why the confidence region 
for the former is larger than that for the 
latter, and why it has taken longer to re- 
solve the motion between the Capricorn 
and Australian olates than that between 
the Indian and Capricorn plates. 

The average motion between the Capri- 
corn and Antarctic plates may have been 
slower since 3 Ma than since 11 Ma. An  
obvious change in strike of the fracture 
zones flanking the SEIR indicates a change - - 
toward more eastward motion of Australia 
relative to Antarctica at -4 Ma: thus, a 
recent slowing or other change in motion is 
possible and may explain why DeMets et al. 
(8, 9) were unable to resolve motion be- 
tween the Capricorn and Australian plates. 
On  the other hand, the pattern of deforma- 
tion indicated by the earthquakes suggests 
that the present motion remains similar in 
direction to the average over the past 11 
million years. Given that the average mis- 
fits in rate of only -4 to 5 mrnlyear south of 
Australia and 1 to 2 mmIyear near the RTJ 
are within the uncertainties assumed by 
DeMets et al. (8,  37), the motion since 3 
Ma may simply have been too small to 
resolve. 

Figure 5 shows the location of the two 
zones of horizontal stretching and the com- - 
posite zone of horizontal shortening. We 
infer that the zone of shortening consists of " 

four regions: (i) that between the Indian 
and Capricorn plates, (ii) that between the 
Australian and Capricorn plates, (iii) that 
arguably between the Indian and Australian 
plates (38), and (iv) a triangular-shaped 
triple junction where these three zones 
meet. The shortening direction in each por- 
tion of the composite zone of shortening 
agrees with this interpretation. There is 
N-S shortening in most of the India- 
Capricorn zone with NW-SE shortening in 
what we interpret as the northernmost 
 ort ti on of this zone. There is NW-SE short- 
ening in the Capricorn-Australian zone. 
The oattern is more variable in the wide 
zone between the Indian and Australian 

plates but is mainly NW-SE shortening. 
It is believed that mountain ranges can 

occur onlv in the continents because of the 
differences in rheology and buoyancy be- 
tween continental and oceanic crust and 
lithosphere (39). We think that these be- 
liefs require modification. Horizontal short- 
ening and vertical thickening must be oc- 
curring where the Indian, Capricorn, and 
Australian plates converge. Insofar as the 
-100- to 300-km wavelength undulations 
in gravity reflect undulations in the topog- 
raphy, this region would probably be de- 
scribed as a fold and thrust mountain ranee. a ,  

albeit of modest amplitude, if it existed on a 
continent. According to long-standing con- 
cepts of plate tectonics, convergence of oce- 
anic lithosphere is accommodated by the 
thrusting of one oceanic tectonic plate be- 
neath another. That a fold and thrust 
mountain range may instead have formed 
indicates that the contrasts in strength and " 

buoyancy profiles of oceanic and continen- 
tal lithosphere is an incomplete explana- 
tion for the difference in their response to 
convergence and suggests that convergence 
rate may also be an important factor. 

The earthauake mechanisms indicate 
that the divergence between the Capricorn 
and Australian plates along the SEIR is 
mainly taken up by normal faulting, with 
the stretching direction being nearly paral- 
lel to the strike of the SEIR. The 13 2 24 
km of divergence in 11 million years is 
apparently accommodated by widely dis- 
tributed thinning of the crust and litho- 
sphere by normal faulting and may be partly 
accommodated by the filling of cracks in 
the lithosphere by magma. Between about 
29"S, 87"E and 36OS, 80°E is an en echelon 
set of NE- to ENE-striking ridges that are 
individually oblique to the fracture zone 
topography (region enclosed in a rectangle 
on Fig. 2). We are unaware of any sampling 
of these ridges, almost none of which appear 
on the GEBCO bathymetric charts (40), 
but their images on the satellite-derived " 
gravity grid suggest that they are volcanic 
edifices. Two normal-faulting earthquakes 
of magnitude (mb) 5.9 and 5.4 have oc- 
curred along this en echelon line of ridges 
(Fig. 2). We speculate that at least some of 
the divergence between the Capricorn and 
Australian plates is accommodated by the 
formation of these volcanic ridges. 

This behavior differs from that in the 
western portion of the zone of N-S stretch- 
ing between the Indian and Capricorn 
plates, where the deformation appears to be 
taken up mainly by right-lateral strike-slip 
faulting along NE-striking fracture zones. 
The pattern of deformation there implies 
that the crustal or lithospheric blocks be- 
tween the fracture zones must be rotating " 
counterclockwise as part of the deformation 

needed to accommodate N-S divergence 
(8, 12). 

Implications for the plate tectonic ap- 
proximation. In our view, the central tenet 
of  late tectonics is that  late interiors can 
be usefully approximated as being rigid. In 
that sense, our model is consistent with 
plate tectonics as long as the Indian, Cap- 
ricorn, and Australian components, and not 
the Indo-Australian composite, are each 
considered to be a plate. The key assump- 
tion of traditional plate tectonics (41) that 
requires modification is that all oceanic 
plate boundaries are narrow (7). Because 
the rates of divergence and convergence 
accommodated across these diffuse olate 
boundaries are slow relative to those across 
ti~oical narrow boundaries and because the 

> A  

component plates are mechanically coupled 
more strongly than are plates divided by 
typical narrow boundaries, it makes sense to 
regard the Indo-Australian "plate" as a 
higher level plate tectonic unit, which we 
refer to as a comoosite ulate. Other com- 
posite plates under this scheme of classifi- 
cation include the American olate, with . , 

North and South American plate compo- 
nents, and the African ulate, with Nubian & .  

and Somalian plate components. 
Because our model requires more plates, 

more adjustable parameters are needed to 
describe the motion of the plates, which is 
less elegant but more realistic than tradi- 
tional plate tectonics. Moreover, plate tec- 
tonics across diffuse boundaries is less ore- 
dictive than plate tectonics across narrow 
boundaries (42) . 

The area of deformation related to the 
composite plate boundary, which exceeds 
the size of several plates, may be even larger 
than we show in Fie. 5. which would further 

' 2 ,  

reduce the area of rigid or nearly rigid 
plates. Many earthquakes with magni- 
tudes > 5.5 occur outside the area that we 
indicate as being a plate boundary zone. 
Prominent examples include the magnitude 
6.3 thrust earthquake in the interior of the 
Indian subcontinent (29 September 1993), 
six events in the northern Bav of Beneal, " .  
the northeasternmost three of which appear 
to align on what may be a major strike-slip 
fault, and many earthquakes within the 
Australian continent. 

The consistency of the plate reconstruc- 
tions suggests little deformation within at 
least some portions of the Indian, Somalian, 
Capricorn, and Australian plates, however. 
First, the consistency of the Capricorn, So- 
malian, and Antarctic plates with plate cir- 
cuit closure since chron 5 suggests that little 
deformation occurs within their interiors, or 
at least those portions of the interiors near 
the MORs meeting at the RTJ. Second, the 
consistency of the Indian, Somalian, and 
Arabian plates with plate circuit closure 
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since anomaly 2A similarly suggests that 
little deformation occurs within their inte- 
riors, or at least those portions of the inte- 
riors near the Carlsberg Ridge, Sheba 
Ridge, and Owen fracture zone (8). Third, 
the fit to  marine magnetic-anomaly and 
fracture-zone data from the Indian plate 
with that from the Somalian plate along the 
Carlsberg Ridge north of -7"s leaves little 
room for deformation of the portion of the 
Indian plate near the Carlsberg Ridge (12).  
Fourth, the fit of marine magnetic-anomaly 
and fracture-zone data between the Capri- 
corn and Somalian plates along the CIR 
south of -1 1°S leaves little room for defor- 
mation of the Capricorn plate near the CIR 
(12) .  Fifth, geodetic data from very long 
baseline interferometry (VLBI) places up- 
per limits on deformation within a portion 
of the Australian plate. A conservative er- 
ror budget for the geodetic data indicates 
that the geodesic distance between the tele- 
scope sites at Tidbinbilla and Hobart, the 
two sites on Australia, is decreasing at an 
insignificant rate of 1.3 ? 3.8 mm/year 
(9596 confidence limits) across a distance of 
830 kin (43). This value places an upper 
bound of 5.1 mm/year on convergence be- 
tween the two sites. 

Perhaps a more useful but less rigorous 
limit on deformation comes from examina- 
tion of the total divergence and conver- 
gence rates across the diffuse plate bound- 
aries. The high level of near-ridge seismicity 
and consistency of the focal mechanisms for 
the zone of stretching flanking the SEIR is 
unusual (5). The zones of nearly ridge-par- 
allel stretching flanking the CIR and SEIR 
(Figs. 2 and 5)  are alone in the world's 
oceans in having significant seismicity 
showing a consistent sense of distributed 
stretching. The inferred average divergence 
rate between the Capricorn and Australian 
plates along the SEIR is 1.3 + 2.2 mm/year 
(Fig. 5). We  speculate that any near-ridge 
deformation elsewhere with less seismicity 
is diverging at a rate lower than the implied 
upper bound of 3.5 mm/year across the 
boundary between the Capricorn and Aus- 
tralian plates. A similar argument applies to 
the region of shortening between the Cap- 
ricorn and Australian plates. In the north- 
easternmost  ort ti on of the Ca~ricorn-Aus- 
tralia convergent plate boundary, the con- 
vergence rate is 2.4 ? 2.4 mm/year and 
decreases to the southeast to  0.5 ? 1.9 
mmlyear near 25"S, 85OE. We  speculate 
that any diffuse oceanic convergence else- 
where with less seismicitv is occurring at a 
rate lower than the upper bound i f  4,8 
mm/year. Given that the motion across 
these zones of deformation marked by un- 
usual seismicity is so slow, it seems likely 
that intraolate motion due to the back- 
ground level of intraplate deformation in 

the oceans is even lower, a few inilliineters 
per year, unless the record of seismicity for a 
given region is unrepresentative of the 
longer term deformation. The upper bound 
on the integral of in t ra~la te  continental " 
deformation rate from geodetic data from 
VLBI, which is 2 mmlvear for the nine , , 
best-dbserved sites in the North American 
and western European interiors (43 ) ,  gives a 
similar small upper bound on intraplate 
motion. 
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Royer and Chang's (3) set of magnet~c-anomaly 
crossngs fiank~ng the SEIR. As in (3), we excdde 
data east of -1 40"E to avod the southeast corner of 
the Austral~an plate, whch has been hypothesized to 
be deformng In response to convergence w~ th  the 
Pacfc  plate (9, 45). 

25. The iocaton of each crossng of a fractdre zone IS 

determned from sateite-derved gravty data. Along 
the CiR, the ocat ons are crossngs along ndvddai  
processed profies and are den tca  to those used by 
(12). Along the other two MOR systems, the cross- 
ngs  are Interpreted from a grdded gravity map (79). 
The center of the fractdre zone IS assumed to he at 
the center of the gravity trodgh for ail fractdre zones 
flank~ng the SWiR and CiR, which are spreading 
slowly and presdmabiy resemble the morphology of 
the better stddied fracture zones aiong the slowly 
spreadng Md-Atlantic Rdge, The sgnature of frac- 
ture zones fiank~ng the SEiR IS more complex. Royer 
and Sandwei (45) estimated the iocatons of frac- 
ture-zone crossngs assdming that the maxlmum 
slope in the calculated gravity (that IS ,  rodghiy m d -  
way between an adjacent gravlty peak and trough) 
lies over the center of the fracture zone, as IS expect- 
ed at a fas:-spreadng MOR sdch as the East Pacifc 
Rse. The gravty g rd  from deciassfed Geosat data 
(19) Indicates that the signature of fractdre zones 
fankng the SEiR varies considerably from fracture 
zone to fractdre zone. Some zones appear highly 
antsymmetric with respect to the SEiR w th  a frac- 
ture-zone trough on one sde  of the MOR correiatng 
w ~ t h  a fracture-zone rldge on the other sde;  t hs  
indicates that the maximum slope between fracture- 
zone r~dge and trough on one side of the MOR 
should be correlated with that on the other. Other 
fracture zones, however, resemble those aiong 
slowly spreading MORs, w t h  a fracture-zone trodgh 
on one side of the MOR correiatng w~ th  a trough on 
:heo:her sde. We selected for anayss three frac:ure 
zones south of Australia resembng those on slowly 
spreading rdges (Fg. 3A). Also needed were sets of 
fractdre-zone crossings along the westernmost 
SEIR, which lacks clear, straight fracture zones that 
are cont ndods between anomaly 5 and the SEIR. 
For this regon, we correlated the midpont between 
fractdre-zone r~dge and trough on one s~de  of the 
MOR w ~ t h  the mdpoint on the other sde  of the MOR 
for three fractdre zones that clearly offset anomaly 5 
by about 30. 50, and 70 km from the westernmost to 
the easternmost fractdre zone, respectveiy (Fg. 3A). 
We Investigated the self-consstency of the interpre- 
taton of fracture-zone crossngs and the resutng 
reconstructons by examnng the dstance between 
the nearest magnet~c-anomaly crosslng to a given 
fractdre zone and the dstance of the same crossng 
when reconstrdc:ed across the MOR from what was 
Interpreted as the correatve feature. The Interpreted 
crossngs are consistent with odr best-fittng rota- 
tons. The self-consstency was fulher nvestgated 

a y  5 IS dent f~ed along a ship-board magnetc pro fe  
or aeromagnetic proflie, wh~ch come f ro~n  many 
sources. To avoid the loss of resoldtion Inherent n 
dgt izng analog records, especially from pdbished 
fgures, vie used digltal data whenever available. The 
magnet~c-anomaly crossings fiank~ng the CiR are 
taken from (IZ), except for the southernmost cross- 
n g  of anomaly 5 on the indo-Australan s~de  of the 
MOR, whch we now believe e s  over sea floor cre- 
ated at the SEiR (Fig. 3A). The magnetic-anomaly 
crossngs flanking the SWiR (Fig. 38) have been re- 
determned and incorporate many dnavaiabie to (3). 

by matchlng up conjugate wandering offsets iyng 
lust NW of a fractdre zone that intersects the SEiR 
near 32:S, 77'E (Fig. 3A). The three offsets match dp 
w ~ t h n  -10 km, consstent w t h  odr interpretaton. 
The best-f~ttng rotatons and their dncertantes were 
fodnd w~ th  the dse of the methods of Chang [(3); T. 
Chang, J. Am. Stat. Assoc. 83, 11 78 (1 988)l. whch 
dse the Heliinger f~ t t ng  cr~terion is. J. Heiinger, J. 
Geophys. Res. 86. 9312 :1981)]. These methods 
allow us to estmate the dispersion of :he data or 
sdbsets of the data, They proddce a statistcr, which 
,s expected to be ch-square d~stributed w~ th  v de- 
grees of freedom: r IS the sdm-squared normalized 
m ~ s f ~ t  of the magnetic-anomaly and fracture-zone 
crossings to the best-f~ttng model. The degrees of 
freedom v eqdais N - 3m - 2n, where N is the 
number of magnet~c-anomaly and fractdre-zone 
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crossings, m IS the ndmber of independent ro:atlons 
to be estmated, and n is the ndmber of da:a seg- 
ments used. A data segment can consst of three or 
more fractdre-zone crossngs that sample the sane 
fracture zone: at least one crossng mds: come from 
each sde of a MOR. A data segnent can also con- 
sst of three or more magnet c-anomaly crossngs 
:hat sample the same MOR segment between frac- 
tdre zones or a subse: of a r~dge segment f the 
segment IS long: at least one crossng mdst come 
from each sde of the present MOR. in the inverson 
proceddre, a grea: c r c e  IS fit to each data segment 
and requres two adjustable parameters. The precl- 
son  parameter i IS the ratlo of 1, t o r .  If a subse: of 
crossngs are nput to the rotation parameter-f~ttng 
prograln each w~:h a nomnai error of u,~,,, then the 
precison parameter can be dsed to estmate the 
standard devaton of the crossngs as U,~,,:K' 12, YJe 
typ caiy dse u,,,, = 10 km. We use the es:mated 
standard dev~atons as an aid n formda:ng error 
budgets for the data. To test for the cons stency w t h  
ciate-c rcdl: ciosure of plate moton data aiong three 
pate bodndares neetng at a t V p e  ]unc:on, we 
:yccay use the f o  owing ch-square test. We est-  
ma:e a stat~s:~c Ar, wh~ch s :he d~fference n r 
between a model n whch ciosure IS enforced abou: 
thethree-piateclrcdt and a model ~n which cosdre IS 

dnenforced. In the latter case, r = r ,  - r, - r,, where 
each r s:her for a best-fitting rotation, as descr bed 
above. Three is the ndmber of Independent rota- 
tons estmated (:hat IS, m)  Thds, r is expected :o 
be chi-square d1strbu:ed w~ th  :hree degrees of 
freedom. 

27. Uncertanties n the da:a were manly assgned from 
pre minar j  estmates of :he standard deviaton of 
sdbsets of data. Error assgnments for crossngs 
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sgned the largest unce lantes  :1u error of 5.2 km). 
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SWiR were assgned a 'u error of 4 km, whereas 
fractdre-zone crossngs aiong the SWiR were as- 
sgned a 1 u  error of 5 km. The dspers on of the data 
ndcates that :he dncelainties should be 30 to 40% 
smaller, bu: we are redctant to shrnk the assgned 
errors fblher Along the SEiR, fract~re-zone cross- 
ngs were assgned a l o  error of 6 km. West of 
-78'E alo?g the SER, where we reexam ned :he 
magnetc-anomaly profes in d e t a  and where the 
dsperson s ow ,  we assgned a 1 u error of 4 km to 
the magne:c-anomaly crossngs. The d sperson of 
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