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Figure 1: A sketch of the shear zone model used in this study. The three inserts are cartoons of some of the possible grain size
distributions, with grain-colors indicating grain-size (blue is small and red is large).

partitioning fraction of the mechanical work that goes into creating new grain boundaries. Here, we provide

further constraints, by comparing the grain size dependence on temperature predicted by our model with that

reported in the observational data.

Field observations demonstrate a correlation between grain size and temperature (with the grain size in-

creasing by over two orders of magnitude across a few hundred degrees increase in temperature), increasing70

dominance of dislocation creep at higher temperatures, and a coexistence of different deformation regimes

across small spatial scales (Jin et al., 1998; Linckens et al., 2015). These observations are used as constraints

in the model presented below.

2. A Simple Shear Zone Model

A detailed mathematical description of the two phase grain damage model was presented previously75

(e.g. Bercovici and Ricard, 2012; Bercovici et al., 2015a; Bercovici and Ricard, 2016). We provide a brief
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Figure 5: Frame A: Profile of sea-floor topography, or bathymetry (top, where 1 fathom = 1.83 meters ), and magnetic
field anomalies (bottom, where 1 gamma = 10�9 Tesla) over the Carlsberg Ridge (Indian Ocean). Frame B: Long-
wavelength magnetic anomalies for a section of one profile across the Carlsberg ridge in solid line, a model of the
inferred field for a top crustal layer magnetized without geomagnetic field reversals (dashed line), and with reversals
(dotted line, also highlighted in red) (B); this demonstrated that the data was best fit by a model with reversals. Adapted
from Vine and Matthews (1963).

minerals, specifically basaltic lavas freezing on the axis of the mid-ocean ridges (see Cox et al.,
1963, 1964; McElhinny and McFadden, 2000). Vine and Matthews hypothesized that magma
rising up along the center of the mid-ocean ridge becomes magnetized in the direction of the
existing ambient field after it freezes, and then cools below the Curie temperature wherein its
remanent magnetization and “record” of the Earth’s field becomes effectively permanent (unless
heated up again). Sea-floor spreading subsequently moves the frozen rocks aside in either direction,
as new magma rises and semi-continuously records the field direction. If and when the magnetic
field reverses, so does the remanent field of magma frozen at that time, recording reversal events
much like a tape recorder. Since the crust moves away from the ridge, the recorded anomalies
would be symmetric relative to age on either side of the ridge.

Vine and Matthews tested their hypothesis with the somewhat sparse dataset at the time, espe-
cially looking at profiles of magnetic anomalies on the Carlsberg Ridge (Fig 5) in the Indian Ocean
(see Fig 1), the Mid-Atlantic Ridge, and in the East Pacific near Northern California and Oregon
(near the Juan de Fuca Ridge, where Mason and Raff (1961) made their first measurements).

Vine and Matthews noted that the magnetic anomalies displayed a large pronounced central
anomaly in the median rift valley of a ridge, short wavelength (a few kilometers long) anomalies
over the rugged flanks of the ridge, and long wavelength (tens of kilometers) features, which be-
came dominant along the more distant foothills of the ridge. The short wavelength features were
well correlated with bathymetry, which they interpreted as support for their assumption that the
source of the anomalies was magnetized basaltic lava in the top crustal layer of the sea-floor (since
the detection of such features would be most sensitive to bathymetry). These short wavelength
anomalies weakened with distance from the ridge, which were inferred to be due to monotonically
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Fig. 2 (left). The location of Reykjanes Ridge, southwest of Iceland, and the area of Fig. 3. The 1000-fathom submarine contour
is shown, together with the 500-fathom contours for Rockall Bank. Fig. 3 (right). Summary diagram of the magnetic
anomalies observed over Reykjanes Ridge (see Fig. 2). Straight lines indicate the axis of the ridge and the central positive
anomaly (17).

only additional parameter being the
rate of spreading; the scale (Fig. 4)
has recently received striking independ-
ent confirmation from the work of
Opdyke et al. (20) on deep-sea sedi-
mentary cores.

Reykjanes Ridge

Observed anomaly profiles obtained
during four crossings of the crest of
Reykjanes Ridge are compared (Fig. 5)
with simulations obtained by assump-
tion of reversal time scales for the last
4 million years and a rate of spreading
of 1 centimeter per annum for each
limb of the ridge. The model assumed is
analogous to the one I have described
(8, model 2), but the depths have
been made compatible with the depth
to the ridge crest in this area and with
the altitude at which the survey was

flown. In performance of the survey,
58 parallel courses were flown normal
to the ridge axis, but the crest was not
traversed by the first four and last
five courses: thus crossings 15, 25, 35,
and 45 are shown as being representa-
tive. The correlation between the ob-
served and computed anomalies is very
encouraging and suggests a rate of
spreading of rather less than 1 centi-
meter per annum.
When one applies the concept of

continental drift to this region, it seems

reasonable to assume that Rockall
Bank, southeast of the ridge (Fig. 2),
is a continental fragment, as was as-
sumed by Bullard, Everett, and Smith
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(21) in reconstructing the fit of the
continents around the Atlantic. In this
instance the deep to the southeast of
Rockall may represent an initial abor-
tive split; the oceanic area to the
northwest, centered on Reykjanes Ridge,
a subsequent and more persistent site
of spreading of the ocean floor. There
is every indication from the existing
bathymetry (17) that the ridge crest
is linear and not interrupted or off-
set by transverse fractures.

This area therefore, 1200 kilometers
in width, may well record a compara-

tively simple and straightforward ex-

ample of drifting and spreading. The
oldest rocks in the Thulean or Brito-
Arctic Tertiary Igneous province oc-

cur in northwestern Scotland and east-
ern Greenland. Preliminary potassium-
argon dates from Arran, Mull, and
other centers in the British Isles sug-
gest an age of approximately 60 inil-
lion years (perhaps slightly greater)
(22). If it is assumed that this igneous
activity indicates the initiation of drift
in this area, then the implied average
rate of spreading from Reykjanes
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Ridge (half width, 600 km) is ap-

proximately 1 centimeter per annum

-that is, the rate of "drifting" is ap-
proximately 2 centimeters per annum.

Other Ridges

The model proposed by Vine and
Matthews (6) and developed by Vine
and Wilson (8) has been applied to
four widely separated areas on the
midoceanic ridge system (Figs. 6-9)
by assumption of the reversal time
scale shown in Fig. 4 and a rate
of spreading compatible with the width
of the central anomaly. An observed
profile across Juan de Fuca Ridge,
southwest of Vancouver Island (Fig.
1) (8, 19), is compared (Fig. 6) with
a simulated profile based on a rate
of spreading of 2.9 centimeters per
annum per limb of the spreading sys-
tem. A profile across the East Pacific
Rise, just north of the Eltanin Frac-
ture Zone (23), is compared (Fig. 7)
with a computed profile based on a

rate of spreading of 4.4 centimeters
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Fig. 4. Geomagnetic-polarity epochs deduced from paleomagnetic results and potassium-
argon dating. [Based on Cox, Doell, and Dalrymple, and Doell and Dalrymple (7)1
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per annum. Clearly this rate,
a rate of separation of nearly
meters per annum, is an order
nitude greater than the c(
quoted rates of 1 or 2 cei
per annum; the significance ,

sible implications of this differ
discussed later.

Observed profiles across 4
Ridge in the northwest India
and across the Mid-Atlantic
the South Atlantic are compar
8 and 9) with simulations ba
rate of spreading of 1.5 ce,
per annum. As Backus has
out (24), one may expect tI
of the anomalies in the South
to increase southward, reflectir
gressive increase in the rate o
ing, because of the rotation
America relative to Africa
the resultant southward increas
aration. The increase southwar
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rFg. .. rronies ouservea across Keyjanes
Ridge, together with computed profiles.
The model to the left assumes the reversal
time scale of Fig. 4; that to the right, the
"revised" time scale of Figs. 12 and 13
(45). All observed and computed profiles
have been drawn to the same proportion;
10 kilometers horizontally is equivalent
to 100 gamma vertically (1 gamma = 10'
oersted). F.L., flight level.
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width of the envelope of the central
magnetic anomalies indicated by
Heirtzler and Le Pichon (15, fig. 3),
may well be an expression of this
phenomenon.

The Red Sea

n Ocean In Fig. 10 a modification of the
Ridge in model has been applied at two points
*ed (Figs. on the Red Sea rift. If the axial de-
sed on a pression and zone of magnetic anom-
ntimeters alies in the Red Sea are considered
pointed to indicate the initiation of continental

he width drift by spreading of the ocean floor
Atlantic (25), then clearly such a simulation

ig a pro- should be attempted. However, the
f spread- depth to this embryonic ocean floor
of South and its crustal section (26) are not
(21) and typical of an oceanic ridge, and this
se in sep- floor almost certainly includes some
rd, in the assimilated or floundered continental

material.
In Fig. 10 a slightly thickened "vol-

60 N canic" layer has been truncated against
nonmagnetic continental material ac-
cording to the width of the central
depression and anomalies at each point.
The same rate of spreading, 1 centi-
meter per annum, has been assumed
at both points, hence the different
lengths of the reversal time scale in-
volved.
One would not expect the anomaly

pattern in the Red Sea rift to be as
clear-cut as that over the more mature
Juan de Fuca or Reykjanes ridges;
nevertheless the approximation of the

1000 simulated to the observed anomalies
is encouraging. The dates of rifting
implied from these models should not
be taken to indicate the initiation here
of crustal extension. In initiating drift
in a typical shield area (,that is, be-
neath possibly 35 kilometers of conti-

cm,yr nental crust, in this area), an upwell-
ing in the mantle may well start by
producing "necking" (thinning) of the
crust, normal faulting, and intrusion
and extrusion of basic igneous material

all effects producing extension and
thinning of the crust and the possi-

50 F.L. bility of marine transgression prior to
C 23 the initiation of drift and the emplace-

ment of quasi-oceanic crust.
'D s1

The Reversal Time Scale

In simulating the anomalies observed
centrally over oceanic ridges, in terms
of normal-reverse boundaries within
the oceanic crust, one cah deduce these

boundaries independently without refer-
ence to a reversal time scale (8). In
Fig. 11 boundaries inferred from the
observed profiles across the East Pa-
cific Rise and Juan de Fuca and Rey-
kjanes *ridges (Figs. 5-7) are plotted
against the reversal time scale of Cox,
Doell, and Dalrymple (7), according
to their distances from the axis of the
ridge. The dashed line in this graph
indicates a similar plot for the bound-
aries at the Juan de Fuca Ridge and
the time scale assumed by Vine and
Wilson (8).

In this earlier time scale the Jara-
millo event (Fig. 4) had not been
differentiated, and the most recent re-
versal was placed at 1 million years
ago. Consequently the narrow peaks
on either side of the central positive
anomaly in Fig. 6 were correlated
with the Olduvai event. This correla-
tion implied a very erratic rate of
spreading and a much slower average
rate of 1.5 centimeters per annum
(8).

It will be seen that, had the authors
had more faith in the idea and the
probability of a more constant rate of
spreading, for inertial reasons, they
could have predicted the Jaramillo
event. The recent detailing of this event
by Doell and Dalrymple (7) and its
independent discovery by Opdyke
et al. (20) are therefore of consider-
able interest and importance in inter-
pretation of the magnetic anomalies.
On correlation of the crustal bound-

aries with the new time scale (Fig.
11), the implied rates of spreading are
more constant and much faster than
before. Moreover, rather remarkably,
the deviations from linearity for the
East Pacific Rise and Juan de Fuca
Ridge-11,000 kilometers apart-are
exactly analogous. The only discrepan-
cy occurs in the region of the Mami
moth event, concerning which there is
a suggestion, from the profile resulting

Figs. 6-9 (facing page). Observed mag-
netic profiles at various points on the
midocean ridge system are compared with
simulated profiles based on the reversal
time scale of Fig. 4, a constant rate of
spreading, and the model outlined in the
text (47). The observed profiles are taken
from Raff and Mason (27, pl. 1) for Juan
de Fuca Ridge [see also Vine and Wilson
(8, fig. 3)]; the Eltanin-19 profile (East
Pacific Rise) of Pitman and Heirtzler (23,
fig. 2); the Owen profiles (northwest In-
dian Ocean) of Matthews, Vine, and Cann
(46, fig. 2); and the Zapiola-2 profile (South
Atlantic) of Heirtzler and Le Pichon (15,
fig. 1). S.L., sea level.
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Figure 6: Magnetic anomalies on the Reykjanes Ridge, along the North Atlantic Mid-Ocean Ridge, near Iceland (A).
Profiles of anomalies on the Reykjanes Ridge (top two rows) and a model (bottom row) based on spreading of the
ridge at 1 cm/yr subject to the polarity reversals at the know time scale of Cox et al. (1964) (B). After Vine (1966).

the symmetry predicted by Vine and Matthews (1963). The Vine (1966) paper was considered a
land-mark paper that verified the Vine and Matthews (1963) hypothesis, and led to rapidly growing
acceptance of the sea-floor spreading hypothesis. This paper was also supported by the simulta-
neous discovery of symmetric magnetic anomalies on the Pacific-Antarctic Ridge by Pitman and
Heirtzler (1966) (referred to as the Eltanin study after the research vessel the USS Eltanin). How-
ever, and of great importance, Vine and Wilson (1965) and Vine (1966), showed how the magnetic
reversal time scale could be used to directly measure the spreading rates of the sea-floor, which led
to the first estimates of centimeters per year plate velocities. This direct measure of plate motion
is one of the major break throughs in the plate tectonic revolution, as it established the quantitative
analysis on which the theory of plate tectonics was built; it also opened the field of paleogeography
and paleo-oceanography with model reconstructions of ocean basins in the geological past.

5 The Theory of Plate Tectonics: McKenzie & Parker, 1967,
and Morgan, 1968

5.1 Transform faults and Euler poles
The explosion of ocean exploration, using magnetic surveys, sonar sounding and seismology, re-
vealed a vivid picture of the Earth’s sea floors and their networks of ridges, trenches and fracture
zones. J. Tuzo Wilson’s identification of fracture zones as extensions of transform faults, to which
crustal motion was parallel (Wilson, 1965), triggered the next critical step. Both McKenzie and
Parker (1967) and Morgan (1968) hypothesized (in their own ways) that transform faults are seg-
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The angular relations used in deriving the formula for spreading velocity. 

tions of the great circles define the pole of ro- 
tation; the great circles are analogous to merid- 
ians and the fault lines are analogous to lines of 
latitude about this pole. As we see in Figure 8, 
the perpendiculars intersect at grazing angles 
and give good control in longitude but poor 
control in latitude. All of the perpendiculars 
except the one constructed for the fracture zone 
at 14.5øN pass through the circie drawn in the 
figure, 57.5øN (___2ø), 36.5øW(ñ4ø). Several 
other circles of about the same radius, which 
included all the perpendiculars except perhaps 
two or three, were also drawn. The centers of 
these circles ranged from 51øN to 63øN and 
from 35øW to 38øW. The limits on the location 
of the pole of rotation by this method are esti- 
mated to be 58øN (ñ5 ø), 36øW (___2 ø). 

The strikes of transcurrent earthquakes used 
in Figure 8b are listed in Table 2. The common 

intersection in Figure 8b is not so good as the 
intersection in Figure 8a. It is interesting that 
a circle of about 6 ø radius can be used both here 
and in the Pacific-North America case (see Fig- 
ure 14[) to illustrate the departure from a point 
intersection. The bulk of the epicenters are 
about 45 ø (5000 km) from the point of inter- 
section in both of these cases. This suggests that 
the accuracy to which the fault planes are deter- 
mined, or the accuracy to which the first mo- 
tions represent the strike of a long fault, is the 
cause of the scatter in Figures 8b and 14[. 

There is one fracture zone north of approxi- 
mately 20øN listed in Table 1; there are two 
earthquake solutions north of this point listed 
in Table 2. This latitude roughly divides the 
ridge into a part between North America and 
Africa and a part between South America and 
Africa. There is no striking difference between 

o 60 ø 40' 20 ø 0 ø 

60' 0 

Fig. 7. The strike of the transform faults in the equatorial Atlantic are compared with 
circles concentric about a pole at 62øN, 36øW. These circles indicate the present motion of 
Africa relative to South America. (Figure is adapted from Heezen and Tharp [1965].) 
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Fig. 8. Great circles perpendicular to the strike of offsets of the mid-Atlantic ridge are 

shown in (a). With one exception, all of these lines pass within the circle centered at 58øN, 
36øW. Great circles perpendicular to the strike determined by earthquake mechanism solu- 
tions are shown in (b). 

these three values north of 20øN and those 
south of this latitude, and there is no line of 
earthquakes or other indication of tectonic ac- 
tivity entirely separating North America and 
South America. We shall assume that North 
America and South America at present move as 
a single block. The Caribbean area almost en- 

firely separates the Americas, and perhaps there 
is a slow relative movement with gradual dis- 
tortion in the Atlantic Ocean area. If there 
is relative movement, t.he velocities and displace- 
men•ts involved will be very slow at this 'hinge.' 
or 'pole' somewhere between the Lesser Antilles 
an'd the mid-Atlantic ridge. In contrast., the 
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B

Figure 8: Transform faults on ridges and the fracture zones emanating from them were shown by Morgan (1968) to be
approximately concentric small circles, as demonstrated for the example of the Mid-Atlantic fault system from Heezen
and Tharp (1965) (A). The great circles perpendicular to the transform faults necessarily intersect at the common pole
of the small circles (e.g., note the great and small circles, or meridional and latitude lines, shown as thin curves in
Fig. 7), which locates the Euler pole for relative plate motion to reasonable accuracy (B). From Morgan (1968)

of great circles normal to Atlantic transform faults falls within a narrow cloud of points, the center
of which Morgan took as the Euler pole (see Fig 8B).

Morgan then repeated the exercise of obtaining the angular velocity of the Pacific plate relative
to N. America, using the Pacific fracture zones and transform faults mapped by Menard (1967). As
with the Atlantic, Morgan demonstrated that Pacific transform faults almost all lie on concentric
circles around a common Euler pole, with a few exceptions such as the Mendocino and Pioneer
fracture zones, which he assumed are influenced by a third intervening plate, namely the Juan
de Fuca plate. Morgan estimated the linear velocity of the Pacific plate relative to N. America
from recent motion on the San Andreas, since magnetic anomaly measurements of the East Pacific
Rise were not yet available. Morgan then applied the same approach for the motion of Antarctica
relative to the Pacific, again using Antarctic ridge transforms and magnetic anomalies inferred by
the Eltanin study (Pitman and Heirtzler, 1966).

Having found three relative angular velocity vectors, North American vs Africa, the Pacific vs
North America, and Antarctica vs the Pacific, Morgan used these vectors to predict the motion be-
tween Africa and Antarctica. While direct estimates of this motion were not available, independent
estimates, looking at closure of triple junctions on that boundary (see discussion below in §5.3),
showed reasonable agreement. Morgan’s analysis tested the rigid plate hypothesis and found it to
be satisfactory, and at the same time it tested the “transform=small-circle” hypothesis, which was
also found to be satisfactory.

Morgan further tested the Euler pole hypothesis, which predicts that the linear velocity of any
point on the plate would change relative to the Euler pole as sin(✓), where ✓ is the co-latitude of
a point relative to the Euler pole (see Fig. 7). Indeed, both the velocities of points on the North
American plate relative to Africa (and Europe), and on Antarctica relative to the Pacific display
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F ig. 1. The circuit and its vector diagram show how a ridge and a 
trench can meet to form a transform fault. 

The movement of blocks on the surface of a sphere is 
easiest to understand in terms of rotations. Any plate 
can clearly be moved to a given position and orientation 
on a sphere by two successive rotations, one of which 
carries one point to its final position, a second about an 
axis through this point then produces the required orienta-
tion. These two rotations are equivalent to a single rota-
tion about a different axis, and therefore any relative 
motion of two plates on the surface of a sphere is a rotation 
about some axis. This is Euler's theorem, and has been 
used to fit together the continents surrounding the 
Atlantic7 • If one of two plates is taken to be fixed, the 
movement of the other corresponds to a rotation about 
some pole, and all relative velocity vectors 
between the two plates must lie along 
small circles or latitudes with respect to 
that pole. If these small circles cross the 
line of contact between the two plates, 
the line must be either a ridge or a 
trench depending on the sense of rotation. 
Neither of these structures conserves 
crust. If the line of contact is itself a 
small circle, then it is a transform fault. 
This property of transform faults is very 
useful in finding the pole position and is a 
consequence of the conservation of crust 
across them. There is no geometric 
reason why ridges or trenches should lie 
along longitudes with respect to the 
rotational pole and in general they do 
not do so. The pole position itself has 
no significance, it is merely a construc-
t.ion point. These remarks extend Wil -
son's" concept of transform faults to 
motions on a sphere, the essential addi-
tional hypothesis being that individual 
aseismic areas move as rigid plates on the 
surface of a sphere. 

1277 

The usual rules for the construction of such triangles 
require three parameters to be known, of which at least 
one must be the length of a side, or spreading rate. Trans-
form faults on both ridges and trenches are easy to recog-
nize, and they determine the direction, but not the 
magnitude, of the relative velocities. The magnetic 
lineations are one method of obtaining 8 V0 , though this 
value must be corrected for orientation unless the spread-
ing is at right angles to the ridge. Then the triangle in 
Fig. 1 determines both Av. and 0VA. This method is 
probably most useful to determine the rate of crustal 
consumption by trenches. Equation (I) must be used 
with care, because it only applies rigorously to an in-
finitesimal circuit round a point where three (or more) 
plates meet. If the circuit is finite, the rotation of the 
plates also contributes to their relative velocity, and 
therefore these simple rules no longer apply. 

Equation ( 1) is easily extended to the corresponding 
problem on a spherical surface because angular velocities 
behave like vectors9 : 

(2) 

The sign convention takes a rotation which is clockwise 
when looked at from the centre of the sphere to be a 
positive vector which is pointing outward along the 
rotation axis. By adding more terms, equation (2) can 
be extended to circuits crossing more than three plates 
and applies to all possible circuits on the surface. w dia-
grams for three plates are no more difficult to construct 
than those for v, because the third vector must lie in the 
plane containing the other two. This result does not apply 

N N 

a 

N N 

d 

There arc several points on the surface 
of the Earth where three plates meet. 
At such points the relative motion of 
the plates is not completely arbitrary, 
because, given any two velocity vectors, 
the third can be determined. The 
method is easier to understand on a plane 
than on a sphere, and can be derived 
from the plane circuit in Fig. 1. Starting 
from a point x on A and moving clock-
wise, the relative velocity of B, Av. is in 
the direction AB in the vector diagram. 
Similarly the relative velocities 8 V0 and 
0V4 are represented by BO and OA. The 
vector diagram must close because the 
circuit returns to x. Thus: 

Fig. 2. Mechanism diagrams for four circum-pacific earthquakes. The lower half of 
the focal sphere Is projected stereographlcally on to a horizontal surface, and the rare· 
fraction quadrants are shaded. The horizontal projection of the slip vector in plane 1 
is marked with a double arrow. (a) June 28, 1966, Parkfield", strike slip. (b) September 
4, 1964, Alaska", overthrust. (c) June 14, 1962, Near and Aleutian Islands", strike 

slip, (d) October 20, 1963, Kurlle Islands", overthrust. 
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problem on a spherical surface because angular velocities 
behave like vectors9 : 

(2) 

The sign convention takes a rotation which is clockwise 
when looked at from the centre of the sphere to be a 
positive vector which is pointing outward along the 
rotation axis. By adding more terms, equation (2) can 
be extended to circuits crossing more than three plates 
and applies to all possible circuits on the surface. w dia-
grams for three plates are no more difficult to construct 
than those for v, because the third vector must lie in the 
plane containing the other two. This result does not apply 

N N 

a 

N N 

d 

There arc several points on the surface 
of the Earth where three plates meet. 
At such points the relative motion of 
the plates is not completely arbitrary, 
because, given any two velocity vectors, 
the third can be determined. The 
method is easier to understand on a plane 
than on a sphere, and can be derived 
from the plane circuit in Fig. 1. Starting 
from a point x on A and moving clock-
wise, the relative velocity of B, Av. is in 
the direction AB in the vector diagram. 
Similarly the relative velocities 8 V0 and 
0V4 are represented by BO and OA. The 
vector diagram must close because the 
circuit returns to x. Thus: 

Fig. 2. Mechanism diagrams for four circum-pacific earthquakes. The lower half of 
the focal sphere Is projected stereographlcally on to a horizontal surface, and the rare· 
fraction quadrants are shaded. The horizontal projection of the slip vector in plane 1 
is marked with a double arrow. (a) June 28, 1966, Parkfield", strike slip. (b) September 
4, 1964, Alaska", overthrust. (c) June 14, 1962, Near and Aleutian Islands", strike 

slip, (d) October 20, 1963, Kurlle Islands", overthrust. 
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if the planes ono and two arc orthogonal. 
The slip directions which aro shown 
give tho motion of the oceanic plate 
relative to the plate containing North 
America and Kamchatka. For each 
case in Fig. 2 there are two possible Rlip 
directions, but, whereas one changes in 
direction slowly and systematically be-
tween Baja California and Japan, the 
other shows no consistency even for 
earthquakes in the same area. The 
ambiguity is therefore unimportant in 
this case. If all the earthquakes between 
the Gulf of California and Japan are 
produced by a rotation of the Pacific 
plate relative to the continental one, any 
pair of widely spaced slip directions can 
be used to determine the pole of relative 
rotation. The two which are used here 
are the strike of the San Andreas between 
Parkfield and San Francisco, and the 

Fig. 3. A Mercator projection of the Pacific with a pole at 50° N., 85° W. The arrows 
show the direction of motion of the Pacific plate relative to that containing North America 
and Kamchatka. If both plates are rigid all slip vectors must be parallel with each other 
and with the upper and lower boundaries of the figure. Possible boundaries of other 

average slip vector of all the aftershock;:; 
in the Kodiak Island rcgion16 of the 
1964 Alaskan earthquake. A pole posi-
tion of 50° N., 85° W. was obtained by 
construction on a sphere. If the paving 
stone theory applies, all slip vectors must 
be parallel to the latitudes which can be 
drawn with respect to this pole. Though 
this prediction could be tested by tabulat-
ing the disagreement with the observa-
tions, a simpler and more obvious test 
is to plot the slip vectors on a map of the plates arc sketched. 

to diagrams for four or more plates, which are three 
dimensional and therefore less easy to draw. 

These geometrical ideas can now be applied to the 
North Pacific. There are many fault plane solutions for 
earthquakes in the area, and these are used in a new way 
in order to determine the direction of the horizontal 
projection of the slip vector. Unlike the projection of the 
principal stress axes, that of the slip vector varies in a 
systematic manner over the entire region. This is clearly 
a consequence of spreading of the sea floor, which de-
termines the relative motion, not the stress field. 

The North Pacific was chosen for several reasons. The 
spreading rate from the East Pacific rise is the most 
rapid yet measured 2, and should therefore dominate any 
slight movements within the plate containing North 
America and Kamchatka10 • The belt of earthquake epi-
ceutres which extends from the Gulf of California to 
Central Japan without any major branches10 suggests 
that the area contains only two principal plates. Also, 
the belt of seismic activity between them is one of the 
most active in the world and many fault plane solutions 
are available6·"-

17
• It is an advantage that the trend of 

the belt which joins the two plates varies rapidly over 
short distances, because this illustrates the large variety 
of earthquake mechanisms which can result from a simple 
rotation (Fig. 2). It is also helpful that the outlines ofthe 
geology and topography of tho sea floor are known. 

Fault plane solutions which were obtained from the 
records of the world-wide network of standardized 
stations now give excellent and consistent results6 •16, The 
directions of principal stress axes, however, which were 
determined from first motions, vary widely over short 
distances (Fig. 2) and are therefore difficult to use directly. 
The concept of spreading of the sea floor suggests that the 
horizontal projection of the slip vector is more important 
than that of any of the stress axes, and Fig. 2 shows that 
this is indeed the case. The examples which are illustrated 
are stereographic projections of the radiation field in the 
lower hemisphere on to a horizontal planel•. The direction 
of the projection of the slip vector in plane one is obtained 
by adding or subtracting 90° from the strike of plane two 

world in Mercator projection, taking the 
projection pole to be the rotation axis (Fig. 3). The 
Mercator projection has two advantages; it is conformal, 
which moans that angles are locally preserved and slip 
vectors can be plotted directly, and also all small circles 
centred on the projection pole are parallel. Because the 
upper and lower boundaries of Fig. 3 are themselves small 
circles, the theory requires all slip vectors to be parallel 
both to each other and to the top and bottom. This 
prediction was tested on eighty published0 •11- 1 7 fault 
plane solutions for shallow earthquakes during and after 
1957. Of these, about 80 per cent had slip vectors with the 

'b'ig. 4. An orthonormal projection of the North Pacific centred on the 
Mercator Pole. i:lllp vectors are tangents to concentric circle" about 

the centre. 

A B

Figure 11: Fault or focal plane solutions are quadrupolar radiation patterns of the first compressional waves emanating
from an earthquake, projected onto a spherical surface (A). The top frame of A is for a strike-slip event along plane 1
(indicated), and slip motion causes compression ahead of, or in the direction of displacement (white) and rarefraction
in the opposite direction (shaded). The bottom frame is the radiation patten for a thrust fault, where thrusting is along
the almost hidden plane 1, and perpendicular to the conjugate plane 2. The slip vector (double arrows) is the direction
that plane 1 slips (see McKenzie and Parker, 1967, for details). The slip vectors of two earthquakes (in California and
Alaska) are used to infer the Euler pole of rotation for the Pacific plate. The plate and other slip vectors are then shown
on a Mercator projection centered on the Euler pole (B); in this projection all slip vectors – as proxies of plate velocity
directions – should lie on small circles centered on the Euler pole, which in this projection are horizontal latitude lines.
The slip vectors of multiple other earthquakes lie close to these latitude lines within about 80% accuracy and a few
exceptions. From McKenzie and Parker (1967).

at the intersection with the Mendocino fracture zone, which extends thousands of kilometers west
into the Pacific (Menard and Dietz, 1952). MP1967 used the triple junction rule (see Fig 10) to
conclude there should also be a trench at this intersection, which was later borne out with the
discovery of the Gorda plate subducting beneath North America at the California-Oregon border
(and is the main cause for growth and volcanism of Mount Shasta). The triple junction rule also
explains why the two trenches that bound the Phillippine plate emanate from the termination of
the Japan trench. Finally, the intersection of the East Pacific Rise and the Central American trench
(where the Cocos-Rivera plates subduct beneath Central America), requires the beginning of a
strike-slip fault, which is indeed the southern terminus of the San Andreas Fault in the Gulf of
California.

MP1967 also noted that the transform faults east of the East Pacific Rise require motion of
the plate toward South America and its subduction into the Chile Trench, which is now called the
Nazca plate. MP1967 further speculated that the strike-slip motion on the San Andreas Fault is not
inconsistent with strike-slip motion on Mendocino fracture zone and other faults around the Juan
de Fuca plate, provided there was once a plate between N. American and the Pacific plate that was
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Figure 1: A map of the modern configuration of the tectonic plates, with plate names labeled and a few approximate
plate directions indicated. Sample convergent (subduction), divergent (spreading) and strike-slip boundaries are also
labeled in blue (a few with sense of motion). The blue label “TF” (far right side of the globe) indicates a transform
fault that offsets a mid-ocean ridge; the one labeled is the largest known, the Romanche Fracture Zone. Figure adapted
from one made by Pål Wessel (University of Hawaii).

magnetization) that provided the critical verification of sea-floor spreading, as well as a method
to both measure plate tectonic velocities and reconstruct the history of ocean basins. However,
sea-floor spreading, transform faults and the then-poorly-understood ocean trenches were all dif-
ferent pieces of a grander puzzle and their relationship only speculatively understood. Morgan and
McKenzie’s separate papers offered a single mathematical theory for sea-floor spreading, trans-
form faults, and trenches, showing they resulted from a single process of large rigid plates that tile
the surface of the Earth, each moving relative to one another by Eulerian rotations on the surface of
a sphere. Their model of Plate Tectonics unified these other theories, as well as that of Continental
Drift, into one theory, much in the way that Newton unified our understanding of gravity (i.e., the
action holding objects to Earth versus that which makes planets orbit) or Mawell’s unification of
electricity and magnetism. The modern Theory of Plate Tectonics led to a complete revolution
of Earth science and the seminal papers by the nominees are, beyond a doubt, three of the most
influential contributions in the history of natural science, on par with Watson and Crick’s paper on
DNA, and Darwin’s Theory of Evolution.

2 A little history
Before the theory of Plate Tectonics became widely accepted, the dominant paradigm for geolog-
ical activity was Geosynclinal theory, first proposed in the mid 19th century by James Hall and
James Dwight Dana (see Knopf, 1948; Şengör, 1982, 1990). In this theory, mountain building
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tion is accurate. The energy spectra of the spherical harmonic series
for the solutions in our model decrease by at least four orders of
magnritudeom the largest wavelength to the smalest (that is, the
terms ofthe series near truncation have at most 0.01 percent ofthe
largest spectral energy, which is usually contained in or near the first
term of the series). The energy specta of the Chebyshev series for
the solutions decrease by at lcast five orders of magnitude om the

Fig. 2. Rep tiv su s
tilY inte hd.

Fig. 1. Red contours do not app
downwclling velocity is at leas tn
velocity. (Bl) Co r ofconstanta
dimensional surface of constant cniweak bacgound flow, cevn the ho
lincar canyons that delineate the do

*Durs'o ladi`l vel0cty- as 4esnbedin
r in this fiame emaxum

Noe as fiat as the naximum Lin
ntpy, as descibednFi i )h
thtpy. Bcaus upwdelig is present as a
t isetrop shown displiys only the ong
wnw sheets.

largst to the smallest wavelengths. Thereore, the numerical solu-
tions are well resolved (14).
The accuracy and stability of th ime intain-are monitored

by the Courant condition, which requires t h time step cannot
exceed the minimum time needed for any fluid partile to travel
between two points on the numerical grid. The rial code has
been tested successfilly against another indepndety developed
code; this comparison establishes that the numerical method is
accurate (7).
Three cases are considered, all having the same adiabatc, static

state. Calcuatons arc initiated with random velocity, entropy, and
pessure peturbations to this rest state (15). In case A, heating is
nirely firm below, and the boundaries are isothennal. In case B,
heating is entirly intemal, and the lower boundary is insuled
while the upper boundary is isothermal. In case C, heating is both
intal and from below, and the boundaries are isothermal. The
proportion of heating that is from below is equal to the total heat
entering the shell thrugh its base divided by the total heat exiting
the l ugh its top In case C, half of the heat comes from
below.
Ihe model calclations wcre carried out at a Rayleigh number Ra
100Ra , where Ra is a nondinensional measure of convective

vigor and Racr is the critical Rayleigh number for the onset of
convection. This Ra is approximately one order ofmagnide belonv
th range ofRayleigh numbers for the earti's whole mantle (1). The
convective vigor ofthe earth's mande is not satisfactorily resolvable
with our numerical models because of present-day limtions on
computer memory. Higher Rayleigh numbers may lead to quta-
tive diffrenes in the solutions. However, laboratory operiments
with three-dimensional plane-layer convection (4) show that the
qualtive nature of the convective patterns (that is, the structure
and geometry of upwclling and downwelling regions)-and even
the convectve patterns themselve-do not change significantly as
the Rayleigh number increases from 10lORacr tO '400Racr (16).
Moreover, in earlier workwith this numerical code for purely basally
heated convection (6), solutions for Ra lOOORacr (although less
ptially resolved than thse with Ra lOORacr) have convective
paerns similar to those in case A. Therefore, we expect that the
qualitave forms of convecton that characterize our solutions are
relevant to the style of convection in the eart's mantle.
Three-dstructureofconveton. In all ofthe simula-

tions that we have made for casc A in which the shell is entirely
heated fiom below, the convective pattrn is dominated by large
ylindrical upwelling plunmes srunded by a network ofdownwell-
ing shes (Fig. 1, A and C); this pattr is characteristic of
convecon for a spherical shel heated firn below (7). The maxi-
mum velocity in the upwelln ureons was ahlays greater than that
-in the regio of downwln Even though the whole convective
patten drifts and the dtnubr ofupwelling plumes diminishes with
time (through fusion ,of plumes at their bases), the sheetlike
downwings and cylidril upwellings steadily persisted through-
out al ati he hks ofthe downwelling sheets were
ypiy 1000 I The thic ses of upwelling and downwel
currents, whic are dtenined by the ticknesses of the theml
b6un-ary layers, will be smaller for the larger Rayleigh numbers that
aa 6mote re ve of the real mande.
The upweling plumes emanated from the thermal boundary layer

at the base of the shell and maintained a concentrated themal
anomaly while traversing the shell (Fig. iB). In contrast, thethermal,
gradicnts across the dowuwelling sheets were not as large as acrCos
the upwclling regions. The difference in the thermal
veocities of the upwelling and downwelling regions is a resulto
inherent spherical geometry in that the bottom bowdryof-'
has less surface area than the top boundary. Beaus t-he neh

SCIBNC GB,952

D
ow

nloaded from
 https://w

w
w

.science.org at Y
ale U

niversity on M
ay 19, 2022

Immunol. 15, 760 (1985); Y. Hashimoto, A. M. Maxam, M. I. Greene, Proc. Natl.
Acad. Sci. U.S.A. 83, 7865 (1986); L. E. Samclson, W. F. Davidson, H. C. Morse
III, R. D. Klausner, Nature 324, 674 (1986); L. D. Shultz and C. L. Sidman,
Annu. Rev. Immunol. 5, 367 (1987); S. Yokota et al., J. Immunol. 139, 2810
(1987).

54. R. C. Budd, M. Schreyer, G. C. Miescher, H. R. MacDonald, J. Immunol. 139,
2200 (1987).

55. G. C. Miescher et al., ibid. 138, 1959 (1987).
56. W. F. Davidson, F. J. Dumont, H. G. Bedigian, B. J. Fowlkes, H. C. Morse, ibid.

136, 4075 (1986).
57. K. Satyanarayana et al., Proc. Natl. Acad. Sci. U.S.A. 85, 8166 (1988).
'58. F. Koning et al., Science 236, 834 (1987); W. A. Kuziel et al., Nature 328, 263

(1987).

59. G. Stingl et al., Proc. Natl. Acad. Sci. U.S.A. 84, 2430 (1987); G. Stingl et al., ibid.,
p. 4586.

60. V. Groh et al., J. Exp. Med 169, 1277 (1989).
61. M. R. Rubenfeld et al., J. Invest. Dermatol. 77, 221 (1981); T. S. Kupper, D. L.

Coleman, J. McGuire, D. Goldminz, M. C. Horowitz, Proc. Natl. Acad. Sci. U.S.A.
83, 4451 (1986).

62. R. P. Bucy, C-L. H. Chen, J. Cihak, U. Losch, M. D. Cooper, J. Immunol. 141,
2200 (1988); T. Goodman and L. Lefrancois, Nature 333, 855 (1988); C.
Janeway, ibid., p. 804; M. Bonneville et al., ibid. 336, 479 (1989).

63. I am particularly grateful to B. Haynes, A. Kruisbeek, G. Miescher, and H. R.
MacDonald for thoughtful and critical comments, and to M. Krangel and M.
Brenner for initial help. Work in the authores laboratory has been supported by
NIH rescarch grants.

_~axl-mw]II

Three-Dimensional Spherical Models of
Convection in the Earth's Mantle

DAVE BERCOVICI, GERALD SCHUBERT, GARY A. GLATZMAIER

Three-dimensional, spherical models of mantle convec-
don in the earth reveal that upwelling cylindrical plumes
and downwelling planar sheets are the primary features of
mantle circulation. Thus, subduction zones and descend-
ing sheetlike slabs in the mantle are fundamental charac-
teristics of thermal convection in a spherical shell and are
not merely the consequences of the rigidity of the slabs,
which are cooler than the surrounding mantle. Cylindri-
cal mantle plumes that cause hotspots such as Hawaii are
probably the only form of active upwelling and are
therefore not just secondary convective currents separate
from the large-scale mantle circulation. Active sheetlike
upwellings that could be associated with mid-ocean ridges
did not develop in the model simulations, a result that is
in agreement with evidence suggesting that ridges are
passive phenomena resulting from the tearing of surface
plates by the pull of descending slabs.

O VER TIME SCALES OF MILLIONS OF YEARS AND LONGER,
the earth's mantle behaves like a fluid. As the earth cools,
the mantle fluid removes heat from the deep interior by the

transport ofmass, that is, by thermal convection. Mantle convection
is generally accepted as the engine of plate tectonics (1) in that the
rigid plates on the surface ofthe earth, whose relative motions create
mountains, volcanoes, and earthquakes, are believed to be an
integral part of the convective system and the surface expression of
mantle convection. Accordingly, major plate tectonic features such

as the oceanic trenches or subduction zones (regions of convergence
overlying cold downwelling currents), mid-ocean ridges (spreading
regions delineating upwelling), and hotspots (areas with anoma-
lously high volcanism and heat flow indicating upwelling) are
thought to reveal something of the nature of the underlying mantle
circulation.
Two-dimensional models of mantle circulation, although useful

for exploring the vertical structure and heat flow characteristics of
convection (1, 2), cannot be used to address some of the major
features of tectonics and convection, namely the horizontal geome-
try ofthe trenches, ridges, and hotspots. Studies ofthree-dimension-
al convection in a plane layer have indicated that various horizontal
convective patterns involving both upwelling and downwelling
plumes and sheets are possible (3, 4). However, the thickness of the
earth's mantle is nearly half the radius of the entire planet, suggest-
ing that spherical geometry should be used to obtain representative
results. Studies of three-dimensional convection in a spherical
geometry have focused on a shell that is entirely heated at its base
(5-7), even though the earth's mantle has a large amount of internal
heating from the decay of radioactive isotopes and secular cooling
(8). We have used numerical models to examine the combined
effects of various heating modes and spherical geometry on the
three-dimensional structure of convection. We find that several
aspects ofmantle convection and plate tectonics are basic features of
three-dimensional convective flow in a spherical shell.
Numerical models. The numerical models solve the three-

dimensional fluid dynamical equations of mass, momentum, and
energy conservation in a spherical shell having a ratio of inner to
outer radii typical ofthe earth's whole mantle (approximately 0.55).
(We do not address the issue of whole-layer versus two-layer
convection; rather, we assume that whole-mantle convection is
occurring.) The top and bottom boundaries ofthe shell are assumed
to be impermeable and free slip because the earth's surface (with
mobile plates) and the core-mantle boundary (with an underlying
liquid core) are essentially surfaces ofzero shear stress. The mantle is
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The “Plate Generation” questions

How does plate tectonics arise from a convecting mantle?
Why Earth, not Venus (or Mars)?
What governs whether we expect to find plate tectonics in 

other solar systems?
When and how did plate tectonics emerge?
How do plates evolve and reorganize? 

?
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ON THE EQUIPARTITION OF KINETIC ENERGY IN PLATE TECTONICS 
Peter Olson 

Department of Earth & Planetaxy Sciences 
The Johns Hopkins University, Baltimore,Maryland 

David Bercovici • 

Department of Geology & Geophysics 
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 

Abstract. Kinetic energy in present-day plate mo- 
tions is partitioned approximately equally between 
poloidal and toroida/ parts. The poloidal part is 
excited by buoyancy forces and is associated with 
cellular flow in the mantle. Most of the toroidal 
part is derived from strike-slip motion at transform 
faults and from oblique subduction at convergent 
margins. Plate spin accounts for only a few per- 
cent of the toroidal energy of the lithosphere. Using 
a simple kinematic model, we demonstrate that a 
squaxe-shaped plate, drifting without spin, has equal 
poloidal and toroidal energies. We then show that 
the most probable state for an array of many rectan- 
gular plates is equipartition of poloidal and toroidal 
kinetic energy, provided the drift directions of indi- 
vidual plates in the array are random. Our model 
predicts that convergent maxgins occupy 42% of plate 
boundaries, while divergent and transform margins 
occupy 25% and 33%, respectively. Tiffs distribu- 
tion is in good agreement with the actual distribu- 
tion along the boundaries of the Pacific, India, Cocos 
and Nazca plates, which contain more than 90% of 
the lithosphere kinetic energy. According to these 
calculations, equipartitiordng of plate kinetic energy 
implies a large degree of decoupling between plates 
•md a disorganized pattern of convection in the man- 
tle. 

Introduction 

One of the central questions in geodynamics is the 
coupling between motions of the lithosphere, where 
the deformation is concentrated at plate boundaxles, 
a•d the pattern of flow deeper in the mantle. Ther- 
mal convection of a Newtonian viscous fluid, heated 
from within, explains some elements of plate tecton- 
ics, for example, the existence of mobile lithosphere 
and the primaxy driving force for plate motions, the 
sinking slabs. 

However, there are aspects of plate tectonics that 
are not easily explained by thermal convection in 
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a fluid with linear viscosity. One observation that 
is difficult to account for is the approximate equal- 
ity between toroidal a•ud po!oidal kinetic energy in 
present-day plate motions. It was first pointed out 
by Hager and O'Connell [1978] that present-day plate 
motions contain almost a.s much toroidal kinetic en- 
ergy as poloidal kinetic energy. Simple models of 
thermal convection predict very little toroidal 
orgy should be present in mantle flow. For example, 
in convection in an infinite Prandtl number, Boussi- 
nesq fluid with constant viscosity, the vertical and 
horizontal components of the vorticity equation yield 
separate, uncoupled equations for the toroidal and 
poloidal components of motion: 

V•T=O (1) 
and 

•74p --- RaO (2) 
Here, T and P are related to the toroidal and poloidal 
parts of the fluid velocity u by 

u= up + uT = V x V x (iP) + V x (iT) (3) 

In equations (1)-(3), Ra is the Rayleigh number, O 
represents the depaxture of temperature from a ref- 
erence adiabat, and i is the unit vertical vector. It 
is clear from (3) that poloidal flow (cellular motion 
with horizontal vorticity) is excited directly by the 
buoyancy force. Since toroida/ flow (shearing a•ud 
swirling flow with vertical vorticity) is not excited 
by the buoyancy force, its presence in mantle convec- 
tion must be due to energy transfer from the poloidal 
flow. In a constant viscosity fluid, there is zero pro- 
duction of toroidal kinetic energy by body forces, and 
no transfer of poloidal to toroidal energy within the 
fluid. The same is true if the viscosity depends on 
depth only. Toroidal motions generated within the 
mantle require the presence of lateral vaxiations in 
viscosity. However, the sort of lateral viscosity vari- 
ations that axe expected to be present in the mantle 
due to lateral temperature variations axe evidently 
not sufficient to produce the observed level of toroidal 
energy. Numerical calculations of three-dimensional 
thermal convection with temperature dependent vis- 
cosity (Ogawa, Schubert and Zebib, 1991) contain 
less than 2% toroidal energy. Toroidal flow has never 
been reported in laboratory experiments on thermal 
convection with high Prandtl number, temperature 
dependent viscous fluids (Richter, 1978; Stengel et al, 
1982; White, 1988). In contrast, thermal convection 
in non-Newtonian viscous fluids with laxge power law 
exponents contain significantly more toroidal energy 
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A Simple Model of Plate Generation from Mantle Flow

David Bercovici∗
Department of Geology & Geophysics
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∗ Now at Department of Geology & Geophysics, Yale University

SUMMARY
A simple model of non-Newtonian creeping flow is used to evaluate classes of rheologies which
allow viscous mantle flow to become plate-like. The model describes shallow-layer lithospheric
motion driven by sources and sinks. The sources represent spreading ridges while the sinks rep-
resent subduction zones; the sources and sinks thus also prescribe the poloidal component of
the surface flow field. The toroidal (strike-slip) component of the flow field is found via the
solution of the Stokes equation with non-Newtonian rheology. As a first basic investigation of
the model, the horizontal divergence from the two-dimensional rectangular velocity field of
Olson & Bercovici (1991) is used for the source-sink field. The degree to which the induced
fluid flow reproduces the rectangular plate is used to measure the success of different rheologies
in generating plate-like flows. Results indicate that power-law rheologies, even in the limit of
very high power-law index ν, can only produce modest plate-like flow. For example, the ratio
of toroidal to poloidal kinetic energy for a source-sink field derived from a square plate is at
best 0.65, whereas a perfect square plate has a ratio of 1.0. Moreover, the power-law rheology
appears to reach an asymptotic limit in its ability to produce plate-like behavior. This implies
that plate tectonics is unlikely to arise from a power-law rheology even in the limit of very high
ν. A class of rheologies that yield significantly more promising results arise from the Carreau
pseudo-plastic rheology with the power-law index taken to be ν < 0. One rheology in this
class is the continuum model for stick-slip, earthquake behavior of Whitehead & Gans (1974),
which is essentially the Carreau equation with ν = −1. This class of rheologies, referred to as
the stick-slip rheologies, induces a toroidal to poloidal kinetic energy ratio for a square plates’s
source-sink function which can be as high as 0.9. The viscosity (or strength) distribution for
this class of rheologies also appears more plate-like, showing fairly uniform high viscosity re-
gions (pseudo-plates) and sharply defined low viscosity zones (pseudo-margins). In contrast,
even the most nonlinear power-law rheology produces spatially varying high viscosity regions
and relatively smooth low viscosity margins. The greater success of the stick-slip rheologies
in producing plates is attributed to a self-lubricating mechanism in which the transfer of mo-
mentum from regions of high shear to low shear is inhibited. In contrast, even in the limit of
infinite power-law index, a power-law rheology can retard but never prohibit momentum trans-
fer. This feature is essential to the sharpening of velocity profiles into plate-like profiles, which
is illustrated with a simple boundary-layer theory.

Key words: Plate tectonics, mantle convection, non-Newtonian flow, toroidal-poloidal cou-
pling.

1 INTRODUCTION

One of the major quandaries in geodynamics concerns the rela-
tion between plate tectonics and mantle convection. The proposi-
tion that mantle convection is the driving force of surface motion is
nearly as old as the original theory of continental drift (e.g., Holmes
1928). In the years since the modern theory of plate tectonics arose,
much has been done to explain not only the nature of mantle con-
vection but how it may drive the plates. A majority of work has been
concerned with the interaction between existing plates and mantle

flow. This area of research has lead to a large number of signifi-
cant results, from the prediction of subduction dip angle with plate
driven mantle flow (Hager & O’Connell 1978,1979), to the deter-
mination of vertical viscosity structure from flows driven by mantle
density heterogeneity and plate forces (Hager & O’Connell 1981;
Forte & Peltier 1987; Ricard, Froidevaux & Fleitout 1988; Ricard
& Vigny 1989; Ricard & Bai 1991; Forte, Peltier & Dziewonski
1991). Fully dynamic models of nonlinear thermal convection with
surface plates have also been developed to investigate the feedback

1993
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A source-sink model of the generation of plate tectonics 
from non-Newtonian mantle flow 

David Bercovici 
Department of Geology and Geophysics, School of Ocean and Earth Science and Teclmology 
Uxfiversky of Hawaii, Honolulu 

Abstract. A •nodel of mantle convection which generates plate tectonics requires 
strain rate- or stress-dependent rheology in order to produce strong platelike flows 
with weak margins as well as strike-slip deformation and plate spin (i.e., toroidM 
motion). ttere, we exnploy a simple model of source-sink driven surface flow •o 
determine the form of such a theology that is appropriate for Earth's present-day 
plate motions. In this model, lithospheric motion is treated as shallow layer flow 
driven by sources and sinks which correspond to spreading centers and subduction 
zones, respectively. The source-sink field is derived fi'om the horizontal divergence 
of plate velocities and thus directly prescribes poloidal •notion. The toroidal 
fioxv field is solved through the non-Newtonian Stokes equat. ion for shallow la.yer 
tangential flow on the surface of a sphere. Two plate motion models a. re used 
to derive the source-sink field. The first is an idealized "square" plate which is 
used to explore the basic aspects of the model. The second is an analytica,lly 
continuous model of Earth's present-day plates (Bercovici and Wessel, 1994). As 
originally implied in the simpler Cartesian version of this model (Bercovici, 1993), 
the classical power law rheologies do not generate platelike flows as well as the 
hypothetical Whitehead-Gans stick-slip rheology (which incorporates a simple self- 
lubrication mechanism). For the idealized plate geontetry, the power la.w rheologies 
yield much more diffuse strike-slip shear (i.e., radial vorticity) than the stick-slip 
rheology. For the present-day plate geometry, the power law rheologies fail to 
reproduce the original proportion of left- and right-lateral strike-slip shear, whereas 
the stick-slip rheology gives almost exactly the right proportion. None of the 
fluid theologies examined, however, produce more than approximately 60% of the 
original maxitnum shear. For either plate model, the viscosity fields produced by the 
power law rheologies are diffuse, and the viscosity lows over strike-slip shear zones 
or pseudo-margins are not as small as over the prescribed convergent-divergent 
margins. In contra,st, the stick-slip rheology generates very platelike viscosity fields, 
with sharp gradients at the plate boundaries, and margins with almost uniformly 
low viscosity. Quantitative comparisons with lhe toroidal-poloidal kinetic energy 
partitioning and vorticity fields of the original plate model are also examined, a.nd 
the stick-slip rheology is generally found to yield the most favorable comparisons. 
Power law rheologies with high viscosity contrasts, however, lead to almost equally 
favorable comparisons, though these also yield the least platelike viscosity fields. 
This implies that the magnitude of toroidal flow and platelike strength distributions 
are not necessarily related and thus may present independent constraints on the 
determination of a. self-consistent plate-mantle theology. The results of this study, 
however, predict that if such a rheology can indeed be uniquely determined, it is 
likely to be in the class of stick-slip, self-l•brica.ting theologies. 

Introduction 

The physics of thermal convection provides one of the 
most prevalent underlying principles of atmospheric, as- 
trophysical, oceanographic, and geophysical dynamics. 

Copyright 1995 by tho American Geophysical Union. 
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'1'o each field, convection yields a unique enigma, e.g., 
the Great Red Spot in the atmospheric circulation of 
Jupitcr, or the generation of magnetic fields in stel- 
lar and planetary interiors. For convection in the solid 
mantle of Earth, perhaps the greatest enigma is plate 
tectonics itself. Since the plates circulate through the 
mantle, they are necessarily part of thc overall con- 
vective flow, and their surface motion represents the 
horizontal planform of some form of thermal convec- 
tion. Howevcr, the plates are nothing like basic fluid- 
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(KET/KE•, = 1 indicates equipartitioning). The vor- 
ticity deviation contains both a comparison of the net 
power in the vorticity fields wr and &r, as well as the 
spatial correlation between each field. The success of 
the fluid model lies in its ability to reproduce the plate 
model's kinetic energy ratio 

i 2 

(25) 

and to generate a srnall f• (e.g:, f• - 0 implies perfect 
reproduction of the original plate model). In all cases, 
contpa.risons to the plate model velocity and vorticity 
fields are in a no-net-rotation reference frame. 

All the numerical solutions presented here are calcu- 
lated with the spherical-harmonic series truncated a.t 
/max - 170; the physical grid (on which nonlinear terms 
are calculated and transformed) correspondingly has 
512 longitudinal by 256 colatitudinal grid points. (The 
relation between /max and the number of grid points 
is prescribed to reduce aliasing effects; see Glatzmaiev 
[1984].) The adequacy of the numerical resolution is 
tested by examining I<ET/KE_p and f• as/max increases 
(for 85 _< /max _< 25.5) for the most non-Newtonian so- 
lutions (in particular, the WG and n- 21 power law 
theologies) and both plate models; these quantities are 
sufficiently independent of truncation at /m•x -- 170 to 
insure adequate numerical resolution. Power spectra 
for the numerical solutions are also examined and a, re 
found to fall off between 7 and 8 orders of magnitude, 
also indicating that the solutions are well resolved (see 
below). 

Idealized Pla•e Motions 

The model presented in this paper employs contin- 
uum theory and hence requires a contimmus (or more 
specifically an analytically differentiable) source-sink 
field D. As in the work by Bercovici [1993] and Bercovici 
and Wesscl [1994], we represent plate geometries with 
analytically continuous shape [unctions. The velocity 
field of a single moving plate is 

x s(o, 

where W is the angular velocity vector of the plate 
about its Euler pole and _R is the position vector of a 
point on the plate. The function S is the sha. pe function 
of the plate; it is I inside the plate, 0 far outside the 
plate, and transitions smoothly from I to 0 at the plate 
margins. In this subsection we simply use the "rectan- 
gular" plate geometry of Bercovici and Wessel [1994] 
in which W - Wœ (where • points from the sphere's 
center to the north geographic pole), __R- 3, and 

5) (27) COS/• • 

where 

tanh ( x-xø+b a )-tanh(•-•ø-6) d 

s(x, Xo, b, d) - 2 tanh(b/d) . (28) 
The parameter fi is the plate half width in the latitu- 
dinal direction; to make the plate "square" (i.e., have 
margins of equal arc length) the half width in the longi- 
tudinal direction is fi/cos/•. The parameter 5 is the 
plate margin half width. The angular speed of the 
plate W is chosen such that the maximum D is unity. 
q"his idealized plate model is constructed so that each 
plate edge is uniquely identified with either toroidal or 
poloidal •notion. 

Figure 2 shows velocity (•), horizontal divergence (D) 
(i.e., the source-sink function) and radial vorticity 
for this plate model with particular choices of fi and 5. 
The background flow opposite to the plate motion ap- 
pears because the velocity is shown in a no-net-rotation 
frame of reference. It is worth noting tha. t even though 
the plate is contrived to be "square", the maximum vor- 

velocity --- 

vorticit••-- 

Figure 2. Velocity, horizontal divergence, and radial 
vorticity for the "square" plate model with fi = 45 ø and 
5 = 2 ø. The maximum dimensionless velocity is 0.0514; 
minimum and maximum divergence are -t-1; minimum 
and maximum vorticity are 4-0.7425. Contour interval 
for both divergence and vorticity is 0.3 
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Plate generation in a simple model of lithosphere–mantle flow
with dynamic self-lubrication
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Abstract

One of the more enigmatic features of the Earth’s style of mantle convection is plate tectonics itself, in particular the
existence of strike-slip, or toroidal, motion. Toroidal motion is uncharacteristic of basic thermal convection, but necessarily
forms through the interaction of convective flow and nonlinear rheological mechanisms. Recent studies have implied that the
empirically determined power-law rheologies of mantle silicates are not sufficient to generate the requisite toroidal motion.
A simple source–sink model of mantle or lithospheric flow shows that dynamic self-lubrication, which arises through the
coupling of viscous heating and temperature-dependent viscosity, is highly successful at generating strike-slip motion. In
particular, as the viscosity of the fluid system becomes more temperature dependent, the toroidal flow field makes an abrupt
transition from a state of weak, unplate-like motion to a state with intense and extremely focused structure. In essence, the
fluid dynamical model develops strike-slip faults.

Keywords: plate tectonics; plates; mantle; convection; viscosity; strike-slip faults

1. Introduction

1.1. The plate generation problem

Plate tectonics is generally recognized as the sur-
face expression of thermal convection in the

w xmantle–lithosphere system 1 . However, one of the
most important yet elusive goals of geodynamics and
tectonophysics is the self-consistent unification of
the physical theories of plate tectonics and mantle
convection. Efforts toward unification have generally
been taken with two different approaches. The first

) Fax:q1 808 956 2538. E-mail: dberco@wai.soest.hawaii.edu

approach examines plate–mantle coupling; the sec-
ond approach treats the plate generation problem
itself. Plate–mantle coupling studies examine how
mantle flow interacts with over-riding plates that

w xhave a given geometry 2–6 or with a lithosphere
w xthat has prescribed weak zones 7,8 . Plate genera-

tion studies investigate how the plates and plate
�margins themselves are naturally generated i.e., as

.self-organizing structures from the nonlinear dy-
w xnamics of the mantle–lithosphere system 9–14 .

One of the primary features of plate tectonics not
readily generated by basic convective theory is
toroidal or strike-slip motion. Toroidal motion ac-
counts for a major portion of the Earth’s surface

0012-821Xr96r$12.00 Copyright q 1996 Elsevier Science B.V. All rights reserved.
� .PII S0012-821X 96 00140-9

1996



( )D. BercoÕicirEarth and Planetary Science Letters 154 1998 139–151 147

Ž .Earth and Planetary Science Letters 154 1998 139–151

Generation of plate tectonics from lithosphere–mantle flow and
void–volatile self-lubrication
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Abstract

The formation of plate tectonics from mantle convection necessarily requires nonlinear rheological behavior. Recent
studies suggest that self-lubricating rheological mechanisms are most capable of generating plate-like motion out of fluid
flows. The basic paradigm of self-lubrication is nominally derived from the feedback between viscous heating and

Žtemperature-dependent viscosity. Here, we propose a new idealized self-lubrication mechanism based on void e.g., pore
. Ž .andror microcrack generation and volatile e.g., water ingestion. We test this void–volatile self-lubrication mechanism in

Ž .a source–sink flow model; this leads to a basic nonlinear system which permits the excitation of strike–slip toroidal motion
Ž . Ž .a necessary ingredient of plate-like motion out of purely divergent i.e., poloidal or characteristically convective flow.

ŽWith relatively inviscid void-filling volatiles, the void–volatile mechanism yields a state of highly plate-like motion i.e.,
.with uniformly strong ‘‘plate’’ interiors, weak margins, and extremely focussed strike–slip shear zones . Moreover, the

void–volatile model obeys a chemical diffusion time scale that is typically much longer than the thermal convection time
scale; the model thus complies with the observation that plate boundaries are long lived and survive even while inactive. The
void–volatile model of self-lubrication therefore predicts self-focussing shear zones, plate generation, and plate-boundary
longevity through what has long been suspected to be a key ingredient for the existence of plate tectonics, i.e., water. q 1998
Elsevier Science B.V.

Keywords: plate tectonics; plates; mantle; convection; viscosity; strike-slip faults

1. Introduction

The manner in which plate tectonics is not only
driven by, but generated from convection in the
Earth’s mantle is undoubtedly one of the most im-
portant issues remaining in the field of global geody-
namics. A form of mantle convection with plate-like
motion at the surface would necessarily have, among
other features, an extensive amount of strike–slip or

) Corresponding author. E-mail: dberco@wai.soest.hawaii.edu

toroidal motion. The generation of toroidal motion
has been the subject of numerous papers over the last

w xtwo decades 1–10 as it is particularly anomalous
for highly viscous buoyancy-driven flows. Toroidal
motion requires nonlinear rheological behavior to
indirectly draw energy from the mantle’s release of
gravitational potential energy; i.e., lateral viscosity
variations cause the more purely convective poloidal
Ž .upwellingrdownwelling and divergent flow to gen-
erate vertical torques which drive toroidal motion.
However, it has become abundantly clear in recent

0012-821Xr98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S0012-821X 97 00182-9
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Figure 5. Same as Figure 3 but with m = 3 and values of fA/ŝ of (a) 1, (b) 10, and (c) 100.
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Tectonic plate generation and two-phase damage:

Void growth versus grain size reduction
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[1] The generation of plate tectonics from mantle convection requires shear localization in
order to yield narrow, weak plate boundaries separating broad strong plates. A plausible
shear-localizing mechanism involves damage (e.g., distributed microcracking), one
theoretical model of which involves two-phase mechanics. Two-phase damage theory
employs a nonequilibrium relation between interfacial surface energy, pressure, and
viscous deformation, thereby providing a description of void generation and
microcracking, and hence weakening, failure, and shear localization. Here we examine the
application of this theory to the problem of generating plate-like behavior from
convective-type divergent/convergent (poloidal) motion through a source-sink
formulation. We extend the previous damage theory to consider two possible damage
effects: (1) growth and nucleation of voids associated with dilation of the host matrix and
(2) increasing fineness (i.e., reducing coarseness) of the mixture by, for example, grain
size reduction. Void-generating damage is found to be poor at plate generation because of
the predominance of dilational motion that is adverse to the development of plate-like
flow. Fineness-generating damage is found to be very efficient at generating plate-like
behavior if we assume that the matrix viscosity is a simple function of grain/void size, as is
typical for diffusion creep. The implied grain size reduction mechanism is different from
that of dynamic recrystallization and appears to be more capable of generating the
requisite shear localization for forming tectonic plates from mantle flow.

Citation: Bercovici, D., and Y. Ricard (2005), Tectonic plate generation and two-phase damage: Void growth versus grain size
reduction, J. Geophys. Res., 110, B03401, doi:10.1029/2004JB003181.

1. Introduction

[2] Although the theory of plate tectonics is a well-
established unifying principle of geology, the investigation
of how the plates themselves arise from mantle convection
is still a relatively young field (see reviews by Bercovici et
al. [2000], Tackley [2000a, 2000c], and Bercovici [2003]).
There are many key issues in the problem of generating
plates, including the initiation of subduction [Mueller and
Phillips, 1991; Kemp and Stevenson, 1996; Schubert
and Zhang, 1997; Toth and Gurnis, 1998; King, 2001;
Regenauer-Lieb et al., 2001], formation of passive ridges
[Ricard and Froidevaux, 1986; Tackley, 2000b; Huismans
and Beaumont, 2003], and the very existence of strong
plates with weak, rapidly deforming boundaries [Weinstein
and Olson, 1992; Moresi and Solomatov, 1998]. One of the
most fundamental plate generation problems is the cause for
strike-slip boundaries and the enigmatic ‘‘toroidal’’ motion
which is not directly driven by buoyancy and does not
transport heat but is still a significant component of the

Earth’s surface velocity field [Hager and O’Connell, 1978,
1979, 1981; Forte and Peltier, 1987; Ricard and Vigny,
1989; Gable et al., 1991; O’Connell et al., 1991; Olson and
Bercovici, 1991; Cadek and Ricard, 1992; Ribe, 1992;
Lithgow-Bertelloni et al., 1993; Bercovici, 1993; Bercovici
and Wessel, 1994; Bercovici, 1995b, 1995a, 1996, 1998;
Bercovici et al., 2000; Bercovici, 2003; Dumoulin et al.,
1998; Weinstein, 1998].
[3] The formation of strong plates and weak boundaries,

as well as the generation of toroidal motion, is known to
require an interaction between convective flow and strongly
nonlinear rheologies, in particular, ones that induce weak-
ening with increased deformation (see reviews by Tackley
[2000a], Bercovici et al. [2000], and Bercovici [2003]).
Standard steady state plastic or pseudoplastic (power law)
rheologies explicitly prescribe such weakening behavior,
but whether they are sufficient to the task of plate genera-
tion is questionable; while they might allow for softening of
the material (lowering of viscosity) with higher deforma-
tion, they do not allow for strength loss (lowering stress), in
which case, deformation does not localize sufficiently
[Bercovici, 1993]. These ‘‘plastic’’ rheologies, however,
can be augmented with the help of melting (as at mid-ocean

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 110, B03401, doi:10.1029/2004JB003181, 2005
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a b s t r a c t

The grain-damage and pinning mechanism of Bercovici and Ricard (2012) for lithospheric shear-
localization is employed in two-dimensional flow calculations to test its ability to generate toroidal
(strike-slip) motion and influence plate evolution. This mechanism posits that damage to the interface
between phases in a polycrystalline material like peridotite (composed primarily of olivine and
pyroxene) increases the number of small Zener pinning surfaces, which then constrain mineral grains
to ever smaller sizes, regardless of creep mechanism. This effect allows a self-softening feedback in
which damage and grain-reduction can co-exist with a grain-size dependent diffusion creep rheology;
moreover, grain growth and weak-zone healing are greatly impeded by Zener pinning thereby leading
to long-lived relic weak zones. The fluid dynamical calculations employ source–sink driven flow as a
proxy for convective poloidal flow (upwelling/downwelling and divergent/convergent motion), and the
coupling of this flow with non-linear rheological mechanisms excites toroidal or strike-slip motion.
The numerical experiments show that pure dislocation-creep rheology, and grain-damage without
Zener pinning (as occurs in a single-phase assemblages) permit only weak localization and toroidal
flow; however, the full grain-damage with pinning readily allows focussed localization and intense,
plate-like toroidal motion and strike-slip deformation. Rapid plate motion changes are also tested with
abrupt rotations of the source–sink field after a plate-like configuration is developed; the post-rotation
flow and material property fields retain memory of the original configuration for extensive periods,
leading to suboptimally aligned plate boundaries (e.g., strike-slip margins non-parallel to plate motion),
oblique subduction, and highly localized, weak and long lived acute plate-boundary junctions such as at
what is observed at the Aleutian–Kurile intersection. The grain-damage and pinning theory therefore
readily satisfies key plate-tectonic metrics of localized toroidal motion and plate-boundary inheritance,
and thus provides a predictive theory for the generation of plate tectonics on Earth and other planets.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Plate tectonics is arguably one of the most successful scientific
theories in physical science, given its predictive capacity regarding,
for example, the distribution and magnitude of seismic and
volcanic disasters (see Abbott, 2011), or sea-floor ages and hydro-
carbon maturation (see McKenzie, 1981). However, it also plays a
crucial role in planetary science since plate motion is a likely
key ingredient for planetary habitability. In particular the
plate-tectonic mode of mantle circulation drives chemical
disequilibrium in the ocean and atmosphere by constantly bringing
new mantle material to the surface. In this way, plate tectonics

drives the geological carbon cycle through erosion, weathering and
volcanism (Walker et al., 1981), which imposes a negative feed-
back and the long-term climate stability necessary for biological
evolution over billions of years. Likewise, plate tectonics may also
be necessary for the origin of life by providing an energy source for
chemosynthetic life at the bottom of the ocean, i.e., at mid-ocean
ridges (e.g., Southam and Westall, 2007). The discovery of many
terrestrial planets in other solar systems over the last 15 yr (e.g.,
Charbonneau et al., 2009) has, therefore, emphasized the impor-
tance of understanding the conditions for plate tectonics as a
possible requisite for biological habitability (Valencia et al., 2007;
Valencia and O’Connell, 2009; O’Neill and Lenardic, 2007; Landuyt
and Bercovici, 2009b; Korenaga, 2010; van Heck and Tackley,
2011; Foley et al.., 2012; Stamenkovic et al., 2012).

However, understanding the conditions for plate tectonics
requires a predictive theory for how it arises during the evolution
of a planet, and in particular how it is generated by mantle

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/epsl

Earth and Planetary Science Letters

0012-821X/$ - see front matter & 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsl.2013.02.002

n Corresponding author. Tel.: þ1 2034323168.
E-mail addresses: david.bercovici@yale.edu (D. Bercovici),

yanick.ricard@ens-lyon.fr (Y. Ricard).

Earth and Planetary Science Letters 365 (2013) 275–288

2013



2014

P

t =2.6

S

S m i n /m ax= - 1.269/0.496

Ω

Ωm i n /m ax= - 0.848/1.257

v

v ma x = 0.044

log µ̄

µ m i n /m ax= 0.0388/10.38

P

t =2.6

S

S m i n /m ax= - 1.269/0.496

Ω

Ωm i n /m ax= - 0.848/1.257

v

v ma x = 0.044

log µ̄

µ m i n /m ax= 0.0388/10.38

P

t =2.6

S

S m i n /m ax= - 1.269/0.496

Ω

Ωm i n /m ax= - 0.848/1.257

v

v ma x = 0.044

log µ̄

µ m i n /m ax= 0.0388/10.38

!"#$%&$'($)

*+%",$-*."/))
#0%1("+2) #"*(0*"+2)

2-D thin sheet, driven by underlying 
pressure: Kinematics 

nisms (see reviews by Bercovici et al., 2000; Bercovici, 2003). In this analysis we prescribe a113

poloidal flow by imposing a source-sink field in a shallow-layer of fluid, nominally the lithosphere114

overlying a less viscous mantle (Bercovici, 1993, 1995, 1998; Bercovici and Ricard, 2005). In115

effect, the source-sink field represents vertical motion of underlying fluid being injected into or116

ejected from the horizontal shallow layer. This source-sink flow is then used to examine how our117

damage theory generates plate-like strike-slip shear or toroidal flow.118

2.1. Mass conservation and source-sink kinematics119

Conservation of mass in two-phase continuum mechanics dictates a relation for the volume120

fraction �i of phase i (i.e., either phase), which, assuming both phases are incompressible and121

there is no mass exchange between phases, leads to122

⇥�i

⇥t
+r · (�ivi) = 0 (1)

where vi is the velocity of phase i. However, both phases are highly viscous and tightly coupled123

silicates with negligible relative motion (i.e., they do not separate or percolate through each other),124

thus we assume both have the same velocity at a given point in space (i.e., in a small control volume125

in space) such that vi = v. Summing (1) over i and noting that
�

i �i = 1, we arrive at126

r · v = 0 (2)

which implies that127

D�i

Dt
= 0 (3)

where D/Dt = ⇥/⇥t+v ·r is the material derivative. Thus if �i is initially uniform (as assumed128

below, in the application of this model) it will remain so indefinitely.129

The thin layer with which we model flow is assumed to be bounded above and below by inviscid130

half-spaces (i.e., the ocean and atmosphere above, the low-viscosity asthenosphere below) and thus131

has free-slip boundaries. The components of velocity are given by132

v = ux̂+ vŷ + wẑ (4)
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6

nisms (see reviews by Bercovici et al., 2000; Bercovici, 2003). In this analysis we prescribe a113

poloidal flow by imposing a source-sink field in a shallow-layer of fluid, nominally the lithosphere114

overlying a less viscous mantle (Bercovici, 1993, 1995, 1998; Bercovici and Ricard, 2005). In115

effect, the source-sink field represents vertical motion of underlying fluid being injected into or116

ejected from the horizontal shallow layer. This source-sink flow is then used to examine how our117

damage theory generates plate-like strike-slip shear or toroidal flow.118

2.1. Mass conservation and source-sink kinematics119

Conservation of mass in two-phase continuum mechanics dictates a relation for the volume120

fraction �i of phase i (i.e., either phase), which, assuming both phases are incompressible and121

there is no mass exchange between phases, leads to122

⇥�i

⇥t
+r · (�ivi) = 0 (1)

where vi is the velocity of phase i. However, both phases are highly viscous and tightly coupled123

silicates with negligible relative motion (i.e., they do not separate or percolate through each other),124

thus we assume both have the same velocity at a given point in space (i.e., in a small control volume125

in space) such that vi = v. Summing (1) over i and noting that
�

i �i = 1, we arrive at126

r · v = 0 (2)

which implies that127

D�i

Dt
= 0 (3)

where D/Dt = ⇥/⇥t+v ·r is the material derivative. Thus if �i is initially uniform (as assumed128

below, in the application of this model) it will remain so indefinitely.129

The thin layer with which we model flow is assumed to be bounded above and below by inviscid130

half-spaces (i.e., the ocean and atmosphere above, the low-viscosity asthenosphere below) and thus131

has free-slip boundaries. The components of velocity are given by132

v = ux̂+ vŷ + wẑ (4)
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on Venus.

Damage Theory and Flow Model Details

Following Bercovici & Ricard1,2, our model continuum has two phases of comparable density,

viscosity and other properties, combined into a non-dilute mixture. The phase volume fractions ⇤i

are assumed uniform and constant (where i = 1 or 2 denotes the primary or secondary phase, i.e.,

⇤1 = 40% for pyroxene and ⇤2 = 60% for olivine in mantle-lithosphere peridotite). The phases

each have unique grain-size distributions with mean grain-sizes Ri, which evolve separately. The

interface separating the phases is described by a scalar interface density �, which represents the

interfacial area per unit volume of the mixture31, and is associated with an interface radius of

curvature, or interface “roughness” r. Zener pinning32,33 occurs if a grain, of either phase, is

growing and the migration of its boundary is obstructed by the interface with the other phase;

the interface density � represents the concentration of obstructing boundaries and the interface

roughness r controls the effectiveness of the resulting pinning.

The flow field kinematics are described in Bercovici & Ricard2, wherein, because the silicate

phases in the mixture are highly viscous and tightly coupled, they have the same velocity field v.

The mixture itself is incompressible, and thus r · v = 0, which is guaranteed by the relation

v = r� (⌅ẑ) +r�r� (⇥zẑ) (1)

where ⌅ is the toroidal stream function and ⇥ is the poloidal potential, and, in the thin-sheet model

both are functions of x, y and time t only. The horizontal divergence of the velocity

S = r̄ · v = ⇥2⇥ (2)

represents a source-sink field associated with divergent and convergent zones. Focused strike-slip
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where ⌅ is the toroidal stream function and ⇥ is the poloidal potential, and, in the thin-sheet model

both are functions of x, y and time t only. The horizontal divergence of the velocity

S = r̄ · v = ⇥2⇥ (2)

represents a source-sink field associated with divergent and convergent zones. Focused strike-slip

12

toroidal motion is represented by concentrated bands of vertical vorticity

⇥ = ẑ ·r⇥ v = �⌅2⇧ (3)

Our thin-sheet flow model deviates from that of Bercovici & Ricard2 since it involves imposi-

tion of a driving pressure field; it thus solves for both S and ⇥ (rather than imposing S) from the

conservation of momentum in creeping two-phase flow with grained phases1

0 = r�̄+r · ⌧̄ + ⇤̄g +r(⇥I�) (4)

where the pressure �, stress ⌧ and density ⇤ are volume averaged over the two phases (i.e., for any

quantity q, q̄ =
⌅

i ⌅iqi); g is gravitational acceleration; ⇥I is the surface tension on the interface

between phases; and �i, includes the effect of surface tension on the grain boundaries1,34. The

volume averaged stress tensor is

⌧̄ = µ̄
�
rv + [rv]t

⇥
(5)

where µ̄ is the volume average of the viscosities µi, the rheological model of which is discussed

below. The lateral driving force for the system is a pressure gradient acting on the lithosphere

from the underlying mantle. In particular, we impose a pressure field in the mantle P due to,

for example, buoyant upwellings and heavy downwellings. Continuity of normal stress across the

boundary between the lithospheric layer and the mantle requires

� �+ 2µ̄
⌃w

⌃z

⇤⇤⇤
l
= �P + 2µm

⌃w

⌃z

⇤⇤⇤
m

(6)

where w is vertical velocity and |j indicates evaluation on the lithospheric (j = l) or mantle

(j = m) side of the boundary. On the lithospheric side ⌃w/⌃z = �S. On the mantle side we

assume that the material passing across the boundary reaches a negligible absolute velocity at

some greater depth d in the mantle; thus, the mantle stress imparts resistance to flow being injected

into or ejected out of the lithosphere. At the base of the lithospheric layer, w ⇤ Sh, where h is the
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Plate tectonics, damage and inheritance
David Bercovici1 & Yanick Ricard2

The initiation of plate tectonics on Earth is a critical event in our
planet’s history. The time lag between the first proto-subduction
(about 4 billion years ago) and global tectonics (approximately 3 bil-
lion years ago) suggests that plates and plate boundaries became
widespread over a period of 1 billion years. The reason for this time
lag is unknown but fundamental to understanding the origin of
plate tectonics. Here we suggest that when sufficient lithospheric
damage (which promotes shear localization and long-lived weak zones)
combines with transient mantle flow and migrating proto-subduction,
it leads to the accumulation of weak plate boundaries and eventually
to fully formed tectonic plates driven by subduction alone. We simu-
late this process using a grain evolution and damage mechanism with
a composite rheology (which is compatible with field and laboratory
observations of polycrystalline rocks1,2), coupled to an idealized model
of pressure-driven lithospheric flow in which a low-pressure zone is
equivalent to the suction of convective downwellings. In the sim-
plest case, for Earth-like conditions, a few successive rotations of the
driving pressure field yield relic damaged weak zones that are inher-
ited by the lithospheric flow to form a nearly perfect plate, with passive
spreading and strike-slip margins that persist and localize further,
even though flow is driven only by subduction. But for hotter sur-
face conditions, such as those on Venus, accumulation and inher-
itance of damage is negligible; hence only subduction zones survive
and plate tectonics does not spread, which corresponds to observa-
tions. After plates have developed, continued changes in driving forces,
combined with inherited damage and weak zones, promote increased
tectonic complexity, such as oblique subduction, strike-slip bound-
aries that are subparallel to plate motion, and spalling of minor plates.

The emergence of plate tectonics is arguably Earth’s defining moment.
How our planet, alone amongst known terrestrial bodies, evolved the
unique plate-tectonic form of mantle convection remains enigmatic3.
Although geochemical and petrological evidence for tectonic activity in
Earth’s deepest past is difficult to interpret4, analysis of zircons implies
the existence of continental crust and formation of granites more than
4 billion years (4 Gyr) ago5,6, possibly related to subduction zone melting.
Similar evidence suggests that subduction-related crustal production
existed 3.6 Gyr ago or earlier7,8. However, geochemical and petrologic
observations imply that tectonics was not widespread until 3.0–2.7 Gyr
ago9,10. Whether plate tectonics spread globally over the intervening
1-Gyr interval is of fundamental importance in understanding the emer-
gence of plate tectonics. Moreover, whether the continued accumulation
of plate boundaries increased tectonic complexity through geological
time remains an open question. Here we propose a plate generation model
to argue that transient proto-subduction and accumulated lithospheric
damage allowed for the unique emergence and evolution of plate tec-
tonics on Earth.

Plate generation theory generally treats the formation of weak plate
boundaries and strong plates by invoking self-weakening feedback
mechanisms3. Models prescribing steady-state weakening rheologies (for
example, viscoplasticity)11–13 often produce instantaneous plate-like flow,
but are not necessarily consistent with rock-deformation experiments,
and do not contain the physics to allow dormancy and accumulation of
weak zones that become re-activated to form new plate boundaries14,15.

Damage models of plate generation have, however, been developed to
treat self-weakening as well as the evolution of weakness, while also
being compatible with laboratory and field observations1.

Damage mechanics is a continuum theory for how deformation affects
material strength, usually by the formation of micro-cracks or reduction
of grain size, either of which weakens the material16. The pervasiveness
of mantle-lithosphere peridotitic mylonites—where localized deforma-
tion correlates with reduced mineral grain sizes—at tectonic margins17,18

indicates that a self-weakening feedback between grain reduction by dam-
age and grain-size-dependent strength (for example, diffusion creep)19,20

at mid-lithospheric depths is key to plate-boundary formation. This
grain-damage feedback mechanism is most plausible and evident in
multi-phase or polycrystalline lithospheric rocks (for example, peri-
dotite, which is a mixture of mostly olivine and pyroxene): grain growth
in such rocks—which strengthens and heals the material—is known
from laboratory and field observations to be impeded by pinning (that
is, blocking of grain-boundary migration) by the interface between
phases17,21,22. Thus, our lithospheric damage mechanism is a coupled
evolution model that describes the competition between damage and
healing for both grains and interfaces in two-phase assemblages, and
where interface pinning both limits grain growth and healing, and pro-
motes damage and shear-localization1,2 (see Methods for further details).

Our model medium is composed of two components or phases with
comparable properties, combined into a 60–40% mixture (as with olivine–
pyroxene ratios in peridotite), wherein the grain sizes and the rough-
ness of the interface between phases change according to our evolution
model1,2. The two-phase grained continuum is incorporated into a hori-
zontal viscous thin-sheet model of convective-type flow in the litho-
sphere, assuming its strength is dominated by highly viscous flow and
mylonitic behaviour at a mid-lithosphere depth (this assumption, how-
ever, underestimates weakening and localization at divergent zones due
to lithospheric thinning and melting). Flow velocity v is compelled by
imposed sublithospheric pressure anomalies P; high or low pressures
are akin to mantle convective currents impinging on or separating from
this layer. The material rheology is a composite of dislocation creep (that
is, viscosity goes inversely as stress squared), which dominates deforma-
tion for large grains, and diffusion creep (that is, viscosity goes as grain-
size cubed), which dominates for small grains. As deformation and
damage drive grain reduction1, diffusion creep eventually dominates,
causing the mixture viscosity !m to reduce where deformation is large,
which thus focuses deformation and leads to a self-weakening feed-
back. If !m were constant, the pressure would drive only divergence or
convergence (over positive or negative P, respectively), or sources and
sinks of mass in the thin layer, akin to ridges and subduction zones; the
divergence rate is denoted by S~!+:v where !+ is the horizontal two-
dimensional gradient operator (see Methods). But with the nonlinear
rheology of our medium, horizontal shearing and strike-slip motion
can also arise; the vorticity V~ẑ:+|v (where ẑ is the vertical unit vector)
represents shearing because it measures velocity gradients perpendic-
ular to the flow direction. Moreover, the driving pressure P can also
interact with the nonlinear rheology to excite passive divergence that
is not directly driven by any pressure anomaly. Focused divergence
S and vorticity V are important metrics of plate-like flow because

1Department of Geology and Geophysics, Yale University, New Haven, Connecticut 06520-8109, USA. 2Laboratoire de Géologie de Lyon, Université de Lyon 1, CNRS, ENS-Lyon, 69622 Villeurbanne Cedex,
France.
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Mantle rock “creep” rheology

strain-rate stress

grain-size

ė = A(T )�n

ė = B(T )�/Rm

temperature



V.	Solomatov (1995)
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Plate Generation 
Mechanisms

Most terrestrial mantles undergo 
stagnant lid convection

Earth has self-softening feedbacks  
• deformation softens material
• weak zones focus deformation
• causes more softening, more focusing: 

shear-localization
Allows convecting mantle to generate 
• strong broad plates, 
• narrow, weak long-lasting boundaries
• localized strike-slip shear



Self-weakening mechanisms

• Plastic yielding
• Velocity weakening 
• Water ingestion

Van	Heck	&	Tackley 2008
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We employ a viscoelastic-plastic rheology with 
experimentally calibrated fl ow laws and elastic 
shear moduli computed from stable phase assem-
blages for each lithology (cf. Gerya et al. [2006] 
for rheological and petro logical details). The 

plastic strength is taken to be dependent on pore-
fl uid pressure, Pfl uid, such that (Ranalli, 1995):

 σyield = C + sin(ϕ)P, (3)

and

 sin(ϕ) = sin(ϕdry)(1 – λ), (4)

where P is pressure, C is cohesion (residual 
strength at P = 0), ϕ is effective internal friction 
angle (ϕdry is ϕ for fl uid-absent conditions), and 
λ = Pfl uid/P is the pore-fl uid-pressure factor. For 
crystalline rocks, sin(ϕdry) typically varies from 
0.2 to 0.9, depending on pressure, temperature, 
and mineralogical composition (Brace and 
 Kohlestedt, 1980; Moore et al., 1997).

The pore-fl uid-pressure factor (λ) controls 
the plastic strength of porous or fractured 
media. A hydrostatic gradient with λ = 0.4 is 
generally accepted for the upper crust ( Sibson, 
1990). As follows from studies of deep wells 
(e.g., Sibson, 1990) at larger depths relevant for 
fl uid release in subduction zones (10–300 km), 
pressure of free porous fl uid will be close to 
litho static (i.e., λ ≈ 1 and ϕ ≈ 0). Thus, the 
plastic strength of rocks in subduction zones 
is strongly dependent on the presence or 
absence of pore fl uids. Accordingly, we assume 
sin(ϕ) = 0 for wet crustal and mantle rocks, i.e., 
wherever free water fl uid is present.

The governing equations of conservation 
of momentum, mass, and energy are solved in 
two-dimensions (2-D) with the use of the code 
I2ELVIS (Gerya and Yuen, 2007) based on 
fi nite-differences and marker-in-cell technique.

RESULTS OF SIMULATION
We carried out a total of 71 numerical experi-

ments (see the GSA Data Repository1) and sys-
tematically varied model parameters, such as 

Figure 2. Two-dimensional (2-D) numerical 
modeling setup (A) used in this study and 
results (B–C) of numerical experiments 
showing self-sustaining two-sided (B) and 
one-sided (C) subduction modes. Initially 
(A), two plates of different ages (1 Ma and 
70 Ma for the left and right plates, respec-
tively) are juxtaposed together along a 
transform fault. Initial zone of wet fractured 
rocks with low plastic strength (sin[ϕ] = 0) 
is present along the fault (Hall et al., 2003). 
Subduction pattern in (B) and (C) is shown 
by displacement of red subsurface mantle 
lithosphere (i.e., dry mantle cooled below 
900 °C at depths <15 km below the surface) 
of two plates. Stable asymmetric two-sided 
subduction (B) results from low plastic 
strength (sin[ϕ] = 0.1) of plates and absence 
of weak lubrication layer produced by slab 
dehydration. Stable retreating one-sided 
subduction (C) results from high plastic 
strength (sin[ϕ] = 0.6) of plates and presence 
of weak lubrication layer containing perco-
lating fl uids released by slab dehydration.

Figure 3. Results of numerical experiments (Fig. 2B) showing typical dynamics of self-
sustaining  two-sided subduction development. Solid triangle shows trench position.

1GSA Data Repository item 2008012, parameters 
of conducted numerical experiments, is available 
online at www.geosociety.org/pubs/ft2008.htm, or 
on request from editing@geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO 
80301, USA.

Gerya,	et	al	2008



• Mineral grains grow if “static”

Grain-scale Processes

Hiraga et	al	2010

Octochlorpropane (Park	et	al	1997)



Grain-scale Processes

But in single-phase rocks…
• Grain reduction only in 

dislocation creep (dynamic 
recrystallization): independent 
of grain-size

• Grain-size weakening only in 
diffusion creep when grains 
only grow

• Shoudn’t be any self-softening 
feedback
• de Bresser et al (2001)

Problems: 
1.  Exclusive creep 

mechanisms 
•  Grain reduction only 

in dislocation creep 
(dynamic 
recrystallization)  

•  Grainsize weakening 
only in diffusion 
creep when grains 
only grow 

•  Damage and 
weakening don’t co-
exist 

 
2.  Olivine grain-growth 

is too fast: 
•  Loss of plate 

boundaries after 
deformation ceases 
within 1Myrs 

Diffusion 
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Dislocation 
Creep 

• With deformation and damage 
(dislocations),  grain-size reduces

• Rocks apparently soften as grains 
“shrink” è positive feedback

• “Deep” lithospheric mechanism
• cold ductile region

• Evident in mylonites

• Mineral grain-size reduction?

www.atmos.albany.edu/geology/webpages/wdmovies/wdmoviep.html

http://www.atmos.albany.edu/geology/webpages/wdmovies/wdmoviep.html


Grain-damage & pinning  in 
rock mixtures* 
• Mantle rocks (peridotite) 

are mixture of olivine and 
pyroxene

• Grain growth blocked 
(pinned) by interface 
between components

Hiraga et	al,	2010

Skemer et	al	2009*Bercovici	&	Ricard 2012,	2013

• Damage acts to “sharpen” 
interface

• Sharpening of interface and 
pinning drives grains to 
smaller sizes and material 
softens

• Damage and softening 
coexist

• Pinning retards healing



Peridotite Mylonite from MAR Fracture Zone Jaroslow et al., 1996



Peridotite Mylonite from MAR Fracture Zone Jaroslow et al., 1996



Single-phase	
coarsening

In	two-phases	with	
pinning,	coarsening	
is		impeded

Pinning slows grain-growth 

High	surface	
and	internal	
energy

Low	surface	
and	internal	
energy

High	surface	
and	internal	
energy



Low	
surface	
energy

High	
surface	
energy

Damage	
è work	provides	
energy	increase

High	
surface	
energy

Pinning helps damage

High	
surface	
energy

“Easier”	
Damage: less	
energy	needed



Grain	growth	experiments	in	MgO +ZrO2	composite	(1000K,	5GPa,	1hour)
Shows	divots	in	MgO grains	from	distortion	by	ZrO2 grains
Compliments	of	Jennifer	Girard,	Yale



Coupled “interface” and “grain-size” 
evolution laws
Interface	“roughness”	or	
radius	of	curvature r

Grain-size	Ri in	
each	phase

Composite	dislocation	+	diffusion	creep	rheology

Zi = 1� c(1� �i)
R2

i

r2

ė =
�
ai�

n�1
i + biR�m

i

�
⌧ i

Zener pinning	
factor

DRp
i

Dt
= CiZi � pDRp+1

i

ai⌧
n+1
i

Zi

Drq

Dt
= CI � qDrq+1 ̄

coarsening 
healing damage

Coefficients	based	on	comparison	to	lab	experiments
Bercovici	&	Ricard	2012-2016



Landuyt	&	Bercovici	EPSL	2009



Planetary plate 
generation phase 
diagram
• Convection models 

with grain damage: 
“plate” state depends 
on ratio of damage to 
healing

• Healing is  surface T 
dependent

• Convection, damage 
depend on size (Ra 
number)

• Yields a “phase
boundary” defining 
when planet’s surface 
is plate-like or 
stagnant

Foley	et	al	(EPSL2012)
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1. INTRODUCTION
“It is the larger conception which determines the expression of the details.”

—Joseph Barrell (Barrell 1919, p. 282)

Five decades after the advent of the plate tectonics theory (e.g., Hess 1962, Vine & Matthews 1963,
Wilson 1965), our understanding of geology seems to have matured enough to discuss the initi-
ation of plate tectonics in Earth’s history, which might have been regarded in the past century as
too speculative to be legitimate. In recent years, quite a few papers have been published to suggest
when plate tectonics started, with proposed timings covering almost the entire history of Earth
(Figure 1). The diversity of opinions results from ambiguities in the interpretation of relevant
geological observations as well as different weightings on different kinds of data. Stern (2005),
for example, suggests that modern-style plate tectonics started around the beginning of the
Neoproterozoic era [∼1 billion years ago (1 Gya)] on the basis of the absence of ultrahigh-pressure

Present

0.54 Gya

2.5 Gya

4.0 Gya

4.5 Gya

Phanerozoic

Proterozoic

Archean

Hadean

Suggested onset time
of plate tectonics

~1 Gya (Stern 2005)
~0.85 Gya (Hamilton 2011)

>4.2 Gya (Hopkins et al. 2008)

>3 Gya (Condie & Kröner 2008)

~2.8 Gya (Brown 2006)

>3.1 Gya (Cawood et al. 2006)
~3.2 Gya (Van Kranendonk et al. 2007)

~3.9 Gya (Shirey et al. 2008)
>3.8 Gya (Komiya et al. 1999)

>3.6 Gya (Nutman et al. 2002)

Figure 1
Geologic timescale and suggestions for the onset time of plate tectonics. Suggestions shown here merely
demonstrate the diversity of opinions published in the past decade or so and are not meant to be a
comprehensive compilation of recent literature.
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consequences that deformation memory will have for the dynamics 
and stability of subduction.

Here we investigate the consequences of bending-induced plate 
damage by using two-dimensional numerical thermomechanical 
subduction models in which both brittle–plastic and ductile defor-
mation as well as grain-size evolution are coupled self-consistently 
(Methods). Our results indicate that brittle–ductile slab weakening 
and plate segmentation should occur at the outer-rise region owing to 
the strong feedback between brittle and ductile damage localization, 
and that this process can explain a range of observations from well 
imaged subduction zones.

Slab segmentation at the outer rise
Figure 1 shows an example of a typical model evolution resulting in 
subducting slab damage and segmentation. The numerical experi-
ment starts from subduction initiation at a transform fault24,37, which 
separates two oceanic plates of different ages, leading to gravitational 
instability. The older plate starts to subduct in a retreating manner 
whereas the younger, now overriding, plate is subjected to extension 
and horizontal motion towards the retreating trench. After the initial 
period of retreat associated with gradual steepening of the slab, the slab 
angle stabilizes and the advancing horizontal motion of the subducting 
plate begins. This mode of subduction continues until the slab reaches 
the mantle transition zone and starts to flatten due to the negative 
Clapeyron slope of the spinel–perovskite phase transition (Methods), 
which initiates a new episode of trench retreat. The viscosity of the 
subducting plate that results from this dynamically self-consistent 
subduction scenario shows a pattern of 150–200-km-wide segments 
separated by narrow low-viscosity zones. This damage pattern forms as 
the result of linked, localized brittle–plastic deformation and grain-size 
reduction at the outer rise (Fig. 2a). As a consequence, the subducting 
slab deforms easily in a chain-like fashion in response to its interaction 
with the mantle transition zone. The resulting slab morphologies are 
markedly different from those of viscoplastic slabs without damage21,25 
and reflect the influence of the strong coupling between the brittle and 
ductile strain-localization mechanisms during plate bending.

Model sensitivity studies show that the style of slab deformation 
depends strongly on both the ductile damage and the strain-induced 
weakening of faults as well as on the age of the subducting plate and 
the mantle potential temperature. In particular, deactivation of duc-
tile damage (grain-size reduction) and/or strain-induced weakening 
produces smoothly bent slabs (compare Extended Data Fig. 2a, e and 
Extended Data Figs. 2b, f, 2c, g, 2d, h) comparable to previous sub-
duction models16,21,24,25. A lack of ductile damage also makes subduc-
tion initiation more difficult (compare Extended Data Fig. 3a, e and 
Extended Data Fig. 3c, g) owing to the increased bending resistance of 
the subducting plate, which should become older and denser to allow 
for spontaneous subduction initiation (compare Extended Data Fig. 3a, 
e and Extended Data Fig. 4c, g). The combined effects of fault weakening 
and ductile damage on slab segmentation are notably distinct from the 
individual forms of weakening. In the absence of normal fault weaken-
ing, slab segments are less pronounced and grain-size reduction inside 
the subducting plate is distributed more evenly owing to the weaker 
feedback between faulting and grain-size reduction (compare Extended 
Data Fig. 2a, e and Extended Data Figs. 2c, g, 4c, g, 4d, h). This, in turn, 
causes more distributed rather than strongly localized, segmented 
weakening of slabs. A similar effect is achieved by decreasing the rate 
of fault-weakening with strain (compare Extended Data Fig. 3b, f and 
Extended Data Fig. 3c, g). In the absence of ductile damage, slab seg-
ments remain but the displacement along individual normal faults 
is reduced (Extended Data Fig. 2b, f). As a result, the number of seg-
ments increases together with a decrease in the characteristic segment 
width (compare Extended Data Fig. 2a, e and Extended Data Fig. 2b, f).  
The total amount of deformation in each segment also decreases. 

Slab segmentation is thus primarily driven by normal fault weakening 
whereas the ductile damage makes this process more intense, localized 
and laterally extensive. Ductile creep of mature faults has no influence 
on segmentation and mainly affects the deformation of segmented 
slabs in the mantle: weaker (serpentine type) rheology facilitates slab 
bending and break-off whereas stronger (dry olivine type) rheology 
produces less deformed slabs (Extended Data Table 2).

The age of the subducting plate also controls the characteristic 
width of slab segments: older and thus thicker subducting plates show 
wider slab segments than those of younger plates (compare Extended 
Data Fig. 3c, g and Extended Data Fig. 3d, h). An increase in the mantle 
potential temperature, by contrast, promotes slab segmentation and 
bending by steepening of the slab angles owing to the increased nega-
tive slab buoyancy and the reduced amount of viscous resistance of 
the asthenosphere to slab penetration (compare Fig. 1 and Extended 
Data Figs. 2a, 4a). This also leads to notable acceleration of subduction 
and more frequent slab break-off16 (compare Fig. 1 and Extended Data 
Figs. 2a, e, 4a, e).

Many outer-rise fault systems are orientated along pre-existing fault-
ing structures within the oceanic plate38,39. We therefore tested the 
influence of pre-existing faults by running several models in which these 
faults have been initially prescribed with different spacing (5 km, 10 km 
and 20 km) and polarity (towards/outwards the trench) (Extended 
Data Fig. 5). Similar to the reference model, slab segmentation also 
developed in the models with pre-existing faults, which have a minor 
effect on the characteristic segment width (Extended Data Fig. 5).  
As expected, pre-existing faults are easily reactivated by the plate bend-
ing and control the predominant location and polarity of the much 
deeper outer-rise normal faults (Extended Data Fig. 5).
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Fig. 1 | Dynamics of subduction and slab segmentation for a 40-million-year- 
old oceanic plate. A model with 8-km-thick crust formed under present-day 
mantle temperature conditions (model xbeq, Extended Data Table 2). a–e, The 
evolution of the effective viscosity. f–j, The evolution of grain size in the mantle. 
The solid black lines indicate the position of the 1,225-°C isotherm.
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Grain damage and mixing

• Mylonites and ultramylonites often form bands of mixed grains (esp. 
in peridotites)

• Polyminerallic damage+pinning enhanced by inter-grain mixing
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1. In olivine-rich layers (Figure 2b), small pyroxene grains are located along olivine grain boundaries that are
approximately perpendicular to σ1. In pyroxene-rich layers (Figure 2c), small olivine grains are located on
pyroxene grain boundaries approximately normal to σ3. These microstructures are observed in all of our
samples deformed to shear strains of 1.9 ≤ γ ≤ 4.2.

2. The frequency of phase boundaries increases with increasing strain, Figure 7b, indicating that new grains
preferentially form on grain boundaries of the opposite phase.

3. The size of both the olivine and the pyroxene grains in samples deformed to high strains (γ ≳ 11) is signifi-
cantly smaller than predicted by the piezometers determined on single-phase samples (Figure 5), indicat-
ing that the grain sizes in the two-phase samples are not simply related to dynamic recrystallization but
must involve phase mixing and Zener pinning. Note that the ratio of the olivine-to-pyroxene grain size is
well described by the Zener relationship with values for the Zener parameters determined by Hiraga et al.
(2010).

4. Further, the absence of a pronounced CPO of the isolated, small equant grains of the secondary phase
(Figures 9d and 9e) indicates that these grains do not form due to dynamic recrystallization but require
another process such as the nucleation process described in Figure 10.

5.3. Diffusion Creep or Dislocation-Accommodated Grain Boundary Sliding?

It is often argued that the grain size reduction associated with phase mixing and Zener pinning causes a
transition from a dislocation-dominated creep mechanism to diffusion creep (Bercovici & Skemer, 2017;
Hansen & Warren, 2015; Herwegh et al., 2011; Linckens et al., 2011, 2015; Warren & Hirth, 2006). Two results
from the present study—one based on deformation results and the other on microstructural observations—
indicate that this transition does not occur in our experiments. Here we assert that the weakening observed
with increasing strain in our experiments is due to a transition from disGBS with subgrains to disGBS
without subgrains.

Figure 10. Schematic diagrams illustrating the process of grain-size reduction and phase mixing by dynamic recrystallization and heterogeneous nucleation.
(a) Driven by the imposed stress potential gradient, all three of the constituent ions diffuse from regions of maximum deviatoric compression, σ1, to regions of
deviatoric tension, σ3. (a1) MeO in olivine dissolves into grain boundaries experiencing maximum compressive deviatoric stress, σ1, and (a2) the more mobile
component, MeO, then diffuses to a grain-grain interface under deviatoric tension, σ3. (a3) Due to the missing and transported MeO, reaction 1 (R1) and reaction 2
(R2) occur. Light gray and dark gray grains are olivine and pyroxene, respectively. Orange circle is MeO. Red arrow is transport path of MeO. (b) Microstructural
development observed in this study. White arrows indicate increasing strain.
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Grain mixing and damage in 2D
• Focussed Damage + Zener pinning where mono-

phase units mix (diffusion fronts)
• “Mylonite” formation in mixed regions

R = grain size
µ = viscosity
Arrows: fabric orientation



Diverging,	aging	
lithosphere	has	
increased	stress	on	
passive	margin	from
• Ridge	push
• Sediment	load
• Other	(convection,	
sagging)

Grain-damage	driven	
by	stress	can	offset	
thermal	stiffening	
with	age

Grain-damage and collapse of passive margin 
(subduction initiation)

Mulyukova	&	Bercovici		(2018);		Bercovici	&	Mulyukova (2021)



Passive Margins 
Ridge push and grain-mixing



Mineral volume fraction Grain size (Viscosity)-1



Cold,	brittle

Weak	vertical	bands

Pervasively	damaged/weak

Facilitates	vertical	
shearing,	subduction,	
passive	margin	collapse



are approximate because most of the fan shots pierce
the seafloor outside of this plane. The short-wave-
length character of the remaining scatter is very
similar to the variations observed in the basement
corrections, suggesting that inaccuracy in this approx-
imation is responsible for the scatter. To enhance the
long-wavelength character of the azimuthal pattern,
we calculated weighted averages of the residuals
within overlapping azimuth bins (Fig. 3). The bins
have a spacing of one-half the bin width, and linear
weight function assigned to each datum ranges from
one for a point in the center of the bin, to zero for a
point at the bin edge. Bin width ranged from 48 to 208
azimuth.

3. Models of azimuthal anisotropy

We estimated the magnitude and direction of
azimuthal anisotropy in the uppermost mantle using
a least squares fit of the delay times by functions that
are periodic in 2h and 4h, where h represents source–
receiver azimuth relative to fossil spreading [14–16].
If the anisotropy in the region is constant, then to first

order the variation in travel time at a constant offset
can be written as

dt ¼ a0 þ a1cos 2hð Þ þ a2sin 2hð Þ þ a3cos 4hð Þ

þ a4sin 4hð Þ; ð1Þ

where a0 is a static associated with unmodeled
average isotropic velocity, and a1, a2, a3 and a4 are
free parameters that are related to the strength and
direction of azimuthal anisotropy [15]. In mantle
rocks, the 4h terms are predicted to be small, and
many previous analyses of P-wave anisotropy have
chosen to neglect it, i.e.

dt ¼ a0 þ a1cos 2hð Þ þ a2sin 2hð Þ ð2Þ

(e.g., [14]). In either case, magnitude of the velocity
anisotropy is calculated using the peak-to-peak differ-
ence in model delay times, which can be scaled to a
velocity perturbation in percent,

DVp ¼ 200 Vmax % VminÞ= Vmax þ VminÞðð ð3Þ

where Vmax and Vmin represent the maximum and
minimum P velocities in the medium, respectively.
The orientations of these velocities (the so-called fast

Fig. 4. Individual travel-time residuals (grey crosses) of line 1 shots recorded at offline stations Bud and Pete, along with times for several

stations along line 1, plotted as a function of shot–receiver azimuth. Black squares represent weighted average of these data calculated in 208-
wide overlapping bins. Residuals are calculated relative to an isotropic velocity model, are corrected for variations in water depth, sediment

thickness, basement topography and crustal thickness beneath each shot and receiver, and converted to a common offset of 75 km. Bud

observations correspond to the source–receiver azimuths of 20–1608, Pete observations correspond to azimuths of 200–3408, and the line 1

stations provide observations at azimuths of 08 and 1808. Thick black lines display the predicted delay times for the best-fitting 2h+4h (solid)

and 2h (dashed) models described in text. For comparison, dotted line indicates the delay-time variation that would be expected for 2h
anisotropy with a magnitude of 6% oriented parallel to fossil spreading.
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the olivine fabric is poorly organized and not fully
aligned within the horizontal (flow) plane [2].

If the olivine fabric is not fully aligned, the
magnitude of P-wave anisotropy can be used to place
bounds on the extent of intracrystalline viscous
deformation. Olivine CPO (and thus seismic aniso-

tropy) is strongly dependent on strain until it reaches a
saturation point in the fabric strength. In olivine
aggregates experimentally deformed in simple shear at
a temperature of 1473 K, fabric evolved from weakly
organized at shear strain cb0.5, to very strong and
parallel to the flow at c~4–5 [3], while a similar
experiment at slightly higher temperature (1573 K)
produced strong, flow-parallel fabric at c~1.5 [2]. The
P-wave anisotropy in these experiments ranged from
3% for the weak-fabric case to ~15% for the strong
fabric, the strength of which implies that the latter
probably reached saturation [32]. It is difficult to
directly relate the anisotropy derived from these
synthetic olivine experiments to that observed in the
field, which is expected to be smaller due to spatial
averaging, non-optimal orientation of the olivine
fabric relative to the propagation direction, and the
presence of orthopyroxene and other minerals [33].
However, if we make the assumption that the Pacific
P-wave anisotropy observations of 6–8% are at or
beyond the saturation point (which is consistent with
observations from ophiolites [33]), then the shear-
strain implied by the observed 3–4% anisotropy is
well below the saturation point, perhaps as low as
c~0.4–0.6. The additional strain needed to produce
plate separation must occur via localized processes
such as faulting.

Alternatively, it has been hypothesized that mantle
upwelling beneath the slow-spreading ridges is
partially driven by local buoyancy forces associated
with melt and melt residuum, rather than solely by far-
field tractions associated with plate motion (e.g.,
[34]). Numerical models of fabric development during
buoyancy-enhanced spreading indicate that the result-
ing P-wave anisotropy within the shallow lithosphere
is substantially smaller than that calculated for passive
spreading models [10]. In the passive models, the
anisotropy is quite strong because the fast (a) axes of
olivine grains are efficiently aligned in a quasi-
horizontal plane by the simple pattern of corner flow.
In contrast, the buoyancy-enhanced models are
characterized by a tight circulation pattern within the
melting zone. This produces a fabric with olivine a
axes that are less coherently aligned and less
horizontal, and as a result, azimuthal anisotropy
measured using horizontally propagating P-waves is
not as strong. In this interpretation, the weak
anisotropy does not imply weak shear deformation;

Fig. 5. Cartoon of mantle deformation and associated P-wave

anisotropy profiles produced at end-member fast- and slow-spread-

ing mid-ocean ridges. In each model, white layer depicts basaltic

oceanic crust, dark grey represents the cooling lithosphere, and light

grey corresponds to the underlying asthenosphere. Curves depict

schematic flow lines for a passive model of seafloor spreading and

black finite strain ellipses are shown. (A) Fast-spreading ridges are

characterized by an axial high and minimal off-axis faulting.

Underlying corner flow deformation occurs predominantly in the

viscously deforming asthenosphere, resulting in large total strain

with a horizontal orientation that produces azimuthal anisotropy of

order 6%. Orientations of strain ellipses are based on numerical

calculations of Blackman and Kendall [10]. (B) Slow-spreading

ridges are characterized by an axial valley and pervasive off-axis

faulting (black line segments). Conductive cooling produces a

thickened lithosphere that impinges on corner flow, resulting in

deformation that is partly accommodated by faulting to depths of up

to 5–10 km beneath the Moho. As a result, the viscous strain the

mantle at these depths is correspondingly reduced, as is the resulting

anisotropy. In neither case is the anisotropy below ~10 km depth in

the mantle (below Moho) well resolved. If our scenario is correct,

then it suggests that anisotropy should increase with depth in slow

spreading lithosphere. Diagrams are not to scale, but crustal

thickness is approximately 5 km, and the thickness of the well-

constrained anisotropic layer in the slow-spreading model is

approximately 10 km.
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Abstract

During mantle flow at mid-ocean ridges, viscous shear deformation imparts a structural fabric that remains in the lithosphere

as it cools, preserving a record of ridge processes over time. This fabric can be detected by seismic imaging, as it produces an
azimuthal anisotropy in the velocity of seismic waves that propagate in the shallow mantle. Using data from a novel seismic
refraction survey in the western Atlantic, we found that the maximum P-wave velocity in the upper 10 km of mantle lithosphere

formed at the slow-spreading Mid-Atlantic Ridge is parallel to the paleo-spreading direction, consistent with viscous shear
deformation dominated by corner flow. The magnitude of the P-wave anisotropy is 3.4F0.3%, approximately one-half that
found in lithosphere formed at faster spreading rates in the Pacific. Weaker anisotropy in the Atlantic suggests that more

pervasive conductive cooling at slow spreading ridges increases the proportion of localized (brittle) deformation in the mantle
lithosphere, thereby limiting the degree of viscous deformation. By scaling our field observations to laboratory experiments, we
estimate that total viscous strain during slow seafloor spreading is of order 0.5, as opposed to ~1–2 for the fast-spreading case.
Finally, our travel-time observations display an azimuthal asymmetry that can be interpreted in one of two ways: either the

average elastic tensor in this region is not orthorhombic as is commonly assumed, or the underlying shear fabric is rotated ~158
relative to fossil spreading.
D 2004 Elsevier B.V. All rights reserved.

Keywords: seismic anisotropy; upper mantle; refraction; mantle flow

1. Introduction

Measurement of seismic anisotropy in oceanic
lithosphere provides a direct means to study deforma-
tion associated with convection in the mantle. During
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ridge-perpendicular flow suggested by the 2h+4h
model represents the simpler interpretation.

To our knowledge, this experiment represents the
first unambiguous estimate of upper-mantle seismic
anisotropy in slow-spreading oceanic lithosphere. An
early refraction analysis in the slow-spreading Atlan-
tic produced evidence of anisotropy but failed to
robustly quantify it [17]. Surface-wave analyses from
such regions do not distinguish shallow lithospheric
structure from that of the deeper upper mantle [18,19].
Gaherty [20] documented lithospheric anisotropy
adjacent to the slow-spreading Reykjanes Ridge, but
the anomalous nature of that structure implies that it
reflects the dynamics of hotspot-ridge interaction
rather than slow seafloor spreading.

4. Discussion

At first glance, our results suggest that the spread-
ing-derived model to explain P-wave anisotropy in
the Pacific can be applied to the Atlantic. Shallow P-
wave anisotropy has a fast azimuth that parallels the
paleo-spreading direction, which is consistent with
two-dimensional corner-flow models in which olivine
fabric aligns with the flow direction [2,8,10]. Recent
experiments on olivine aggregates have demonstrated
that the fast seismic direction may be orthogonal to
the flow direction if deformation takes place at high
stress and/or water content [4], or under melt-rich
conditions [5]. The strong correspondence between
the fast propagation and fossil spreading directions in
our data provides empirical evidence that these
conditions were not prevalent during formation of
the lithosphere in our study region.

With a magnitude of 3–4%, the P-wave aniso-
tropy in this portion of the Atlantic is small
compared to estimates of P-wave anisotropy from
modern refraction data in fast-spreading regions.
The most comparable result is from the Ngendei
experiment in old Pacific lithosphere east of the
Tonga trench, which had a similar spatial scale
(offsets to 100–150 km) [14,21]. They found upper-
mantle P-wave anisotropy of 5.5%, approximately
50% larger than that observed here. P-wave
anisotropy of 6–7% was also found in two short-
offset (b50 km) experiments on the fast-spreading
East Pacific Rise [22,23]. Several older refraction

experiments documented P-wave anisotropy ranging
from 3% to 8% [13,16,17,24], but those experiments
all predate the availability of repeatable airgun
sources and high-quality ocean-bottom recordings,
and they had poor control on overlying basement
and crustal structure. Therefore, the relative accu-
racy of the older estimates is uncertain. Based on
the more modern experiments, we conclude that the
P-wave anisotropy produced during slow spreading
(~10 mm/year half rate) in the Atlantic is approx-
imately one-half the magnitude of that formed at
faster spreading rates in the Pacific. This difference
in the magnitude of anisotropy suggests that the
processes responsible for the development and
preservation of olivine CPO in the lithosphere
depend on spreading rate.

There is strong evidence that the deformation styles
active during seafloor spreading are dependent on
spreading rate. In particular, localized (brittle) defor-
mation is more prevalent near slow-spreading ridges.
This is manifested in the greater abundance of large-
displacement normal faults near slow-spreading ridges
[25], an increase in the depth distribution of near-axis
earthquakes [26], a greater proportion of extension
accommodated through seismic slip [27], and local-
ized shear fabric found in abyssal peridotites [28].
These observations presumably reflect the influence of
conductive cooling (e.g., [29]), and they suggest that
mantle flowing up and laterally outward in the upper
10 km beneath a slow-spreading ridge deforms at
lower temperatures than at comparable depths beneath
fast-spreading ridges. If this mantle upwelling is
passive (driven by plate-separation forces located far
from the ridge), then the total extensional strain
associated with spreading should be largely independ-
ent of spreading rate. The abundant localized defor-
mation at slow-spreading ridges therefore implies a
correspondingly smaller proportion of distributed
(viscous) strain within the uppermost mantle (e.g.,
[30]). Indeed, peridotite samples recovered from the
Mid-Atlantic Ridge during Ocean Drilling Program
Leg 209 appear to have undergone little bulk viscous
deformation above a depth of 20 km [31]. We
hypothesize that the strain localization responsible
for ridge-parallel normal faulting persists to at least 10-
km depth beneath the Moho (Fig. 5). Within this zone,
bulk mantle rock is only weakly deformed, resulting in
relatively small P-wave azimuthal anisotropy because
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Seismic anisotropy in passive margins 
Grain-mixing reduces spreading-parallel fabric?
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To investigate the role of grain boundary pinning
and the mechanisms by which phase mixing occurs
during deformation of polymineralic rocks, we
conducted high-strain torsion experiments on samples
consisting of olivine plus 30 vol% ferropericlase.
Experiments were performed in a gas-medium
deformation apparatus at 1524 K and 300 MPa.
Samples were deformed to outer radius shear
strains of up to γ (R) = 14.1. The value of the stress
exponent and the small grain sizes of our samples
indicate that our two-phase material deformed by
dislocation-accommodated grain boundary sliding.
In samples deformed to 1 < γ < 7, elongated clusters
of ferropericlase grains form thin layers in the
olivine matrix, and small grains of ferropericlase
appear at olivine grain boundaries and three- and
four-grain junctions. By γ ≈ 14, a well-distributed
mixture of small ferropericlase grains among the
olivine grains developed. Microstructures exhibit
similarities to both mechanical and chemical models
proposed to describe the processes leading to phase
mixing. Our results provide evidence for grain
size reduction during phase mixing that results in
a grain size significantly smaller than the value
predicted by the single-phase recrystallization
piezometer for olivine. Thus, phase mixing
provides a mechanism for the persistent weakening
of rocks that is important for developing and
maintaining shear zones necessary for plate tectonics.

2018 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 7. Optical photographs of radial sections of two di&erent thin-walled cylindrical samples, one deformed to (a) low
strain and the other to (b) high strain. Grey/silver areas are Ni, brown regions are SC-Ol plus Fp and o&-white regions are porous
alumina. Note the straight vertical edges of the sample deformed toγ (R)= 1.0 in contrast to the distorted edges of the sample
to deformed γ (R)= 14.1 due to strain localization at high strain during deformation. The starting heights of the two samples
were di&erent; no shortening was observed during torsion experiments. Re'ected light micrographs of the regions (c) inside
and (d) outside of the shear zone that developed in the high-strain sample are also displayed here. The dark grey phase in these
images is olivine, while the light grey phase is ferropericlase.

taken during such mechanical weakening do not yield a highly reliable value for n, the value of
n > 3 nonetheless indicates that dislocation processes are an important part of the deformation
mechanism, consistent with deformation in the disGBS regime.

(b) Comparison with previous results
The peak stresses obtained in our experiments on two-phase samples of SC-Ol plus Fp are
approximately 25% higher than values predicted by the flow law for an equivalent grain
size determined in low strain, triaxial compressive creep experiments on single-phase samples
of SC-Ol [27]; that is, our two-phase samples are somewhat stronger than their single-phase
counterparts. As another comparison, peak stresses in our two-phase samples agree well with
those obtained on single-phase aggregates of SC-Ol created from the same starting powders and
deformed under similar conditions in torsion in our gas-medium apparatus (figure 6b). Similar
mechanical behaviour was also observed in two-phase samples of iron-rich Ol and Opx from
high-strain torsion experiments performed by Tasaka et al. [32]. They noted that their samples
were stronger than their single-phase counterparts (their fig. 6).

Furthermore, single-phase aggregates of SC-Ol deformed in torsion at T = 1473 K and
P = 300 MPa by Bystricky et al. [30] as well as that deformed in this study (figure 6a) exhibited
similar initial weakening of 30–40 MPa after reaching the peak stress, obtaining an approximately
constant flow stress at γ ≥ 4. The mechanical weakening starting at γ ≈ 10 (figure 4) in our two-
phase sample PT-1250 was not observed in single-phase samples of Ol deformed in torsion (CD
Meyers & L Hashim, 2018, personal communications). In our two-phase samples (figure 7) and
those of Tasaka et al. ([32]; their fig. 2), strain localization occurred at γ ! 10. This localization in
our sample is likely correlated with the decrease in shear stress with increasing shear strain that
becomes evident in figure 4 at γ ≈ 10.

(c) E&ects of a secondary phase on sample strength
Experiments performed on polycrystalline aggregates of (Mg0.8Fe0.2)O, both in triaxial
compression and in torsion, yielded a value of n = 4.0 ± 0.2 in the dislocation creep regime [22,33].
Based on the flow law developed by Stretton et al. [22] and experiments performed on other
compositions of ferropericlase [34], (Mg0.9Fe0.1)O is expected to be three to four times weaker
than SC-Ol when deformed under similar conditions [27]. Results from deformation experiments
performed on two-phase aggregates of 80% (Mg0.7Fe0.3)O plus 20% SC-Ol demonstrated that
the mechanical properties matched those of the weaker phase, in this case, ferropericlase [35].

(See also Tasaka et al JGR 2017a,b, 2020; Cross & Skemer JGR 2017; Cross et al JGR 2020)
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Figure 2. BSE images of the microstructures of undeformed and deformed samples at two di&erent scales for the following
samples: (a) Undeformed, hot-pressed sample (PT-1214), (b) sample deformed to γ = 1.0 (PT-1219), (c) sample deformed
to γ = 3.9 (PT-1283), (d) sample deformed to γ = 6.9 (PT-1239) and (e) sample deformed to γ = 14.1 (PT-1250). For the
deformed samples, the direction of shear is top to the right.

the matrix of Ol in the starting material (figure 2a). The Ol grain size in the hot-pressed material
is dOl = 3.7 ± 0.2 µm. Clustered regions of Fp grains, which vary significantly in size from 10 to
60 µm, generally consist of multiple grains with an average grain size of dFp = 3.6 ± 0.4 µm.

At low shear strains γ ≈ 1.0, domains of Fp are elongated in the direction of shear at an angle
of 42° ± 2° to the shear plane (figure 2b). The average grain sizes of the two phases have decreased
to dOl = 3.0 ± 0.2 µm and dFp = 2.4 ± 0.2 µm.
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where the definition of M = (µ � µ0)/µ0 = µ/µ0 has not changed since it was already a normalized viscosity.

The dimensionless boundary conditions now become

@ 

@x
= 0 and

8
<

:

@ 

@z
= 0 for fixed velocity, or

! = �
M

1+M⌦0 for fixed stress

9
=

; at z = ±1 (47)

The dimensionless strain-rate invariant is

ė2 =

✓
@2 

@x@z

◆2

+
1

4
(⌦0 +�⇤ )2 (48)

For all of these equations, ⌦0 has a dual definition depending on the boundary conditions:

⌦0 =

8
><

>:

1, for fixed velocity boundaries

1/µ0, for fixed stress boundaries
(49)

where µ0 is the maximum viscosity (normalized by µ̃) at time t. The dimensionless stress invariant in each phase ⌧2
i

is the solution to

⌧ni +
⌧i
Rm

i
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Interphase- and grain-boundary evolution: coarsening vs damage
• r = roughness of inter-phase boundary (aka interface)x
• Ri = grain-size of phase i

Interphase boundary damage 
where phases mix

Grain-boundary damage faster (healing 
slower) by Zener pinning, where phases are 
mixed

Stress driven grain mixing of mineral phases 

Diffusive Grain mixing and 
Damage
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at the top and bottom boundaries. The resulting dimensionless governing equations differ slightly depending on the

scaling used, although they can be presented in a consolidated form.

For the no-slip boundaries, the velocity scale is Ũ = U . The stress scale depends on the rheological parameters,

Ai, Bi, n,m. Because pyroxene has no known [or widely accepted?] diffusion creep law, we use the compliance

factor Bi = B2 = B for olivine for both phases, and for consistency do likewise for the dislocation creep factor,

thus assume Ai = A. Moreover, while A and B are nominally temperature dependent, we prescribe the model to be

at a fixed temperature as appropriate for a lab experiment or a given depth (or really isotherm) in the lithosphere. We

therefore define the stress scale according to

t̃ =

✓
U

2AH

◆1/n

(40)

since the zeroth order or back-ground strain-rate is U/(2H).

For the fixed shear-stress boundary condition, we define the stress scale as t̃ = t0, in which case the velocity

scale is

Ũ = 2Atn0H (41)

For either case, time is scaled according to t = t̃t0 where t̃ = H/Ũ, and the variables involving flow and

deformation are scaled according to
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and the viscosity µ, and both grain-size Ri and interface roughness r are scaled by
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With either boundary condition, the flow equations (22) can be expressed dimensionlessly as (but dropping the

primes)
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Flow equations (mass, momentum, rheology), sample in shear or torsion

Momentum (stream-function y, vorticity w)

strain rate, 
rheology
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Figure 1. Sketch of a deformation experiment of a thin cylindrical annulus in torsion (top), and two-dimensional (2-D) cartesian
analog of a simple-shear model geometry (bottom). The heterogeneous green and blue medium represents a mixture of mineral
phases like olivine and pyroxene (or ferroperriclase). (The sample annulus for the torsion experiments is typically embedded
in soft material like nickel at its inner and outer radial boundaries, indicated by a grey medium, in which the outer bounding
medium is rendered semi-transparent.) The model layer is of thickness 2H (with a vertical domain given by z 2 [�H,H]) and
the top and bottom boundaries are either at fixed horitzontal velocities ±U or at an imposed fixed horizontal shear stress t0.
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Figure 2. BSE images of the microstructures of undeformed and deformed samples at two di&erent scales for the following
samples: (a) Undeformed, hot-pressed sample (PT-1214), (b) sample deformed to γ = 1.0 (PT-1219), (c) sample deformed
to γ = 3.9 (PT-1283), (d) sample deformed to γ = 6.9 (PT-1239) and (e) sample deformed to γ = 14.1 (PT-1250). For the
deformed samples, the direction of shear is top to the right.

the matrix of Ol in the starting material (figure 2a). The Ol grain size in the hot-pressed material
is dOl = 3.7 ± 0.2 µm. Clustered regions of Fp grains, which vary significantly in size from 10 to
60 µm, generally consist of multiple grains with an average grain size of dFp = 3.6 ± 0.4 µm.

At low shear strains γ ≈ 1.0, domains of Fp are elongated in the direction of shear at an angle
of 42° ± 2° to the shear plane (figure 2b). The average grain sizes of the two phases have decreased
to dOl = 3.0 ± 0.2 µm and dFp = 2.4 ± 0.2 µm.
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Stress vs 
strain 

of magnitude in strain rate) before a strain of g¼ 1:5, followed by a
continual increase in @ log _g=@ log g. Constant-stress experiments
were terminated once the twist rate reached 1.3 mrad/s, a control
limit set to protect the torsional actuator.

We conducted one experiment (PT0457) with multiple stress-
steps to determine the stress exponent. The weakening trend was
subtracted in a manner similar to that of constant rate experi-
ments to determine the value of 3.7 for n, as indicated in Table 1.

3.2. Macrostructural results

3.2.1. Deflections of strain markers
One of the samples assembled with an initially vertical Ni

strain marker (PT0595) was deformed with constant-strain-rate
boundary conditions. As illustrated in Fig. 4a with photomicro-
graphs of a tangential section, the strain marker remained
relatively linear after deformation, and the angle of the marker
with respect to the olivine–alumina interface agrees well with the

measured bulk strain of g¼ 4:5. Due to the orientation of the
strain marker, its entire height cannot be imaged in a single
tangential section, but observations from additional sections
confirm that the marker remains relatively linear near the
olivine–alumina interface.

The other sample assembled with a Ni strain marker (PT0514)
was deformed with constant-stress boundary conditions. The
resulting geometry of the strain marker is illustrated in Fig. 4b
and c with photomicrographs of tangential sections. Significant
strain localization is indicated by the variations in the orientation
of the strain marker. In Fig. 4b and c, both the apparent strain, as
measured from the apparent dip of the strain marker, and the true
strain, as measured from the calculated true dip of the strain
marker, are indicated at several points across the 2.35 mm height
of the sample. We calculated the true dip of the strain marker by
assuming the strike of the strain marker is always parallel to the
radius of the sample. Measured strains range from g¼ 1:9þ0:2

#0:1 to
g¼ 16þ19

#5:8 (error estimates are based on 721 measurement error),
demonstrating the development of large local departures from
the bulk strain of g¼ 4:8. We emphasize that, as the strain
increases, the precision of the strain measurement decreases
significantly. For example, the angular difference between a strain
marker subjected to g¼ 10 and one subjected to g¼ 20 is only 31.

3.2.2. Deflections of foliations
We observed a foliation in thin sections prepared both from

samples subjected to constant-strain-rate boundary conditions
and from samples subjected to constant-stress boundary condi-
tions (PT0505 and PT0494, respectively) as pictured in optical
micrographs in Fig. 5. The foliation is defined by both elongated
grains and grains with similar extinction angle.

In samples deformed at constant strain rate, the orientation of
the foliation is unchanging throughout the section (Fig. 5a and c).
The angle between the sample/alumina boundaries and the
foliation agrees well with the angular deflection predicted from

Fig. 3. Examples of mechanical results from both constant-strain-rate (a and c) and constant-stress (b and d) experiments. Constant-strain-rate experiments are plotted on
both linear (a) and logarithmic (c) scales. All constant-strain-rate experiments reach a steady-state weakening rate. Constant-stress experiments are plotted as both strain
versus time (b) and strain rate versus strain (d). High-frequency noise in (d) is due to numerical differentiation of the strain/time curves.

Table 1
Summary of experiments.

Sample Geometry Constant
condition

Boundary
value

gmax n Figure(s)

PT0444 Thin-walled – – – – 2
PT0457 Thin-walled Stress 83 MPa 5.4 3.7 3
PT0463 Thin-walled Stress 112 MPa 5.5 – 3, 6
PT0473 Thin-walled Stress 103 MPa 6.9 – 6
PT0475 Thin-walled Rate 3.5$10#4 s#1 3.1 – 6
PT0484 Thin-walled Stress 100 MPa 18.7 – 6, 7, 8, 9, 10
PT0494 Solid Stress 161 MPa 5.9 – 3, 5, 7, 8, 9, 10
PT0499 Solid Stress 97 MPa 10.9 – 7, 8, 9, 10
PT0503 Solid Rate 7.5$10#5 s#1 8.2 3.8 3
PT0505 Solid Rate 3.3$10#4 s#1 10.2 4.1 4, 7, 8, 9, 10
PT0514 Solid Stress 119 MPa 4.8 – 3, 4
PT0552 Thin-walled Rate 8.0$10#4 s#1 8.9 3.9 3, 6, 7, 8, 9, 10
PT0595 Thin-walled Rate 5.0$10#4 s#1 4.5 – 4

L.N. Hansen et al. / Earth and Planetary Science Letters 333-334 (2012) 134–145 137

Monophase experiments	(Hansen	et	al	2012)
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Figure 4. Shear stress versus shear strain data obtained from torsional deformation experiments performed on four samples
of SC-Ol plus 30% Fp. Experiments were performed at T = 1523 K, P= 300MPa, and an outer radius shear strain rate of
γ̇ (R)≈ 1.0× 10−4 s−1. Strain-rate excursions appear as steps in the curves.

(b) Mechanical data
In this study, each experiment was performed at the same initial shear strain rate determined at
the outer radius, γ̇ (R), of approximately 1 × 10−4 s−1. All samples displayed similar mechanical
behaviour, as seen in the plots of shear stress versus shear strain in figure 4. A peak shear stress
of approximately 150 MPa was reached after a sample accumulated a shear strain of γ = 0.2–0.3,
followed by a relatively rapid decrease of 30–40 MPa in shear stress by a shear strain of 3–4.
The flow stress then remained roughly constant with increasing shear strain, aside from long
periodicity sinusoidal noise introduced into the load measurement from off-axis loading of the
sample during the duration of the experiment. For the sample deformed to γ ≈ 14, the shear stress
began to decrease again at γ ≈ 10.

Based on analysis of the results from strain-rate steps in terms of equation (2.1), n was
determined using a linear least-squares fit to the log–log plot of ε̇ versus σ data in figure 5 for
three of the experiments. Strain-rate steps taken in two experiments near the peak stress for
1 ≤ γ ≤ 2 resulted in values of n = 2.6 ± 0.2 and 4.8 ± 0.7. Steps taken in two experiments in the
steady-state regime for 3 ≤ γ ≤ 4 yielded n = 3.6 ± 0.5 and 2.9 ± 0.2. Strain-rate steps taken during
the high-strain experiment at γ > 10 yielded n = 3.4 ± 0.6. For comparison, a shear stress versus
shear strain curve from a torsion experiment carried out on an aggregate of single-phase SC-Ol is
included in figure 6. A summary of mechanical and microstructural parameters is given in table 1.

4. Discussion
(a) Deformation mechanism
Triaxial compressive creep experiments performed in a gas-medium apparatus on single-phase
aggregates of SC-Ol by Hansen et al. [27] and Wang et al. [28] resulted in flow laws for deformation
in the disGBS regime with stress exponents of n = 2.9 ± 0.3 and n = 3.4 ± 0.2, respectively.
Models of GBS predict a value of n = 3 or n = 2 for GBS with or without subgrain boundaries,
respectively [29]. Additionally, torsion experiments performed in a gas-medium apparatus on
fine-grained (15–32 µm) aggregates of SC-Ol yielded a stress exponent of n = 3.2–3.3 [30], while

Polyphase	experiments	(Wiesman et	al	2018) model	calculations

grain-boundary	damage
interface	damage

• Mono- and	polyphase	have	1st stress	
drop	(to	piezometric	or	“wattmeter”	
balance	of	grain-boundary	damage	and	
coarsening)

• Poly-phase	has	2nd stress	drop	
associated	with	mixing	(interface	
‘damage’)



7

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A376:20170417

........................................................

160 PT-1219
PT-1283
PT-1239
PT-1250140

120

100

80

sh
ea

r s
tr

es
s 

(M
Pa

)

20

0
0 5

shear strain

T = 1523 K
P = 300 MPa
g ª 1 × 10–4 s–1

10 15

·

Figure 4. Shear stress versus shear strain data obtained from torsional deformation experiments performed on four samples
of SC-Ol plus 30% Fp. Experiments were performed at T = 1523 K, P= 300MPa, and an outer radius shear strain rate of
γ̇ (R)≈ 1.0× 10−4 s−1. Strain-rate excursions appear as steps in the curves.

(b) Mechanical data
In this study, each experiment was performed at the same initial shear strain rate determined at
the outer radius, γ̇ (R), of approximately 1 × 10−4 s−1. All samples displayed similar mechanical
behaviour, as seen in the plots of shear stress versus shear strain in figure 4. A peak shear stress
of approximately 150 MPa was reached after a sample accumulated a shear strain of γ = 0.2–0.3,
followed by a relatively rapid decrease of 30–40 MPa in shear stress by a shear strain of 3–4.
The flow stress then remained roughly constant with increasing shear strain, aside from long
periodicity sinusoidal noise introduced into the load measurement from off-axis loading of the
sample during the duration of the experiment. For the sample deformed to γ ≈ 14, the shear stress
began to decrease again at γ ≈ 10.

Based on analysis of the results from strain-rate steps in terms of equation (2.1), n was
determined using a linear least-squares fit to the log–log plot of ε̇ versus σ data in figure 5 for
three of the experiments. Strain-rate steps taken in two experiments near the peak stress for
1 ≤ γ ≤ 2 resulted in values of n = 2.6 ± 0.2 and 4.8 ± 0.7. Steps taken in two experiments in the
steady-state regime for 3 ≤ γ ≤ 4 yielded n = 3.6 ± 0.5 and 2.9 ± 0.2. Strain-rate steps taken during
the high-strain experiment at γ > 10 yielded n = 3.4 ± 0.6. For comparison, a shear stress versus
shear strain curve from a torsion experiment carried out on an aggregate of single-phase SC-Ol is
included in figure 6. A summary of mechanical and microstructural parameters is given in table 1.

4. Discussion
(a) Deformation mechanism
Triaxial compressive creep experiments performed in a gas-medium apparatus on single-phase
aggregates of SC-Ol by Hansen et al. [27] and Wang et al. [28] resulted in flow laws for deformation
in the disGBS regime with stress exponents of n = 2.9 ± 0.3 and n = 3.4 ± 0.2, respectively.
Models of GBS predict a value of n = 3 or n = 2 for GBS with or without subgrain boundaries,
respectively [29]. Additionally, torsion experiments performed in a gas-medium apparatus on
fine-grained (15–32 µm) aggregates of SC-Ol yielded a stress exponent of n = 3.2–3.3 [30], while

Wiesman et al 2018
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Interface damage represents 
energy going to inter-phase 
boundary surface energy

Grain-mixing diffusion also 
spreads out heterogeneity; 
slower diffusion allows more 
localization and weakening

Phase fraction controls 
heterogeneity: 50-50 mix 
allows most weakening, less 
than 20% minor phase 
causes negligible weakening 
within strains O(10),  if 
phases are moderately 
dispersed
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Figure 3. Grain size distribution normalized to themaximum frequency of grains for each experiment. Grain sizewas calculated
via the equivalent area method. The black curve represents the lognormal distribution &t to each grain size distribution. The
vertical black line represents the mean grain size of each distribution calculated from the lognormal &t.

In samples deformed to shear strains in the range 3.0 ≤ γ ≤ 7.0, clusters of Fp grains have been
further thinned and elongated; with increasing strain, these layers lie at an angle of 20° ± 2° to
15° ± 2° to the shear plane (figure 2c,d). At this point, Ol grains have impinged upon grains in
the clusters of Fp, distorting the Fp. Small grains of Fp have started to appear along Ol grain
boundaries and at Ol three- and four-grain junctions, driving the average grain size of Fp down
to dFp = 1.3 ± 0.1 µm, while a number of larger grains still exist in the centre of the Fp domains.
The average Ol grain size in the matrix has decreased to dOl = 2.2 ± 0.1 µm, and individual grains
appear between domains of Fp.

At γ ≥ 14, layers of Fp can still be identified, now at an angle of 4° ± 1° to the shear plane.
Individual domains of Fp are no longer distinguishable; that is, no large grains or clusters of
Fp remain (figure 2e). Small Fp grains are thoroughly distributed throughout the Ol matrix,
and the distribution in grain size has shifted to a smaller value overall. The average grain
size of the Ol is dOl = 2.2 ± 0.1 µm and the grain size of Fp has further decreased slightly to
dFp = 1.1 ± 0.1 µm.

Grain-size 
distribution

Initial reduction in grain-sizes R1 and R2 in each phase 
associated with first stress drop

Interface roughness ‘’ r reduces later with growth of mixed 
regions; catches up with R1 and R2 and drives them to 
smaller sizes with Zener pinning (which slows grain-
growth and facilitates grain damage)
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Summary

• The physics of plate generation has progressed over the last 20-30 years
• Grain-damage mechanism, built from basic physics, consistent with lab 

and field observations
• Allows predictions of conditions for plate tectonics on terrestrial 

planets, emergence on Earth 1Gya, and subduction dynamics
• Grain mixing and damage 

• predicts co-existing strong & weak deformation states (e.g., plates and plate 
boundaries)

• Makes vertical weak bands in ocean lithosphere; facilitates passive margin 
collapse and subduction initiation 

• Comparison to lab experiments elucidates the co-evolution of stress and 
microstructure


