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Global patterns of tectonic stress
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Regional patterns of present-day tectonic stress can be used to evaluate the forces acting on the
lithosphere and to investigate intraplate seismicity. Most intraplate regions are characterized by a
compressional stress regime; extension is limited almost entirely to thermally uplifted regions. In several
plates the maximum horizontal stress is subparallel to the direction of absolute plate motion, suggesting
that the forces driving the plates also dominate the stress distribution in the plate interior.

Two primary categories of forces are responsible for the state
of stress in the upper, elastic part (reaching to depths of
10-35 km) of the Earth’s lithosphere. The first category is respon-
sible for what we shall call here ‘tectonic stresses’. These broad-
scale forces include plate-boundary forces (which either drive
or resist plate motion), forces resulting from geodynamic proces-
ses (including broad-scale flexure of the lithosphere owing to
surface and subsurface loads and/or inhomogeneous density
distributions), and thermoelastic forces in cooling oceanic
lithosphere. The second category is derived from local effects
of topography, anisotropy of strength or elastic properties, and
effects of erosion and man-made excavation; these forces gener-
ate local or ‘induced’ stresses. Spatial uniformity of the in situ
stress field generally allows us to distinguish easily between
these two categories. For example, tectonic stresses typically are
uniform over distances many times (from 2-3 times to more
than 100 times) the thickness of the elastic part of the lithosphere,
whereas local stresses have wavelengths that -are a fraction of
this thickness. Induced stresses are critical in many mining and
civil-engineering situations, but tectonic stresses provide valu-
able constraints on a variety of broad-scale geological problems
such as the relative magnitudes of plate-driving forces and
the nature of deformation and seismicity in the plate interior,
far from plate boundaries (so-called intraplate or midplate
deformation).

The World Stress Map project of the International Litho-
sphere Program is compiling a global database of contemporary
in situ stresses in the crust using a variety of geophysical and
geological measurement techniques. The project is a collabora-
tive effort which at present involves over 30 scientists from 19
different countries. This project builds on early

the major forces acting on lithospheric plate boundaries. These
forces include: shear tractions at the base of the lithosphere that
can either drive or resist plate motion; a ‘slab pull’ force which
represents a balance between the negative buoyancy of the
subducted oceanic lithosphere, viscous drag on the subducting
slab and frictional resistance to subduction at shallow depth;
resistance to continent-continent collision; a ‘ridge push’ force
resulting from the excess thermal elevation of young oceanic
lithosphere; and a ‘trench suction’ force exerted on the overrid-
ing plate at subduction zones, which is caused by trenchward
extension of this plate to fill the gap that results from the falling
back of the subducted slab (see refs 12-19 for detailed dis-
cussions of these forces).

Geological evidence, thermodynamic considerations'’ and
relatively short timescales for changes in plate motion all suggest
that viscous drag at the base of the plates resists, rather than
drives, plate motion and probably balances the torque caused
by driving forces on individual plates'®?°. Drag forces thus tend
to act antiparallel to the direction of ‘absolute’ plate motion
relative to the lower mantle. Slab-pull, trench-suction and col-
lisional-resistance forces all act normal to plate boundaries. The
ridge-push force is an integrated force acting over the cooling
oceanic lithosphere and generally acts normal to the plate boun-
dary, except where spreading is oblique to the ridge. Here we
shall approximate the orientation of the ridge-push force within
a plate by the local orientation of relative motion calculated
from the pole of opening for mid-ocean-ridge segments.

More localized sources of tectonic stress include flexural
(bending) stresses caused by surface loads supported by the
strength of the lithosphere (for example, resulting from sediment

investigations of stress patterns in central and
eastern North America and in western Europe,
which indicated that both horizontal stress
orientations and relative stress magnitudes are
uniform over broad regions of the Earth’s
crust''°. A comprehensive compilation and
analysis of the state of stress of the contiguous
United States'' which used both geological and
geophysical stress indicators, confirmed the
regionally uniform stress orientations found in
the earlier studies and also concluded that
stress orientations inferred from different types
of indicator were generally consistent, despite
the variety of techniques being used and the
different ranges of depth being sampled.
Here we focus on these regionally uniform,
broad-scale stress fields in the lithosphere. The
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SOURCES OF TECTONIC STRESS

DIRECTION

BROAD—SCALE TECTONIC FORCES
1. SHEAR TRACTION AT BASE OF LITHOSPHERE
2. NET SLAB PULL AT SUBDUCTION ZONES @
3. RIDGE PUSH FROM OCEANIC RIDGES
4. TRENCH SUCTION ON OVER—-RIDING PLATE
LOCAL TECTONIC STRESSES
5. BENDING DUE TO SURFACE LOADS
6. ISOSTATIC COMPENSATION
7. DOWNBENDING OF OCEANIC LITHOSPHERE

most probable sources of such stress fields are
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deposition or volcanic loading, mountain building and erosion),
by subsurface loads required for isostatic compensation of
topography (that is, adjustment of lithospheric density in
response to variability of overlying load), by down-bending of
the oceanic lithosphere in subduction zones, and by membrane
stresses generated by the motion of plates over an Earth of
varying radius of curvature®'. From a global perspective perhaps
the most significant of these forces is the combined effect of the
surface load and the buoyancy of a low-density region
(thickened crust and/or thin mantle lithosphere) supporting a
region of high topography. If the buoyancy forces dominate
they can produce a broad zone of deviatoric tension beneath
major mountain ranges and high plateaus'®*>,

As indicated previously, lateral variations in strength or elastic
properties can result in local induced stresses. However, in some
cases these variations are so profound and are of such long
wavelength that they dominate the tectonic stress field. The best
documented example of this effect is an apparent ~50-60°
rotation of the horizontal stresses in a 100-125-km-wide zone
on either side of the right-lateral San Andreas fault in California,
the boundary between the Pacific and North American plates.
It is suggested that this rotation results from an extremely low
shear strength of the San Andreas fault and the slightly conver-
gent relative motion between the two plates****. Geological and
focal-mechanism data®® suggest that a similar stress rotation
occurs adjacent to the right-lateral strike-slip Alpine fault in
New Zealand, the plate boundary between the Pacific and
Indian-Australian plates.

Stress measurement

A variety of data indicate that the three principal stresses in the
Earth’s upper crust lie in approximately horizontal and vertical
planes'!, as suggested by E. M. Anderson?’, Thus, the orientation
of the principal axes of the stress tensor can be constrained by
specifying the azimuth of one of the horizontal principal stresses.
Absolute stress magnitudes at depths of earthquake generation
are extremely difficult to obtain and it is generally possible to
constrain relative stress magnitudes only from the style of active
faulting or deformation occurring in a region (see box).
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FIG. 1 Stress concentration around a vertical circular hole in an elastic
half-space subjected to unequal far-field horizontal stresses, Sy, and
S.min- As indicated, breakouts and hydraulic fractures form as a result of
these stress concentrations.
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® [n situ stresses in the elastic part of the Earth’s litho-
sphere are compressive (below the upper tens of metres).

® Principal stresses lie in approximately horizontal and
vertical planes:

Sy = vertical stress =~ pgz

Stimax = Maximum horizontal stress

Stimin = Minimum horizontal stress

® Relative stress magnitudes determine type of defor-
mation:

Normal faulting: Sy > Symax> Shmin

Strike-slip faulting: Symax > Sv> Sumin

Thrust or reverse faulting: Siimax > Shmin > Sv

Four different categories of geophysical and geological data
are used at present as reliable indicators of horizontal stress
orientations: earthquake focal mechanisms, stress-induced well-
bore enlargements or ‘breakouts’, in situ stress measurements,
including hydraulic fracturing and stress-relief measurements,
and young geological deformational features, including both
fault-slip and volcanic alignments.

A quality ranking system was developed recently®® to aid in
the analysis of the tectonic stress field in the lithosphere. This
system permits a comparison of data collected by these different
techniques and, in particular, aids in evaluating the significance
of data in areas of sparse coverage. The ranking criteria are
based both on the accuracy of individual determinations and
on the relative reliability of the technique as an indicator of
tectonic (as opposed to local or induced) stress. Four qualities
are used, ranked in the order A>B>C>D. An A quality is
assigned to data that record the tectonic stress field to within
+10-15° a B quality to within £15-20° and a C quality to within
+25° In some cases D-quality data may record the in situ stress
field reasonably accurately but because of a variety of potential
perturbing factors (such as topography and free-surface effects)
these data are not generally considered to be reliable indicators
of tectonic stress.

These four main types of stress indicator have been described
previously>!''>?® The major recent advances that have made
possible the compilation of global stress data are as follows.
Borehole breakouts as a reliable indicator of horizontal tectonic
stress orientation. According to elastic theory, the maximum
compressive circumferential stress developed around a vertical
borehole is centred on the azimuth of the least horizontal far-
field stress (Symin), and the minimum stress occurs in the direc-
tion of the maximum horizontal stress (Syma) ™ (Fig. 1). Well-
bore breakouts are a natural phenomenon that result from shear
fracturing in the region of maximum stress amplification®*’";
they cause a cross-sectional enlargement of the hole in the
direction of Sy,.;,. In contrast, hydraulic fracturing is an active
technique in which a portion of the well-bore is isolated and
pressurized by injected fluids until a tensile fracture develops
in the direction of Syn..- The orthogonality of breakouts and
hydraulic fractures within a single well has now been confirmed
by down-hole experiments in several wells in various tectonic
settings®! %,

Numerous investigations have established that consistently
oriented breakouts form within an individual well and in wells
within a given field***°. This possibility of muitiple determina-
tions in an individual well, and the ability to check for regional
consistency among numerous wells, make breakout data valu-
able indicators of stress orientation. In addition, because wells
for petroleum exploration and production are often drilled to
depths of 3-4 km (and in some areas, up to 5-6 km), breakout
data help to bridge the gap between the near-surface stress
indicators (which sample typically less than 1 km depth) and
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earthquake focal mechanisms (of typically 5-15km depths). As
can be seen in Fig.2, there is generally an excellent agree-
ment locally between stress orientations determined from
well-bore breakouts and those inferred from earthquake focal
mechanisms?>*%,

Resolution of earthquake focal mechanisms. Largely as a result
of waveform modelling made possible by digital seismic acquisi-
tion networks, more and better-constrained focal mechanisms
are now available. In addition, routine moment-tensor inversion
of global network events®® has greatly increased the database.
An inherent difficulty remains, however, in estimating principal
stress directions from focal mechanisms*'™**. Focal mechanisms
are constructed from the radiation pattern of seismic waves,
which defines a set of two possible orthogonal fault planes and
slip vectors. Pand T axes correspond to the maximum shortening
and extensional strain directions for these shear faults.

But most crustal earthquakes are presumed to occur on pre-

existing faults, in which case the fault-slip vector is a function
of the orientation of the pre-existing fault and of both the
orientations of the principal stresses and their relative
magnitudes®'**~*°, Because of the uncertainty in inferring stress
directions from earthquake focal mechanisms, a single mechan-
ism, regardless of how well constrained, does not receive an
A-quality ranking. This highest ranking is reserved for stress
directions determined from mean P- or T-axis orientations or
formal inversions for best-fitting stress axes’’ ! of groups of
moderate-sized earthquakes (at least one event with magnitude
>4.5) occurring within close geographical proximity and with
a variety of focal mechanisms. When using average P and T
axes it is commonly assumed that errors resulting from slip on
pre-existing planes of a variety of trends tend to cancel
statistically'?. In general, aftershock sequences are not used
because in some cases they appear to record deformation that
is a secondary adjustment in response to slip in the main
shock™>*. A number of cases, however, show no discernible
differences in stress orientation and relative magnitudes before
and after the main shock>*.
Inversion algorithms to infer deviatoric stress tensors from
fault slip and focal mechanism data*®>"’~°. The underlying
assumption of these inversion algorithms is that the measured
slip vectors represent the direction of maximum resolved shear
stress on the fault planes***. Slip vectors, determined from
striations observed on smail fault planes of a variety of attitudes
along active fault zones, are then inverted to yield a best-fitting
deviatoric stress tensor. The inversion methods for fault-slip
data*®>’->% are essentially the same as those used for focal-
mechanism data*’**>! and, in both cases, yield principal stress
orientations that are generally well constrained®. However,
fault-slip inversions yield more precise information on relative
stress magnitudes, because the true fault plane is known. The
validity of this technique has been established by numerous
studies which have demonstrated a reasonable match between
predicted and observed slip vectors*®.

Often, particularly for historical earthquakes, only the overall

slip vector and general attitude of the fault plane are known.
In this case the data are treated as a palaeo-focal mechanism
and the stress directions are inferred by the method of Raleigh*?.
These data are generally given a B-quality ranking. C-quality
fault-slip stress determinations are estimated from the general
attitude and primary sense of offset (but not actual slip vector)
on an active fault plane.
Volcanic alignments as reliable horizontal stress indicators®.
Volcanic feeder vents such as dykes and cinder cones propagate
perpendicular to the minimum principal far-field stress as
natural, large-scale hydraulic fracturing experiments®'. Thus,
the mean strike of vertical dykes corresponds to the direction
of Symax- TO study the current state of stress one uses vents of
Quaternary age; however, palaeo-stress can be similarly studied
using older dykes or cinder cones that are radiometricaily
dated.
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Critical evaluation of stress relief measurements. One of the
earliest and best studied techniques for investigating the state
of stress in the Earth’s crust is stress-relief measurements, com-
monly referred to as ‘overcoring’ measurements. This technique
involves determination of the natural three-dimensional defor-
mation (strain) relieved in a body rock in situ when separated
from the surrounding rock volume®*® and is the only technique
that measures the complete stress tensor. Amongst the primary
drawbacks of this method are that the measurements must be
made near a free surface (either the Earth’s surface or an
excavated surface in a mine), that the strain relief is determined
over areas of only a few mm” to cm”, and that the change of
stress on overcoring must be calculated from the strain relief,
which requires knowledge of the complete compliance tensor.
In particular, near-surface surface-stress-relief measurements
have been shown to be subject to effects of local topography,
rock anisotropy and natural fractures®®. Because of these difficul-
ties, we have assigned a D quality to all near-surface (<<5-10 m,
depending on local site conditions) stress-relief measurements
in the database. For stress-relief measurements made at depths
>10m (or at least one excavation diameter away from the free
surface in a mine) the assigned data quality depends on the
internal consistency of multiple measurements.

Global stress patterns

The first global map of stress orientations was published by
Ranalli and Chandler in 1975% and contained 59 stress-relief
measurements. In 1979, Richardson et al'® presented a map
containing about 133 points worldwide, derived primarily from
earthquake focal mechanisms supplemented by surface overcor-
ing measurements and geological data. Much of the data shown
on these maps we would now categorize as rather low-quality
(C or D) indicators of tectonic stress.

At present there are 3,574 entries in our global database; 3,142
of them are assigned either an A, B or C quality and are plotted
on Fig. 2. As mentioned earlier, the emphasis in this paper is
on the tectonic stress field, so D-quality data are not plotted.
The length of each data point in Fig.2 is proportional to its
quality and the centre symbol designates the type of stress
indicator. The distribution of the data by measurement type is
as follows: earthquake focal mechanisms, 50% ; breakouts, 31%;
hydraulic fracturing measurements, 3%; stress relief, 7%;
volcanic alignments, 4% ; and fault-slip data, 5%. Distribution
of areal coverage according to quality is given in Table 1.

A single horizontal stress orientation, Siim.., 1S plotted on
Fig. 2 to facilitate the recognition of regional patterns of stress
orientation. Relative stress magnitudes (stress regime) are indi-
cated by colour for all data for which they are directly deter-
mined. Plotted in red are data that indicate an extensional stress
regime (defined here as one in which the vertical stress is the

TABLE 1 Areal distribution of data

Area A quality B quality C quality
N. American plate 450 635 555
USA 189 398 402
Canada 160 158 101
Mexico 93 69 28
Central America 8 10 24
S. American plate 7 5 23
Eurasian plate 100 388 577
Europe 66 83 181
Asia 34 305 396
Indo-Australia plate 16 74 99
Pacific plate 0 28 2
Africa plate 0 22 37
Antarctica plate 0 22 7
Nazca plate ¢} 9 o]
Cocos plate 0 4 0
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<4 FIG. 2 World stress map, transverse mercator projection. Sy, orientations

are plotted, length of lines are proportional to quality (A, B or C). Because
the data coverage is so dense-in the western United States, only A- and
B-quality data are plotted there. Centre symbol designates type of stress
indicator. Data indicating an extensional stress regime are plotted in red,
data for a compressional regime are plotted in green, and data where stress
regime is unknown are plotted in black. All regions with average elevation
greater than 1km are indicated by blue shading. Lightly dashed lines
correspond to absolute velocity trajectories determined using AM1-2 poles
of Minster and Jordan®®. Wavy line approximates the 80-Myr isochron on
the Pacific plate.

greatest principal stress); normal or combined normal and strike-
slip faulting characterize this regime. The data in green indicate
a compressional stress regime, in which one or both of the
horizontal stresses are greater than the vertical stress; deforma-
tion in this regime is characterized by thrust, strike-slip or
combined thrust and strike-slip faulting. Stress orientations for
which information on relative stress magnitudes was not deter-
mined directly or not reported are plotted in black. Unfortu-
nately this is the case for all of the breakout data, which comprise
nearly one-third of the data set.

Regions with average elevation greater than 1,000 m are indi-
cated on Fig.2 by shading. Also shown are absolute plate-
velocity trajectories, calculated using Minster and Jordan’s®
poles of angular motion for each plate (model AM1-2).

Three broad generalizations can be drawn from the data. (1)
Most midplate regions are characterized by compressive stress
regimes, that is, by thrust and/or a combination of thrust and
strike-slip deformation. (2) Most continental areas of
extensional stress regimes (normal or combined normal and
strike-slip faulting) are regions of anomalously high elevation
(for example, the western US Cordillera, the East African rift,
the Baikal rift, the Himalayas and the Andes). (3) Broad regions
of the Earth’s crust are subjected to a nearly uniformly oriented
stress field, specifically a ~2x 107-km? region (approximately
one-eighth of the world’s land surface) of north-east to east-
north-east compression in central and eastern North America
and a ~6x10°km? region of north-west to north-north-west
compression in western Europe.

In the midplate portions of some plates there is a striking
correlation between Sy ., Orientations and azimuths of absolute
plate velocity (as indicated by the trajectories in Fig.2). This
correlation is illustrated by the histograms in Fig. 3, which show,
point by point, the angular difference between the observed
Sumax Orientation and the local absolute-velocity azimuth. In
these plots the local absolute-plate-velocity direction is the refer-
ence direction; hence positive angles in Fig. 3 represent observed
Sumax directions oriented clockwise with respect to that refer-
ence direction. It is important to note that because these his-
tograms represent a point-by-point count and not a regionally
averaged fit, they are strongly influenced by regions of dense
data distribution. Furthermore, all data of A to C quality are
treated equally, not weighted by quality.

Figure 3 indicates a strong positive correlation between Sy ...
orientations and absolute velocity directions on the two fastest-
moving continental plates: midplate North America (including
most of the central and the eastern United States, much of
Canada and possibly the western Atlantic basin) and the South
American plate. The correlation is particularly striking for mid-
plate North America, the area of densest and highest-quality
data coverage in the world; here the angular differences show
a near-normal distribution about the reference absolute velocity
direction. Breakouts on the outer continental shelf in eastern
North America contribute to scatter in the histogram (see shaded
areas on Fig. 3); detailed analysis of these data indicate that
Shmax Orientations are often rotated into a plane approximately
parallel to the local trend of the continental slope. This rotation
may be the result of superposition of stresses owing to flexure
from sediment loading on the continental shelf®®,
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The strong positive correlation between Sy, and absolute
velocity directions for midplate North America has been inter-
preted by some workers as indicating that resistive drag at the
base of the plate is the primary source of stress in the upper
lithosphere®”. However, as pointed out previously, the absolute
velocity vector in midplate North America coincides within ~10°
with the expected direction of the ridge-push force from the
Mid-Atlantic Ridge?®*“*-7%; therefore the two mechanisms cannot
be distinguished as possible sources of stress for this plate.
Similarly, for the South American plate, the approximately
east-west absolute velocity is within 10° of the ridge-push direc-
tion inferred from the South American-African pole of relative
motion. In addition, convergence between the South American
plate and both the Nazca and Pacific plates is also approximately
east-west. Thus, for both the North and South American plates
it is not apparent which source of stress, if any, is dominant.
Overall, the simplest explanation for the correlation between
Shmax and absolute-plate-velocity directions on these plates is
that the net balance of forces that move the plates dominates
the stress distribution within the plate interiors.

In western Europe the Sy, directions and absolute-plate-
velocity directions seem to be relatively well correlated (Fig. 2),
except in the Aegean. However, as indicated in Fig. 3, the data
consistently indicate a clockwise rotation of Sy;,., with respect
to the absolute-velocity direction, that is, the observed Sy.x
orientations trend more northerly than the west-north-west
absolute-velocity field. Sy, directions in the Aegean region
(orthogonal to the Sy..x directions shown in Fig. 3) are also
clockwise with respect to the direction of plate motion. However,
it should be noted that the absolute-velocity rotation pole for
Eurasia is very poorly constrained because this plate is moving
so slowly in an absolute reference frame®®. Thus, the significance
of the difference between the Sy,,., and absolute-velocity direc-
tion is unclear.

Another potentially significant source of stress in Western
Europe is the force resulting from the continental convergence
of the African and Eurasian plates. Overall, Sy, orientations
seem to be relatively well correlated with the predicted conver-
gence velocity field obtained using the African-Eurasian pole
of relative motion from the NUVEL velocity model’” (see his-
togram in the lowermost left corner of Fig. 3). Sy,,.., orientations
in the Aegean are generally orthogonal to the convergence
direction (see below). However, the average S,y,.. direction of
N 42° W obtained from the extensive breakout data set in the
United Kingdom’' is more northerly than that predicted from
the velocity field for this region on the basis of either the
absolute-velocity directions (N 62° W), ridge-push forces
(N 70°W), or continental-convergence forces (N 56°W). To
properly evaluate the stress field resulting from these plate-
boundary forces, however, detailed two- or three-dimensional
finite-element modelling is needed.

There is the suggestion of a weak correlation between Sy ..
and absolute-velocity directions in the Pacific plate, although
the data for this plate are few in number and derived primarily
from earthquake focal mechanisms. Data from older (north-
western and western) portions of the Pacific plate have Sy,
orientations that are generally orthogonal to absolute-velocity
directions (Fig. 3). Sym.,x orientations in the younger portions
of the Pacific plate are quite scattered with respect to absolute
plate motion; however, if events near the East Pacific Rise are
excluded, Sym.. Orientations in the younger portions of the
plate are sub-parallel to the absolute plate-velocity direction
(Fig.2). Interestingly, this change in Sj... oOrientations
coincides roughly with the 80-Myr isochron, the point at which
the t'/? subsidence of cooling oceanic lithosphere dramatically
slows down from ¢'/? to an approximately exponential decay’ .
However, once again, spreading directions in the Pacific Plate,
using relative motion poles with respect to both the Nazca and
Antarctic plates, are aligned within 10° with absolute plate-
motion vectors, so forces owing to ridge push and drag cannot
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FIG. 3 Histograms comparing, point by point, the
angular difference between observed S«
orientations and a computed velocity field for
specific plates, subplates or regions. Upper four
histograms in both columns compare observed
stress directions with absolute-velocity directions,
and the lowest histogram in each column com-
pares observed stress directions with relative
(convergent) velocity directions (see text).
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be distinguished. Although single-force finite-element models
of resistive drag'® predict variations in relative stress magnitudes
across the Pacific plate that are consistent with the observed
stress rotation, it is impossible to determine the source of this
apparent polarity change between Sy... and S,.;, without
detailed modelling that includes all potential forces acting on
the plate.

Figure 2 and the plots in Fig. 3 indicate that there is no clear
correlation between Sy;,,.,, and absolute velocity in several major
regions, for example, much of Asia, the Indian-Australian plate,
the African plate and the largely extensional and thermally
uplifted western US Cordillera. Data for the Antarctic, Nazca
and Cocos plates are too sparse either to confirm or to contradict
any possible correlation.
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The pattern of stress throughout eastern Asia is strongly
influenced by the collision of the Eurasian and Indian-
Australian plates. Within the Himalayan collision zone the
SHmax OTientations are generally north-south, subparallel to both
the absolute motion of the Eurasian plate® and to the relative
(convergent) motion between the Eurasian and Indian-
Australian plates’. However, in eastern China, Sy, trajec-
tories form a quasi-radial pattern which is oblique to both the
absolute and the relative plate-motion directions (see histograms
in the lower right corner of Fig. 3). This quasi-radial pattern of
Suimax OTientations is well predicted by indentor-type models™
for the continued collision of the Eurasian and the Indian-
Australian plates.

As indicated on Fig. 2, the pattern of Sy, orientations for
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the Indian-Australian plate is rather complex; in particular,
data for the Australian continent, a relatively stable intraplate
region, show great variability (in contrast to stress patterns in
midplate North America, for example). A high level of intraplate
seismicity within the Indian Ocean has attracted a lot of interest
in attempts to model the plate-driving and other tectonic forces
acting on this plate’>”". In these models, Himalayan collision
generally accounts for the north-easterly compression in the
eastern Indian Ocean, whereas complex intraplate stress patterns
throughout the rest of the plate generally result from the compli-
cated plate geometry and the varying nature of subduction along
the Sunda and Tonga-Kermadec arcs.

Regions of extensional stress

As shown in Fig. 2, areas of extension on the continents occur
primarily in regions of anomalously high elevation. These areas
of extension occur in a variety of tectonic settings: a broad zone
of distributed shear (western North America), an intraplate
setting (Baikal and African rifts), a continental-collision zone
(Himalayas), and above a subduction zone (Andes). The latter
two examples are regions of relatively rapid plate convergence
in which the extension direction is generally orthogonal to the
convergence direction. In contrast, in true ‘back-arc spreading’,
extension occurs in a direction generally orthogonal to the arc
boundary, so that extension is often subparaliel to convergence
direction. Modern examples of back-arc spreading generally
occur in topographically depressed areas such as the Mariannas
basin and other western Pacific basins (all of which are currently
unsampled by the database). The modern low elevation of the
Aegean region is best explained by Pliocene back-arc spreading
which was subsequently replaced by modern (late Pleistocene
to present) extension parallel to (that is, Sy,... perpendicular
to) the convergence direction’® (see histogram in lower left
corner of Fig. 3).

The relationship between elevation and extension is complex.
For example, a recent analysis’® indicates that extension in the
high Tibetan Plateau cannot be explained by crustal thickening
and elevated topography alone. For this extension to occur
concomitant with continued collision and convergence, an addi-
tional force must be added to the system, such as a buoyancy
force derived from a ‘deblobbing’ or delamination of thickened
dense mantle lithosphere.

The contrast in stress patterns between the regionally high
western US Cordillera and the ‘midplate’ region of North
America suggests that the effects of Pacific-North American
plate interaction are not transmitted through the western United
States. The source of much of the uplift in the western United
States must be thermal (or equivalently, thinned mantle litho-
sphere), as crustal thickness in much of this region is comparable
to or less than that in the eastern United States®®. Details of the
western United States stress pattern have been discussed
elsewhere?**>28!. however, it is of interest that throughout
much of this elevated region the stress regime is extensional. In
some cases, abrupt 90° changes in extension direction occur
which appear to correlate with lateral changes in lithosphere
thickness''*® and thermal regime®.

Focal mechanisms within the African plate® show dominantly
normal faulting within the thermally elevated East African rift
system; events outside the rift have both strike-slip and normal
faulting mechanisms. In southern Africa, overcoring measure-
ments made in deep mines (up to 3 km depth)®® and focal
mechanisms suggest a distinct stress regime with a ~90° rotation
of Sumax relative to the East African rift (Fig. 2). The general
extensional stress state throughout much of the African plate is
inconsistent with a compressional midplate stress field predicted
solely from the plate-boundary forces (ridge push from ridges
on three sides of the plate and a continental collision along the
northern boundary)". Furthermore, drag forces on this plate
are probably minimal because Africa is moving so slowly in an
absolute reference frame®. The profound intraplate extension
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in East Africa suggests an additional source of stress, probably
related to buoyancy associated with mantle upwelling and litho-
spheric thinning.

Conclusions and future work

The data and brief interpretations presented here represent a
progress report intended to stimulate further interest and partici-
pation in the World Stress Map project. Analysis of the data
compiled to date, together with the results of a large number
of earlier regional studies, permit the following generalizations
and conclusions:

® The various stress measurement and analysis techniques used
in this study seem to sample contemporary regional stress
orientations and show an excellent agreement despite the wide
range of depths sampled.

® The state of stress throughout the upper, brittle crust is region-
ally consistent. This allows the definition of provinces of rela-
tively constant orientations and relative magnitude of stress.

® Most intraplate or midplate regions are characterized by a
compressional stress regime, that is, thrust or strike-slip faulting.
Extensional stress regimes occur almost exclusively in
anomalously high, and often thermally elevated regions, imply-
ing superposition of a buoyancy force fundamentally linked to
the source of the elevation.

® A strong positive correlation between absolute plate velocity
and Sy, direction for broad regions of several plates implies
that the net plate-boundary forces responsible for moving these
plates dominate the stress distribution in the plate interior.
Evaluation of the relative importance of drag at the base of the
plates will require detailed modelling constrained by data on
absolute stress magnitudes.

® [ocal crustal structure, rheology and strength contrasts can
strongly influence tectonic-stress orientations. Examples include
stress rotation within a ~250-km-wide zone straddling the San
Andreas fault and along continental margins.
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We have several clear objectives for the future. First, we are
currently cooperating with industry to obtain additional well-
bore breakout data to fill in many of the gaps in the map;
targeted areas include South America, Africa, the Middle East
and south-east Asia. The oceans, which cover 70-75% of the
Earth’s surface, are greatly undersampled. Breakout analyses in
two Deep Sea Drilling Project holes® confirmed the mean Sy,
orientation inferred from nearby focal mechanisms, and estab-
lished the feasibility of this stress-measurement technique in
future Ocean Drilling Program holes. The oceanic data are
essential for testing the preliminary observation of an approxi-
mately 90° rotation in Sy,.. between the younger and older
portions of the Pacific plate and to constrain the magnitudes of

stresses acting on this, the fastest moving, plate.

Second, to understand fully the origins of lithospheric stresses,
we must constrain both stress orientations and magnitudes.
Hydraulic-fracturing stress-magnitude measurements in a
limited number of deep holes (in both the continents and oceans)
are clearly needed to understand the stress-boundary conditions
on the plates as well as to constrain the stress levels required
for intraplate deformation.

Once information on both stress orientation and magnitude
becomes available, detailed modelling will be possible of the
various sources of stress acting on different plates. Such models,
when sufficiently constrained by data, should lead to a greatly
improved understanding of plate-tectonic processes. 0
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