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Coupling of South American and African Plate 
Motion and Plate Deformation 

Paul G. Silver, Raymond M. Russo, Carolina Lithgow-Bertelloni* 

Although the African Plate's northeastward absolute motion slowed abruptly 30 million 
years ago, the South Atlantic's spreading velocity has remained roughly constant over 
the past 80 million years, thus requiring a simultaneous westward acceleration of the 
South American Plate. This plate velocity correlation occurs because the two plates are 
coupled to general mantle circulation. The deceleration of the African Plate, due to its 
collision with the Eurasian Plate, diverts mantle flow westward, increasing the net basal 
driving torque and westward velocity of the South American Plate. One result of South 
America's higher plate velocity is the increased cordilleran activity along its western 
edge, beginning at about 30 million years ago. 

T h e  motions of tectonic plates are well- 
established components of plate tectonic 
theory. Yet, the manner in which plates 
interact, specifically how the forces driving 
adjacent plates are coupled to each other, is 
still uncertain. Plate interaction is most 
clear at a convergent margin. In a contl- 
nent-continent collision, the leading edges 
of both plates are deformed and the veloc- 
ities of both are constrained to be the same. 
Subduction represents a more subtle plate 
interaction, in which the overlying plate is 
deformed (producing marginal basins or 
cordilleran structures), although plate ve- 
locities are not obviously affected. 

Our interest In plate interactions for At- 
lantic basin plates is motivated by the issue 
of cordillera formation along the western 
edge of the American plates, and its rela- 
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tion to the forces responsible for South 
American Plate (SA) motion. It was sug- 
gested ( 1 ,  2)  that Andean deformation is a 
result of the westward velocity of SA and 
the resistance to that motion by a more 
slowly retreating subducting Nazca slab. 
The velocity difference v between the 
trenchward velocity of the overlying plate 
and the natural retrograde velocity of the 
slab determines whether the back arc is 
under compression (positive) or tension 
(negative) [for example, ( 3 ) ] .  More gener- 
ally, a temporal change in p, should change 
the stress state of the back arc. In the case of 
SA, the onset of the latest phase of Andean 
deforruation, beginning 25 to 30 million 
years ago (Ma) (4) was concurrent with an 
increase in the westward velocitv of SA (2).  
A change in plate velocity must'be due ;o a 
change in the force-balance on the plate. 
Thus, temporal variations in cordilleran de- 
formation are an expected result of tempo- 
ral changes in plate driving forces. 

To examine this linkage, we analyzed 
the relative and absolute motion histories of 
the African Plate (Af) and SA over the last 
80 million years (My) using fracture-zone 
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orientations and sea-floor maonetic anorn- 
D 

alies (5), and the motion of Af with respect 
to Atlantic basin hot spots Tristan da 
Cunha and St. Helena (6, 7). The varia- 
tions in SA and Af velocitv vectors were 
determined from the stage pbles of motion 
that were decomposed, as angular velocity 
vectors, into directions parallel and orthog- 
onal to the relative plate motion direction 
(defined as the 80 My flnlte rotation pole). 
The corresponding plate directions are 
roughly east-west and north-south, respec- 
tivelv. While the half-s~readine rate be- 
tween the Af and SA remainedYrelatively 
constant at 2 cm/year over the last 80 My, 
the absolute 111ot1011 of Af slowed consider- 
ably beginning at about 30 Ma. Af's east- 
ward velocity before this time averaged 
about 2.5 cm/year, but subsequently 
dropped to 1 cm/year (Fig. 1) (8). The 
combination of a roughly constant relative 
velocity and an abrupt reduction in Af's 
eastward velocity, requires a simultaneous 
increase in the absolute westward velocity 
of SA. During the last 30 My, thls velocity 
Increased from about 2.0 to 2.8 cm/year 
(Fig. I ) .  SA is currently moving faster rel- 
ative to the hot spots than at any time in 
the last 80 My. 

A simple explanation for the decelera- 
tion of Af is ~ t s  collision with the Eurasian 
Plate (Eu), beginning about 38 Ma [for 
example, (9, 1 O)], which is the largest and 
slowest moving plate ( 1  1 ,  12). The simul- 
taneous westward acceleration of SA, 
however, reauires a senarate mechanism. 
We propose that the change in SA's mo- 
tion is the result of a flow-coupled plate 
interaction. If Af and SA are coupled to 
mantle flow (13), a change in Af motion 
nerturbs the mantle flow field. which in 
turn alters the basal shear stress and, 
hence. the velocitv of SA. The existence 
of this interactidn is independent of 
whether the plates drive the flow or vice 
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Fig. 1. SA (circles) and Af (squares) absolute ve- 3 , 
locities and SAIAf relative velocities (half-spread- 
ing rate) (triangles) for the last 80 My correspond- 
ing to the stage poles calculated from plate mo- -- - 
tion models. Each stage pole is treated as an f 
angular velocity vector and is decomposed into - - 
components that are parallel (solid lines, filled $ - 
symbols) and orthogonal (dashed lines, open 9 - 
symbols) to relative plate motion pole, defined as - 
the 0 to 80 Ma finite rotation pole for relative mo- - a n  .a' 

1 0 . -  A - -  
,4 .  . . 

tion. The two component directions of motion are A - - -  - - A - - - * - ,  

approximately east-west and north-south, re- 0'; ' ' ';; ' ' ;; ' ' ' ' 2; ' ' '& ' ' '& ' ' ;; ' ' &, 
spectively. Velocities are plotted at the middle of 
the time interval for which they are calculated and Age (my) 

given as velocity at the equator of the plate. For east-west motion, note that SNAf relative motion 
has a roughly constant half spreading velocity of about 2 cm/year. In contrast, Af absolute motion slows 
abruptly after 30 Ma (vertical line), going from a value of about 2.5 cmlyear before 30 Ma to about 1 
cm/year at present. SA increases in velocity from about 2 cm/year up to a present value of 2.8 cm/year. 
North-south velocities for the two plates both decrease at about the same rate from 30 Ma to the 
present. The apparent correlation of SA and Af absolute motion indicate two forms of plate interactions: 
a flow-coupled plate interaction (east-west motions) and a ridge-transform plate interaction (north-south 
motions, see text). 

versa. In the former case, if the dominant 
driving force is, for example, litho- 
spheric cooling or ridge-push, basal shear 
is a drag force on the plate. The eastward 
flow that is induced by Af motion ceases 
when the plate stops. There is, then, a net 
westward flow that serves to reduce the 
drag force beneath SA. The resulting di- 
vergence velocity remains unchanged (14). 

If the plates are driven by general mantle 
circulation, basal shear is a driving force. 
The eastward motion of the mantle be- 
neath Af is impeded if that plate stops, in 
which case mantle circulation is diverted 
westward, increasing the net basal driving 
torque on SA. A constant divergence ve- 
locity will arise if there is a constant mass 
flux of material entering the Atlantic 

basin mantle. 
As a test of the plausibility of this flow- 

coupled mechanism, we performed a three- 
dimensional instantaneous flow calculation 
in which mantle flow is assumed to be driven 
by two known sources of buoyancy: The 
density anomalies produced by slabs sub- 
ducted over the last 200 Mv and lithos~heric 
cooling (15). To  approximate the effect of a 
collision between Af and Eu on the mantle 
flow field, and on the velocity of adjacent 
dates. we com~ared two cases at 25 Ma: one 
In which the kelocities of Af and Eu were 
independent (pre-collision), and one in 
which they were constrained to have the 
same velocity (post-collision) (1 6, 17). The 
difference between pre- and post-collision 
plate velocities (Fig. 2), reflecting a flow- 
coupled plate interaction, was significant for 
plates adjacent to' Af. For SA, there was an 
added southwesterly component of plate mo- 
tion; the magnitude of this motion near the 
western edge of SA was 0.5 to 1.0 cmlyear 
(-25% change in velocity), similar to the 
change found in the actual da te  motion. 

L. 

This flow-coupled plate interaction, in 
addition to linking plate velocities, links 
stress changes and accompanying deforma- 
tion as well. The Af-Eu collision increased 
the resistive force that Eu exerted on Af and 
gave rise to deformation along the western 

Fig. 2. Test of flow-coupled plate interaction hypothesis. Instantaneous same velocity (post-collisional). (C) Difference between pre- and post- 
flow calculation to predict plate motion for the 25 to 43 Ma stage using collisional plate motion vectors. (D) Close-up of differential velocity vectors 
sources of buoyancy due to density anomalies associated with subduction between Af and SA from (C). Note that Af has essentially stopped and SA 
over the preceding 200 My and lithospheric cooling (15). (A) plate motion possesses a southwesterly change in plate motion of almost 1 cmlyear. 
(no-net-torque reference frame) with Af and Eu as separate plates (pre- The westward component is predicted by the flow-coupled plate interac- 
collisional); (B) same as (A), but with Af and Eu acting as one plate with the tion hypothesis. 
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part of the Alpine-Himalayan chain. The 
corresponding westward acceleration of SA 
increased the resistive normal stress. and 
consequent cordillera deformation, on that 
continent's western leading edge. As noted 
above, this change in motion is temporally 
related to Altiplano and Bolivian orocline 
formation during the latest phase of Andean 
deformation, as well as the onset of eastward 
motion of the Caribbean Plate, and opening 
of the Drake Passage south of Patagonia (2). 
Thus, Andean and Alpine-Himalayan de- 
formation are causally linked by this flow- 
coupled plate interaction. 

Assuming that SA's increase in trench- 
ward velocitv since 30 Ma. defined as 
Sw(t), is taken up entirely by east-west 
shortening, it is possible to predict the 
amount of cordilleran shortening from 
plate motion by integrating Sw(t) from 30 
Ma to the present. The resulting 120 km 
estimate for total shortening (based on the 
average 0.4 cmlyear increase in SA veloc- 
ity since 30 Ma) is comparable to the 
actual shortening inferred to have oc- 
curred throughout the central Andes over 
this time period (18). In addition, the 
present-day value of Sw(t) = 0.8 cm/year 
(Fig. 1) is close to the present-day rate of 
shortening across the Andes of about 1 
cmlvear. estimated from Global Position- ., , 

ing System (GPS) measurements taken on 
either side of the Andes (19). 

The motions of SA and Af reveal a 

~bso~ute 1 motion 

North 

t 

South America 
Relative 

++ 

Fig. 3. Schematic of a ridge-transform plate inter- 
action. The absolute motions of the two plates are 
shown for the northward (vertical) and east-west 
(horizontal) directions before and after 30 Ma. Ab- 
solute motions in the (northward) direction orthog- 
onal to the east-west relative plate motion direc- 
tion are constrained to be the same for the two 
plates. If this were not the case, then the ridge- 
transform offsets (connected solid lines) would 
have to be broken and the ridge completely reor- 
ganized. Thus, the deceleration of Af's northward 
motion at about 30 Ma (Fig. 1) required a simulta- 
neous deceleration in SA's northward motion. 

Africa 
motion 

second type of coupling, signaled by the 
simultaneous reduction in the two plates' 
northward motions since 30 Ma (Fig. 1). 
We infer that the coupled motion is due to 
the plate strength and structure of trans- 
form faults at the Mid-Atlantic Ridge 
(MAR) (20). The onset of differential Af 
and SA north-south motion at 30 Ma 
would have required a reorganization of 
the interlocking MAR-transform system 
(Fig. 3). New transform faults trending 
parallel to the new relative plate motion 
directions would have had to break 
through already formed oceanic litho- 
sphere of both plates to accommodate 
such a change in motion. Thus, SA 
absolute motion is severely restricted in 
the direction orthogonal to relative plate 
motion. 

The strength of the ridge-transform sys- 
tem can be used as an upper bound on the 
northward driving forces on SA because 

Fig. 4. Map of sea-floor bathymetly for the Atlantic 
basin (31), along with location of the MAR and of 
known hot spots (circles) and other centers of vol- 
canism (squares). Note the large transform offsets 
that characterize the Atlantic spreading center, es- 
pecially those associated with the west African 
continental bulge. It is argued that the strength of 
these ridge-transform offsets couple the north- 
south velocities of the Af and SA plates. Also note 
that all of the Atlantic basin hot spots are to the 
east of the ridge, suggesting a general westward 
shift in the center of mass of the Atlantic basin in a 
hot-spot frame. Based on the timing of the shift at 
Iceland, we infer that NA absolute motion acceler- 
ated to the west at the same time as SA. 

the two forces must balance. The strength of 
this system depends on its evolution over the 
last 130 My and is primarily a function of the 
geometry of Mesozoic continental breakup. 
The force reauired to break oceanic litho- 
sphere under shear is roughly a linear func- 
tion of age and is about 5 x lo-'' N/m of 
ridge for 30-My lithosphere (21). This esti- 
mate is appropriate for the southern part of 
the ridge, but the ridge-transform strength 
must be greater to the north, where long 
ridge-offsets accommodate the west African 
continental bulge (Fig. 4). Assuming that 
the northern region is twice as strong, the 
average resistive force is closer to 7.5 X 
10-l2 N/m, which then represents an upper 
bound on the basal traction driving SA 
northward (22). 

On the basis of our analysis of SA-Af 
motions, we expect a westward accelera- 
tion of the North American Plate (NA) 
that is com~arable to that for SA. If this 
were not the case, east-west differential 
motion between NA and SA should be 
evident (most probably east of the Carib- 
bean Plate) beginning about 30 Ma, and 
there is no evidence for such differential 
motion (23). Available hot-spot data for 
NA are consistent with this hypothesis. 
Late Cenozoic westward drift of the MAR 
system, relative to proximal hot spots, has 
generally occurred throughout the Atlan- 
tic basin (24, 25) (Fig. 4). The history of 
such motion in the North Atlantic is best 
revealed by motion of the MAR relative to 
the Iceland hot spot. Age dating and geo- 
chemical analyses of hot-spot lavas and 
ridge lavas indicate progressive westward 
motion of the MAR north and south of 
Iceland, and formation of an eastern, cap- 
tured ridge segment coincident with the 
hot spot, and bounded by two lengthening 
transform faults, detectable beginning at 
about 30 Ma (26). Before that time, the 
hot spot was apparently ridge-centered. 
Motion of NA relative to the Iceland hot 
spot therefore is consistent with a west- 
ward acceleration at the appropriate time. 

The apparent relationship between the 
MAR and many of the Atlantic basin hot 
spots (Fig. 4) suggests westward motion of 
the entire MAR in a hot-spot reference 
frame. Like the Iceland hot spot, the 
Tristan da Cunha hot spot in the South 
Atlantic is displaced eastward relative to 
the MAR. Both hot spots now underlie 
crust formed at the time of anomaly 6, 
around 20 Ma. Similarly, the Azores hot 
spot (25,27-29) also lies some 200 km east 
of the adjacent MAR, as do nearly all of the 
other proposed Atlantic hot spots (30). 

Flow-coupled plate interactions illus- 
trate the importance of the mantle flow 
field in controlling plate motion and tec- 
tonic activity. They are a natural conse- 
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EESEH 
quence of continent-continent collisions 
between large plates that are strongly cou­
pled to mantle flow, and may thus provide a 
means of linking major tectonic events that 
have occurred throughout Earth's geologic 
history. 
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Footwall Refrigeration Along a Detachment 
Fault: Implications for the Thermal Evolution 

of Core Complexes 
Jean Morrison* and J. Lawford Anderson 

Oxygen isotope compositions of epidote and quartz from chloritic breccias that underlie 
the detachment fault in the metamorphic core complex of the Whipple Mountains yielded 
quartz-epidote fractionations that range from 4.1 to 6.4 per mil and increase system­
atically toward the fault. These fractionations give mean temperatures that decrease from 
~432°C at 50 meters below the fault to ~350°C at 12 meters below the fault. This extreme 
thermal gradient of 82°C over 38 meters (2160°C per kilometer) is best explained by 
advective heat extraction by means of circulating surface-derived fluids. Models of 
lithospheric extension consider only conductive cooling resulting from tectonic denu­
dation and thus require revision to include fluid-induced fault-zone refrigeration. 

iVletamorphic core complexes of the west­
ern North American cordillera formed dur­
ing pronounced Cenozoic crustal extension 
at the lithospheric scale. Core complexes 
are characterized by regionally extensive, 
low-angle detachment faults that accom-
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modate large, lateral displacements of the 
crust (1-3); An accurate and quantitative 
understanding of the nature of movement 
along detachment faults is essential in de­
veloping realistic models of lithospheric ex­
tension. However, many aspects of detach­
ment fault systems, including the determi­
nation of whether they initiate and slip at 
low angles (<30°), the rates at which they 
slip, and the role that fluids play in the 
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