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Focal mechanisms are presented for 46 earthquakes that occurred in the South Atlantic Ocean, in the 
Scotia Sea, and in southern Chile during the period 1963-1973. The slip vectors of shallow earthquakes in- 
dicate that the South American plate is moving directly west with respect to the Antarctic plate at the 
ridge-fault-fault triple junction in the South Atlantic. The directions of motion of Africa with respect to 
the South American (SA) and Antarctic (ANT) plates at the triple junction are N70øE and N47øE, re- 
spectively. The SA-ANT relative motion between the triple junction and the South Sandwich trench is 
best described by a pole of rotation at 80øS, 166øW, with an angular rotation rate of 0.24 deg/m.y. Shal- 
low earthquakes along the South Sandwich trench indicate that the oceanic portion of the South Ameri- 
can plate is being thrust under the South Sandwich arc in an east-west direction. Most of the earthquakes 
at the northern end of the arc are due to hinge faulting or bending stresses within the underthrust oceanic 
plate. The focal mechanisms of intermediate depth events beneath the arc indicate down-dip extension in 
the northern end of the downgoing slab and down-dip compressi6n in the southern end. This change in 
the stress pattern may be caused by reduced negative buoyancy forces in the younger, southern half of the 
subd. ucted plate. The seismicity and focal mechanisms suggest that the SA-ANT relative motion in the 
Scotia Sea region is taken up on both the north and the south Scotia ridges. However, the plate bound- 
aries in this area and in southern Chile are not well defined. There does appear to be a consistent pattern 
of horizontal compressive stress directed ENE-WSW throughout the Scotia Sea region, probably induced 
by the convergence of the South American and Antarctic plates. The SA-ANT relative motion observed in 
this study is not consistent with the motion predicted from the summation of motions observed on other 
plate boundaries. This discrepancy may be due to (1) systematic errors in the data, (2) a recent change in 
plate motions, or (3) minor nonrigid plate behavior. The third explanation is preferred because internal 
deformation of the plates at very slow strain rates can explain other examples of seemingly inconsistent 
plate motions and may also account for the existence of diffuse intraplate Seismicity. The apparent rela-' 
tive drift of hot spots may also be due to internal deformation of the plates after the seamount chains are 
created. 

INTRODUCTION 

The boundary between the South American (SA) and Ant- 
arctic (ANT) plates is one of the least well-known boundaries 
of the major lithospheric plates. Many recent studies have 
demonstrated that the relative motion of two lithospheric 
plates can be estimated from the slip vectors of shallow earth- 
quakes along the boundaries of the plate [McKenzie and 
Parker, 1967; Isacks et al., 1968]. In this paper, 41 new focal 
mechanisms and five previously published solutions are used 
to better define the boundary and relative motion of the South 
American and Antarctic plates. The motion of South America 
relative to Antarctica has pi'eviously been estimated from the 
vector sum of the North America-Pacific and Pacific-Antarctic 
motions [Morgan, 1968; Le Pichon, 1968] or by summing the 
South America-Africa and Africa-Antarctic motions [McKen- 
zie and Sclater, 1971; Johnson et al., 1973]. However, in a 
recent global synthesis of all the known plate-motions, Min- 
ster et al. [1974] found that differential motion ½vas re- 
quired between North and South America, so the North 
America-Antarctic motion may not be relevant. Although the 
South America-Africa pole is well determined, only one 
reliable spreading rate has been measured on the midocean 
ridge separating th,e African and Antarctic plates [Bergh, 
1971], and the direction of relative motion is reliably known 
only in the vicinity of the Prince Edward Islands fracture zone. 
As will be shown later, all the estimates of the SA-ANT pole 

For simplicity this boundary was often pictured as a simple 
transform fault extending westward along the trend of earth- 
quake epicenters (shown in Figure 1) from the South 
America-Africa-Antarctica (SA-AF-ANT) triple junction-in 
the South Atlantic to the southern end of the South Sandwich- 

island arc. The boundary then follows the arc north, extends 
westward along the north Scotia'ridge to Tierra del Fuego, and 
continues north along the west coast of South America to the 
intersection with the Nazca plate at the Chile ridge [e.g., 
Morgan, 1968]. However, Barker [1970, 1972] and Barker and 
Griffiths [1972] have shown on the basis of marine geophysical 
data that the actual tectonic processes are more complex. The 
high seismicity of the South Sandwich island arc is accounted 
for by the eastward movement of a small plate behind the arc, 
not by the convergence of the South American and Antarctic 
plates. Another small plate may still be 'active in the western 
portion of the Scotia Sea. To the east of the arc, Barker 
suggests that the boundary forms a zigzag pattern of alter- 
nating ridge and transform fault segments. Although the'ridge 
segments are not well developed and the coverage is limited, 
Johnson-et al. [1973] found that the, bathymetry-is consistent 
with this pattern. In Barker's model the motion between South 
America and Antarctica in the Scotia Sea is primarily taken up 
along the south Scotia ridge and the Shackleton fracture zone, 
rather than along the north Scotia ridge and in the South 
Sandwich trench, as in previous models. 

based only on the limited information available from other The basic results of this study are illustrated in Figure 2. The 
plate boundaries are inconsistent with the slip vectors of three major plates meet in a ridge-fault-fault triple junction in 

the South Atlantic at about 55øS, 1 øW. At the triple junction, earthquakes occurring on the SA-ANT plate boundary. 
Africa is moving ENE, and Antarctica is moving east with 

Copyright ¸ 1975 by the American Geophysical Union. respect to South America. Farther west along the boundary, 
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Fig. 1. Seismicity of the South Atlantic and Scotia Sea, 1963-1973. Only events located by ERL with 10 or more stations 
are plotted; SFZ is the Shackleton fracture zone. 

the motion of Antarctica gradually shifts to ESE. The small 
Sandwich plate is moving eastward over the underthrust por- 
tion of the South American plate. In the Scotia Sea the ANT- 
SA relative motion is taken up along both the north and the 
south Scotia ridges, suggesting the possible existence of a 
separate Scotia plate. However, the western boundary of the 
plate is not clear, and most of the earthquakes surrounding the 
Scotia Sea may represent broad regional deformation rather 
than the motion of a small independent plate. The small plate 
to the west of the Shackleton fracture zone was actively un- 
derthrusting the Antarctic peninsula in the Miocene [Barker, 
1971] but may now be part of the Antarctic plate. 

DATA 

The data base for this study consisted of film records of 
seismograms from the World-Wide Standard Seismograph 
Network (WWSSN) stations. The focal mechanisms were 
determined from both P wave first motions and S wave 
polarization angles read by the author. Most of the data were 
taken from long-period records, although clear short-period 
readings of first motion were possible for some of the smaller 

events. In Figure 3, graphical solutions and the body wave 
data on which the solutions were based are presented in equal- 
area projections of the lower focal hemisphere. Short-period 
observations are considered less reliable and are plotted as 
smaller symbols. The trend and plunge of the poles of the 
nodal planes are listed in Table 1 along with the location, time 
of occurrence, and depth of each event. The depths of the 
events which were recomputed from the author's readings of 
pP arrival times are denoted by an asterisk. As indicated in 
Table l, a few solutions were previously given by, other 
authors. These earlier results are in general agreement with the 
new data presented here. Because of the limited distribution of 
seismic stations, one or both of the nodal planes in dip slip 
events are often uncertain, even though the basic nature of 
faulting is not in doubt. In these cases the poorly constrained 
planes are marked in the list of events. 

A few earthquakes were selected for more detailed study us- 
ing surface waves. For these events, additional constraints on 
the source geometry were obtained from observations of the 
azimuthal variation of Love and Rayleigh wave amplitudes. 
The amplitudes were measured by Fourier analysis of the long- 
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Fig. 2. Summary of inferred plate motions in the South Atlantic. Heavy arrows indicate direction of motion of plates 
relative to a coordinate system fixed with respect to South America. Light arrows indicate observed sense of motion on 
plate boundaries. Double lines are spreading centers, single lines are transform faults, and hatched lines are subduction 
zones. Lines are dashed where location or nature of boundary is uncertain. 
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TABLE 1. Date, Location, arid Mechanism of Events Studied 

Event No. Date Origin Time Latitude Longitude Depth M b 

Pole of Nodal Planes 

Azimuth/P•unge Azimuth/Plunge 

1 Dec. 7, 1971 03:26:19.9 54.4øS 5.9øE 33 5.7 
2 July 22, 1968 05'09:15.7 54.6øS 1.7øE 15' 5.6 
3 Dec. 14, 1964 01:59'05.6 54.3øS 2.4øW 10' 5.7 
4 Jan. 5, 1971 17:55:40.2 55.5øS 2.6øW 55 6.4 
5 Nov. 26, 1968 00:03'14.3 57.5øS 6.8øW 33 5.6 
6 June 2, 1963 21:04:21.6 58.3øS 15.3øW 33 
7 Oct. 1, 1969 19:53:15.7 60.8øS 19.7øW 33 5.6 
8 Aug. 22, 1967 15:02'06.8 60.8øS 24.6øW 55 6.1 
9 Feb. 25, 1972 01'17'12.5 60.6øS 25.7øW 33 6.0 

10 Oct. 11, 1966 06:25:56.4 60.5øS 26.3øW 35* 5.8 
11 Sept. 15, 1966 11:51'56.4 60.2øS 26.8øW 33 5.6 
12 Sept. 14, 1966 23'18'40.8 60.2øS 27.2øW 22 6.3 
15 April 18, 1965 09:59'18.7 59.8øS 26.8øW 29 5.9 
14 April 18, 1965 12:41:54.9 . 59.7øS 26.4øW 25 5.8 
15 Oct. 10, 1965 17'25:45.6 59.2øS 25.0øW 65 5.7 
16 Nov. 22, 1966 07:01:10.7 58.0øS 25.5øW 52 5.6 
17 Feb. 2, 1967 06:25'49.5 57.9øS 25.4øW 79 5.8 
18 May 25, 1963 16:08:00.6 56.7øS 24.8øW 33 -6.1 
19 Feb. 9, 1966 04'40:27.1 56.6øS 25.5øW 21 5.9 
20 Dec. 31, 1963 17:37'32.1 56.5øS 26.0øW 30 6.3 
21 Feb. 21, 1966 00'22:29.5 55.7øS 26.9øW 55 6.1 
22 July 50, 1965 15'51'57.8 55.9øS 27.5øW 55' 6.2 
23 May 4, 1967 08'17'32.1 55.7øS 27.9øW 33 5.8 
24 Jan. 8, 1972 11'34:49.2 55.8øS 28.7øW 60* 6.2 
25 March 31, 1972 15'36:53.5 55.3øS 29.1øW 33 5.5 
26 Sept. 26, 1965 21:33:54.3 54.8øS 38.3øW 33 6.1 
27 June 15, 1970 11:14'52.4 54.3øS 63.6øW 33 5.6 
28 Feb. 9, 1972 20'44'56.4 51.8øS 74.0øW 55 5.5 
29 June 14, 1970 00'00'11.5 52.0øS 75.8øW 35 6.0 
30 May 20, 1967 13'02:09.3 59.2øS 65.7øW 33 5.5 
31 Feb. 8, 1971 21'04'21.8 63.5øS 61.2øW 33 6.3 
32 Sept. 27, 1969 09'04'02.8 60.9øS 56.0øW 33 5.8 
33 Feb. 25, 1973 05'35:55.4 61.0øS 37.9øW 33 6.4 
34 Dec. 1, 1969 20'35'05.2 .60.0øS 28.5øW 150' 5.6 
35õ June 17, 1967 05:00'11.8 58.3øS 26.6øW 140 6.1 
36a Dec. 10, 1963 06'30:54.8 58.1øS 26.4øW 110' 
56b April 6, 1972 05'21:15.6 57.9øS 26.6øW 155 5.4 
57 Jan. 18, 1969 05:02:58.7 56.8øS 26.8øW 141' 5.9 
38 Sept. 26, 1971 11'02'59.1 56.7øS 27.4øW 181 5.6 
39õ Jan. 16, 1965 11'32'57.4 56.6øS 27.4øW 101 6.1 
40 Oct. 4, 1968 06'04'31.9 56.2øS 27.0øW 90* 5.9 
41 Dec. 17, 1970 08'42'21.5 56.0øS 27.5øW 115' 5.9 
42 March 22, 1967 21'17'37.1 56.2øS 27.7øW 85* 5.6 
43ô May 26, 1964 10'59'12.3 56.2øS 27.8øW 120' 5.9 
44õ MaY 26, 1965 19:44'10.9 56.1øS 27.6øW 120 6.7 
45 May 20, 1970 20:03'42.2 55.9øS 28.3øW 80* 6.0 
46 Aug. 8, 1969 11'08'14.8 47.7øS 15.8øW 33 5.9 

130/0 40/0 
135/0 45/4 
343/20 247/18 

5/5 268/5 
115/32g 217/18g 

90/0 180/0 
8/0 278/6 

196/2 286/8 
17/0 287/12 

158/0. 248/30, 
282/23 102/67. 
282/25 102/65, 
264/40 84/50* 
264/40 84/50, 
305/10 125/80, 
245/27 126/32 
256/28 58/60, 
246/90 66/0, 
222/12 122/39 
255/25 75/65, 
257/90 77/0, 

78/40, 180/13, 
104/17 202/24, 
158/3 68/30, 
209/10 29/80, 

58/18 224/71, 
87/2 357/7 

505/27, 50/27, 
315/12 221/14 
255/40, 55/50, 
155/45, 515/45, 
48/0 132/0 
97/0, 187/0, 

282/52 86/57, 
56/68 259/20 
95/50, 275/60, 
95/30, 275/60, 

210/26 102/44 
250/20, 70/70, 
248/15 68/75, 
192/10 58/76, 

62/30, 211/56. 
104/40 219/36, 
110/42 235/33 

85/35 202/30 
74/15 172/30 

278/16 183/18 

All data in this table except mechanism solutions were obtained from ERL. 
*Depth redetermined from pP or surface wave spectra. 
,Nodal plane poorly constrained. 
õSolution by Isack$ and Molnar [1971]. 
ôRepresents mechanism solution by Abe [1972]. 

period vertical and transverse components of seismograms 
from WWSSN stations, digitized at intervals of about 1.0 s. 
For Love waves the transverse component of motion was syn- 
thesized from the digitized north-south and east-west records. 
By using the amplitude equalization method [Aki, 1966] the 
amplitude spectral densities observed at each station were cor- 
rected for geometrical spreading on the spherical earth and for 
attenuation. The Q values for the attenuation Correction were 
adopted from Ben-Menahern [1965] at periods greater than 50 
s and from Tsai and Aki [1969] at shorter periods. Hagiwara's 
[1958] formula is employed to correct for instrument response. 
These corrected amplitudes, plotted as a function of azimuth 
from the source to the station, form a radiation pattern which 
is dependent on the strike and dip of the fault plane, the direc- 
tion of slip on the fault, the source depth, and the medium in 
which the earthquake occurs. Theoretical radiation patterns 

were generated according to formulas given by Saito [1967]. 
The average oceanic earth model of Harkrider and Anderson 
[1966] or the midocean ridge model of Forsyth •973] was 
used, depending on the location of the event. 

With the strike, dip, slip, and depth being variable the least 
squares fit of the theoretical pattern to the observed 
amplitudes is computed for many source models. A statistical 
F test is then performed, comparing the fit of the best model 
with the fit of all other models. If, according to the F test, there 
is a 95% probability that the best model is Significantly better 
than some other model, then the other model is rejected. In 
this way a range of acceptable source models is outlined, the 
boundaries being defined at the 95% confidence limit. The final 
step in determining the focal mechanism is to find a solution 
within this range of models which is also compatible with the 
body wave data. In general, the strike of the fault plane is the 
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Fig. 4. Focal mechanism diagrams of earthquakes near the South 
Atlantic triple junction. Shaded quadrants represent the quadrants of 
compressional P wave first motion. Bathymetric contours are in cor- 
rected meters with shaded portions less than 2000 m in depth [after 
Johnson et al., 1973]. Event 46 is located west of the offset portions of 
the ridge axis. 

best-determined parameter. Trade-offs between dip, slip, and 
depth make it more difficult to constrain precisely the other 
parameters with surface waves alone, although the basic type 
of motion occurring during the earthquake is seldom in doubt. 

ANTARCTIC-SOUTH AMERICA-AFRICA TRIPLE JUNCTION 

The triple junction in the South Atlantic is located at about 
55øS, løW. The seismicity (Figure 1) roughly outlines the 
zigzag pattern of ridge and transform fault segments of the 
western branch of the triple junction extending to the intersec- 
tion with the southern end of the South Sandwich trench. 

Shallow earthquakes 4-9 (Figures 4 and 5) represent motion 
between the South American and Antarctic plates. The left 
lateral solution for event 4 on the transform fault leading into 
the triple junction (Figure 4) indicates that South America is 
moving directly west with respect to Antarctica at that point. 
The motion gradually shifts to a more northwesterly trend 
near the trench, as shown in Figures 4 and 5 by the change in 
slip vectors for events 6-9. The slip vector for earthquakes 8 
and 9 is N73øW, in good agreement with the trend of 
epicenters in the South Sandwich fracture zone. Event 10 may 
represent the transition from the transform fault to the trench 
regime. Although it too is characterized by left lateral motion, 
the strike of the presumed fault plane differs from that of the 
other events, and the northern side is downfaulted in relation 
to the southern side. The downward component of slip is ex- 
pected if the Atlantic plate is bent down, before being sub- 
ducted beneath the island arc. Earthquake 5, at the southern 
end of a north-south trending ridge segment, corresponds 
primarily to normal faulting. It was shown by Sykes [1967] 
that the typical event on midocean ridge axes is a normal fault, 
representing the separation of two plates at the ridge crest. 
Thus the seismicity and focal mechanisms indicate that the 
plate boundary from the triple junction to the South Sandwich 
trench is a simple ridge-transform fault system typical of ex- 
tensional boundaries. 

East of 15øW, the ridge system is not clearly outlined by the 
epicenters. In this region the strain energy may be released by a 
few large earthquakes, rather than in a series of smaller events. 
Earthquake 4 and an earthquake at 58.3øS, 13.4øW, were both 
unusually large for midocean ridge events, with surface wave 
magnitudes of 7.1 and 6.7 (Environmental Research Lab- 
oratories, NOAA (ERL)), respectively. Over a longer sampling 
interval the apparent gaps in seismicity should be filled in. 

The direction of relative motion between South America 

and Antarctica found in this study does not agree with the 
poles of rotation derived in previous summaries of global plate 

motions such as Morgan [1968], Le Pichon [1968], McKenzie 
and Sclater [1971], Knopoff and Leeds [1972], Johnson et al. 
[1973], and Minster et al. [1974]. None of these studies incor- 
porated any data from the boundary of these two plates but in- 
stead deduced the pole from the sum of other plate motions. 
Most of the poles found in the literature require the motion to 
be about N 115øW at the South Sandwich fracture zone, about 
40 ø off the slip vector of earthquakes 8 and 9 and the trend of 
the epicenters. The pole of McKenzie and Sclater is better but 
still differs by about 20 ø. Barker [1970] suggested a pole near 
72øS, 150øW, from his study of the tectonics of the Scotia Sea 
area. This pole agrees with the observations in the South 
Sandwich fracture zone but does not fit the slip vectors of 
earthquakes 4 and 6 as well as the pole at 87øS, 150øE, given 
by McKenzie and Sclater. A more complete discussion of the 
possible cause of these discrepancies and a calculation of the 
pole best describing the relative motion are presented below. 

On the eastern branch of the triple junction the right lateral 
strike slip faulting in earthquakes 1 and 2 indicates that Africa 
is moving to the northeast, N40øE and N45øE, respectively, 
away from the Antarctic plate (Figure 4). Earthquake 2 is 
located on a fracture zone near Bouvet Island, which leads into 
the triple junction. From a compilation of some isolated 
bathymetric profiles, Johnson et al. [1973] deduced that the 
trend of this fracture zone is N65øE. However, C. O. Bowin 
and J. G. Sclater (personal communication, 1974) recently 
resurveyed the area and found a NE trend, in agreement with 
the slip vectors. Because of the apparent conflict about the 
morphology of the area we attempt to define more precisely 
the focal mechanism of earthquake 2 by using surface waves. 
Love and Rayleigh waves observed at 20 WWSSN stations 
were digitized and Fourier analyzed. T, he amplitudes, plotted 
in Figure 6 as a function of azimuth, show the four-lobed 
radiation patterns characteristic•of shallow strike slip events. 
The Rayleigh wave amplitudes are smallest in the direction of 
the nodal planes. The maximum observed amplitudes, form- 
ing three of the lobes of the radiation pattern, are found to the 
north, west, and south. The Love wave pattern is similar to the 
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Fig. 5. Focal mechanisms of shallow earthquakes in the vicinity of 
the South Sandwich island arc. The continuous curved line marks the 
approximate location of the trench axis. The dashed line indicates ap- 
proximately the site where the Benloft zone reaches a depth of 80 km. 
Straight line at 61 øS marks the trend of the South Sandwich fracture 
zone. 
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Fig. 6. Focal mechanism of the July 22, 1968, event. Lower left- 
hand diagram is an equal-area projection of the lower focal 
hemisphere, showing the distribution of P wave polarities and the 
direction of polarization of the S waves. Solid circles represent com- 
pressions; open circles are dilatations. Smaller symbols represent 
poorer data. The dots in the upper diagrams indicate observed 
amplitudes of surface waves of a 67-s period as a function of azimuth. 
The amplitude is proportional to the distance from the center of the 
figure. The smooth continuous lines show the theoretical radiation 
pattern. The short lines connecting the observed points to the 
theoretical pattern indicate the degree of scatter in the data. 

Rayleigh wave but is rotated by 45 ø , with observed minimums 
to the north, west, and south. By examining the sum of the 
squares of the residuals of various theoretical radiation 
patterns it was found that the best model is a strike slip event 
with the vertical fault plane trending N47øE. The 95% con- 
fidence limit on the strike is + 12 ø. The depth is 12 + 10 km. 
The results of the surface wave study are in excellent agree- 
ment with the focal mechanism derived from body waves alone 
and are not consistent with the trend given by Johnson et al. 
[1973]. We conclude that the findings of the latest ship survey 
are correct and that Africa is moving to the NE with respect to 
Antarctica at the triple junction. 

The solution to earthquake 3 was originally given by 
Banghar and Sykes [1969]. At that time it was not known on 
which branch of the triple junction the earthquake occurred. It 
is now apparent that the right lateral strike slip motion takes 
place on a small transform fault offsetting the mid-Atlantic 
ridge to the north of the junction. The slip direction describing 
the motion of Africa away from South America given by 
Banghar and Sykes was N77øE. However, the direction may 
be in error by as much as 20 ø because the focal planes are not 
well defined by the body wave observations alone. The direc- 
tion predicted assuming a SA-AF pole at 58øN, 37øW 
[Morgan, 1968; Le Pichon, 1968; Minster et al., 1974], is 
N70øE, but the recent survey by Bowin and Sclater indicates 
that the trend of the fracture zone may be N65øE. Surface 
wave observations again are helpful in defining more accurate- 
ly the slip vector, limiting the horizontal slip direction to 
N66øW + 15 ø (95% confidence limits). I use this direction as 
the best estimate of the relative motion between the African 

and South American plates at the triple junction. 

The poles of rotation for SA-ANT, ANT-AF, and AFaSA 
can be determined by using the slip vectors for events 1-4 and 
6-9 in combination with data from previous studies of sea 
floor spreading directions and rates on the mid-Atlantic ridge 
and the Atlantic-Indian (IND) rise. We compute the poles by 
utilizing the inversion technique described by Minster et al. 
[1974]. In their iterative least squares method the rate data and 
the azimuthal data are fit simultaneously by varying the lati- 
tude, longitude, and angular rotation rate of the relative mo- 
tion poles. In our three-plate system, with South America held 
fixed as the reference coordinate frame, there are six inde- 
pendent variables: the latitude, longitude, and rate of rotation 
of Africa and of Antarctica relative to South America. After 

weights are assigned according to the uncertainty of the data 
the linearized inverse theory yields an estimate of the uncer- 
tainties in the relative motion model. Including the eight new 
slip vectors from this study and the data listed by Minster et al. 
for SA-AF and AF-ANT, there are six spreading rates and 31 
slip vectors or fracture zone trends which constrain the mo- 
tions of the three plates (Table 2). I assign a standard error of 
4-10 ø to each slip vector, except for' events 2 and 3, which 
were more precisely constrained by the surface wave observa- 
tions. This uncertainty of l0 ø means that there is only a 5% 
chance that our measured slip vector is in error by more 
than 20 ø. For the azimuths and rates given by Minster et al. 
their assigned uncertainties were adopted. As shown in Table 
2, we may have been too generous in assigning uncertain- 
ties, because the final model fits all the data within 1 
standard deviation. 

The pole for AF-SA is 58.6øN, 37.8øW, with an angular 
rotation rate of 0.36 deg/m.y., which is in excellent agreement 
with previous results. The SA-ANT pole is 80øS, 166øW, 0.24 
deg/m.y. The 95% confidence interval for the rotation rate is 
0.072 deg/m.y. The 95% confidence limits in the pole position 
are plotted as an ellipse around the pole in Figure 7. 

Fig. 7. Location of the pole of relative motion between South 
America and Antarctica and the associated 95% ellipse of confidence, 
The circle and solid line are based on data listed in Table 2. The 
triangle and dashed line are from Minster et al. [1974]. The dotted 
ellipse surrounding pole is based on data from this study combined 
with data listed in Minster et al., for SA-AF, AF-ANT, AF-IND, and 
IND-ANT boundaries. 
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TABLE 2. ObservatiOns Constraining the Poles of Relative Motion 

Observed 

Latitude Longitude Rate* Uncertainty Error Plate 1 Plate 2 Reference 

-7.5 -13.0 3.6 0.4 -0.1 AF SA M 
-24.9 -13.0 4.5 0.4 0.4 AF SA M 
-28.3 -13.0 3.9 0.4 0.1 AF SA M 
-30.5 -14.0 4.0 0.2 -0.0 AF SA M 
-38.2 -15.0 4.0 0.5 0.0 AF SA M 
-44.2 38.8 2.0 0.3 0.0 AF ANT M 

Latitude Longitude Azimutht Uncertainty Error Plate 1 Plate 2 Reference 

-44.0 38.2 11.0 10.0 -7.0 AF ANT M 
-44.5 39.0 20.0 10.0 2.5 AF ANT M 
-48.8 31.5 17.0 20.0 -4.5 AF ANT M 
-54.6 1.7 47.0 7.0 3.0 AF ANT T 
-54.4 5.9 40.0 10.0 -0.5 AF ANT T 

14.5 -46.0 91.0 10.0 -5.0 AF SA M 
10.8 -42.3 92.0 4.0 -1.0 AF SA M 
10.8 -42.3 91.0 4.0 -2.0 AF SA M 
10.8 -43.3 90.0 10.0 -3.7 AF SA M 
10.2 -40.9 94.0 5.0 1.8 AF SA M 
9.4 -40.0 92.0 5.0 0.5 AF SA M 
8.8 -38.7 92.0 10.0 1.4 AF SA M 
7.6 -36.6 91.0 10.0 1.8 AF SA M 
7.2 -34.3 91.0 10.0 3.3 AF SA M 
4.0 -31.9 88.0 10.0 1.8 AF SA M 
1.9 -30.6 86.0 10.0 0.5 AF SA M 
1.1 -26.0 86.0 10.0 3.2 AF SA M 

-0.1 -18.0 77.0 5.0 -1.3 AF SA M 
-0.2 -18.7 88.0 10.0 9.3 AF SA M 
-0.5 -19.9 85.0 10.0 5.6 AF SA M 
-1.1 -24.0 81.0 10.0 -0.7 AF SA M 
-1.3 -14.5 75.0 4.0 -1.5 AF SA M 
-1.9 -12.9 82.0 10.0 6.1 AF SA M 
-2.9 -12.5 73.0 10.0 -2.7 AF $A M 
-7.5 -12.3 73.0 10.0 -3.0 AF SA M 

-54.3 -2.4 66.0 8.0 -4.3 AF SA T 
-60.6 -25.7 107.0 10.0 6.5 ANT SA T 
-60.8 -24.6 107.0 10.0 6.7 ANT SA T 
-58.3 -15.3 90.0 10.0 -7.4 ANT SA T 
-60.8 -19.7 98.0 10.0 -0.9 ANT SA T 
-55.5 -2.5 92.0 10.0 -2.0 ANT SA T 

M is Minster e• al. [1974]; T, this paper. 
*Rate is total separation rate in centimeters per year. 
ñAzimuth of motion of plate 1 relative to plate 2 in degrees clockwise from the north. 

Translated into spreading rates, the total relative motion 
between South America and Antarctica at the triple junction is 
about 1.9 cm/yr in an east-west direction. The spreading half 
rate on the ridge segments of the western branch is less than 
1.0 cm/yr. The AF-ANT pole is not very-well constrained by 
the data presented here. The best estimate for the pole latitude, 
longitude, and rate is 23øN, 51øW, 0.18 + 0.044 deg/m.y. The 
major axis of the 95% confidence ellipse lies roughly on a great 
circle passing through the pole position and events I and 2 in 
Figure 4. The half-length of the major axis is about 39 ø , and 
the half-width of the ellipse is about 8 ø . 

SOUTH SANDWICH ARC 

Shallow earthquakes. The group of shallow earthquakes 
! 1-21 represents thrust faulting on low-angle faults dipping to 
the west (Figure 5). For most of these events, only the more 
steeply dipping focal plane is well defined. Consequently, the 
direction of the slip vector is reasonably well known, but the 
d!p and strike of the fault plane are not. Earthquake 18, direct- 
ly beneath the axis of the trench, and earthquake 21 may be 
steeply dipping normal faults rather than very low angle thrust 
faults as assumed here. In general, this set of solutions is 

similar to mechanisms found for shallow events behind other 

trenches [Stauder, 1968, 1973; lsacks et al., 1969; Molnar and 
Sykes, 1969; Fitch, 1970] and indicates that the oceanic por- 
tion of the South American plate is being thrust under the 
South Sandwich arc in an east to west direction. 

An active, north-south trending spreading center at 30øW 
separates the sea floor behind the trench from the main body 
of the Scotia Sea [Barker, 1970]. Well-developed magnetic 
anomalies [Barker, 1972] show that the current half rate of 
spreading is about 4 cm/yr. The spreading center and trench 
form the trailing and leading edges of the small Sandwich 
plate, which is moving east in relati'on to the sea floor of the 
remainder of the Scotia Sea. The high level of seismicity in the 
South Sandwich trench is attributed to the fast relative motion 

of the Sandwich plate, rather than to the relatively slow con- 
vergence of the South American and Antarctic plates [Barker, 
1970]. The slip vectors of the shallow earthquakes near the 
trench thus reflect the eastward motion of the Sandwich plate 
and cannot be used to determine the relative motion of South 
America and Antarctica. 

Only three earthquakes in Figure I are located near the 
postulated spreading center, none of which are large enough to 
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Fig. '8. Focal mechanisms of intermediate depth earthquakes in the 
vicinity of the South Sandwich arc. The symbol for event 36 represents 
the solutions for two small, poorly determined events with similar 
hypocenter. 

allow a focal mechanism study. The scarcity of earthquakes 
along the ridge is expected if the spreading rate is 4 cm/yr 

the downthrown block, and the fault plane would dip to the 
south. Instead, I suggest that the faulting is due to tearing 
away of the underthrust slab from the main body of the 
American plate, which remains at the surface. The proposed 
process is similar to the hinge faulting observed at the northern 
end of the Tonga trench [Isacks et al., 1969], but the American 
plate is apparently subducted in the Sandwich trench before 
the tearing occurs. The hypocenters range in depth from 
shallow (fixed at 33 km or 'normal depth' by ERL) to about 
120 km. This depth range supports the hypothesis that the 
faulting occurs within the subducted plate. A maximum depth 
of 120 km is reasonable if the earthquake occurs within a 
downwarped lithospheric plate but would be unusual for sim- 
ple transform motion or underthrusting. 

A simple model illustrating the bending of the plate and the 
sense of motion on the fault is presented in Figure 9. The 
observed strike slip component of motion is easily explained if 
the rate of motion of the downgoing slab is equal to the rate of 
horizontal motion of the rest of the plate. Because some of the 
motion of the slab is directed downward, the horizontal com- 
ponent is reduced, resulting in transverse motion between the 
two parts of the lithospheric plate. The northern part of the ß 
South American plate continues to move westward, leaving 
the subducted portion of the plate behind. In this model there 
is also strike slip motion between the Sandwich and American 
plates. However, the stresses involved in bending and tearing 

because low seismicity is also associated with the crests of an old oceanic plate are expected to be more intense than those 
other fast spreading ridges, such as the East Pacific rise. involving transform motion between the two plates. Conse- 
However, transform motion should be observed along the quently, most of the seismic activity occurring at the northern 
northern and southern boundaries of the Sandwich plate link- end of the arc appears to be concentrated within the subducted 
ing the spreading center to the trench. Earthquakes 22-24 do oceanic plate. 
show the expected left lateral strike slip motion along the Intermediate depth earthquakes. The Benioff zone below 
northern boundary, but no right lateral motion was observed the South Sandwich island arc extends to a depth of about 180 
on the southern boundary. The seismicity along the southern km. In this paper the earthquakes deeper than 80 km are con- 
edge appears to be low, possibly due to the relatively short sidered to be intermediate depth events. The focal mechanism 
sampling interval, 1961-1973. Barker [1972] suggests that the solutions of the intermediate events at the northernmost end of 
spreading rate in the south may be much slower than on the the arc were discussed in the previous section. 
northern section of the ridge, so that less oceanic crust was 
created at 60øS than farther north. This could account for the 

lower seismicity in the south but would then require relative 
motion between parts of the Sandwich plate. A slower 
spreading rate cannot be explained by a Sandwich-Scotia pole 
near the southern end of the ridge because no significant 
difference in spreading rates was observed between two 
profiles across the spreading center at 56øS and 58øS. Final 
resolution of the precise boundaries of the plate must await 
future shipboard surveys and a larger data base for seismic 
studies. - 

Although earthquakes 22-24 demonstrate, in general, the 
type of faulting expected for relative motion between the 
Sandwich and South American plates, most of the earthquakes 
in this zone probably represent hinge faulting or bending 
stresses within the underthrust oceanic plate. Shallow focus 
earthquakes 22-25 and intermediate focus events 40, 41, 44, 
and 45 in Figure 8 show one nodal plane trending roughly 
east-west and dipping steeply to the north. I assume that this 
plane is the fault plane. Although the solutions vary from 
predominantly strike slip (events 23, 24, and 45) to dip slip 
(events 25 and 40), in every case there is a downward compo- 
nent of motion of the southern' block relative to the northern 

block. If the subduction of the oceanic plate at an angle 
beneath the island arc was generating the earthquakes, as in 
the western Aleutians [Stauder, 1968] or in the Puerto Rican 
trench [Molnar and Sykes, 1969], the northern block would be 

At intermediate depths the descending lithosphere acts as a 

/ 

Fig. 9. Schematic model of the bending and hinge faulting 
within the South American plate as it underthrusts the Sandwich 
plate (dashed line). 
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stress guide which orients the earthquake-generating stresses 
parallel to the inclined seismic zone [Olioer and Isacks, 1967; 
Elsasser, 1969; Isacks et al., 1968, 1969]. Consequently, either 
the tension axis or the compression axis in most intermediate 
depth earthquakes is aligned parallel to the dip of the zone. 
Where there is an absence of deep earthquakes, extensional 
stresses predominate, indicating that the lithosphere sinks into 
the asthenosphere under its own weight [Isacks and Molnar, 
1969, 1971]. If the downgoing slab extends deeper than about 
300 km, it appears to meet resistance in the form of viscous 
stresses, and compressional stresses are prevalent [Isacks and 
Molnar, 1971; Smith and Toksbz, 1972]. The intermediate 
depth earthquakes in the northern half of South Sandwich arc 
are consistent with this simple picture. Although some scatter 
may be introduced by the stresses involved in bending the 
plate, the least compressive stress (tensional) axes for solutions 
37-39, 42, and 43 are aligned roughly parallel to the dip of the 
zone, indicating down-dip extension. 

However, even though the seismicity extends only to about 
180 km, event 35 seems to indicate down-dip compression 
rather than extension. This puzzling feature was first noted by 
lsacks and Molnar [1971 ], who did not attempt an explanation. 
Earthquake 34 near the southern end of the arc also 
demonstrates down-dip compression. The transition between 
down-dip tension in the north and compression in the south is 
located near 58øS. Although the mechanisms of events 36a and 
36b are not well determined, the orientation of the stress axes 
appears to be intermediate in character between that of the 
northern and southern events. Despite the poor quality of 
these solutions, it is clear that the faulting in 36a and 36b is not 
similar to the other intermediate depth events. 

A possible explanation for the transition from extensional to 
compressive stress is suggested by the configuration of the 
ridge-transform fault system seaward of the arc. As shown in 
Figure 2, there is a long east-west trending transform fault 
offsetting the ridge axis at about 58øS. The active spreading 
center from 58øS to about 61øS is much closer to the trench 

than the spreading center north of 58øS. If this geometry was 
maintained in the past, the sea floor now being underthrust in 
the trench south of about 58øS is much younger than the sea 
floor farther north. After new sea floor is created at midocean 

ridges, the lithosphere gradually cools, becoming more dense 
due to thermal contraction and temperature-induced phase 
changes. This process continues for at least 50 m.y. after the 
initial formation of the lithosphere [Forsyth and Press, 1971]. 
At the current spreading rates the sea floor at the trench south 
of 58øS would be 25-30 m.y. old. Thus the younger lithosphere 
is less dense than the mantle material being subducted in the 
northern half of the arc. 

In current models of the descending lithospheric plate the 
slab is more dense than the surrounding asthenosphere. The 
lithosphere sinks under its own weight, overcoming the viscous 
stresses on its edges, which resist the motion. If detached 
pieces of lithosphere were sinking within a uniform viscous 
mantle, the densest piece would sink at the highest rate. 
However, if beneath the Sandwich arc the dense northern half 
of the slab is welded to the younger southern half, both would 
move at the same rate. The viscous forces on the southern end 

of the slab could then be greater than the buoyancy forces, as 
the lithosphere is pushed into the asthenosphere faster than it 
would sink under its own weight. The net result would be the 
unusual occurrence of down-dip compression in an inclined 
seismic zone extending to less than 300 km below the surface 
of the earth. 

SCOTIA SEA REGION 

The boundary betw een the South American and Antarctic 
plates must lie within the Scotia Sea region, but neither the 
earthquake epicenters (Figure l) nor the marine geophysical 
data [Barker, 197 l] unambiguously define its location. Barker 
[1970] suggests that most of the current shearing• motion 
between the plates occurs along the south Scotia ridge and the 
Shackleton fracture zone. However, the interpretation of the 
tectonics of the area in terms of plate motions is complicated 
by the recent reorganization of sea floor spreading in the 
Scotia Sea and along the coast of southern Chile. The earth- 
quakes which are occurring now may be associated with rem- 
nant activity, or they may be due to the development of a new 
set of plate motions which is not yet clearly reflected in the 
geology of the region. 

South Georgia and the South Orkney Islands are clearly 
fragments of the Andean cordillera which have been 
transported eastward since the late Cretaceous in relation to 
their original position in the orogenic belt [Dalziel and Elliot, 
1971]. If the SA-ANT boundary is now along the south Scotia 
ridge, the sense of motion there is left lateral strike slip or op- 
posite that which would be required to move the South Orkney 
continental fragment to its present location. Much of the 'nor- 
mal' oceanic crust [Ewing et al., 1971] of the Scotia Sea may 
have been formed after the disruption of the cordillera. Some 
of the crust may have been generated at a ridge running 
through the Scotia Sea, linking the present Chile ridge to the 
spreading center in the Atlantic [Barker and Griffiths, 1972]. 
Barker [1970] suggests that part of this ridge may still be 
spreading at a very slow rate. The system of possible fossil and 
active plate boundaries shown in Figure 2 provides a con- 
venient framework for discussing the tectonic significance of 
the focal mechanism solutions of earthquakes in this area. 

North Scotia ridge. In his interpretations of the tectonics 
of the area, Barker did not place an active plate boundary 
along the north Scotia ridge. However, in 1970 a significant 
earthquake with a surface wave magnitude of 7.0 occurred on 
this ridge (event 27). Figure 10 shows that the east-west trend- 
ing nodal plane of the event lines up with the M alvinas 
chasm, which probably continues as far west as the epicenter in 
the form of a sediment-filled trough (P. Rabinowitz, personal 
communication, 1974). If we assume that this plane is the fault 
plane, the mechanism suggests that the sea floor of the Scotia 
Sea is moving east in relation to South America. The slip vec- 
tor of the thrust faulting represented by event 26 south of 
South Georgia is also consistent with eastward motion of the 
Scotia Sea if we assume that the shallow dipping nodal plane is 
the fault plane. If the Scotia Sea formed part of the Antarctic 
plate, the direction of relative motion along the north Scotia 
ridge boundary computed from the SA-ANT pole would be 
more southeasterly than is observed in events 26 and 27. Thus 
although some of the SA-ANT relative motion may take place 
at this ridge, an additional component of motion must occur 
elsewhere. These two events imply the existence of a Scotia 
plate which is moving separately from the South American 
and Antarctic plates. The spreading center behind the South 
Sandwich arc would form the eastern boundary of the plate as 
indicated in Figure 2. 

South Scotia ridge and Drake passage. The most probable 
location of the other boundaries of the Scotia plate and the site 
of the remaining motion between the major plates is a line 
which runs along the south Scotia ridge from the east Scotia 
spreading center to the Shackleton fracture zone and then 
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Fig. 10. Focal mechanisms of shallow earthquakes in the Scotia Sea area. Heavy lines represent 3000-m contour; light 
lines, 1000-m contour; shaded areas, deeper than 5000 m. Bathymetry is after Heezen [1972]. Arrows indicate inferred direc- 
tion of maximum or minimum horizontal compressire stress. 

northwest along the fracture zone to the tip of South America. behind the South Shetland Islands [Davey, 1971]. A thrust fault 
Events 32 and 33 should then reflect the relative motion solution would have supported the hypothesis of continued 
between the Scotia plate and the Antarctic plate. Event 32 
appears to have occurred on the southern end of the Shackle- 
ton fracture zone, so we assume that the fault plane is the 
northwest striking nodal plane. The left lateral strike slip mo- 
tion in the two events indicates that relative to South America, 
the Antarctic plate is rotating to the east faster than the Scotia 
plate. In this respect the Scotia plate differs from the Carib- 
bean plate, which is moving eastward with respect to the 
neighboring plates on both its northern and southern bound- 
aries [Molnar and Sykes, 1969]. The Scotia Sea seems to act 
as a broad shear zone between South America and Antarctica, 
their relative motion being taken up on both the north and the 
south Scotia ridges. 

However, there is a possible alternative explanation for the 
strike slip faulting of event 32. As shown in Figure 2, if the 
small plate to the west of the Shackleton fracture zone is still 
moving slowly toward the South Shetland Islands, left lateral 
strike slip motion would be expected on the fracture zone. 
Magnetic anomalies 4, 5, and 6 generated at the ridge bound- 

motion of the small plate, but the normal faulting and 
volcanism may be merely residual effects of a past episode of 
subduction. 

Another test of whether the small plate is moving is provid- 
ed by the focal mechanisms in the Drake passage. If the ridge 
at the trailing edge of the plate is spreading, the earthquakes 
should be either normal faulting or strike slip with a NW-SE 
trending fault plane. Only one of the events was large enough 
to obtain reliable observations of P wave first motions. The 

results are shown in Figure 11 for event 30. All but one of the 
arrivals are compressional, and the only S wave reading is not 
very reliable. The seismic signals from this event are typical of 
an intraplate earthquake [Sykes and Sbar, 1973], with very lit- 
tle long-period energy and clear short-period arrivals, in- 
dicating high effective stress. Normal faulting is eliminated, 
but, as indicated by the dotted lines in Figure 11, either strike 
slip or thrust faulting is consistent with the body wave data. 
We conclude that the mechanism is a thrust fault from the 

radiation pattern of surface waves. Because the event is so 
ary of this small plate have been identified [Barker, 1971], •small, we can use only a few stations at which there is a good 
and measurable spreading may have continued to the time of' signal-to-noise ratio. The Love-to-Rayleigh wave amplitude 
anomaly 3, or about 5 m.y.B.P. (E. M. Herron, personal com- 
munication, 1974). The active volcanos of Deception Island 
and the earthquakes which have recently occurred near the 
Shetland Islands could be indicators of continued subduction. 

The seismicity in the Drake passage west of the Shackleton 
fracture zone (Figure l) is also suggestive of continued or 
renewed motion of the plate. Earthquake 31 (Figure 10) is a 
normal fault which may be associated with the activity on 
Deception Island or with the extension in the Bransfield Strait 

ratios at a period of 30 s are plotted in Figure 11 as a function 
of azimuth. A shallow strike slip event should have Rayleigh 
wave minimums and Love wave maximums in the direction of 

the nodal planes, as shown in Figure 6. The dotted solution 
(Figure 11) would have a high Love/Rayleigh ratio to the 
NNE and a low ratio to the NNW. No strike slip solution 
which is compatible with the P wave data also satisfied the sur- 
face wave observations. A thrust fault with roughly NW-SE 
strike fits the ratios reasonably well. We conclude that the 
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Fig. 11. Focal mechanism of the May 20, 1967, event. Dashed 
lines represent a solution which satisfies the body wave data but which 
is incompatible with the azimuthal variation of surface wave 
amplitudes. Numbers around the perimeter give the approximate ratio 
of amplitudes of 30-s Love waves to 30-s Rayleigh waves observed at 
the azimuths indicated by the tick marks. 

small plate is ao longer moving and that the formerly active 
spreading center in the Drake passage is now under SW-NE 
compression. 

West coast of South America. In every study in which the 
relative motion of South America and Antarctica has been 

considered, it was concluded that the oceanic portion of the 
Antarctic plate should be colliding with the coast of Chile 
south of 46øS. The pole derived earlier in this paper requires 
convergence at a rate of about 2 cm/yr in a direction a few 
degrees south of east. However, the seismicity is anomalously 
low. There are a few earthquakes concentrated at 52øS (Figure 
1), and in 1949-1950 there were several large events at about 
54øS [Gutenberg and Richter, 1954]. The only other known 
events are a large, poorly located event before 1900 and the 
small event located inland shown in Figure 1. Although the 
convergence rate is low, the lack of more widely distributed 
seismicity is surprising. The magnetic anomaly evidence 
suggests that an actively spreading extension of the Chile ridge 
was consumed at the margin of South America [Herron, 1972; 
Barker and Griffiths, 1972] about 20 m.y.B.P. (E. M. Herron, 
personal communication, 1974). Before the consumption of 
the ridge the proto-Nazca or Farallon plate was being sub- 
duc•/•d,- but after the spreading center encountered the trench, 
the converging plate became the Antarctic plate, and the rate 
of consumption was greatly reduced. Some period of readjust- 
ment might be expected because the newly formed leading 
edge of the plate would not yet have cooled and therefore 
would be thinner, softer, and less dense than fully developed 
oceanic lithosphere. At first, rather than sinking, the plate may 
buckle or deform plastically. Even after underthrusting is 
reestablished, the warm oceanic plate may be too soft to allow 
rupture to occur in large events. Thus the youth of the plate 
and the slow convergence rate together may account for the 
paucity of teleseismically detected earthquakes along the 
southern coast of Chile. 

Although there is a sediment-filled trench off the coast of 
southern Chile [Ewing et al., 1969], the mechanisms of the 
earthquakes at 52øS do not indicate simple underthrusting. 
The largest earthquake, event 29, is primarily strike slip with 

possibly a small component of normal faulting. The solution 
for event 28 is not as good but apparently indicates some un- 
derthrusting, plus a strike slip component with the same sense 
of motion as the larger event. The slip vectors do not agree 
with the direction of motion between the Scotia and South 

American plates as indicated by event 27 nor with the SA- 
ANT pole computed earlier. These earthquakes may be 
associated with deformation in the overriding South American 
plate. Although the focal mechanisms are somewhat different, 
the two events do have in common a horizontal east-west 

oriented axis of maximum compressive stress. Thus the earth- 
quakes may be generated by the east-west convergence of the 
Antarctic and South American plates, but the slip vectors do 
not describe the relative motion between the two plates. 

Regional stress field. One of the successes of the plate tec- 
tonic theory was the explanation of the focal mechanisms of 
most shallow earthquakes. Early studies, which concentrated 
on the orientation of the stress axes in shallow events, had 
difficulty finding consistent patterns. However, McKenzie and 
Parker [1967] demonstrated that the slip vectors are consistent 
and are parallel to the direction of relative motion of major 
crustal plates. Nevertheless, in the Scotia Sea area considered 
in Figure 10 the most consistent pattern that emerges is the 
orientation of the axis of maximum compressive stress. It is 
typically horizontal and varies in strike from NE-SW in events 
27, 30, and 33 to east-west in 28, 29, and 32. Only event 31, 
which may be associated with relict volcanism on Deception 
Island, is inconsistent. As has been shown, the slip vectors 
of events 26, 27, 32, and 33 are roughly consistent with the 
existence of a slow moving Scotia plate with uncertain 
boundaries, but events 28-30 are not easily interpreted in 
terms of slip on major plate boundaries. Rather than postu- 
lating a number of small plates to explain the mechanisms, 
I prefer a model in wh'ich the regional stress field is gen- 
erated by the rotation of the Antarctic plate relative to South 
America. The region is in a transitional state in which, fol- 
lowing the consumption of a ridge beneath the west coast 
of South America, rifting has been initiated behind the South 
Sandwich arc, sea floor spreading in the Drake passage has 
died out, and underthrusting has ceased beneath the South 
Shetland Islands. New clearly defined plate boundaries have 
not yet been established, their development being delayed 
by the slow convergence rate of the two major plates. De- 
formation takes place across a wide zone with earthquakes 
at zones of weakness, such as the former plate boundaries 
in the Drake passage and the north and south Scotia ridges. 

DISCUSSION 

The pole of relative motion between South America and 
Antarctica derived in this study is not consistent with earlier 
results. In Figure 7 the 95% confidence ellipse does not overlap 
the ellipse surrounding the SA-ANT pole of Minster et al. 
[ 1974]. This means that there is a significant difference between 
the two poles and that the two data sets are incompatible. The 
Minster pole is controlled primarily by the addition of the 
relative motions of SA-AF, AF-IND, and IND-ANT, with 
lesser contributions from the ANT-Nazca-SA circuit and the 

earlier observations of motion of the AF-ANT boundary 
listed in Table 2. If the plates are rigid, the results derived 
from the summation of several relative motions should be 

compatible with direct observations on the plate boundary. 
One possible explanation for the discrepancy is that Africa 

may consist of two plates, Somalia (SOM) and Nubia (NUB) 
[McKenzie et al., 1970], so that in completing the SA-AF- 
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IND-ANT circuit, an additional vector should be added which 
describes the separation of Somalia and Nubia along the East 
African rift zone. To test the hypothesis of two African plates, 
I add to the list in Table 2 the data on AF-IND and IND- 

ANT summarized by Minster et al. Spreading on the midocean 
ridge south of Africa is assumed to be between the Nubian and 
Antarctic plates, whereas the spreading between Africa and In- 
dia involves the Somalian plate. We then invert to find the mo- 
tion of Nubia, Somalia, India, and Antarctica relative to the 
fixed coordinate frame of South America. The NUB-SA and 

SOM-SA confidence ellipses do not overlap. Therefore 
theoretically we can resolve the NUB-SOM motion, just as 
Minster et al. resolved the South America-North America 

[1974] found that they could resolve the separate motion of 
North America and South America, yet there is no firm 
evidence of an active plate boundary between the sections of 
the American plate. Excluding the deformation involved in 
mountain building at zones of continental collision, there are a 
number of other indicators of nonrigid plate behavior. In- 
traplate earthquakes [Sykes and Sbar, 1973] must result in 
some motion within the lithosphere and may be associated 
with significant deformation. In particular, in the Indian 
Ocean there is a broad region of intraplate earthquakes 
[Sykes, 1970] in which zones of faulted and folded sediments 
indicate that compression of the crust has occurred about an 
axis roughly parallel to the direction of plate motion [Eittreim 

(SA-NA) motion when the SA-AF and NA-AF poles were and Ewing, 1972]. In the central Atlantic, no single rotation 
significantly different. However, the resultant pole, located at 
46.8øS, 61.7 ø E, and rotating at 0.25 deg/m.y. in a left-handed 
sense, implies convergence along the East African rift, instead 
of the separation which is observed. I conclude that neglect of 
the relative motion between Nubia and Somalia is not the 

primary source of the apparently inconsistent plate motions. 
Barring the existence of some unknown plate boundary, 

there are three probable causes of the inconsistency. (1) There 

pole can be used to generate small circles which simultaneous- 
ly fit the trends of the Oceanog•apher, Kane, and Atlantis frac- 
ture zones [Phillips et al., 1971], even though all three should 
represent NA-AF relative motion. Collette [1974] states that 
there is a continual change in apparent pole position from the 
central to the South Atlantic, suggesting that any NA-SA 
relative motion is spread out over a broad zone. Butler et al. 
[1974] suggest that the extension between North America and 

may be systematic errors in the data. (2) The slip vectors of South America has been accommodated in a widespread series 
earthquakes are instantaneous measures of spreading direc- 
tion, whereas spreading rates must necessarily be an average 
over a finite period of time. If the relative motions of the plates 
have changed within the last 2 or 3 m.y., the rates used in the 
model may not adequately represent the instantaneous rates. 
(3) There may be internal deformation within the plates, 

of many small fracture zones which are oriented at an angle of 
about 60 ø to the strike of the ridge axis. The total rate of 
relative motion or deformation occurring at present near the 
ridge axis is estimated from the NA-SA pole [Minster et al., 
1974] to be about 0.6 cm/yr. In the Scotia Sea area the motion 
is faster but is still less than 2 cm/yr. Here there are more con- 

sufficient to invalidate the assumption of rigid plates on a fine centrated loci of earthquakes, but plate boundaries do not 
scale. I prefer the third explanation. Typically, slip vectors of appear to be well developed yet. We suggest that at very slow 
earthquakes, trends of epicenters, and bathymetric surveys of strain rates, plates can deform plastically accompanied only by 
the strike of fracture zones are all consistent [Sykes, 1967], so 
it is unlikely that there are significant errors in the azimuthal 
data. Spreading rates were all reexamined and related to the 
same time scale [Talwani et al., 1971] by Minster et al. An 
error in the age assigned to anomaly 3, the anomaly on which 
most of the spreading rates are based, would act merely as a 
universal scale fai:tor in rotation rates and would not affect the 

deduced pole position. However, on some of the slower 
spreading ridges, the rate was measured to anomaly 5. This 
could result in small errors if the relative ages on the time scale 
are incorrect. 

As pointed out by McKenzie and Parker [1967], the concept 
of adding relative motion vectors applies only to instantaneous 
velocities. In a three-plate system the relative motion between 
all three of the plate pairs cannot remain constant over a finite 
time interval. However, the error due to assuming that the 
spreading rates measured over the last 10 m.y. are instan- 
taneous velocities is negligible. Any error resulting from the 
measurement of spreading rates over a finite time interval must 
be due to a real change in the spreading regime and not the 
gradual migration of the poles geometrically required over a 

a diffuse scattering of earthquakes in the brittle uppermost 
lithosphere. Above some threshold rate, perhaps controlled by 
temperature, deformation is concentrated into a few narrow 
zones of significant seismic activity, which can be recognized 
as plate boundaries. 

Much of the deformation may take place near the midocean 
ridge axes, where the lithosphere is still relatively warm and 
soft. In rigid plate theory, fracture zone earthquakes should 
occur only on the transform fault portion of the zone between 
the active spreading centers. However, in Figure 4, event 46 is 
located on the western extension of the transform fault beyond 
the axis of the mid-Atlantic ridge. The sense of motion on the 
fault plane is opposite that which would be expected for a 
transform fault event, suggesting that there is some relative 
motion between different parts of the same oceanic plate. 
Another similar solution, also for an event close to the ridge, 
was •found in a fracture zone on the East Pacific rise [Anderson 
et al., !974]. These events, although they are, rare and small, 
are important exceptions to the simplistic rigid plate model. 

We can estimate the deformation rate from the difference 

between the SA-ANT relative motion vector estimated from 

finite time interval. It should be possible to detect any recent the SA-AF-IND-ANT circuit and the vector derived in this 
Change with a ship survey of the magnetic anomalies and frac- paper from measurements near the triple junction. East of the 
ture zone bathymetry associated with the southwest branch of South Sandwich trench the vector difference has a length of 
the South Atlantic triple junction. At present the data are not about 1.0 cm/yr. If We assume that this difference was caused 
sufficient to rule out a significant shift in spreading direction. by deformation along the 20,000-km circuit across Africa and 

Internal deformation of the plates may easily produce ap- through the Indian and Antarctic plates, the average strain 
parently inconsistent plate motions. In the context of this rate is about 2 X 10-X6/s. The extension in the central Atlantic 
paper, internal deformation and nonrigid behavior refer to dis- as a result of NA-SA motion provides another estimate of the 
tortion of the shape of the plates at areas other than intraplatedeformation rate. Butleretal. [1974]estimatethata 
recognizable plate boundaries and do not include vertical flex- total of about 900 km of extension distributed in small frac- 
ure of the plates, such as that caused by loading. Minster et al. tures over a total length of 5,000 km has occurred since the 



1442 FORSYTH: FAULT PLANE SOLUTIONS AND TECTONICS 

separation of Africa and South America bega n . The average 
strain rate over the last 125 m.y. using these figures is about 6 
X 10-•6/s. It is interesting to note that in the development of 
the deep mantle hot spot hypothesis [Morgan, 1971, 1972], 
relative drift of the hot spots on the order of 0.5-2.0 cm/yr is 
required to explain the orientation of the seamount chains 
[Molnar and Atwater, 1973]. If internal deformation of the 
plates occurs at the rates suggested here, relative motion of the 
hot spots may not be necessary. After the seamounts are 
formed, their relative orientation may be gradually altered by 
stretching or compression of the lithospheric plates. This 
gradual change over a long distance may explain why the in- 
stantaneous directions appear to be consistent with the fixed 
hot spot hypothesis [Minster et al., 1974] and why the 
members of small groups of hot spots seem to be fixed inter- 
nally even though separated groups are not fixed [Burke et al., 
1973]. 

Although the discussion in this section is speculative, the 
degree of internal deformation can be tested more precisely in 
the future as new measurements are made on plate boundaries 
which are not well understood at present. As has been 
demonstrated in this paper, the relative motion along one plate 
boundary cannot always be predicted accurately from the sum 
of motions observed on other plate boundaries. 
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