@ Pergamon

PIl: S0079-1946(98)00031-3

Phys. Chem. Earth, Vol. 23. No. 7 8, pp. 775 783. 1998
€ 1998 Elsevier Science Ltd.
All nghts reserved
0079-1946/98.3 - see front matter

A New Class of Transform Plate Boundary

S. Wdowinski

Department of Geophysics and Planetary Sciences, Tel Aviv University, Ramat Aviv 69978, Israel

Received 1 October 1996, accepted 17 March 1998

Abstract. The theory of plate tectonics postulates that
the relative motion between two neighboring plates oc-
curs along three types of boundaries: divergent (spread-
ing center, rift), convergent (subduction, collision), and
horizontal (transform). Because the theory assumes rigid
behavior of plates, transform plate boundaries must lie
along small circles around the pole of rotation of rela-
tive motion between two neighboring plates. However,
global models of current plate motion (e.g., NUVEL-
1A) show that several boundaries with significant hori-
zontal motion (i.e., the Dead Sea Fault and the Eastern
Andean Frontal Fault Zone) do not lie along small cir-
cles but rather intersect the circles at 45°. The orien-
tation of these faults can be explained by a new theory
of intraplate tectonics, which predicts the first-order in-
traplate stress field in terms of small circles, great cir-
cles, and spiral lines that intersect both sets of circles
at 45°. According to the theory, these transform faults
are situated along the 45° spiral lines and follow the di-
rection of maximum horizontal shear stress. The theory
also predicts that the direction of interseismic relative
plate motion between the two plates should be oriented
at 45° to the transform plate boundary; this prediction
can be tested within a few years using space geodesy.
The alignment of these faults along spiral lines is ex-
plained by the theory’s predicted stress field and a plas-
ticity (von Mises) yield stress criterion for earthquake
rupture. It is suggested that these faults represent a
new class of transform plate boundary between large
deformable plates and not between rigid sub-plates, as
formerly postulated.

© 1998 Elsevier Science Ltd. All rights reserved

1 Introduction

Transform faults are tectonic plate boundaries along
which horizontal motion occurs parallel to the strike
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of the fault. The term was first introduced by Wil-
son (1965) in order to explain the abrupt termination of
mid-oczan ridges and mountain belts. The most com-
mon transform faults are sub-marine faults, which off-
set segments of mid-ocean ridges (oceanic transforms).
Other transform faults, which connect two subduction
zones or a ridge with a subduction or collision zone, are
rarer and occur both in continental and in oceanic litho-
sphere.

Wilson’s (1965) original definition of transform faults
offered no constraint on the orientation of the faults. He

. defined the term transform fault as a horizontal shear
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fault that terminates abruptly at both ends, but which
nevertheless may show great displacement. However,
when plate kinematics was treated mathematically, Mor-
gan (1968) postulated that all the (transform) faults
common to two blocks (plates) must lie on small cir-
cles concentric about the pole of relative motion. The
additional constraint on the faults’ orientation is im-
plied from the fundamental assumption of the theory
of plate tectonics: that tectonic plates behave as rigid
(underformable) blocks.

The geometric relations between the direction of rela-
tive plate motion and the orientation of transform faults
was used by Morgan (1968) to demonstrate that tec-
tonic plates can be treated as rigid plates moving on a
spherical shell. This relation describes well the geome-
try of oceanic transforms and remains a key assumption
in quantitative estimates of current plate motion (e.g.
Minster and Jordan, 1978; De Mets et al., 1990, 1994).
However, not all transform faults are aligned parallel
to the direction of relative plate motion. A small di-
vergence between the direction of relative plate motion
and transform fault orientation results in compression
or tension normal to the fault’s strike and may explain
the formation of compressional or tensional structures
along faults (e.g., Garfunkel, 1981). A large divergence
between the two orientations cannot be explained by
a small departure from the assumed rigid behavior of
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plate motion predicted by NUVEL-1A. Plate abbreviations: AF, Africa;
SA, South America.

AR, Arabia; CA, Caribbean;

NA, North America; PA, Pacific;
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plates. Where it is observed, it is explained as (1) defor-
mation within a broad region along the plate boundary
(i.e., southern California), or (2) rigid sub-plates with
a relative motion parallel to the strike of the fault (i.e.,
Arabia and Israel-Sinai sub-plate).

This study re-examines the geometric relations be-
tween relative plate motion and the orientation of trans-
form faults in the light of a recently proposed new theory
of intraplate tectonics (Wdowinski, 1996). The theory
expands upon the classical theory of plate tectonics by
assuming an elastic-plastic behavior of plates. Using
the theory’s predicted stress field and a plasticity (von
Mises) yield stress criterion for earthquake rupture, I
propose the existence of two classes of transform plate
boundaries: (1) those oriented parallel to the direction
of relative plate motion (classical transforms); and (2)
transforms that intersect the direction of relative plate
motion at 45°. I suggest that the second class of trans-
form faults represents a heretofore undefined type of
plate boundary that separates large deformable plates
and not rigid sub-plates.

2 Observations

Geological models of current plate motion (i.e. RM2
(Minster and Jordan, 1978), NUVEL-1A (De Mets et
al., 1990, 1994)) provide the most consistent informa-
tion on plate kinematics and allow us to test the above
hypothesis regarding the orientation of transform faults.
The most updated model, NUVEL-1A, consists of 12
rigid plates whose relative motion is obtained by in-
verting plate motion data on transform fault azimuths,
spreading rates, and earthquake slip vectors. Figure la
shows that the orientations of oceanic transform faults,
which offset the various segments of the mid-Atlantic
ridge, agree very well with the NUVEL-1A predicted
trend of small circles around the Africa-South America
PoR. This good fit reflects, to some extent, an input of
transform fault azimuths along the Africa-South Amer-
ica boundary used by the NUVEL-1A model. Figure
1b shows that the northern segment of the San Andreas
Fault lies, within 10°, along the trend of small circles
around the Pacific-North America PoR. The divergence
of the southern segment of the fault by up to 30° from
the predicted orientation of small circles results in a wide
region of diffuse deformation across the Pacific-North
America plate boundary.

The orientations of transform faults do not always
lie along the NUVEL-1A predicted direction of relative
plate motion. Figure 1c shows that the orientation of the
Dead Sea Fault, which represents the northern segment
of the Africa-Arabia plate boundary, intersects the trend
of small circles at close to 45°. A similar geometrical
relation is observed along the Eastern Andean Frontal
Fault Zone, which represents the western segment of the
Caribbean-South America plate boundary (Figure 1d).

The Dead Sea Fault (DSF) is a more than 1000 km-
long plate boundary that connects the divergent plate
boundary along the Red Sea with the convergent Alpine-
Himalayan belt to the north (Figure 1c). The well doc-
umented 105 km sinistral displacement across the Dead
Sea Rift (Quenell, 1958) led Wilson (1965) to consider
the DSF as a transform plate boundary separating the
Arabian from the African plate. However, McKenzie
et al. (1970) noticed that the orientation of the DSF
does nct follow the direction of relative motion between
Arabia and Africa, as implied by the rules of plate tec-
tonics, and suggested that the DSF represents a rigid
plate boundary between Arabia and the Sinai sub-plate.
Quantitative estimates of the relative motion between
the Arabian and Sinai plates have shown that only the
southern half of the DSF broadly follows the trend of
small circles around the Arabia-Sinai PoR (Garfunkel,
1981; Joffe and Garfunkel, 1987). The northern half of
the DSF cannot be explained by the rules of rigid plate
tectonics (Garfunkel, 1981).

The Fastern Andean Frontal Fault Zone (EAFFZ) is
a 1200 km-long dextral shear zone that separates the de-
forming North Andean block (Ecuador and Columbia)
from the stable South American plate (Pennington, 1981)
The North Andean block is often considered as a sep-
arate block that moves independently with respect to
both the Caribbean and the South American plates (Frey-
mueller et al., 1993). However, in the division of the
Earth’s surface into 12 major plates, the North Andean
block is considered as part of the Caribbean plate (De
Mets et al., 1990, 1994). Although seismic and geologic
observations indicate 10+2 mm/yr of right-lateral dis-
placement along the EAFFZ (Pennington, 1981; Frey-
mueller et al., 1993), it has never been considered as
a transform plate boundary, mainly because of the dif-
fused nature of the deformation within the North An-
dean block. Like the DSF, the EAFFZ also strikes at
close to 45° to the trend of small circles.

3 A new class of transform plate boundary

An explanation for the close to 45° intersection between
the two last-mensioned transform faults (the DSF and
the EAFFZ) and the trend of small circles (Figures lc
and 1d) is given by a recently advocated new theory
of intraplate tectonics (Wdowinski, 1996). This sec-
tion provides a brief description of the theory’s assump-
tions and predictions. Thereafter, I apply the theory
to the two tectonic environments adjacent to the DSF
and EAFFZ, and provide a physical explanation for this
newly proposed type of transform plate boundary.

3.1 A theory of intraplate tectonics

The theory of intraplate tectonics expands upon the
classical theory of plate tectonics. As with the latter
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theory, the new theory is kinematic and uses spherical
geometry. It is based on simple assumptions that link
the well-established directions of relative plate motion to
the displacement and deformation fields within a plate
interior. The theory is based on the following assump-
tions:

1. Tectonic plates are fragments of a thin spherical
elastic-plastic shell.
At the time scale of the earthquake deformation cy-
cle, the lithosphere behaves elastically at low stress
levels and plastically at stress levels that exceed
the yield stress. Elastic (recoverable) deformation
dominates the interseismic stage, whereas plastic
(permanent) deformation characterizes the coseis-
mic stage.

2. Plates deform in response 1o uniform horizontal trac-
tions induced by their neighboring plates in the di-
rection of relative motion between two adjacent plates.
This assumption implies that along each plate bound-
ary, both tractions and boundary displacements fol-
low the direction of relative plate motion (small
circles - Figure 2). The magnitude of the bound-
ary displacement is highest at the Euler equator
of relative plate motion and decreases with dis-
tance from the equator, reflecting the uniform trac-
tion condition in spherical coordinates. Because the
magnitude of the boundary displacement is inde-
pendent of the rate of plate motion, but follows
the direction of the relative plate motion (small
circles), this assumption yields three types of de-
formable plate boundaries: inward-, outward- and
tangential-displaced boundaries (Figure 2). Inward-
and outward-displaced boundaries lie along conver-
gent (subduction and collision) or divergent (spread-
ing center and rift) rigid plate boundaries, whereas
tangential-displaced boundaries lie along transform
plate boundaries. The difference between inward-
and outward-displaced boundaries lies in the rela-
tive motion of the plate boundary toward or away
from the plate interior. The boundary displacement
is directed either toward or away from the plate in-
terior (Figure 2). Similarly, the boundary displace-
ment of a tangential-displaced boundary is directed
either clockwise or anticlockwise to the plate inte-
rior (Figure 3).

3. Interseismic elastic deformation concentrates in fi-
nite width regions parallel to one of the plate’s bound-
aries.

Tectonic plates can be divided into three major re-
gions of similar strength: strong oceanic regions, in-
termediate strength stable continental regions, and
weak plate boundary regions. The interseismic elas-
tic deformation concentrates in the weakest regions

within each plate. The deformation in entirely oceanic

plates (e.g., Pacific or Nazca plates) and entirely

Fig. 2. Schematic illustration of a deformable plate (P) with
boundaries that are displaced inward, outward, and tangentially
in the direction of relative plate motion (small circles - dotted
lines) with respect to the adjacent plates. Poles of rotation are
marked by solid triangles.

continental plates (Arabian plate) is distributed thro
out the entire width of the plate. Weak plate bound-
ary regions, such as sections of plates overriding
subduction zones mostly along the Pacific rim, ab-
sorb most of the deformation in a narrow region
adjacent to the plate boundary. The deformation
in combined oceanic-continental plates (e.g., North
American, South American) concentrates in the weak
continental region of the plate.

4. The interseismic elastic deformation is homogeneous
distributed within the deforming regions.
During the interseismic stage of the earthquake de-
formation cycle, the deforming regions are subjected
to (linear) elastic deformation, which is assumed
to be homogeneously distributed throughout the
width of the region.

5. Radial components of the stress tensor are negligi-
ble. This assumption allows us to use plane stress
in spherical coordinates (thin shell approximation).

The formulation of the theory, which uses spherical
geornetry, is described in detailed by Wdowinski (1996).
The theory yields simple predictions about the direction
of the elastic intraplate displacement, strain, and stress
fields in terms of small circles, great circles, and spiral
lines around the PoR of two adjacent plates. The newly
defined spiral lines (Wdowinski, 1996) are two orthogo-
nal sets of trajectories, clockwise and anticlockwise, that
intersect both small and great circles at 45° (Figure
4). The theory predicts that the principal axis of the
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Fig. 3. Predicted directions of max-
imum (solid lines) minimum (dashed
lines) and shear (dotted lines) hori-
zontal stresses adjacent to the various
plate boundary types. These direc-
tions follow the trajectories of small
circles, great circles, and spiral lines.
Arrows represent boundary displace-
ments and triangles represent the lo-
cation of the pole of rotation.

maximum horizontal stress (SHmax) follows the trajec-
tories of small circles for inward-displaced boundaries,
great circles for outward-displaced boundaries, and spi-
ral lines for tangential-displaced boundaries (Figure 3).
The theory was successfully tested by a systematic com-
parison of the predicted stress field along the various
plate boundaries with more than 4000 reliable observed
directions of SHmax provided by the world stress map
project (Zoback, 1992).

3.2 Application of the theory

The theory predictions are now applied to the regions
adjacent to the Arabian-African and the Caribbean-South
American plate boundaries and are compared with the
observed direction of SHmax provided by the world stress
map project. Figure 5a shows the observed direction of
SHmax (short solid lines) within the Arabian plate and
in the vicinity of the DSF, and the NUVEL-1A pre-
dicted trajectories of small and great circles around the
Arabian-African PoR (dotted lines). The alignment of
the few available data points (emphasised by circles)
within the interior of the Arabian plate with the trend
of small circles suggests that the stress field within the
Arabian plate is consistent with an inward-displaced
boundary. The observed direction of SHmax along the
DSF and to its west consists of two populations, one ori-
ented WNW-ESE and the other NNW-SSE (Eyal and
Reches, 1983; Eyal, 1996). The predicted direction of

SHmax for this region, according to the trend of small
circles, is 310-330°, which fall between the two observed
directiors of SHmax. Figure 5¢ shows a similar align-
ment of the observed direction of SHmax with the trend
of small circles around the Caribbean-South American
PoR. This alignment suggests that the stress field across
the Caribbean-South American plate boundary is also
consistent with an inward-displaced boundary.

The two comparisons reveal another important ob-
servation: both the DSF and the EAFFZ are aligned,
throughout their length, along the NUVEL-1A predicted
trend of spiral lines (Figures 5b and 5d). According
to the theory, the 45° spiral lines adjacent to inward-
displaced boundary follow the direction of maximum
horizontal shear stress. Thus, both the DSF and the
EAFFZ are aligned along the theoretically predicted di-
rection cf maximum horizontal shear stress.

3.3 Physical explanation

A physical explanation for the alignment of transforms
along spiral lines can be obtained from the assumed
elastic-plastic behavior of plates. Elastic (recoverable)
deformaltion occurs at low stress levels and dominates
the interseismic stage of the earthquake deformation cy-
cle; plastic (permanent) deformation occurs at stress
levels that exceed the yield stress and dominates the
coseismic stage. Recent studies indicate that frictional
strength of transform faults is very low and that the
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Fig. 4. Spherical coordinate presentation of 459 spiral lines as viewed fromn an oblique angle to the pole of rotation (PoR) (a) and from
directly above the PoR (b). Small circles are represented by thin dotted lines, great circles by thin solid lines, clockwise spirals by thick

solid lines, and anticlockwise spirals by thick dashed lines.

commonly used friction-law yielding criteria cannot be
applied to these faults (Lachenbruch and Sass, 1980,
Zoback, 1991). A more appropriate criterion to deter-
mine the transform fault’s yield stress is the von Mises
criterion (plasticity), which assumes a frictionless slip
surface. This criterion indicates that slip along a given
plane occurs when the component of the shear stress
acting on the plane in the slip direction attains a criti-
cal value (yield stress). For a system of several possible
slip-planes, the active slip-plane is that on which the
critical value of shear stress is first attained. Thus, the
preferred slip direction is the one aligned closest to the
direction of maximum shear stress.

Continental transform faults, such as the San Andreas
Fault (SAF), the DSF, and the EAFFZ, consist of series
of sub-parallel faults, where some of them show a signif-
icant horizontal displacement. The preferred direction
of plastic yielding explains well the accumulation of dis-
placement along certain faults - those that are oriented
closest to the direction of maximum horizontal shear
stress. According to the theory of intraplate tectonics,
the direction of maximum horizontal shear stress follows
the trajectories of small and great circles for tangential-
displaced boundaries and 45° spiral lines for inward- and
outward-displaced boundaries. For each plate bound-
ary there are two orthogonal sets of directions of maxi-
mum horizontal shear stress, one consistent with a right-
lateral slip and the other with a left-lateral slip. For an
inward-displaced boundary, a right-lateral slip can oc-
cur along the clockwise set of spiral lines, whereas left-
lateral slip can occur along the anticlockwise set.

Applying the theory to the various plate boundaries
reveals that: (1) the orientation of transform faults along
the Pacific-North America plate boundary, which is a
right-lateral tangential-displaced boundary, should fol-
low the trend of small circles (Figure 1b), and (2) the ori-
entation of transform faults along the Arabia-Africa and

the Caribbean-South America plate boundaries, which
are inward-displaced boundaries, should follow spiral
line trajectories (Figures 5b and 5d). Indeed, the SAF, is
aligned along small circles, the DSF is aligned along an-
ticlockwise spiral lines, and the EAFFZ is aligned along
clockwise spiral lines. The alignment of the DSF along
the anticlockwise spiral line trajectories and that of the
EAFFZ along clockwise spiral line trajectories is con-
sistent with the observed left-lateral motion along the
DSF and right-lateral motion along the EAFFZ.

4 Discussion and Conclusions

Other examples of continental transforms that are ori-
ented along spiral lines are the Great Sumatran Fault
(GSF) and the North Anatolian Fault (NAF). The GSF
is 2. dextral strike-slip fault located 200-300 km inland
from the Sumatran trench, where the Australian plate
subducts beneath the Eurasian plate. The orientation
of the GSF, which is parallel to the trench, intersects
small circles around the NUVEL-1A Australia-Eurasia
PoR at 30-35°. However, seismic and geodetic observa-
tions (McCaffrey, 1991; Tregoning et al., 1994) indicate
that the convergence between Australia and Southeast
Asia along the Sumatra and Java trenches differ from
the NUVEL-1A direction by 5-12°, suggesting a 40-45°
intersect between the orientation of the GSF and the di-
rection of relative plate motion between Australia and
Southeast Asia. The NAF is also a dextral strike-slip
fault system that separates the Anatolian Block (AB)
from the Eurasian plate. Although the classical plate
tectonic configuration considers the AB as part of the
Eurasian plate, recent geodetic measurements (Oral et
al., 1994; Le Pichon et al., 1995) indicate that, at short
time scales, the AB behaves as part of the Arabian plate
transferring most of the motion of Arabia westward.
Thus, the NAF can be considered as the boundary be-
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Fig. 5. Observed (short solid lines) and predicted (small circles - dotted lines) directions of SHmax across the Arabian-African (a) and
the Caribbean-South American (c) plate boundaries. Circled data in (a) emphasize the few observed directions of SHmax within the
Arabian plate. Both the Dead Sea Fault (b) and the Eastern Andean Frontal Fault Zone (d) are oriented parallel to the 45° spiral lines
(dashed lines) around the NUVEL-1A pole of rotation (PoR).
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tween the Arabian and the Eurasian plates. Interest-
ingly enough, the E-W arc shape of the NAF follows
the trend of right-lateral spiral line trajectories around
the NUVEL-1A Arabia-Eurasia predicted PoR.

The elastic-plastic behavior of plates explains well the
alignment of transform faults along the direction of max-
imum horizontal shear stress. A similar explanation can
be obtained for rigid-plastic behavior of plates, which is
also known as the slip-line theory. By assuming rigid-
plastic behavior, the mathematical solution of the plas-
tic deformation is significantly simplified. However, this
assumption does not allow any prediction about the in-
terseismic elastic deformation, which is observed nowa-
days by repeated space geodetic measurements. Tap-
ponnier and Molnar (1976) applied the slip-line theory’s
solution of a rigidly indented die into a rigid-plastic me-
dia to explain the observed large-scale fault pattern of
Asia. They suggested that the orientation and sense
of displacement along major strike-slip faults in Asia
are consistent with the predicted trajectories and the
sense of motion along either a or A slip-lines, which rep-
resent the two orthogonal directions of maximum hor-
izontal shear stress. Both the elastic-plastic and the
rigid-plastic behavior of plates explain well the accumu-
lation of displacement along existing faults, but not the
formation of these fault along particular trends. The
formation of a new fault is usually determined accord-
ing to the Navier-Coulomb criterion that considers the
internal friction of rocks.

The theory of intraplate tectonics predicts the exis-
tence of a new class of transform plate boundary that
follows the trajectories of 45° spiral lines around the
PoR of two adjacent plates. The alignment of the DSF
and the EAFFZ along the NUVEL-1A predicted spi-
ral line trajectories supports the theory’s prediction,
but does not provide strong enough evidence to con-
tradict previous tectonic models suggesting that these
transform faults represent boundaries between rigid sub-
plates (McKenzie et al., 1970; Garfunkel, 1981; Joffe
and Garfunkel, 1987). However, the theory provides an
additional testable prediction - the elastic intraplate dis-
placement field across transform plate boundaries - that
could be tested over a period of a few years using space
geodetic measurements. Intraplate displacements across
a classical (small circle) transform plate boundary, as
observed in California, are parallel or sub-parallel to
the fault orientation (Lisowski et al., 1991). Whereas in-
traplate displacements across the new class (spiral lines)
of transform plate boundary, as predicted by the theory,
should follow the direction of relative plate motion be-
tween the two plates (small circles), and hence should
be oriented at 45° to the transform plate boundary.

The estimated geological average displacement rate
across the DSF and the EAFFZ are 6 and 10 mm/yr, re-

spectively (Joffe and Garfunkel, 1987; Pennington, 1981).

Very accurate Global Positioning System (GPS) mea-
surements can provide within 3-5 years sufficient accu-

racy to determine within 1 mm/yr (Zhang et al., 1996)
the direction of the interseismic displacement across both
the DSF and the EAFFZ. Thus, within a few years we
will be able to better estimate whether these boundaries
are better described by the predicted new class of trans-
form plate boundary, or by the classical transform plate
boundary separating between rigid sub-plates.
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