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Intraplate Deformation and Closure of the
Australia-Antarctica-Africa Plate Circuit

CHARLES DEMETS,! RICHARD G. GORDON, AND DONALD F. ARGUS
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To determine the current motion between the Australian, Antarctic, and African plates, and to
test whether this plate circuit obeys closure, all plate motion data available along the Southeast,
Southwest, and Central Indian ridges are analyzed and reduced to 67 spreading rates, 38 transform
fault azimuths, and 135 earthquake slip vectors. Carlsberg Ridge data were excluded because they
record India-Africa, not Australia-Africa motion. New data include 10 new transform azimuths along
the Southwest Indian Ridge, many slip vectors, and a dense acromagnetic survey along the Southeast
Indian Ridge. All published and many unpublished magnetic profiles are modeled to determine rates
consistently over a 3-m.y. time-averaging interval for three reasons: (1) magnetic profiles from the
Southeast and Central Indian ridges suggest recent spreading rate changes, (2) some published rates
differ for identical profiles, and (3) prior studies have not used identical criteria and time scales to
determine spreading rates. The new rates differ from published rates by as much as 5 mm/yr.
Transform fault azimuths are estimated from bathymetry, Seasat altimetric data, epicenter distribu-
tions, and offsets of magnetic lireations. Azimuths of plate motion are also estimated from the hor-
izontal projections of slip vectors from the centroid-moment tensor solutions and other focal mechan-
ism studies. Our new Australia-Antarctica and Australia-Africa Euler vectors differ from all prior
Euler vectors at the 95% confidence level. Along the Southeast and Central Indian ridges, our model
gives rates differing by 4-7 mm/yr from those of prior models. From a systematic analysis of the
plate motion data, we find no evidence for a Nubia-Somalia-Antarctica triple junction along the
Southwest Indian Ridge. We also find no evidence for a triple junction previously proposed to be at
~80°E along the Southeast Indian Ridge; any deformation within this seismically active region of the
Australian plate adds up to less than a few millimeters per year. Along each boundary, data are fit
well by a single Euler vector, except for a ~5° systematic misfit to azimuthal data along the eastern
Southeast Indian Ridge, near a seismically active region of the Australian plate south of Tasmania.
Although seismicity and the azimuthal misfit suggest the Australian plate is deforming measurably,
possibly by distributed deformation or by the westward motion of a small microplate southeast of
Tasmania, the significance of the misfit is marginal and is small enough that systematic errors may
cause it. These alternative explanations could be distinguished by surveying these transform faults
with modern seafloor mapping techniques. Prior studies found that enforcing plate circuit closure
causes systematic misfits to rates along the Southeast Indian Ridge. Here we find that enforcing clo-
sure causes no systematic misfits to any data. Moreover, only insignificant nonclosure is found by an
Feratio test, which numerical experiments suggest could detect deformation exceeding ~2 mm/yr.
We conclude that Indian Ocean plate circuit nonclosure and the deformation it suggests are much
smaller than thought before. The absence of significant nonclosure argues against the usefulness of a
model of deformation distributed throughout an Indo-Australian plate, but favors a model in which
the significant deformation occurs in a diffuse plate boundary along the equatorial Indian Ocean
between the Central Indian Ridge and the Sumatra Trench.

INTRODUCTION near Ninetyeast and Chagos-Laccadive ridges (Figure 1a)
[Gutenberg and Richter, 1954; Sykes, 1970; Stein and Okal,
1978; Wiens and Stein, 1984; Bergman et al., 1984; Berg-
man and Solomon, 1985; Wiens, 1986].

Plate motion data provide indirect evidence for defor-
mation. In a study of global plate motions, Minster and
Jordan [1978] found that the plate motion data along the
three boundaries that meet at the Indian Ocean Triple
Junction are inconsistent with plate circuit closure. They
attributed the nonclosure to intraplate deformation or a
diffuse plate boundary that includes the Ninetyeast Ridge
and possibly extends southward or southwestward to inter-

Deforming lithosphere in the Indian Ocean 1s often
cited as the type example of oceanic ‘‘intraplate” deforma-
tion. Many data suggest that near-equatorial lithosphere
extending from the Central Indian Ridge to the Ninetyeast
Ridge, and possibly extending farther eastward, is deform-
ing at a rate summing to as much as 20 mm/yr. Evidence
includes reverse faulting and undulations of the basement
shown by reflection seismic profiling [Eittreim and Ewing,
1972; Weissel et al., 1980; Geller et al., 1983], lineated
gravity and geoid anomalies that accompany the basement

undulations [MCAdOO and Sendwell, 1985, Zuber, 1987, sect the Southeast Indian Ridge. Using a new statistical
heat-flow anomalies [Geller et al., 1983|, and large earth- by e pimmarin heth lat tion data iustif

. . . g whether plate motion data justify an

quakes (seven with magnitudes exceeding 7) along and additional plate boundary, Stein and Gordon [1984] found

that both Minster and Jordan’s [1978] and Chase’s [1978]

data were fit significantly better if the Indo-Australian

INow at Naval Research Laboratory, Washington, D. C. plate was divided into separate Indian and Australian

plates by a boundary that intersects the Southeast Indian

Ridge at ~80°E, near a zone of near-ridge seismicity stu-
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Fig. 1. (a) Indian Ocean location map with shallow (<50 km) seismicity from 1963 to 1985 (taken from the Earth-
quake Data File of the NGDC) and large historic events in the equatorial Indian Ocean. Large open circles show
earthquakes with magnitudes exceeding 7.0, medium open circles show earthquakes with magnitudes between 5.5 and
7.0, and small black dots show earthquakes with magnitudes less than 5.5. Abbreviations: CIR, Central Indian
Ridge; SEIR, Southeast Indian Ridge; SWIR, Southwest Indian Ridge; IOTJ, Indian Ocean Triple Junction; OFZ,
Owen fracture zone; JST, Java-Sumatra Trench; CH, Chagos-Laccadive Ridge; and CR, Carlsberg Ridge. (b) Loca-
tions of plate motion data (Table 1). Squares show locations of seafloor spreading rates, circles show locations of
transform fault azimuths, and triangles show locations of slip vector azimuths. Stars show locations of magnitude 7
or greater earthquakes, including historic events. Equal area projection.

tion, however, Tapscott et al. [1980] concluded that the
plate circuit closes.

Since the publication of prior tests for Indian Ocean
plate circuit closure, many new Indian Ocean plate motion
data have accumulated (Figure 1b). These new data
include 57 magnetic profiles across the Southeast Indian
Ridge [Vogt et al., 1983] (Figure 1a, Table 1), the azimuths
of 22 transform faults, and 107 new focal mechanisms from
the Harvard centroid-moment tensor (CMT) solutions
[Dziewonski and Woodhouse, 1983; Dziewonski et al.,
19834, b, 19844,b,c, 19854,b,¢,d, 19864a,b, ¢,
19874a,b,c,d,¢,f,9;, Dziewonski et al., 1988a,b,c,d] and three
specialized studies [Wald and Wallace, 1986; Okal and
Stein, 1987, D. Woods, personal communication, 1985].

Here we present a study of the current (0-3 Ma)
motions of the Australian, Antarctic, and African plates.
The goal of our study is to estimate how much these
plates deform, place limits on the deformation, and inves-
tigate whether the data justify additional plate boun-
daries. The accurate data, well distributed along each
plate boundary, strongly constrain the individual Euler
vectors and allow useful tests for plate circuit closure and
plate rigidity.

To catalog spreading rates as accurately as possible,
we have evaluated all (~140) Indian Ocean magnetic
profiles available to us, and reduced them to 67 rates well
distributed along the three plate boundaries. Moreover,
we have obtained digital data from the National Geophysi-
cal Data Center (NGDC) for the critical profiles near the
triple junctions and all profiles available along the Central

time-

and Southeast Indian ridges. We took this
consuming approach for three reasons: (1) to resolve
discrepancies between rates published by different workers
for identical profiles, (2) to minimize systematic errors
caused by different criteria used to determine the ‘‘best”
rate for a profile, and (3) to ensure that all rates are aver-
aged over the same interval and referred to the same time
scale, which here is the time scale of Harland et al. [1982].
Recent studies have shown that rates have varied by as
much as 30% since 10 Ma [Vogt et al., 1983]. Moreover,
differences as large as 5.5% between recent and earlier
time scales can cause errors of several millimeters per year
along fast spreading centers such as the Southeast Indian
Ridge.

Our main result is the absence of measurable nonclo-
sure of the Australia-Antarctica-Africa plate circuit, except
for possible deformation near the southeastern corner of
the Australian plate. We attribute the satisfactory plate
circult closure to the new, accurate data we use and to the
revised plate geometry we adopted. The consistency with
plate circuit closure weakens the case for a model with
significant deformation distributed throughout an Indo-
Australian plate, and favors models that treat a distinct
Australian plate as rigid or nearly rigid.

INDIAN OCEAN PLATE GEOMETRY

Nearly all prior studies, starting with Wilson [1965],
adopted an Indo-Australian plate containing both India
and Australia; the Indo-Australian plate separates from
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TABLE 1. Australia-Antarctica-Africa Plate Motion Data

Latitude Longitude Datum ¢  Model Data Ridge Reference
°N *E Importance  Azimuth

Africa-Antarctica: Spreading Rates

-54.70 0.00 14 3 14.7 0.088 n45w NGDC Chain 115 leg 3

-53.90 3.50 14 3 14.8 0.086 n45w NGDC Chain 115 leg 3

-54.00 4.00 14 4 14.8 0.048 n45w NGDC Chain 115 leg 3

-52.20 14.50 16 3 151 0.085 n55w  Norton [1976)

-44.70 36.20 15 4 15.8 0.047 n75w Bergh and Norton [1976]

-44.50 37.00 16 4 158 0.047 n75w Bergh and Norton [1976]

-44.20 38.50 16 3 158 0.084 n75w Bergh and Norton [1976]

-44.20 38.80 16 3 15.8 0.084 n75w Bergh and Norton [1976]

-43.30 39.50 16 3 15.8 0.084 n75w Schlich and Patriat [1971}

-40.00 45.60 18 4 15.7 0.047 n9ow Fisher and Sclater [1983]

-38.80 47.30 16 4 15.9 0.048 n80w Schlich and Patriat [1971]

-26.20 68.50 16 4 15.1 0.052 n9ow Tapscott et al. [1980]
Africa-Antarctica: Transform Azimuths

-54.30 1.80 n44e 5 n46e 0.144 Sclater et al. [1976(1,]

-54.30 6.00 n40e 5  n42e 0.125 Sclater et al. [1978]

-53.50 9.00 n39e 5 n39e 0.109 Sclater et al. [1978|

-52.20 14.00 n36e 5  n34e 0.086 Norton [1976]

-53.00 25.50 n27e 15 n24e 0.007 Seasat, This study

-51.00 29.00 n25e 8 n2le 0.021 Seasat, This study

-48.00 32.00 nl9e 15 nl8e 0.005 Seasat, This study

-45.50 35.20 nlse 3  nlbe 0.108 Fisher and Sclater [1983]

-44.30 38.20 nl6e 10 nl3e 0.009 Bergh and Norton [1976]

-43.80 39.30 nl3e 5 nl2e 0.038 Fisher and Sclater [1983]

-42.00 42.60 n08e 4  nlOe 0.060 Fisher and Sclater [1983]

-39.40 46.20 n08&e 3 n07e 0.121 Fisher and Sclater [1983

-36.70 52.30 n04e 4  nO4e 0.083 Fisher and Sclater [1983]

-35.70 53.30 n06e 5 n03e 0.057 Fisher and Sclater {1983

-35.10 54.10 n07e 7 n03e 0.030 Fisher and Sclater 1983]

-33.00 57.00 n02e 3 nOle 0.195 Sclater et al. [1981]

-31.70 58.40 n02e 5 n0le 0.078 Sclater et al. [1981‘

-30.00 60.80 n04w 5  nOOw 0.089 Sclater et al. {1981

Africa-Antarctica: Slip Vectors

-54.85 0.89 nSle 15 n47e 0.017 CMT Dziewonski et al. [1987d

-54.76 1.42 n50e 20 n47e 0.009 CMT Dziewonski et al. [1984c¢

-54.60 1.70 n47e 10 n46e 0.037 Forsyth [1975]

-54.48 2.07 n44e 15 n46e 0.016 CMT Dziewonski et al. [1987¢

-54.37 5.82 n34e 15 n42e 0.014 CMT Dziewonskt et al. [1987¢

-54.40 5.90 n40e 10 n42e 0.031 CMT Dziewonski et al. [1987¢

-53.90 8.70 n47e 10  n39% 0.028 Norton [1976]

-53.20 9.94 n37e 20 n38e 0.006 CMT Dziewonski et al. [1987a

-52.98 10.08 n36e 15 n38e 0.011 CMT Dziewonskt et al. [1987a

-53.35 26.10 n23e 10  n24e 0.017 Wald and Wallace [1986)

-52.92 26.26 n20e 10 n23e 0.016 Wald and Wallace (1986

-52.48 27.99 n24e 10 n22e 0.015 Wald and Wallace [1986

-52.08 28.02 n20e 10 n22e 0.015 CMT Dziewonski et al. (19844

-51.87 28.07 nl8e 10  n22e 0.015 CMT Dziewonski et al. (19874

-51.84 28.23 n20e 10  n22e 0.015 Wald and Wallace [1986]

-51.89 28.93 n20e 15 n2le 0.006 CMT PDE (Aug. 1983)

-50.90 29.10 n26e 15 n2le 0.006 Norton [1976]

-48.43 31.38 n24e 15 nl% 0.005 CMT Dziewonski et al. [1987f]

-48.20 31.76 nl2e 25  nl8e 0.002 CMT Dziewonski et al. (19854

-47.67 32.54 nl7e 15 nl8e 0.005 OMT Dziewonski et al. [1987¢|

-47.13 32.49 nlse 20 nl& 0.003 CMT Dziewonski et al. [1987¢|

-45.60 34.10 nl7e 15  nl6e 0.004 Norton [1976]

-45.44 34.98 n10e 10  nlSe 0.010 Wald and Wallace [1986]

-45.54 35.13 nl8e 15  nlbe 0.004 Wald and Wallace [1986)

-44.90 35.70 n25e 15 nlse 0.004 Norton [1976]
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TABLE 1. (Continued)

Latitude Longitude Datum o  Model Data Ridge Reference

‘N ‘E Importance  Azimuth
-43.70 39.50 n08e 10 nl2e 0.009 CMT Dziewonski et al. [19854]
-43.43 40.78 n03e 10 nlle 0.009 Wald and Wallace [1986)
-42.96 41.96 n09e 15  nlOe 0.004 CMT Dziewonski et al. [1987/]
-38.90 46.20 nlde 15 n07e 0.005 Norton [1976]
-39.09 46.24 n05e 20 n07e 0.003 CMT Dziewonsk: et al. [1987¢g
-36.20 52.50 n05e 20 n03e 0.003 CMT Dziewonskt et al. [1987y¢
-36.44 52.85 n02e 15 n03e 0.006 CMT PDE (May 1984)
-35.69 53.41 n04e 15 n03e 0.006 CMT Dziewonski et al. [1986¢
-35.63 53.50 n05e 15 n03e 0.006 CMT Dziewonski et al. [1986¢
-34.77 54.13 n03e 15 n03e 0.007 CMT Dziewonsk: et al. [1986¢
-32.00 57.11 n05w 25 nOle 0.003 CMT Dziewonskt et al. [1987b
-32.64 57.48 n06e 25 n0le 0.003 CMT Dziewonskt et al. [1988¢
-29.85 60.73 n05e 15 n0OOw 0.010 CMT Dziewonski and Woodhouse [1983]
-29.94 60.82 n05e 15  n0Ow 0.010 CMT Dziewonski et al. [19830]

Australia-Africa: Spreading Rates

-12.00 66.00 37 4 356 0.046 n35w Fisher et al. [1971]
-12.37 66.51 39 5 36.2 0.029 n35w NGDC Chain 99 leg 5
-12.78 66.40 36 6 36.5 0.020 n35w NGDC Circe 6
-15.52 67.00 37 10 39.4 0.007 n35w NGDC Conrad 14 leg 12
-16.00 66.00 38 4 392 0.042 n30w Fisher et al. [1971]
-18.93 65.87 42 3 42.0 0.068 n30w NGDC Antipodes 5
-19.50 66.00 41 3 425 0.067 n30w Fisher et al. [1971]
-19.58 68.76 46 8 44.0 0.009 n30w NGDC Vema 29 leg 3
-20.30 66.50 44 4 435 0.037 n30w McKenzie and Sclater [1971]
-21.39 68.65 45 3 45.5 0.062 n30w NGDC Vema 18 leg 11
-21.57 69.00 45 4 45.8 0.035 n30w NGDC Dodo 8
-21.95 67.96 47 3 45.6 0.062 n30w NGDC Vema 20 leg 9
-23.82 69.66 51 4 480 0.033 n30w NGDC Indomed leg 6
-24.43 69.63 51 5 48.5 0.021 n30w NGDC Indomed leg 6
-24.50 69.84 50 3 48.6 0.058 n30w NGDC Indomed leg 6
-24.77 69.80 50 4 489 0.032 n30w NGDC Indomed leg 6
-24.94 69.88 50 3 49.0 0.057 n30w NGDC Monsoon 4a
Australia-Africa: Transform Azimuths

-5.50 68.50 n45e 5  n44e 0.095 Fisher et al. [1971]

-9.00 67.30 n52e 3  nble 0.224 Engel and Fisher [1975]
-13.50 66.50 n57e 3  nb57e 0.182 Engel and Fisher [1975)
-16.00 66.50 n60e 5  n59% 0.059 Fisher et al. [1971]
-17.40 66.20 n62e 3  nble 0.154 Engel and Fisher [1975)
-20.00 67.00 n60e 10  nb6le 0.012 Fisher et al. [1971]
-22.50 69.00 n6se 15  n60e 0.005 Fisher et al. [1971]

Australia-Africa: Slip Vectors

-8.94 67.67 n40e 20 n50e 0.005 CMT Dziewonski and Woodhouse [1983]
-9.32 67.18 n48e 15  n52e 0.009 CMT Dziewonski and Woodhouse [1983]
-12.11 65.40 n52e 15  nb58e 0.008 CMT Dziewonski et al. [1985¢]
-13.61 65.90 n55¢ 20  nb8e 0.004 CMT Dziewonski and Woodhouse [1983]
-13.68 66.29 n65e 15 n58e 0.007 D. Woods (personal communication, 1985)
-14.04 65.93 nb54e 15 n59%e 0.007 CMT Dziewonski et al. [1985a
-16.58 66.77 n57e 15 n59e 0.006 CMT Dziewonskt et al. [1986¢
-17.20 66.79 n56e 15 n60e 0.006 CMT Dziewonski et al. [1988a
-17.21 66.67 n58e 15 n60e 0.006 CMT Dziewonski et al. [1988b
-17.55 66.04 n57e 20 nble 0.003 CMT Dziewonski et al. [1987¢g
-17.97 65.36 n58e 20 n63e 0.003 CMT Dziewonsk: et al. [1988a
-18.07 65.62 n57e 15 n62e 0.006 CMT Dziewonski et al. [1985h
-19.86 66.43 n66e 15 n62e 0.006 CMT Dziewonsk: et al. (19875
-20.43 67.92 n65e 20 n60e 0.003 CMT Dziewonski et al. [1984a
-23.01 69.26 n54e 25 n60e 0.002 CMT Dziewonski et al. [1987e
-23.01 69.17 n48e 25 n60e 0.002 CMT Dziewonsk: et al. 19866
-23.04 69.07 n6le 25 n60e 0.002 CMT Dziewonski et al. (19865
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TABLE 1. (Continued)

Latitude Longitude Datum o Model Data Ridge Reference
N ‘E Importance  Azimuth

Australia-Antarctica: Spreading Rates

-25.81 70.23 56 3 58.0 0.066 n45w NGDC Indomed leg 6

-26.17 71.57 57 3 58.9 0.064 n45w NGDC Indomed leg 6

-26.37 71.96 58 3 59.3 0.063 n45w NGDC Indomed leg 6

-26.67 72.07 59 3 59.5 0.062 n45w NGDC Indomed leg 6

-27.70 72.70 63 4 60.4 0.034 n45w NGDC Dodo 8

-28.00 74.00 60 10 61.2 0.005 n45w Sclater et al. [19760]

-28.00 74.20 61 4 61.3 0.033 n45w NGDC Vema 29-03

-29.50 75.20 60 6 62.6 0.014 n45w NGDC DSDP leg 26

-31.30 75.90 63 5 638 0.019 n45w Schlich [1982]

-32.20 77.10 63 5 647 0.018 n45w Schlich [1982]

-34.80 78.60 65 5 66.5 0.017 n4s5w Schlich [1982]

-36.00 78.80 67 5 671 0017 n45w  Schiich [1982]

-40.90 78.80 69 5 690 0.015 n4sw  Schlich [1982]

-41.30 81.30 70 7 69.8 0.008 n50w NGDC Conrad 11-05

-42.40 90.00 73 5 72.3 0014 n55w McKenzie and Sclater [1971]

-42.40 90.10 72 7 72.4 0.007 ns55w NGDC Eltanin 49

-43.50 92.60 74 10 73.1 0.003 n55w NGDC Eltanin 47

-44.00 93.80 73 10 73.4 0.003 ns5o5w NGDC Conrad 8-02

-46.90 96.40 71 5 74.2 0.013 n60w NGDC Eltanin 54

-49.80 110.20 73 5 75.5 0.014 n70w NGDC Eltanin 49

-50.10 111.80 74 5 75.5 0.015 n70w NGDC DSDP leg 28

-50.00 114.00 75 6 75.5 0.011 n70w Weissel and Hayes [1972]

-49.80 118.70 76 2 75.1 0.101 n71lw Vogt et al. [1983]

-49.80 121.90 75 3 75.0 0.068 n75w Vogt et al. [1983]

-50.00 125.00 76 3 746 0.049 n8&3w Vogt et al. [1983]

-50.10 128.50 75 2 74.2 0.117 n83w Vogt et al. [1983|

-50.40 131.00 73 2 738 0.123 n83w Vogt et al. [1983]

-50.20 131.80 73 3 73.7 0.055 ngd5w NGDC FEltanin 41A

-50.20 131.90 75 5 73.7 0.020 n85w NGDC Eltanin 35

-50.20 132.10 73 4 73.6 0.031 n85w NGDC Eltanin 41

-50.30 132.50 7 4 73.5 0.031 n85w NGDC Eltanin 41

-50.30 133.90 73 3 73.2 0.057 n85w NGDC Eltanin 39

-50.40 135.00 73 3 73.0 0.059 n85w NGDC Eltanin 34

-52.00 140.00 72 5 71.7 0.023 s85w NGDC Eltanin 36

-54.70 145.00 70 3 70.5 0.067 s80w NGDC Eltanin 34

-62.50 157.80 68 4 67.5 0.040 s60w NGDC Eltanin 27

-62.40 158.10 69 3 67.5 0.071 s60w NGDC Eltanin 37

-62.30 158.60 68 4 67.4 0.040 s60w NGDC Aries 2
Australia-Antarctica: Transform Azimuths

-26.20 71.00 n47e 5  n46e 0.041 Tapscott et al. [1980]

-36.50 79.00 n48e 15  ndde 0.004 McKenzie and Sclater [1971]

-39.50 78.50 n39e 15  n45e 0.003 McKenzie and Sclater [1971]

-41.00 80.50 n42e 15 n44e 0.003 McKenzie and Sclater [1971]

-43.00 84.50 n34e 15  ndle 0.003 McKenzie and Sclater (1971

-46.00 96.00 n29e 15  n32e 0.003 McKenzie and Sclater [1971]

-49.60 120.50 nl6e 4 nlde 0.039 Vogt et al. [1983]

-49.30 121.50 nl7e 6 nl3e 0.017 Vogt et al. [1983]

-49.00 126.10 nl2e 5 nlOe 0.025 Vogt et al. [1983]

-49.30 127.30 nlle 3 n09e 0.070 Vogt et al. [1983]

-52.00 140.00 n06w 10 n0lw 0.007 Seasat, This study

-56.50 147.50 nl3w 8 n09w 0.012 Seasat, This study

-61.50 154.50 n26w 10 nl8w 0.008 Seasat, This study

Australia-Antarctica: Slip Vectors

-36.84 78.17 nSle 15  ndbe 0.004 CMT Dziewonski et al. [1986b)]

-36.65 78.68 n46e 15  nd4de 0.004 CMT Dziewonski et al. [1987g]

-36.20 78.81 n5le 15  n44e 0.004 CMT Dziewonski and Woodhouse [1983]

-37.44 78.19 nb54e 20  nd45e 0.002 CMT Dziewonski et al. [1988]

-38.35 78.05 n43e 15  n4be 0.004 CMT Dziewonski et al. [1986¢]
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TABLE 1. (Continued)

Latitude Longitude Datum ¢  Model Data Ridge Reference
°N ‘E Importance  Azimuth
-38.91 78.08 n38e 15 n4Se 0.004 D. Woods (personal communication, 1985)
-38.85 78.31 n45e 15 n45e 0.004 CMT Dziewonski et al. [1987f]
-38.50 78.70 n37e 15  n45e 0.003 D. Woods (personal communication, 1985)
-38.40 78.93 n4se 15  n45e 0.003 CMT Dziewonski et al. [1987f]
-40.44 78.50 n39%e 10 n46e 0.008 D. Woods (personal communication, 1985)
-41.17 80.49 n30e 10 n4de 0.007 D. Woods (personal communication, 1985)
-41.31 80.52 n49e 10 n44e 0.008 D. Woods (personal communication, 1985)
-41.32 80.51 n49e 15 ndde 0.003 CMT Dziewonski et al. [19884]
-41.63 79.66 n52e 10 n45e 0.008 CMT Dziewonski and Woodhouse [1983]
-41.76 80.07 n6le 10  n45e 0.007 D. Woods (personal communication, 1985)
-42.37 83.97 n25e 25  ndle 0.001 CMT Dziewonski et al. [1987 ]
-41.20 85.47 n43e 20 n40e 0.002 CMT Dziewonski et al. [1987¢
-43.39 91.66 n50e 20  n3b5e 0.002 CMT Dziewonski et al. [1985h
-46.09 95.41 n2le 15  n33e 0.003 CMT Dziewonski et al. [19854]
-45.15 95.80 n59e 25  n32 0.001 CMT Dziewonski et al. (19864
-45.76 96.05 n36e 15  n32e 0.003 CMT Dziewonski et al. [1988¢|
-45.80 96.10 nl7e 10 n32e 0.006 Banghar and Sykes [1969]
-45.56 96.18 n36e 15 n32e 0.003 CMT Dziewonski et al. [1987g]
-45.47 96.29 n28e 10  n32e 0.007 D. Woods (personal communication, 1985)
-47.80 99.27 n3le 15  n30e 0.003 CMT Dziewonski and Woodhouse [1983]
-47.87 99.42 n27e 15  n30e 0.003 CMT Dziewonski et al. [1987d]
-47.35 100.03 n33e 15  n2% 0.003 CMT Dziewonski and Woodhouse [1983]
-47 21 100.04 n35e 20 n29e 0.002 CMT Dziewonskr et al. [1987b
-48.96 121.27 nl5e 20 nl3e 0.002 CMT Dziewonskr et al. [1987b
-49.54 125.96 nl6e 20 nl0e 0.002 CMT Dziewonskt et al. [1988a
-49.65 125.98 n09e 15 nl0e 0.003 CMT Dziewonski et al. |1984b
-49.13 127.27 n09e 25 n09e 0.001 CMT Dziewonski et al. [19884d
-50.95 138.99 n03w 15  n0Ow 0.003 CMT Dziewonski et al. [1987/]
-51.02 139.36 n00e 20 nOlw 0.002 CMT Dziewonsk: et al. [1988a
-51.76 139.60 n06w 20  nOlw 0.002 CMT Dziewonsk: et al. [1983a
-53.80 140.80 n05w 20  n03w 0.002 CMT Dziewonski et al. [1987¢
-54.17 143.80 n06w 15  n05w 0.003 CMT Dziewonski et al. [1984¢
-54.29 143.73 n05w 20  nO5w 0.002 CMT Dziewonski et al. [1987/)
-54.52 144.72 no6w 15 n06w 0.003 CMT Dziewonski et al. [1987d]
-55.20 146.10 nl3w 15  n08w 0.003 Banghar and Sykes [1969]
-55.11 146.15 nl2w 15  n08w 0.003 CMT Dziewonski et al. [1986¢]
-55.30 146.20 n22w 25  n08w 0.001 Banghar and Sykes [1969]
-54.98 146.30 no8w 15 n08w 0.003 CMT Dziewonskt et al. [1986b
-55.29 146.03 nl4w 20 n08w 0.002 CMT Dziewonskt et al. [1988b
-55.53 146 .41 nlow 15 n08w 0.003 CMT Dziewonsk? et al. [1985a
-55.64 146.93 n05w 20  nO9w 0.002 CMT Dziewonski et al. [1988b
-56.32 146.62 nl4w 20  n09w 0.002 CMT Dziewonski et al. [1987e
-55.49 147.06 n09w 15 n09w 0.003 CMT Dziewonskr et al. |1985a
-55.49 147 .42 n38w 25  n09w 0.001 CMT Dziewonskt et al. [1988a
-55.80 147.32 nl2w 20  nO9w 0.002 CMT Dziewonskt et al. [1988a
-55.84 147 .25 nl2w 20  n09w 0.002 CMT Dziewonski et al. [1988a
-56.30 146.93 nl2w 20 n09w 0.002 CMT Dziewonskr et al. |[1986a
-56.57 147.33 n07w 20 n09w 0.002 CMT Dziewonskr et al. [1987¢g
-56.63 147 44 nl3w 15 n09w 0.003 CMT Dziewonskt et al. [1988¢
-56.74 147.53 nil8w 15 n09w 0.003 CMT Dziewonskt et al. [1984c¢
-56.75 147.19 nlsw 15 n09w 0.003 CMT Dziewonskt et al. [19876
-56.83 147 .32 nl2w 20 n09w 0.002 CMT Dziewonski et al. [1987/]
-57.42 147 .62 nl4w 20 nlow 0.002 CMT Dziewonski et al. [1987g]
-57.59 148.08 nllw 15 nlOw 0.003 CMT Scott and Kanamori [1985]
-58.94 149.11 nldw 20 nl2w 0.002 CMT Dziewonskt et al. |[1988a
-59.76 149 .47 nl9w 15 nl2w 0.003 CMT Dziewonskr et al. (19860
-59.78 150.24 nlow 15 nl3w 0.003 CMT Dziewonski and Woodhouse [1983]
-59.63 150.29 nl7w 15 nl3w 0.003 CMT Dziewonskt et al. [1987d]
-60.04 150.59 nl7w 15 nldw 0.003 CMT Dziewonskt et al. [1987d
-60.05 152.98 n2lw 15 nléw 0.004 CMT Dziewonsk? et al. [1987 ¢
-60.16 153.18 n23w 15 nléw 0.004 CMT Dziewonskt et al. [1984c¢
-60.17 154.71 n28w 15 nl7w 0.004 CMT Dziewonsk? et al. [1988b
-60.65 154.37 n22w 15 nl7w 0.004 CMT Dziewonskt et al. [1986a
-61.16 153.87 n21w 20 nl7w 0.002 CMT Dziewonsk? et al. [1988¢
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TABLE 1. (Continued)

Latitude Longitude Datum o Model Data Ridge Reference
°N ‘E Importance  Azimuth

-61.27 154.37 n25w 20 nl8w 0.002 CMT Dziewonskt et al. [1987¢
-61.30 154.78 n24w 20 nl8w 0.002 CMT Dziewonskt et al. |[1987¢
-61.31 154.05 n22w 20 nl7w 0.002 CMT Dziewonskt et al. |1988a
-61.50 154.34 n22w 20 nl8w 0.002 CMT Dziewonskt et al. |1987e
-61.67 154.95 n23w 20 nl8w 0.002 CMT Dziewonski and Woodhouse [1983]
-61.81 154.31 n25w 15 nl8w 0.004 CMT Dziewonsk: et al. [1987b
-61.86 154 81 n30w 15 nl8w 0.004 CMT Dziewonski et al. [1983a
-62.51 155.02 n26w 15 nl9w 0.004 CMT Dziewonskt et al. [1987a
-62.95 155.77 n24w 20 n20w 0.002 CMT Dziewonski et al. [1988d
-63.09 155.72 n23w 15 n20w 0.004 CMT Dziewonskt et al. [1986a

A ‘“‘data importance” is a measure of the information content of a datum, as defined by Minster et al. [1974].
“g” is the standard error assigned to a datum. Rates and their standard errors are listed in millimeters per year.
Azimuths and their standard errors are listed in degrees. All rates were determined by comparison of observed
profiles to synthetic magnetic anomaly profiles that we computed. Rates determined from data we obtained from the
National Geophysical Data Center data are referenced NGDC. Slip vectors referenced as CMT are determined from
centroid-moment tensor solutions.

We will also assume that motion between Nubia (West
Africa) and Somalia (East Africa) can be neglected near
the Southwest Indian Ridge. The slow extension across
the East African Rift system shows that Africa is deform-
ing (Figure 1a). Both geologic and plate motion studies
suggest that rifting between Nubia and Somalia decreases
from north to south until the morphologic trace of the
boundary and most seismicity vanishes. Our approach
here is to use the plate motion data along the Southwest
Indian Ridge to test whether a single-plate model for

the African plate along the Central Indian and Carlsberg
ridges (Figure 2a). Here we focus on an alternative plate
geometry, in which Australia and India are on separate
plates divided by a diffuse boundary in the equatorial
Indian Ocean (Figure 2b) [Wiens et al., 1985]. The Cen-
tral Indian Ridge divides the African plate from the plate
containing Australia, and the Carlsberg Ridge divides the
African plate from the plate containing India. Wiens et
al. [1985] presented seismological and plate motion data
supporting the latter geometry and found that the nonclo-

sure of the plate circuit about the Indian Ocean Triple
Junction was reduced when their new geometry was used,
although significant nonclosure remained. Because this
remanent nonclosure suggests that one or more of the
plates was deforming, it detracts from the usefulness of a
model in which Indian Ocean lithospheric deformation
occurs in a diffuse plate boundary. As will be shown here,
however, our new data are consistent with plate circuit
closure.

g INDO-,
\ AUSTRALIA

>0=-3T>

ANTARCTICA /

a

Africa is acceptable for our analysis. As will be shown, the
plate motion data along the Southwest Indian Ridge are
consistent with no motion between Nubia and Somalia.

METHODS OF ANALYSIS AND
SOURCES OF DATA

Plate motion data are analyzed here on three separate
tiers. At the lowest tier we analyze magnetic, bathy-

AUSTRALIA

ANTARCTICA

b

Fig. 2. (2) Geometry of the Indo-Australian plate. (b) Revised geometry of Wiens et al. (1985]. The Indo-Australian
plate has been divided into Indo-Arabian and Australian plates. These two plates are separated by a (hachured)

diffuse boundary.
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metric, and other profiles to determine spreading rates and
transform fault azimuths, and their associated confidence
limits. We also evaluate slip vectors from focal mechan-
isms determined by others and estimate their associated
confidence limits. At the middle tier we analyze plate
motion data along a single plate boundary, find best fit
Euler vectors, examine the internal consistency of data,
and compare the results with those of prior studies. At
the highest tier we find Euler vectors for three separate
plate boundaries simultaneously, and test whether the
data are consistent with plate circuit closure. Below we
describe the methods of analysis adopted for each tier.

Lowest Tier: Spreading Rates, Transform Azimuths,
and Slip Vectors

We used three types of plate motion data: spreading
rates from marine magnetic profiles, azimuths of transform
faults, and slip vectors derived from earthquake focal
mechanisms. The data include 38 transform fault az-
imuths, 135 earthquake slip vectors, and 67 spreading
rates derived from 93 useful marine magnetic profiles
selected from the ~140 profiles we examined (Table I,
Figure 1b). When assigning an error to each datum, we
tried to be consistent with errors assigned in prior studies.
As was the case in prior studies, the assigned errors prob-
ably are systematically too large.

Spreading rates. For each magnetic profile we used
standard techniques [Schouten and McCamy, 1972] to gen-
erate a series of synthetic magnetic profiles differing by 1
mm/yr in full spreading rate (e.g., Figure 3). The syn-
thetic profile that best fit the observed profile at the center
of the anomaly 2 sequence (2.92-3.15 Ma) gave the rate
we adopted. For the fast spreading Southeast Indian and
Central Indian ridges, all but one profile showed the
characteristic 2” double peak on both sides of the ridge.
Anomaly 2° also appeared on both sides of the ridge for
all Southwest Indian Ridge profiles, but the slow spreading
rate caused the two peaks to merge (Figure 4). Rates are
determined either from the best fit to an individual profile,
or from averaging the best fit rates from several closely
spaced profiles (Table 1).

The errors assigned to spreading rates depended on the
number of profiles averaged to obtain a rate, the reprodu-
cibility of rates when different co-authors examined the
same profile, the subjectively estimated precision with
which we could determine the rate from an individual
profile, and how far the ship track departed from the
ridge-normal direction. The error assigned to an indivi-
dual profile ranged from 3 mm/yr for profiles with a com-
plete, easily identified sequence of anomalies through 27,
to 10 mm/yr for profiles with an incomplete sequence,
tenuous anomaly identifications, or with suspected ridge
jumps. On 75 of the 93 useful magnetic profiles, we could
identify the Central and Jaramillo anomalies, and
anomalies 2 and 27; rates determined from good profiles
were assigned errors of 3 or 4 mm/yr. The narrow 3 to 4
mm/yr range of assigned errors applies to a wide range of
spreading rates (14-76 mm/yr). As spreading rates
increase, so does the resolvability of individual anomalies.
Fast spreading (>60 mm/yr) produces good anomalies
that resolve features produced from seafloor formed during
brief chrons (Figure 3). Slow spreading (~15 mm/yr) typ-
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Fig. 3. Comparison of an observed Eltanin 27 magnetic profile
(dashed curves) from the NGDC to synthetic magnetic anomaly
profiles (solid curves) computed for rates of 67, 68, and 69 mm/yr.
The profile crosses the Southeast Indian Ridge at 158° E (near the
Macquarie Triple Junction). The 3.0-Ma center of the anomaly
2” sequence (marked by arrows) is aligned on the left-hand side of
each profile. The synthetic profile at 69 mm/yr is too fast, and
the synthetic profile at 67 mm/yr is too slow, showing that the 68
mm/yr rate can be determined with a precision of 1 mm/yr. This
profile has already been projected onto a ridge-normal direction.

ically produces poor anomalies with low resolution of the
center of anomaly 2 (Figure 4).

Smaller errors were assigned to five rates determined
from averages of several closely spaced profiles. Closely
spaced profiles allow fracture zones and propagating rifts
to be identified, eliminating two sources of error on iso-
lated profiles. Averaging rates from closely spaced profiles
reduces the error of the mean rate for a group of profiles; a
mean rate from several profiles is thus typically assigned a
smaller error than is a rate from an isolated profile.
Although the formal confidence limits of these averages
were 1 mm/yr or less, we arbitrarily adopted a floor of 2
mm/yr for the smallest error we assigned. Our intent is to
allow for possible systematic errors, which include wrong
correlation of anomalies because of unrecognized fracture
zones or propagating rifts, sloping reversal boundaries, or
limitations of the simple, single-layered, two-dimensional
block model we used to compute synthetic anomalies.

Transform azimuths. Transform fault azimuths were
estimated from bathymetry, Seasat altimetry, alignment of
earthquake epicenters, and offsets of magnetic lineations.
We used several criteria for choosing transforms and cali-
brating their standard errors. We excluded transforms
with offsets less than 30 km because studies of Mid-
Atlantic Ridge transforms show that short-offset
transforms do not parallel plate motions [Searle and
Laughton, 1977; Collette et al., 1979; Rona and Gray, 1980;
Macdonald, 1986; Searle, 1986]. Errors assigned to
transform trends were based on subjective estimates of the
accuracy of the data (Table 1). For azimuths constrained
by bathymetry, the assigned error depended on the
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Fig. 4. Chain 115, leg 3 magnetic anomaly profiles (from the
NGDC) from 0 to 4° E along the Southwest Indian Ridge. The
15-mm/yr synthetic profile best fits the three observed profiles,
but a rate of 18 mm/yr (top) cannot be excluded. Profiles are
shown along track; ridge-normal rates determined by projecting
the rate for each profile onto the ridge-normal trend are 17
mm/yr (top) and 14 mm/yr (bottom).

number of ship track crossings of the transform.
Transforms with only two or three crossings were usually
assigned 10-15° errors; transforms with five or more cross-
ings were assigned errors of 3-5°, depending on the density
and distribution of the ship track crossings, and the linear-
ity of the transform valley. Four otherwise poorly con-
strained transform azimuths were estimated from Seasat
profiles on GEBCO chart overlays [Sandwell, 1984].
Lithospheric age offsets across transforms and fracture
zones produce characteristic signatures in the geoid
[Sandwell, 1984]. On along-track first derivatives of Seasat
altimetric data, the signature depends on the direction of
satellite approach: transforms (or fracture zones)
approached from the older side give a peak, whereas
transforms approached from the younger side give a
trough. We used no tracks crossing near the midpoint of a
transform because the age offset is small. Because fracture
zone trends help locate the endpoints of transforms, we
also determined locations of fracture zone crossings. The
locations from the Seasat data, shown along the flight
tracks, agree well with available bathymetry and with epi-
center locations from the National Geophysical Data
Center’s Earthquake Data File (Figures 5 and 15). Errors
assigned to transform trends determined from Seasat data
were 8° or larger because these data may not resolve small
ridge offsets that could bias the measured trend. For
instance, a short ridge offset near 52°S, 140°E (Figure 15)
is not apparent from Seasat data or the distribution of epi-
centers, but is seen in bathymetric and magnetic data.
Four transform trends were determined from offset mag-
netic lineations observed on closely spaced aeromagnetic
profiles [Vogt et al., 1983]; their errors were determined
from the locations of the profiles.

Slip vectors. Slip vectors were used from CMT solu-
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tions [e.g., Dziewonski et al., 19834,6] and from many
other sources (Table 1). We avoided slip vectors from
earthquakes near ridge-transform intersections. We used
earthquakes with moments as low as 10%® dyn cm. The 15°
error assigned to many (68 of 135) slip vectors is intended
to reflect both instrumental and experimental errors, and
equals the largest error assigned to transform azimuths.
Slip vectors determined from focal mechanisms with poor
first- motion data or moments less than 10%® dyn cm were
assigned higher errors, 20° and 25° Twelve slip vectors
determined from both first-motion and body wave model-
ing were assigned 10° errors.

Middle Tier: Euler Vectors and Consistency of Data
from a Single Plate Boundary

We determine best fitting Euler vectors with a weight-
ed least squares algorithm based on Chase’s [1972] fitting
functions. The functions are linear in rate but nonlinear
in azimuths and slip vectors. We linearize the fitting func-
tions about a trial solution and solve for parameter incre-
ments iteratively until the solution converges. Chase’s for-
mulation for rates fits the projection of the surface veloci-
ty vector onto the horizontal ridge-normal direction; thus
observed rates must be ridge-normal. This differs from
Minster and Jordan’s [1978] analysis where observed rates
are measured parallel to an assumed direction of relative
motion. Here, neither approach offers an important ad-
vantage over the other, except that our program based on

50°S

55°S

Fig. 5. Data limiting the trend of the Andrew Bain transform
fault, a 480 km offset of the Southwest Indian Ridge. The along-
track deflections of the vertical for ascending Seasat altimeter
passes [Sandwell, 1984] are used to locate the fracture zone and
transform fault. Small crosses mark the fracture zone (dashed
line) or transform fault (solid line) identifications projected onto
the track lines. Transform valley 4500- and 5000-m depth con-
tours from Falconer and Tharp [1981] are shaded. The locations
of the ridge segments are unconstrained by bathymetric data but
are inferred from transform fault offsets and earthquake epi-
centers.




11,886

Chase’s formulation runs 6 to 8 times faster than our pro-
gram based on Minster and Jordan’s formulation.

Euler vector confidence limits are determined by linear
propagation of errors. To compare the standard error
confidence ellipse determined by Minster and Jordan [1978]
to those we give here, Minster and Jordan’s errors must be
multiplied by 22 because they describe one-dimensional
standard errors, whereas here we give standard errors
appropriate for two dimensions (cf., figures 3 and 4 of Coz
and Gordon [1984].

To test the internal consistency of data from each indi-
vidual plate boundary, we applied a statistical test for
additional plate boundaries [Stein and Gordon, 1984],
which is useful for locating plate boundaries poorly defined
by seismicity and bathymetry, or for identifying sys-
tematic data biases. The test assumes that data from a
boundary should be fit well by a single Euler vector if both
plates are rigid. If the same data are split into two subsets
at a hypothetical triple junction along the boundary, and
the two resulting subsets of data are each fit by its own
Euler vector, the misfit decreases. We use an F-ratio test
to determine whether the decrease is significantly greater
than expected solely from introducing more adjustable
parameters. An F value exceeding that expected at the
1% risk level suggests that an additional plate boundary
intersects the boundary being analyzed, or that some data
along a boundary have systematic errors. This test is
repeated for every possible hypothetical triple junction
location along a single plate boundary. Our method here
differs slightly from that of Stein and Gordon [1984], who
assumed that only three adjustable parameters (the three
components of an Euler vector) are added when testing for
a hypothetical triple junction. The location of the triple
junction along the known plate boundary is also an adju-
stable parameter, which is why we use an F -ratio test of 4
versus IN-7 degrees of freedom here, not 3 versus N -6
degrees of freedom as used before.

Upper Tier: Three-Plate Models and
Plate Circuit Closure

We determine a three-plate model that enforces plate
circuit closure using standard extensions of methods for
determining an Euler vector for a single pair of plates.
Methods of inverting the data from three or more plate
boundaries have been described before by Chase [1972]
and Minster et al. [1974]. We assess triple junction closure
with a recently proposed F-ratio test of plate circuit clo-
sure, which focuses on the differences in the overall fit to
the data of two different models. One model consists of
three Euler vectors found by fitting all data while enforc-
ing closure. Only six independent parameters are deter-
mined from the data. The second model consists of three
Euler vectors derived by fitting the data along each plate
boundary separately. Because closure is not enforced, nine
independent parameters are determined [Gordon et al.,
1987].

The test is formulated using x2 the total weighted
least squares misfit, and is analogous to the test of addi-
tional terms widely used in curve fitting. The value of x?
determined with nine adjustable parameters (N -9 degrees
of freedom) is always less than the value of x? determined
from the same data but with only six adjustable parame-
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ters (N -6 degrees of freedom). To test if the reduction in
x? is greater than would be expected merely because more
model parameters were added, the statistic

(x6) - x%9) ) /3 "
x*9) / (N-9)

1s used. This statistic is expected to be F' distributed with
3 versus V-9 degrees of freedom [Bevington, 1969]. The
experimentally determined value of F 1s compared with a
reference value from standard tables [e.g., Spiegel, 1975] of
F3, n-o with less than a 1% probability of being exceeded
by chance. If the experimental value exceeds the reference
value, then there is a 99% probability that the plate
circuit fails closure.

FS,N~Q -

RESULTS OF ANALYSIS ALONG INDIVIDUAL
PLATE BOUNDARIES

Southwest Indian Ridge

Along the Southwest Indian Ridge, observed rates are
14-18 mm/yr (Figure 6), similar to those used by Minster
and Jordan [1978] and Tapscott et al. [1980], but slower
than the 20 mm/yr rate used by Chase [1978]. The 16-
mm/yr rate determined from Tapscott et al.’s [1980]
profile is important because it extends rate coverage far
eastward of rates available to Minster and Jordan [1978]
and Chase [1978]. From NGDC data, we estimated the
rate near the Bouvet Triple Junction to be 14 mm/yr,
about the same as found by Sclater et al. [19764] from the
same data. The sequence of anomalies across this slow
spreading center is poorly developed, however, and we
doubt 14 mm/yr is a significantly better fit than several
alternative rates, such as 17 mm/yr (Figure 4).

We use 18 transform azimuths along the Southwest
Indian Ridge. Ten of the many long-offset transforms
along the Southwest Indian Ridge have been recently sur-
veyed [Sclater et al., 1981; Fisher and Sclater, 1983].
Because of poor bathymetric control along the Du Toit
(25°E), Andrew Bain, and 32°E transforms, we measured
their trends from Seasat data [Sandwell, 1984] and checked
them with locations of earthquake epicenters (Figure 5),
and found trends similar to those estimated by Wald
[1986]. We determined the trend of only the southern half
of the Andrew Bain transform because the bend in the
middle of the transform may be a small spreading ridge
segment or extensional relay zone [Wald and Wallace,
1986; Royer et al., 1986; Okal and Stein, 1987|, as is also
suggested along the 32°E transform by two normal faulting
earthquakes [Wald and Wallace, 1986]. Our data include
more than twice as many transform azimuths as prior data
sets. Thirty-nine slip vectors from many sources further
limit the direction of plate motion (Table 1).

Our best fitting Euler vector is similar to Euler vectors
determined by Minster and Jordan [1978] and Tapscott et
al. [1980] (Figures 6 and 20), but differs from that of
Chase [1978]. Because the southern continuation of the
East African Rift system, if it exists, may intersect the
Southwest Indian Ridge, we tested the plate motion data
for systematic misfits using the method of Stein and Gor-
don [1984]. The improved distribution and increase in the
number of plate motion data give a strong test for relative
motion, which presumably is slow because the boundary
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Fig. 6. Africa-Antarctica plate motion data observed along the Southwest Indian Ridge are compared to rates and
azimuths calculated from different plate motion models. Squares show seafloor spreading rates determined from sur-
face magnetic profiles, circles show observed transform fault azimuths, and triangles show observed slip vector az-
imuths. The solid line was calculated from our best fitting vector, the long-dashed line from Chase’s [1978] model,
the medium-dashed line from Minster and Jordan's [1978] RM2 model, and the short-dashed line from Tapscott et

al.’s 1980] model.

has only a weak seismic expression and no morphologic
expression in the seafloor south of Africa. The lack of
significant reduction in misfit, regardless of the location of
a hypothetical Nubia-Somalia boundary (Figure 7), sug-
gests that little, if any, Nubia-Somalia motion occurs near
the Southwest Indian Ridge, a conclusion supported by the
agreement between the model and the observed rates and
azimuths (Figure 21). The internal consistency of these
data suggests they give motion along a single boundary
and can thus be included in the analysis of the closure of
the Africa-Antarctica-Australia plate circuit.

Central Indian Ridge

Only three useful magnetic profiles, which are near the
Indian Ocean Triple Junction, have been published since
1975 [Tapscott et al., 1980]. Because Central Indian Ridge
rates are critical for assessing closure of the plate circuit,
we analyzed all magnetic profiles south of 5° available
from the NGDC. Thirteen of the 22 profiles gave useful
rates. Four more rates were determined from published
profiles unavailable from the NGDC. Profiles from 25 to
19°S give spreading rates that decrease from ~50 mm/yr

Southwest Indian Ridge

T - T 1“
4RO
3 k F(.05) ?
| PN S =
e ay
1 1
0°E 20°E 40°E 60°E

Fig. 7. F versus hypothetical triple junction locations along the
Southwest Indian Ridge. The dashed line is the threshold for the
1% risk level and the dot-dashed line is the threshold for the 5%
risk level. If any part of the curve exceeded either reference line,
we would conclude that the data are fit significantly better by as-
suming the Nubia-Somalia plate boundary intersects the
Southwest Indian Ridge at that point. Because the curve never
exceeds either reference line, we conclude that any Nubia-Somalia
motion is meager, widely distributed, or both.

to ~42 mm/yr (Figure 8). Seventeen slip vectors fill a
former gap in azimuth data along the Central Indian
Ridge.

The best fitting vector fits both the rates and azimuths
well (Figure 9). The statistical test for additional plate
boundaries also finds no systematic misfits (Figure 10).

19°S
42 mm/yr

22°s
45 mm/yr

23.8°S

51 mm/yr

24.4°s

51 mm/yr

24.5°S
50 mm/yr

24.8°Ss
50 mm/yr

Ma

0 100 200 KM

Fig. 8. Observed magnetic profiles (dashed curves) along the Cen-
tral Indian Ridge compared to best fitting synthetic magnetic
anomaly profiles (solid curves). The observed profiles, which were
obtained from the NGDC and projected onto the ridge-normal
direction, record rates that decrease northward. The observed
rates are systematically slower than expected from Minster and
Jordan's [1978] RM2 model.
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Fig. 9. Australia-Africa plate motion data observed along the Central Indian Ridge are compared to rates and az-
imuths calculated from different plate motion models. Squares show seafloor spreading rates determined from surface
magnetic profiles, circles show observed transform fault azimuths, and triangles show observed slip vector azimuths.
The solid line was calculated from our best fitting vector, the long-dashed line from Chase’s [1978] model, the
medium-dashed line from Minster and Jordan's [1978] RM2 model, and the short-dashed line from Tapscott et al.’s
[1980] model. The rates used by Minaster and Jordan [1978| are shown by asterisks.

Prior Euler vectors give similar fits to the azimuths, and
two prior models give similar fits to the rates (Figure 9).

However, the Minster and Jordan [1978] Euler vector
predicts rates higher than we adopt (Figure 9). For exam-
ple, four profiles that cross the Central Indian Ridge
between 20°S and 25°S give rates of 50-51 mm/yr for the
southernmost profiles and 42-45 mm/yr for the northern-
most profiles (Figure 8). The rates we determined are
similar to those estimated by McKenzie and Sclater [1971],
Chase [1978], and Tapscott et al. [1980]. Minster and
Jordan’s [1978] model predicts rates of ~53 mm/yr for the
southernmost four profiles and ~50 mm/yr for the north-
erly profiles. The magnetic profiles seem good enough to
exclude rates as fast as those previously predicted.

Southeast Indian Ridge

The Southeast Indian Ridge has more plate motion
data than the other Indian Ocean boundaries. The spread-
ing rates near its ends, the Macquarie and Indian Ocean
triple junctions, are accurately determined. Near the
Indian Ocean Triple Junction, four good magnetic profiles
establish the rate and suggest that it increases eastward
(Figure 11 = Allowing for differences between magnetic
reversal time scales, the rates we determined from profiles
near the Indian Ocean Triple Junction are similar to those
determined by Tapscott et al. [1980]. Bathymetry near
the Indian Ocean Triple Junction constrains the trends of
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Fig. 10. F' versus hypothetical triple junction locations along the
Central Indian Ridge. The dashed line is the threshold for the
1% risk level, and the dot-dashed line is the threshold for the 5%
risk level.

transform faults to be N47+5°E [Tapscott et al., 1980].
Near the Macquarie (Australia-Pacific-Antarctic) Triple
Junction, the spreading rate is recorded by four profiles,
three of which are shown in Figure 12. Each profile has
easily recognized and correlatable anomalies that establish
the ridge-normal spreading rate to be ~68 mm/yr, slightly
faster than found by Falconer [1972].

The most detailed survey of spreading rates in the
Indian Ocean consists of 57 ridge-normal aeromagnetic
profiles between 115°E and 132°E along the Southeast
Indian Ridge [Vogt et al., 1983]. This survey, unavailable
to prior plate motion studies, accurately establishes the
rate to be faster than predicted by prior models (Figures

72.1°E
59 mm/yr

72.0°E
58 mm/yr

71.6°E
57 mm/yr

70.2°E
56 mm/yr

Fig. 11. Along-track Southeast Indian Ridge NGDC magnetic ano-
maly profiles near the Indian Ocean Triple Junction. Each ob-
served profile (dashed curves) shows anomaly 2° on both sides of
the ridge. The synthetic profiles (solid curves) were computed as-
suming a constant spreading rate shown to the right of each
profile.
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Fig. 12. Magnetic anomaly profiles near the Macquarie Triple
Junction. These NGDC profiles include Eltanin 37 (bold solid),
Eitanin 27 (dashed), and Aries 02 (thin solid); they give the
easternmost rate observed along the Southeast Indian Ridge. The
lower profile is a model computed for a 68-mm/yr rate, which is
the 3-m.y. average rate that fits two of three of these profiles best
(Table 1).

13 and 16). From the best 30 of these 57 closely spaced
profiles, we determined a rate for each profile and then
determined the mean rate for each of five profile groups.
Surface magnetic profiles between 90°E and 110°E (eg.,
top three profiles in Figure 14) give rates consistent with

132°E

II 129°E
|

|
WM Model 74 mm/yr

100 0 100 Distance (KM)
: : -
3 0 3 Age (Ma)
129°E
127°E
Model 76 mm/yr

N S

Fig. 13. Aeromagnetic profiles along the Southeast Indian Ridge
[Vogt et al., 1983| compared with 74 and 76-mm/yr synthetic
magnetic profiles. Anomaly 2° is connected on the left (north) by
a solid line; the dashed line shows where the center of 2° would
be on the right (south) for a perfect fit. These closely spaced
aeromagnetic profiles give rates that exclude the slower rates
predicted by prior models.
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Fig. 14. Along-track Southeast Indian Ridge NGDC magnetic ano-
maly profiles, 90-145° E. The center of anomaly 2° for each ob-
served (dashed) profile is marked with a solid circle. The synthetic
profile (solid) that best fits the center of anomaly 2° for each ob-
served profile is also shown. The profiles have been projected onto
ridge-normal directions listed in Table 1.

older models, but surface profiles east of 130°E (e.g., bot-
tom three profiles in Figure 14) give rates systematically
faster than predicted by older models (Figure 16).

In the sparsely surveyed 135-155°E region, at least six
transform faults offset the ridge (Figure 15); bathymetry
weakly defines their trends and suggests the basement
morphology is complex [Hayes and Conolly, 1972]. We
used earthquake epicenter locations and magnetic and
bathymetric data to locate these transforms and transform
fault signatures of the descending Seasat altimeter passes
to estimate the trends of three of these transforms.
Forty-seven slip vectors, only two of which were used in
prior plate motion studies, give the azimuth of motion
along these six transforms (Figure 15).

The best fitting vector fits the well-distributed high-
quality rates well. However, the azimuths show a small
but systematic misfit: the observed azimuths tend to be
~2° clockwise of the azimuths calculated from the best
fitting Euler vector near 120°E, and ~5° counterclockwise
of the model azimuths near 140-150°E (Figures 16 and 23).
Azimuth predictions of prior Euler vectors are similar to
ours and show the same small systematic misfit to the
observed azimuths. However, the new model gives faster
rates than given by prior models east of 115°E (Figure 16).
Moreover, the models of Chase [1978] and Minster and
Jordan [1978] predict rates too fast west of 90°E. The
profiles west of 90°E seem good enough to exclude the fast
rates predicted by these two prior models (Figure 11).
Australian-Antarctic Discordance profiles seem good
enough to exclude the slower rates predicted by prior
models (Figure 13). Profiles from near the Macquarie Tri-

ple Junction give rates 5-6 mm/yr faster than predicted
by prior models and also seem good enough to exclude the
predictions of the older models (Figure 12).
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Fig. 15. Geophysical constraints on the trends of the Balleny
(155° E), Tasman (147°E), and George V (140°E) transform
faults west of the Macquarie Triple Junction. Along-track
deflections of the vertical for descending Seasat altimeter passes
are used with earthquake epicenters and published bathymetry to
locate fracture zones (dashed lines) and transform faults (solid
lines). The fracture zone or transform crossing identified from an
individual Seasat track is marked with a small cross. The large
deflections near 160° E are caused by the Hjort Trench. Seafloor
above 2000-m depth is heavily stippled; seafloor between 3000-
and 2000-m depth is lightly stippled [Hayes and Vogel, 1981].
Only those ridge segments identified from magnetic and bathy-
metric data are shown. All focal mechanisms are from the CMT
solutions; epicenters are from the Earthquake Data File from the
NGDC.

Minster and Jordan [1978] and Stein and Okal [1978]
speculated that a plate boundary dividing the Indian plate
from the Australian plate follows the Ninetyeast Ridge
and continues southward or southwestward, where it inter-
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sects the Southeast Indian Ridge. Seismicity along and
near the southern Ninetyeast Ridge might mark the con-
tinuation of this boundary (Figure 17). Stein and Gordon
(1984] used plate motion data to test for this proposed
India-Antarctica-Australia Triple Junction and found that
the fit of the model to the data improved significantly if a
triple junction is located along the Southeast Indian Ridge
at ~80°E, near a region of extensive intraplate normal
faulting with extension subparallel to the strike of the
spreading ridge (Figure 1a) [Bergman et al., 1984; Wiens
and Stein, 1984]. At 26°S, 88°E, Minster and Jordan’s
[1978] model predicts the velocity of the eastern plate rela-
tive to the western plate to be 10 mm/yr directed N40°W,
similar to the motion estimated by Stein and Gordon
[1984].

Motion as fast as 10 mm /yr is excluded by the data we
present here. Applying Stein and Gordon’s [1984] method
to our data, we found that the fit improved for a
hypothetical triple junction near 80°E, but the improve-
ment was insignificant (Figure 18). If the Australian plate
1s simplistically divided into separate plates west and east
of 80°E, the motion of the eastern relative to the western
plate is ~2 mm/yr directed ~N20°W at 26°S, 88°E (Fig-
ure 17). This is consistent with both the sense of motion
expected if the hypothetical boundary is a southward con-
tinuation of a left-lateral strike-slip boundary following the
northern Ninetyeast Ridge, and the NW-SE shortening
suggested by nearby thrust and strike-slip events. How-
ever, the predicted motion is inconsistent with the NW-SE
extension suggested by the near-ridge focal mechanisms.
We conclude that any motion along the southern Nine-
tyeast Ridge is undetectable with our data and is probably
less than 3 mm/yr, a conclusion consistent with the obser-
vation that the southern Ninetyeast Ridge and adjacent
seafloor are much less seismic than to the north [Stein and
Okal, 1978; Bergman and Solomon, 1985].

The critical test for extension parallel to the strike of
the ridge, as suggested by the near-ridge region of intra-
plate normal faulting, would be to survey the transform
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Fig. 16. Australia-Antarctica plate motion data observed along the Southeast Indian Ridge are compared to rates
and azimuths calculated from different plate motion models. The horizontal axis shows angular distance from the
best fitting Euler vector (Table 2). Squares show seafloor spreading rates (solid when determined from surface mag-
netic profiles, open when determined from aeromagnetic profiles), circles show observed transform fault azimuths,
and triangles show observed slip vector azimuths. The solid line was calculated from our best fitting vector, the
long-dashed line trom Chase’s [1978| model, the medium-dashed line from Minster and Jordan’s [1978] RM2 model,
and the short-dashed line from Tapscott et al.’s [1980] model. Prior models systematically misfit the observed rates.
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Fig. 17. Seismicity in the southern central Indian Ocean,

1963-1985 (epicenters are from the NGDC). Large solid circles
mark earthquakes with magnitude greater than 7.0, medium solid
circles mark earthquakes with magnitudes between 5.5 and 7.0,
and small open circles mark earthquakes with magnitude less than
5.5. If we assume a hypothetical triple junction exists near 80° E
along the Southeast Indian Ridge, we can predict motion of the
Australian plate relative to the lithosphere west of the Ninetyeast
Ridge. This hypothetical motion is shown by arrows and is about
2 mm/yr directed N20° W. Focal mechanisms are from Bergman
et al. [1984], Bergman and Solomon [1985], Dziewonski and Wood-
house [1983|, Dziewonski et al. (1984c, 19864,b, 19874, 19884, b, c|.

faults accurately. The present bathymetric data are too
sparse and too poor in resolution to show convincing
differences in azimuth that could be used to infer deforma-
tion of the lithosphere. Detailed surveys of the transform
faults using modern seafloor mapping techniques could
place strong limits on the rate of extension parallel to the
ridge.

Greater deformation is suggested by high values of F
east of 135°E, formally significant at the 1% risk level,
reflecting a systematic azimuth misfit of ~5° (Figure 18).
The azimuths of the transforms east of 135°E (George V,
Tasman, and Balleny transforms) and most of the 47 slip
vectors from these transforms are CCW of the azimuth
determined from the best fitting Euler vector (Figure 16).
The systematic misfit of these azimuths has several possi-
ble explanations. First, a microplate, bounded to the west
by the Southeast Indian Ridge, to the east by the Mac-
quarie ridge complex, and to the north by the 50°S paral-
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lel, may move independently of the Australian plate (Fig-
ure 19). Second, off-ridge seismicity within this salient
part of the Australian plate suggests diffuse intraplate
deformation [Stewart, 1983] (Figure 19), which might affect
the direction of motion along the Southeast Indian Ridge.
Third, there may be systematic errors in the estimates of
the transform azimuths in the Australia-Antarctic Discor-
dance, east of 135°E, or both.

The first possibility seems unlikely. When we simplist-
ically divided a hypothetical Macquarie microplate from
the main Australian plate at 140°E along the Southeast
Indian Ridge, ~6 mm/yr west-southwestward motion of
the microplate is predicted. The sense of motion is orthog-
onal to the slip suggested from the one relevant available
focal mechanism (Figure 19), frustrating any attempt to
define a consistent kinematic model. Thus if the misfits
have a tectonic explanation, a pattern of deformation more
complex than a simple microplate model is needed.

However, the misfits may require no tectonic explana-
tion. The spreading rates are fit well by the rigid plate
model. The misfit transforms are poorly surveyed.
Although systematically misfit, none of the transforms are
misfit outside the errors we assigned them. The transform
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Fig. 18. F versus hypothetical triple junction locations along the
Southeast Indian Ridge. The horizontal axis shows angular dis-
tance from the best fitting Euler vector (Table 2). The dashed
line is the threshold for the 1% risk level, and the dot-dashed line
is the threshold for the 5% risk level. The uppermost plot shows
the results using all Australia-Antarctica-Africa plate motion
data. The plot just beneath it shows the results for all data along
the Southeast Indian Ridge and is analogous to Figures 7
(Southwest Indian Ridge) and 10 (Central Indian Ridge). The
lower two plots show the azimuth-only and rate-only results for
data along the Southeast Indian Ridge. The top two plots show
that many locations along the Southeast Indian Ridge east of
135° give formally significant improvements in the fit to the data,
if an additional plate boundary is assumed to intersect the
Southeast Indian Ridge. However, the bottom two plots suggest
this result is not robust and may have a nontectonic explanation.
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Fig. 19. Seismicity south of Tasmania 1921-1985. Significant off-
ridge seismicity within the salient Australian plate lithosphere
south of Tasmania includes several historic magnitude 7 events
(stars). Other historic events (open circles) have been relocated
by Stewart [1983]. Focal mechanisms are from Stewart [1983|,
Dziewonski and Woodhouse [1983|, and Dziewonski et al. [19854d|.
Southeast Indian Ridge plate motion data suggest a plate boun-
dary intersects the ridge between 125° E and 155° E (Figure 18).
If a hypothetical Macquarie microplate (“M") is simplistically di-
vided from the main Australian plate at 140°E, ~6-mm/yr
west-southwestward motion of the microplate is predicted (arrows
in figure). The predicted sense of motion disagrees with the slip
suggested from the one focal mechanism available along the hy-
pothetical boundary (dashed line).

azimuths from the Australia-Antarctic Discordance were
estimated from offsets of magnetic lineations, a procedure
that could lead to a small, systematic bias in the azimuth
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significance of the remaining misfits is marginal. More-
over, the few available ship tracks east of 135°E suggest
these eastern transforms may be offset by short ridge seg-
ments. If true, the azimuths, which are estimated from
Seasat transform crossings, sparse bathymetry, and epi-
center distributions, may be biased CCW, which could
explain the systematic misfits (Figures 16 and 23). More-
over, D. F. Argus et al. (Plate motion, microplates, and
closure of the Africa-North America-Eurasia plate circuit,
submitted to Journal of Geophysical Research, 1988) have
shown that slip vectors along accurately mapped North
Atlantic transform faults have a CCW bias along left-
lateral slipping transforms, which 1s in the same sense as
the misfit between model azimuths and observed slip vec-
tor azimuths along the Southeast Indian Ridge.

The statistical significance of the misfit also is not
robust. When we apply the test for an additional plate
boundary to only the azimuth data, or only the rate data,
no significant improvement in fit is found (Figure 18). In
light of this, the significance of the improvement in fit to
the combined data is questionable. We suspect that the
test with the combined data is giving too much weight to
the misfit azimuths because the value of reduced chi-
square for the rate-only fit is less than half that for the
azimuth-only fit. We suspect that the misfit 1is
insignificant.

Thus it seems premature to assume a tectonic cause
for the misfit to the azimuths. The best test to distinguish
between a tectonic and nontectonic cause of the misfits
would be a modern seafloor survey of transform faults
along the Southeast Indian Ridge from the Australia-
Antarctic Discordance to the Macquarie Triple Junction.
A second test i1s provided by closure of the Australia-
Pacific-Antarctic plate circuit. Minster and Jordan’s
[1978] Euler vector describing motion of the Pacific rela-
tive to the Indo-Australian plate systematically misfits slip
vectors from the Macquarie ridge complex by 15-35°

estimates. If we discard these four azimuths, the Moreover, their Euler vector predicts increasing conver-
40°N T .. T
1wy /
20°N} # +
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0° 20°E
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Fig. 20. Australia-Antarctica, Australia-Africa, and Africa-Antarctica Euler poles and 95% confidence limits. The
new best fitting poles are shown by open circles; their 95% confidence ellipses are unshaded. The new three-plate
poles are shown by solid circles; their 95% confidence ellipses are shaded. Other poles are from Chase [1978] (stars),
Minster and Jordan [1978| (squares), and Tapscott et al. [1980] (diamonds).
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Fig. 21. Africa-Antarctica plate motion data and models shown as residuals relative to rates and azimuths deter-
mined from the best fitting Euler vector found in this paper. Squares are seafloor spreading rates determined from
surface magnetic profiles, circles are transform fault azimuths, and triangles are slip vector azimuths. The solid line
shows rates and azimuths calculated from our closure-enforced three-plate model, and the dashed line shows rates
and azimuths calculated from a closure-enforced three-plate model also fit to Carlsberg Ridge data.

THREE-PLATE MODEL AND

gence south along the Macquarie ridge complex. However,
PLATE-CIRCUIT CLOSURE

south of 60°S, Seasat altimetric data [Ruff and Cazenave,
1985] and the transformlike morphology suggest the oppo-
site: predominantly strike-slip motion. Because of the
poor fit of Minster and Jordan’s model to both their own

Our three-plate model gives Euler vectors that exclude
prior Australia-Antarctica and Australia-Africa Euler vec-

data and the current Southeast Indian Ridge data, further  tors at the 95% confidence level (Figure 20). Unlike prior
studies, our closure-consistent three-plate model fits the

study will be needed to resolve this question.

In summary, it seems reasonable to use plate motion data nearly as well as they are fit by the separate best
data along the entire Southeast Indian Ridge in a test of  fitting vectors (Figures 21-23, Table 2). The value of F
plate circuit closure, while recognizing that good surveys computed from (1) is 3.1, which is less than 3.9, the 1%
of these transforms may later demonstrate significant risk level for nonclosure (Figure 24). Thus we find no
misfits. measurable plate circuit nonclosure. To estimate the smal-
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Fig. 22. Australia-Africa plate motion data and models shown as residuals relative to rates and azimuths determined
from the best fitting Euler vector found in this paper. Squares are seafloor spreading rates determined from surface
magnetic profiles, circles are transform fault azimuths, and triangles are slip vector azimuths. The solid line shows
rates and azimuths calculated from our closure-enforced three-plate model, and the dashed line shows rates and az-
imuths calculated from a closure-enforced three-plate model also fit to Carlsberg Ridge data.
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Fig. 23. Australia-Antarctica plate motion data and models shown as residuals relative to rates and azimuths deter-
mined from the best fitting Euler vector found in this paper. The horizontal axis shows angular distance from the
best fitting Euler vector (Table 2). Squares are seafloor spreading rates (from surface magnetic profiles where solid
and from aeromagnetic profiles where open), circles are transform fault azimuths, and triangles are slip vector az-
imuths. The solid line shows rates and azimuths calculated from our closure-enforced three-plate model, and the
dashed line shows rates and azimuths calculated from a closure-enforced three-plate model also fit to Carlsberg Ridge

data.

lest deviation from closure we could detect, we used
numerical experiments in which we added systematic
biases to our data and repeatedly.applied the F-ratio test
for plate circuit closure. We started with small biases
(e.g., adding 1 mm/yr to all rates along a boundary, then
testing for closure) and increased the bias in small steps
until the F-test showed nonclosure significant at the 1%
risk level. These experiments suggest the data are good
enough to detect nonrigidity exceeding ~2 mm/yr or ~2°
along the Southeast Indian Ridge, ~2 mm/yr or ~3°
along the Central Indian Ridge, and ~2 mm/yr or ~10°
along the Southwest Indian Ridge.

In a prior analysis using the F-ratio test for plate cir-
cuit closure, Gordon et al. [1987] found that Minster and
Jordan’s [1978] data failed closure, regardless of the
geometry assumed for the Indian plate. Here we find that
the data of Tapscott et al. [1980] also fail closure at the
1% risk level, which is surprising because they found clo-
sure from the same data (Figure 24). However, their Euler
vectors differ from the Euler vectors we determined from
their data. Apparently Tapscott et al. [1980] fit their own
data along the Southwest and Central Indian ridges well,
but at the cost of misfitting their rates along the Southeast
Indian and Carlsberg ridges. When we invert their data

excluding the Carlsberg Ridge data, we find consistency

with closure (Figure 24).
How would our results have been affected had we

assumed, as in nearly all prior studies, that there is a sin-
gle Indo-Australian plate (Figure 24)? This geometry wor-
sens the fit to data along the three ridges. It causes sys-
tematic trends in the misfits to rates from the Southwest
and Southeast Indian ridges (Figures 21 and 23), and the
azimuths from the Southwest Indian Ridge (Figure 21). It
produces a model with Central Indian Ridge rates that are
too fast by 3-5 mm/yr (Figure 22). The value of x? is tri-
ple that obtained with the revised Indian plate geometry;
the test for circuit closure gives F=104, showing nonclo-
sure significant at the 0.00001% risk level. The rates
predicted along the Central Indian Ridge and the misfit to
rates along the Southeast Indian Ridge are similar to those
of prior global models, suggesting that the old model for
the plate geometry contributed to the poor fits to Indian
Ocean data of prior studies.

Unless we adopted the new plate geometry of Wiens et
al. [1985], we would not have found closure of the plate
circuit. However, some older data sets (e.g., Minster and
Jordan [1978]) are inconsistent with closure even if the
new geometry is adopted (Figure 24) [Gordon et al., 1987].

TABLE 2. Australia-Antarctica-Africa Euler Vectors

Three-Plate Euler Vector

Best Fit Vector

Plate
Pair Latitude Longitude w Latitude  Longitude w
‘N ‘E deg-my,'1 ‘N ‘E deg-m,y._1
AF-AN 4.62 -38.11 0.142 5.93 -39.12 0.142
AU-AN 13.01 37.74 0.679 11.77 37.63 0.678
AU-AF 12.43 50.09 0.657 11.83 50.77 0.678

Euler vectors describe right-handed rotations of the first plate relative to the
second. AF is the African plate, AU is the Australia plate, and AN is the Antarc-

tic plate.
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Fig. 24. (Top) Results of the F' -ratio test for plate circuit closure
applied to the Indian Ocean plate motion data of Minster and
Jordan [1978|, Tapscott et al. [1980], and this study. With the
plate geometry adopted in prior studies (i.e., including Carlsberg
Ridge data in the test), both prior data sets fail closure at a high
level of significance (full length of bars, including unshaded por-
tion). If the new plate geometry is used (i.e., Carlsberg Ridge
data deleted), the new data set presented here and Tapscott et
al.’s data are consistent with plate circuit closure, but Minster
and Jordan’s data are not. (Bottom) Comparison of the X fit of
successive plate motion models to the new data set presented
here. Both prior models fit the new data significantly worse than
does the new model presented here. The more recent model of
Tapscott et al. [1980] gives a better fit than the older model of
Minster and Jordan [1978|.

Therefore the circuit closes only if both the revised
geometry and our new data set are used.

DiIscUSsION

The most important result here is that motion about
the Africa-Australia-Antarctica plate motion circuit is con-
sistent with closure, a result differing from that found by
Minster and Jordan [1978], Stein and Gordon [1984], and
Wiens et al. [1985]. The result differs because of many
new plate motion data that disagree with prior models, our
use of a uniform time-averaging interval for all spreading
rates, an interpretation of Central Indian Ridge spreading
rates that differs from Minster and Jordan’s, and our adop-
tion of a new plate geometry in the Indian Ocean. The
F-ratio test for plate circuit closure, as well as Figures 9,
16, and 21-23, shows that spreading rates, which were sys-
tematically misfit by prior models, are fit well by our
model even when closure is enforced. Although many data
suggest the Australian plate is deforming, our results sug-
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gest that lithospheric deformation outside the equatorial
diffuse plate boundary (Figure 2b) is no more than a few
millimeters per year, which is several times smaller than
~15 mm/yr, the rate of N-S shortening across the equa-
torial diffuse plate boundary |Wiens et al., 1985].

The conceptual shift from a model with pervasive,
intraplate deformation of an Indo-Australian plate to a
model with a diffuse boundary between separate rigid
plates containing India and Australia is important. A rigid
plate model has few adjustable parameters and makes
specific predictions, such as predicting the integral of the
strain or strain rate across the equatorial zone of deforma-
tion. Its usefulness is demonstrated by the excellent fit to
240 data we obtain using only six adjustable parameters.
Moreover, the model of two rigid plates is more useful
than the intraplate deformation model because the latter
implies that self-consistent global models of present-day
plate motions will be degraded unless Indian Ocean data
are excluded. We thus conclude that a model of intraplate
deformation of an Indo-Australian plate 1s less accurate
and less useful than a model in which separate, rigid (or
nearly rigid) plates containing India and Australia are
divided by a diffuse plate boundary.

CONCLUSIONS

The plate motion data along the entire Southwest Indi-
an Ridge show no evidence for motion between Nubia and
Somalia, suggesting that any motion near the ridge s
small, no more than ~2 mm/yr. Plate motion data along
the Southeast Indian Ridge place an upper limit of ~3
mm/yr for possible motion along a plate boundary previ-
ously proposed to extend southward or southwestward
from the southern Ninetyeast Ridge. With the possible ex-
ception of azimuths along the eastern Southeast Indian
Ridge, a region warranting further study, all plate motion
data are consistent with plate rigidity (and plate circuit
closure) to an accuracy of a few millimeters per year. The
consistency with closure we find differs from the nonclo-
sure found in prior studies for several reasons including the
many new plate motion data that disagree with prior
models, our use of a uniform time-averaging interval for
all spreading rates, and our use of a new plate geometry in
the Indian Ocean. Agreement between model and data
shows that lithospheric deformation outside the equatorial
diffuse plate boundary (Figure 2b) is no more than a few
millimeters per year. Thus the Australian plate Is, to a
good approximation, rigid and can usefully be included in
global kinematic models of the motion of rigid plates.
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