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Abstract

In a major survey of published palaeostress estimates obtained by the use of fault-slip data, over 2000 stress tensors from shallow crustal levels
have been compiled. The results are derived from regions where deformation is dominated by brittle processes, and consist of incomplete stress
tensors in which the orientations of the principal stresses (0 =0, = ¢g3) are known, together with the stress ratio, ® = (o, — 73)/(g; — 03).

The orientations of the stress axes display a preferred orientation, with a tendency for one of the axes to be vertical. This accords with
Anderson’s assumed ‘standard state’ stress configuration near to the Earth’s free surface. Although the tendency is strong, there are frequent
deviations from the arrangement; in 25% of cases the steepest stress axis deviates by more than 25° from the vertical. In undertaking studies of
palaeostress it would be therefore unwise to use methods that assume a priori one vertical stress axis unless previous local results indicate this to be
the case. Normal, strike-slip and thrust stress arrangements (with o, 0, and o3 as the steepest stress, respectively) occur in the database with
frequencies approximately in the ratio 2:2:1.

In the compiled results, the raw stress ratios, @, which have a theoretical range from 0 to 1, show a lack of very high values and, to a lesser
extent, very low values. This suggests that triaxial stress states are more common than axial compression deviatoric stress and axial tension
deviatoric stress. However, this relative abundance of triaxial stress states is considered to be a natural feature of a uniform distribution of stress
tensors. In addition, there is a marked bias in the collated ratios towards values less than 0.5 and this is expressed by an overall mean ® of 0.39.
Several possible explanations for the distribution of stress ratios are discussed. These explanations are related to the tendency for tectonic
deformation to be of plane strain type coupled with volume change and to the fact that gravitational loading makes an important contribution to the

state of stress in the crust.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Stress analysis from fault-slip data has developed over the
last 25 years into a major sub-discipline of structural geology.
Following the suggestion by Wallace (1951) and Bott (1959)
that the observed slip direction on a fault surface can be used as
an indicator of the resolved shear stress direction, a
methodology has been developed for estimating palaeostress
tensors from collections of data consisting of fault plane
orientations and their associated slip lineations. The appli-
cation of these methods to regions of brittle deformation at high
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crustal levels where strain accumulation has been dominantly
the result of faulting has yielded an abundance of palaeostress
results.

Studies of palaeostress have helped elucidate regional
problems of crustal dynamics (e.g. Bergerat, 1987; Mercier
et al., 1987) but in this paper we examine such results from a
global perspective by compiling the numerous published
results and examining these statistically. This analysis allows
us to make general inferences about the nature of ancient stress
states at shallow crustal levels in faulting-dominated regimes.
The stress estimates discussed here relate to the stresses
responsible for fault reactivation rather than to the ambient
states of crustal stress. In this respect our conclusions are
complementary to, but not directly comparable with, those of
compilation studies of the current states of in situ stress
(Reinecker et al., 2004).
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2. Sources of data

A typical palaeostress analysis uses field data consisting of
the orientations of a number of fault planes and their slip
lineations measured at a single site. Incorporating the
assumption that the measured faults underwent reactivation
under the same overall stress conditions, the dynamic
information from separate faults can be combined to constrain
the possible nature of the palaeostress tensor. The results of the
analysis of data from one such site are normally an estimate of
an incomplete stress tensor. This so-called reduced stress
tensor (Angelier, 1994) consists of the orientations of the three
principal stress axes (o;=0,=03, where compression is
considered positive) and the ratio of the differences between
the principal stress magnitudes.

Our survey of published palaeostress results includes the
reduced stress tensors determined at 2791 sites. The sources of
these data are listed in Appendix B. Since fault-slip analysis is
only meaningful in regions where ductile strain is subordinate,
the sites included are generally from areas where tectonic strain
is largely accommodated by brittle deformation. The rocks
involved are mainly non-metamorphic sedimentary rocks of
Mesozoic and younger age, deformed at shallow crustal depths
and with gentle bedding dips. According to whether the a4, o,
or g3 axis has the steepest plunge, the sites were classified as
belonging to extensional, strike-slip or thrust/reverse settings.
Of the total, 40, 39 and 21% of the sites, respectively, come
from these settings. Sites are distributed geographically across
all continents, though European sites dominate.

A smaller compilation consisting of 250 sets of fault-slip
palaeostress results forms part of a database for the World
Stress Map Project (Reinecker et al., 2004). These are not
included in our database because of the risk of duplicating
some of the results. The stress results that are included in our
compilation were determined by a variety of stress inversion
methods, all of which take account of the senses of slip on the
faults and are therefore able to distinguish o, and o3 axes
(Carey and Brunier, 1974; Etchecopar et al., 1981; Angelier,
1984; Hardcastle and Hills, 1991; Sperner et al., 1993). The
results derived by methods that make a priori assumptions
about the stress ratio (e.g. Arthaud, 1970; Aleksandrowski,
1985) or principal stress orientations (e.g. Simén-Gémez,
1986; Fry, 1992) are not included.

3. Preferred orientation of principal stress axes

The compiled orientations of the principal stress axes are
considered in relation to Anderson’s hypothesis of principal
stress orientations. Anderson (1951) argued that at the Earth’s
surface, since rock is in contact with air, the magnitude of shear
stress will be of negligible magnitude. By definition, this
surface must therefore be a principal plane of stress which
therefore implies that one of the three principal stress
directions is always close to perpendicular to the ground
surface. On this basis, at shallow depths in areas with moderate
topographic slope, one of the principal stresses must be near to
vertical.
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Fig. 1. Histogram showing the observed distribution of the steepest principal
stress axes for 2208 palaeostress tensors. Modal plunge is 79.5°. 5, 10 and 25%
percentiles are 50, 55 and 65°, respectively. The curve shows the frequency
expected for random orientations of the stress axes (see Appendix A).

To test this hypothesis we examine for all sites the
distribution of plunges of the steepest axis of the three
principal axes (Fig. 1). Fault-slip analyses from 2208 sites
reveal that one of the principal stress axes plunges at >75 and
>65° at 46 and 75% of the total sites, respectively. The
principal stress axes, a1, 0, and o3, are close to vertical (plunge
>65°) at 92, 76 and 77% of the total sites for the extensional,
strike-slip and thrust/reverse fault tectonic settings, respect-
ively (Fig. 2). The steepest axes show a modal plunge of close
to 80°. However, the fact that the steepest of the three axes has
been selected imparts constraints on its distribution of the
plunge angles. For example, any axis plunging at greater than
45° must automatically be the steepest axis of three orthogonal
axes, though a steepest axis can possess a plunge as low as
35.3°. The full significance of the observed steepest axis
distribution is made clear when compared with the steepest-
axis distribution expected from a three-dimensionally uniform
distribution of stress axes (Fig. 1 and Appendix A). The
uniform orientation model, which is characterised by a modal
plunge of 45°, is significantly different from that observed.

The fact that the steepest axis has a modal plunge of
approximately 80° rather than 90° appears to indicate that
natural stress orientations are at odds with Anderson’s one
vertical axis hypothesis. However, when the observed
frequencies shown in Fig. 1 are expressed as multiples of
those expected from a uniform model (Fig. 3), the modal
steepest axis is found to a have a vertical orientation.

When the orientations of all three stress axes are plotted
stereographically (Fig. 4) the strong tendency for one axis to be
vertical is seen to be matched by a preferred orientation of axes
with low plunges. These low-plunging axes show no obvious
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Fig. 2. Frequency of plunges for the steepest principal stress axis in cases where
a1, 05 and a3, respectively, correspond to the steepest of the three axes.

preferred directions of plunge. This is taken to reflect the broad
spread of the sample sites in terms of geography and tectonic
setting.

4. Favoured shape of palaeostress ellipsoids

In addition to the orientations of the principal stresses,
published results of fault-slip analyses also include a parameter
that describes one aspect of the shape of the stress ellipsoid,
referred to as the stress ratio. The most commonly used stress
ratio is that of Bishop (1966) and Angelier (1975) defined as

D = (07 —03)/(0, —03) (D

This measure is independent of the hydrostatic component
of the stress tensor and describes the shape, though not the
magnitude, of the deviatoric part of the tensor. This ratio ranges
from zero for states of axial compressive deviatoric stress
(61> 0,=03), to one for axial tensile deviatoric stress (o, =
g,>03). When ® equals 0.5, o, is the arithmetic mean of o
and o3, and corresponds to plane deviatoric stress. Some
publications have used other definitions of the stress ratio,
which were converted to @ values using the equations of Orife
and Lisle (2003), e.g.

R = (0 —03)/(0) —03) = P/(1 — D) 2)
(Lisle, 1979)

R = (0, —0))l(c)—03) =1—-0 3)
(Carey and Mercier, 1987) and

u = [(g) —0y) — (02 —03)ll(o) —03) =120 “4)
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Fig. 3. Observed frequencies of plunge angles of steepest axis expressed as
multiples of those expected from a uniform orientation distribution of stress
axes (thick line in Fig. 1).

(Nadai, 1950, p. 107)and, with the help the equations in Orife
and Lisle (2003), the stress ratios compiled from 2791 sites (see
source list in Appendix B) were converted to a common stress
ratio, ®. The obtained frequencies of stress ratios are found to
be non-uniformly distributed (Fig. 5). Two observations can be
made about this distribution: First, the histogram reveals that ®
values in the middle range are much more abundant than the
extreme values around 0 and 1. This indicates a preference in
the Earth’s crust for plane deviatoric stress states relative to
axial compression or axial tension stress states. Given the large
sample size, there can be no doubt about the statistical
significance of this observation. Second, there is an asymmetry
in the distribution with respect to ®=0.5. Namely, values of ®
ranging between 0 and 0.5 appear about 2.3 times more often
(n=1550) than ® values ranging from 0.5 to 1.0 (n=658)
(Fig. 5). The mean value of ® for all our compiled results is
0.39. Results of a similar type, obtained from the World Stress
Map Project database, have a mean @ value of 0.38. A further
test of the inference regarding the bias towards the axially
compressive state of stress was made by classifying the data
into normal, strike slip and reverse/thrust fault types of tectonic
settings. This classification was achieved by distinguishing
three separate groups of tensors on the basis of whether a4, 0,
or g3 axes plunge at very steep angles >75°, respectively. For
all three groups there is a relative lack in @ values greater than
0.5 (Fig. 6) but their distributions, according to the
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Fig. 4. Stress orientations, a, g, and a3, for all compiled analyses (lower hemisphere, equal-area stereogram).

Kolmogorov—Smirnov test (see Cheeney (1983, p. 45) for
details), are significantly different. In particular, the ‘normal-
fault’ stress states have the lowest mean ® of 0.34, whilst
thrust/reverse states give the highest mean of 0.43.

Before seeking a geological explanation for this non-
uniform distribution of stress ratios it seems logical to question
whether the observed bias may be a statistical artefact. A
simple random number experiment was used to check this.
Three random numbers were chosen within the range 0-1.
According to their relative magnitudes, the principal stresses
were assigned these values. After repeated trials, the ® values
of such random stresses are found to exhibit a uniform
frequency distribution. Other studies, however, suggest that
this process does not produce tensors with a uniform
distribution. For example, Orife (2001) determined reduced
stress tensors from artificial datasets consisting of collections
of randomly chosen fault planes possessing random slip
lineations. The @ values of these tensors do not display a
uniform frequency distribution; the histogram is bell-shaped
with a mode at ®=0.5. Sato and Yamaji (2006) construct a
population of 60,000 reduced stress tensors, which are arranged
on a four-dimensional grid, and where the stress difference
(Orife and Lisle, 2003) between neighbours is close to uniform.
This uniform distribution of tensors is also characterized by a
bell-shaped distribution of their @ values.

Would another parameter lead to a more uniform frequency
distribution? In this regard, it can be shown that all the
commonly used stress ratios are linear functions of ® (Orife
and Lisle, 2003); therefore the frequency distributions of these
parameters will be similar to that of ®.

It could be argued that a more ‘natural’ shape parameter for
fault-slip results would be one that relates directly to the
angular variation of the striae (the assumed shear stress
direction) in the fault plane. Since the theoretical shear stress
direction depends on the orientation of the plane as well as on
the stress shape parameter, we consider the shear stress
direction on a special ‘octahedral’ fault plane; one that is
inclined equally with respect to all three stress axes (Fig. 7a).
Using a simplification of Bott’s (1959) equation, the pitch of
the shear stress direction in the plane of the fault, §, measured
with respect to the line of intersection of the o 03 plane, is
found to equal:

6 = tan'[(1 —2)/\/3] 5)

This equation demonstrates that the orientation of slip
direction on the octahedral fault plane is a function only of the
shape ratio of the stress tensor. It follows from this that the
angle 6 could be used as an alternative to & as an index of the
stress ellipsoid’s shape. However, since ¢ is a non-linear
function of ®, their frequency distributions will differ. Fig. 7b
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Fig. 5. Observed distribution of stress ratios, @, compiled from all fault-slip
analyses.

0 0.1

is the circular histogram of all stress ratios collated in our
survey, plotted as # values instead of ®. On this new graph
stress states corresponding to axial compression deviatoric
stress (®=0) and axial tension deviatoric (®=1) plot along
lines of # equal to 30 and —30°, respectively, whilst plane
deviatoric stress (®=0.5) plots along the §=0° line. However
on the new form of display the paucity of axial stress states and
skewness of the histogram of # values remains evident (Fig. 7b)
and is as pronounced as in the corresponding histogram for @
(Fig. 5).

The disadvantage of the 6 parameter is, like @, that a random
sample from a uniform distribution of tensors does not lead to a
uniform distribution of the shape parameter. In the absence of
the correct parameter in this respect, we have corrected the
frequencies of @ values in Fig. 5 to allow for the fact that a
uniform distribution of stresses leads to a predominance of ® in
the middle range. The resulting histogram (Fig. 8) expresses the
frequencies of different ® values as multiples of those expected
from a uniform distribution of tensors (Sato and Yamayji, 2006).
This corrected histogram is very different from the uncorrected
distribution (Fig. 5). It demonstrates that natural stress ratios,
when compared with those expected from a uniform distribution
of stress states, show a preference for axial stress states at the
expense of triaxial stresses. However, the corrected histogram
confirms the observed preference for low @ values in natural
stress ratios. The corrected mean ® value is 0.29, with values
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Fig. 6. Distribution of & values for different stress regimes (normal, strike-slip
and thrust faults) with o, 0, and o3, respectively, at plunging at angles =75°.
For normal, strike-slip and thrust fault regimes, ® values less than 0.5 account
for 82, 72 and 61% of the total number of values, respectively.

less that 0.5 being three times more abundant than those
above 0.5.

We now seek possible geological explanations for the
observed unequal abundances of different @ ratios.

5. Possible explanations for favoured shape of stress
ellipsoid

5.1. Plane strain condition

The observation that palaeostress ratios are skewed towards
lower stress ratio values (Figs. 5, 6 and 8) may be explained by
considering the constraints on strain patterns in the Earth’s
crust. Although complex in detail, there is often a tendency for
tectonic structures to occur in linear trends with continuity of
individual structures in clearly defined trends and with
maintenance of transverse cross-sectional structural geometry
on planes perpendicular to the longitudinal direction. Further-
more, the intraplate stress trajectories are often uniform in
direction over large parts of continents (Zoback et al., 1989;
Zoback, 1992). This tendency for linear structural continuity
will restrict the ability of crustal rocks to suffer elongation or
shortening in the direction of the structural trend, a condition
producing a tendency towards plane strain.

This plane strain condition leads to special relationships
between the principal stresses. Let us assume that gy, ot and o,
are principal stresses, respectively, parallel to the vertical,



1056 R.J. Lisle et al. / Journal of Structural Geology 28 (2006) 1051-1066

O,

o
//"‘JQ
Q%

Fig. 7. Alternative shape index for stress tensors. (A) Orientation of the theoretical shear stress direction on the octahedral plane recorded by the angle 6, an
alternative index of shape. (B) Circular histogram of 6 values reveals a strong preference for positive values (i.e. @ values less than 0.5).

transversal and longitudinal directions in a deformation belt,
whilst ey, er and ey, are the corresponding strains in those
directions. Elastic strains and stresses in isotropic rocks are
related by equations given, for example, by Ramsay and Lisle
(2000, p. 721). Specifically, the strain in the longitudinal
direction ey is given by:

1
ey, = _E [O’L_V((TT + Uv)] (6)

where E and v are elastic constants, Young’s modulus and
Poisson’s ratio, respectively.
If plane strain applies (i.e. e, =0) it follows that

g, = V(O'T + Uv) (7)

If deformation occurs at constant volume, i.e. the rocks
involved are incompressible, the value of the elastic constant v
equals 0.5. Therefore, according to Eq. (7), this would always
lead to one principal stress being the mean of the other two
stresses, i.e. plane deviatoric stress (& =0.5). This plane strain
effect would produce the relative abundance of intermediate
stress ratios compared with those close to zero or one and
would not explain the bias towards values of ® less than 0.5.

An additional consideration is that rocks are in
reality compressible to various degrees; the Poisson’s ratios
compiled for igneous, metamorphic and sedimentary rocks by
Carmichael (1982) has an average close to 0.16. Fig. 9 shows
the possible combinations of principal stresses compatible with
the plane strain assumption and a value of Poisson’s ratio, v, of
0.16. The relative magnitudes of ov, o1 and o1, calculated from
Eq. (7) correspond to the contrasting faulting configurations of
thrusts, strike-slip and normal faults aligned in longitudinal or
transverse directions as shown in Fig. 9. If both vertical and
transverse stress components are positive (gy, ar>0), the
expected stress orientations correspond to longitudinal thrusts
(i.e. thrust faults that strike along the orogenic belt), transverse
strike-slip faults and normal faults with both longitudinal and
transverse orientations.

The plane strain assumption with »=0.16, also leads to a
complete range of stress ratio values as shown in Fig. 10. Even
if the restriction of positive transverse and vertical stress
components is applied, potential ® values are found to vary
from O to 1. However, not all of the stress configurations on
Fig. 10 are likely to be recorded by fault-slip analysis because
only certain stress states are likely to lead to fault reactivation.
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75% of data 25% of data

Corrected relative frequency
|

0.0 ‘
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Fig. 8. Corrected distribution of ® values, showing the frequencies as multiples
of those expected from a sample from uniform population of stress tensors.
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Fig. 9. Permissible combinations of principal stresses under conditions of plane strain (e;, =0) and a Poisson’s ratio of 0.16. Orientations of the principal stress axes

vary with position on this plot. Stress values apply for all choices of stress units.

We use a frictional theory of reactivation to constrain the
stresses that lead to fault slip. Using a straight sliding envelope
and the assumption of zero cohesion, the principal stresses
sufficient to overcome friction fulfil the condition that

gy —03

Sln¢ (8] +o 3

where ¢ is the angle of sliding friction. Using typical angles of
friction of between 20 and 40° (Byerlee, 1978), these stresses
for reactivation are given graphically by Fig. 10. These stresses
give rise to @ values below 0.5, in the range 0.0-0.3. If a higher
value of » is chosen, the resulting ® value increases towards
0.5. This explanation involving plane strain with volume
reduction is therefore capable of producing ® values typical of
those observed in nature.

5.2. Contribution of overburden stresses

Another possible explanation of the observed variation of
stress ratio values for crustal stress states involves consider-
ation of the ubiquitous contribution made by the rock
overburden to the total state of stress. The nature of the stress
tensor at depth arising from the load of overlying strata will
depend on rock elastic constants and on any anisotropy of these
constants. In the present discussion we assume the rock
overburden stresses to have a vertically oriented ¢; and with o,
and g3 equal in magnitude. They are thus stress states with &=
0 and a differential stress value that can vary, e.g. as a function
of depth or mechanical properties. The present model ignores

the possible effects of strain constraints discussed in the
previous section. We then consider the total stress that would
arise from the superimposition of such overburden stresses
upon stresses of tectonic origin. Since the latter are difficult to
constrain for the general case we are obliged to consider a
complete range, whilst assuming one stress axis to be vertical.

The calculation of the stresses produced by the super-
imposition of two stress states is straightforward because the
stress components are coaxially aligned (Ramsay, 1967, p. 44)
and can be graphically illustrated by means of Nadai’s (1950)
stress diagram (Fig. 11). Stress states are described in terms of
the principal stress magnitudes; of the vertical principal stress
oy and of the two horizontal axes aligned in two arbitrary
directions gy and gy,. The Nadai diagram is a 2D projection of
a three-axis Cartesian graph, in which stress states are
represented by points oy, oy and o,. By viewing the 3D
graph along a direction inclined equally with respect to the
three axes, i.e. along the direction gy =oy= 0}, information
about the hydrostatic stress component of the stress tensor is
sacrificed but with the desirable result that projected points on
the Nadai diagram describe only the three principal deviatoric
stresses of the stress state. Stress states plot at a distance from
the origin that conveys the overall level of deviatoric stress.
This form of display is well suited to the modelling of stresses
in terms of their ® values, because ® describes a characteristic
of the deviatoric stress tensor and is independent of the
hydrostatic stress. Contours of constant @ form radial lines and
the general orientations of the principal stress axes are
portrayed in relation to sectors of the graph corresponding to
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Fig. 10. Under assumptions of plane strain and a Poisson’s ratio of 0.16, compressive stress states consistent with fault reactivation lie on straight lines and depend on
the angle of sliding friction. The stress ratios of stress states compatible with plane strain are shown as shading. For friction angles in the range 20-40°, the

reactivating stresses have stress ratios varying from 0.3 to 0.1.

normal, strike-slip and thrust stress orientations (Fig. 11). A
practical benefit of the Nadai diagram is that it displays the
results of stress superimposition in a simple and direct manner.
The superimposition of two stress states is performed on the
plot as a vector addition (Fig. 10b).

We use the Nadai diagram to consider the ® values of the
stress tensors resulting from the superimposition of tectonic
and overburden stresses. The latter are stresses with ,> oy =
oy, and are represented by points like L in Fig. 11c. Many
tectonic stresses, with all possible orientations and ® values but
with constant magnitude, plot as points lying on a circle
centred on the origin (Fig. 1lc). The resulting combined
stresses are given by the assemblage of points on the circle
translated by the overburden stress vector. Depending on the
relative magnitude of overburden, the stress points migrate out
of the thrust field, through the strike-slip fault field and into the
field of normal fault orientations. A prediction of this model is
therefore that stresses with ‘normal’ orientation would
dominate, whilst the number of thrust orientations would
become depleted as the overburden stress increases. This
agrees with their observed relative abundances in our compiled
data. Fig. 12 shows the results for different levels of
overburden stress relative to the tectonic stress. For overburden
stresses that are low in magnitude compared with the tectonic
stress, the average ® of the combined stresses is close to 0.5.

The average & rises to 0.6 as the relative level of the
overburden stress increases to 1.1, but thereafter falls with
increasing overburden. If the overburden stress reaches a level
double the tectonic component the average ® falls to 0.32. To
obtain the observed average ® of 0.29 would require a value of
overburden stress equal to 2.3 times greater than the tectonic
stress component.

In this simulation of the effects of stress superimposition the
distribution of ® changes with magnitude of overburden
(Fig. 12). As the overburden component increases there is a
loss of symmetry so that the distributions become positively
skewed.

5.3. Other factors affecting stress ratios

Since the majority of the stress analyses come from regions
where the bedding show gentle dips (<20°) it is likely that the
relative magnitudes of horizontal and vertical stresses are
influenced by anisotropy of elastic properties. In addition, the
presence of preferred orientation of faults prior to their
reactivation will impart mechanical anisotropies on the rock
mass. However, no attempt has been made here to anticipate
the possible effects on the average stress ratios.

Another issue not considered in detail is the effect of the
magnitude of the intermediate principal stress on the strength
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Fig. 12. Average stress ratio (®) and the distribution of ® values obtained from the stress modelling explained in Fig. 11, where an axial overburden stress is
superimposed on tectonic stresses of constant magnitude, but with a complete range of ® and axial orientations. The average ® value of 0.29, observed in natural
palaeostress results, is produced by an overburden stress that is 2.29 times greater (in terms of the octahedral shear stress) than the tectonic stress component.

of the rock mass. At least in relation to newly formed fractures,
some authors have suggested (reviewed by Paterson, 1978, p.
39) that the shear strength may increase with o,. Also, in
relation to reactivation of existing faults, the increase in
average normal stress concomitant with higher o, may have the
effect of inhibiting reactivation when the @ value is high and
thus possibly leading to a relative dominance of reactivation
under low @ stress states.

6. Discussion and conclusions

The results of palaeostress analysis are not necessarily a
reflection of typical stress states in the crust; they are a record
of stress states at abnormal times of fault reactivation. For this
reason the dominant stress configurations observed in this
survey may not be comparable with average ‘snapshot’ stress
conditions in the upper crust.

The preferred orientation patterns of the axes of the
compiled stress tensors are quite unlike those expected from

random sampling of a uniform orientation distribution. In
particular, there is a strong tendency for one of the stress axes
to have a near-vertical orientation. Our analysis of results is in
general support of the ‘one vertical axis’ theory of Anderson
(1951). On the other hand, in 25% of the sampled tensors the
steepest axis deviated by more than 25° from the vertical. This
could be due to the fact that Anderson’s assertion would not
apply to deeper depths away from the Earth’s free surface. In
addition, deviation from verticality could be due to non-
horizontal topography, to body rotation, or folding may have
affected some sites after reactivation, to mechanical inhomo-
geneities, or to complex deflection of stress trajectories in the
vicinity of large-scale faults or other relatively weak horizons.
Whatever the causes, our study indicates that it would be
unwise to apply methods of stress inversion that assume that
one stress axis is always vertical, though this may be justified in
particular local regions.

Stress orientations corresponding to normal and strike-slip
faulting are most common within the assembled palaeostress

Fig. 11. Use of the Nadai diagram to illustrate the modelling of stress superimposition. (A) The principal stress axes are assumed to be parallel to three reference
directions; one vertical (¢,) and the other two horizontal (a7}, o). (B) Nadai stress diagram with plotted stress states A and B. Diagram represents the 2D projection
of the stress state onto the octahedral plane. Distances of plotted points from the origin are proportional to the magnitude of the deviatoric stresses expressed by the
octahedral shear stress (see Orife and Lisle, 2003). Superimposition of these stresses is performed by vector addition. (C) Nadai diagram, shaded according to ®
values. Tectonic stresses with complete range of orientations and shape ratios define a circle T (white). The stress states have equally distributed ® values. When a
vertical overburden stress is imposed, the combined stresses form a circular pattern displaced upwards (grey). Stress states with @ > 0.5 are more frequent than @ <
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results (40 and 39%, respectively.), followed by thrust
configurations with only half the frequency (21%). It cannot
be discounted that this observation is in part due to the fact that
the sites of the compiled analyses are located preferentially in
certain different tectonic settings.

In terms of stress ratios, there is a general lack of stress
states of high ® type, with 75% of ® values lying between 0
and 0.5. This confirms the suggestion of Lisle (1979) who, in
the infancy of palaeostress analysis, noted a preference for low
® values. There are several possible explanations for these
patterns, including the modification of tectonic stresses by
superimposition of ® =0 stress components due to overburden
loading. This idea accounts for the relative dominance of stress
orientations corresponding to normal faults, but does not
explain well the shape of the frequency histograms of natural ®
values. However, the importance of the simulated histograms
should not be overemphasised, since they depend strongly on
the assumed nature of the tectonic stress tensors.

An alternative explanation put forward to explain the
observed distribution of ® values involves the assumption that
crustal strains show some tendency towards plane strain. This
leads to stresses with @ =0.5 or lower, depending on the value
assumed for Poisson’s ratio. According to this, the abundance
of ® values less than 0.5 is ascribed to volume reduction during
deformation. In this respect this explanation is similar to that
used by Ramsay and Wood (1973) to explain the prevalence of
prolate shapes of finite strain ellipsoids.

In summary we have demonstrated that palaeostress tensors
exhibit well defined patterns, both in terms of principal stress
orientations and in terms of stress ratios. Regarding the latter,
we are unable to ascribe the observed pattern to one particular
effect, though we have been able to identify a number of
possible contributing factors.
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Appendix A. Distribution of plunges of the steepest stress
axes for random stress states

For the o, axis, the probability of a given plunge angle (x;),
expressed as a multiple of that expected from a uniform
distribution, is:

Py = cos(xy)

For a given x;, the plunge of a5, (x,), is given by:
sin(x,) = sinp,sin(90 —x;) = sinp,cos(x)
where p, is the pitch of o5 in the g,03 plane.

The stress axes o, and g3 have random pitches in the g,03
plane. The pitch of o, (= p,) corresponding to the situation that

x1 equals x, is given by:
sinp, = sinx;/cosx; = tanx;

i.e. p, (when x; equals x2)=sin71(tan X1).

It can be shown that the probability that x; > x; and x; >x3 =
(p2—45)/90.

There is no solution when x; >45°. This implies that there is
no line in the 0,03 plane with a plunge steep enough to exceed
the plunge of ;. Therefore if the plunge of any axis is greater
than 45° that axis must be the steepest one.

A.1. What is the minimum plunge of a steepest axis?

When x; equals x,,
Py = sin”! (tanx;)

By setting p, equal to 45° in this equation, we discover the
least possible plunge for a steepest axis. This is tan™ (sin 45) =
35.26°.

The probability that a plunge of x; is the steepest axis is
therefore found to be proportional to:

cosx;, when x;>45°

cosx{sin '[tanx,] —1}/45, when 45°> x; > 35.26°
and
0, when x; <35.26°

This theoretical distribution of the steepest axis is shown
in Fig. 1. Maximum frequency occurs for a plunge of 45°, a
feature very different to the distribution of the steepest axes
from compiled stresses. Therefore the latter are clearly not
random but possess a significant preferred orientation in a
vertical orientation. The modal plunge is approximately 80°.
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