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AbstractÐA standard palaeostress analysis was carried out by applying a sequence of the Right Dihedra, y±R
diagram and Etchecopar methods to 37 fault samples collected in Miocene deposits of the central Ebro Basin.
This gave rise to 37 standard solutions which show a pervasive multidirectional extension stress regime for this
region. Owing to the possible low de®nition of the horizontal stress axes in this type of stress regime, the
results were then submitted to a stability test by subsampling the initial data sets. The level of stability of the
solutions is good, as de®ned by the di�erences between successive solutions and the standard one. Most indi-
vidual stress tensors so obtained di�er by less than 158 in s3 azimuth and 0.1 in stress ratio R= (s2ÿ s3)/
(s1ÿ s3), respectively, from the corresponding standard solutions. Furthermore, the application of the Central
Limit Theorem by averaging solutions from groups of subsamples demonstrates that the majority of the stan-
dard stress tensors are quite exact. The regional homogeneity of the ®nal results is interpreted as a further
proof of reliability.

Stability and reliability increase as the sample size grows. There is no `magic' number of data which separ-
ates reliable from unreliable stress solutions, but a quantitative approach allows us to estimate the expected
error and the associated probability for each sample size. A su�cient stability may be accomplished using
monophase fault samples from 25±30 faults, and it does not increase signi®cantly for samples larger than 40
faults. For samples under 20±25 faults in uniaxial stress regimes (especially in multidirectional extension), the
subsampling/averaging technique may be a useful tool. This method also allows testing and, in some special
cases (these where subsample mean tensors provide stable results that systematically di�er from the initial
standard tensor), improving stress solutions. # 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

The type of stress regime where the s1 axis is vertical
and s2 approaches s3 is usually designed as radial or
multidirectional extension (Armijo, 1977). Obviously,
the stress ellipsoid need not to be exactly uniaxial, so
s2 and s3 may be slightly di�erent. In the case of
s2=s3 the stress state will be referred as pure multi-
directional extension. This type of tectonic stress is
common in intraplate zones which have undergone
slight to moderate extensional tectonics, frequently ac-
companied by vertical uplift: Arabian Platform
(Hancock et al., 1987), Iberian Chain, Jaca Basin and
Ebro Basin, within the Iberian Peninsula (SimoÂ n-
GoÂ mez, 1989; Turner and Hancock, 1989; Arlegui and
SimoÂ n, 1993), South Wales (Dunne and North, 1990;
Caputo, 1995).
Orthogonal, grid-lock joint patterns (Hancock et al.,

1987) perhaps constitute the most pervasive structural
style in this tectonic environment (Fig. 1a). Although
they have sometimes been attributed to successive frac-
turing episodes under changing external forces (Park,
1983; Hancock, 1985), recent works have demonstrated
that they can be a consequence of internal, small-scale
stress redistribution within stable multidirectional
extension stress ®elds. Brie¯y, when a primary set of
tensional fractures develops normal to s3, the release
of tension causes swapping of the s2 and s3 axes and,

eventually, the formation of new fractures abutting the
former ones at right angles (SimoÂ n et al., 1988; SimoÂ n-
GoÂ mez, 1989; Caputo, 1995). The presence of such or-
thogonal joint systems allows a very accurate interpret-
ation of the s2 and s3 trends, although no quantitative
approach to the stress ratio can be made.

Quite di�erent is the case of faults. In some cases,
multidirectional extension gives rise to systematic con-
jugate normal faults, following either one or two or-
thogonal strikes (Fig. 2a & b). However, very often
they show a high variability of directions; in some
extreme cases they make up `complete strike fans'
(Fig. 2c) or develop conical fault surfaces (Fig. 1b).
The reconstruction of palaeostresses from striated fault
populations is an important tool for tectonic interpret-
ation, which has been broadly performed in a variety
of structural settings. However, it has some di�culty
in providing reliable results in near uniaxial extension
regimes. For instance, if we use any current method,
based on Bott's equation (Bott, 1959), we normally
obtain a precise value of the stress ratio, but the direc-
tions of the horizontal stress axes may not be well
de®ned owing to the similarity between s2 and s3.
Some scepticism about the reliability of the inferred
orientations may then arise, so that a further test
beyond the standard analysis is necessary.

In this paper we show the results of applying sys-
tematically a test of reliability to palaeostresses
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Fig. 1. Di�erent fracture styles in multidirectional extension stress ®elds; examples from the central Ebro Basin, Spain
(see location of outcrops in map of Fig. 3). (a) Orthogonal joint system (station Zar-2). (b) Conical fault surface (station

Rem-2).
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obtained from a number of fault samples measured in
Neogene deposits of the central Ebro Basin. The calcu-
lated stress ratio R= (s2ÿ s3)/(s1ÿ s3) is close to 0
in most cases, and indicates that the regional stress
®eld corresponds to a multidirectional extension
regime. First we will analyse the stability of stress ten-
sors by means of a `subsampling' technique similar to
that used by Reches et al. (1992). Afterwards, we will
demonstrate that the stable solutions so obtained are
reliable, that is to say they are representative of the
total fault population and they express the actual
stress ®eld. At the same time we are discussing an im-
portant methodological question in palaeostress analy-

sis: the minimum number of data necessary for an
accurate de®nition of the local stress tensor.

GEOLOGICAL SETTING

The Tertiary Ebro Basin, located in the northeastern
Iberian Peninsula, is framed by three mountain ranges,
the Pyrenees, the Iberian Chain and the Catalonian
Coastal Ranges (see Fig. 3). The tectonic development
of those chains controlled the structural and sedimen-
tary basin evolution. Nevertheless, the Ebro Basin
evolved mainly as the southern foreland basin of the

Fig. 2. (a) Conjugate normal faults in station Meq-13 (equal-area plot of planes and striations, lower hemisphere).
(b) Two orthogonal systems of conjugate normal faults (station Rem-2). (c) Normal faults showing a `complete strike

fan' (station Lon-8).
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Fig. 3. Map of extensional palaeostresses in the central Ebro Basin. Arrows indicate the directions of s3 obtained as
®nal solutions in the analysed stations; arrow size relates to R value. Stress ratio R= (s2ÿ s3)/(s1ÿ s3).
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Pyrenees, and most of its structural features are related

to this tectonic situation. The basin is nearly asym-

metric, with its deepest trough under the Pyrenees (the

depth of the pre-Tertiary substratum increases north-

wards, reaching values of 4000 m under the sea level

below the Pyrenees; Riba et al., 1983). The Ebro Basin

is also an intraplate region within the Iberian plate,

and was a�ected by the tectonic evolution of the

northeastern Iberian peninsula during the Neogene age

(SimoÂ n-GoÂ mez, 1989).

The studied area is located in the central part of the

Ebro Basin. Most rocks are of Oligocene±Miocene age

(including clastic, evaporite and carbonate facies) of a

¯uvial and lacustrine origin (Riba et al., 1983). The

beds are almost ¯at-lying except where there are local

buoyant rise of evaporites or map-scale normal faults

with associated roll-over anticlines. The main macro-

structural feature in the area is the LogronÄ o±SaÂ stago

syncline (Quirantes, 1978; Arlegui et al., 1997), a wide

NW±SE-trending fold of gentle dipping (up to 4±68)
located along the Ebro River.

STANDARD RESULTS OF PALAEOSTRESS
ANALYSIS FROM FAULT POPULATIONS

Palaeostress analysis has been performed from fault

populations collected in 37 outcrops in the central

Ebro Basin. The faults a�ect Miocene limestones and

marls showing horizontal or gently dipping bedding

(see Table 1). A total of 1012 decimetric- to metric-

scale fault planes and striations have been measured

and analysed. Most of them are normal faults dipping

from 55 to 758 and showing striation pitches from 75

to 908. Only a very few strike-slip faults were observed.

The sense of movement has been determined in the

majority of faults by observing kinematical indicators,

usually Riedel fractures (secondary synthetic fractures

and lunate fractures, both types appertaining to the

group R of Petit, 1987).

The analysis of data has been made by using a

sequence of three methods, each one providing a

di�erent approach to the stress determination problem,

whose joint usefulness has been broadly tested in the

Table 1. Characteristics of the measure stations, fault samples and stress tensors inferred from them. See location of sites on the map of
Fig. 3. The standard solutions are obtained by applying the combination of Right Dihedra, y±R and Etchecopar methods (see explanation in
text). The ®nal solutions arising from the subsampling/averaging technique are listed only for stations in which they di�er from the standard

solutions. Their s1 axes are near vertical in every case, so that only orientation of s3 and stress ratio Re = (s2ÿ s3)/(s1ÿ s3) are given

Standard solution Final solution

Station UTM Bedding
No. of
faults s3 Re s3 Re

Buj-26 31TBF582904 Horizontal 29 135, 00 0.03 ?
Cas-11 30TYM323045 Horizontal 23 116, 00 0.02
Cas-33 30TYM228117 Horizontal 8 097, 05 E 0.24 ?
Cas-34 30TYM81991 Horizontal 28 153, 01 S 0.07 150, 01 N 0.09
Fab-3 31TBF761685 Horizontal 29 136, 02 S 0.04 144, 01 S 0.09
Fab-08 31TBF Horizontal 25 136, 07 W 0.03
Fab-10 31TBF711692 Horizontal 24 140, 00 0.20
Fab-11 31TBF734679 Horizontal 48 141, 02 W 0.25
Fab-13 31TBF685643 Horizontal 8 132, 08 S 0.31 ?
Fra-1 31TBF730994 Horizontal 22 123, 04 E 0.09 ? ?
Fra-2 31TBG688105 Horizontal 8 083, 06 E 0.06
Fus-1 30TXM245616 Horizontal 52 101, 02 E 0.22 ?
Fus-2 30TXM307507 046 11 N 15 102, 10 W 0.28
Fus-3 30TXM313498 058 08 S 21 097, 05 E 0.23 0.20
Fus-16 30TXM245612 074 06 N 47 110, 02 E 0.42 0.27
Fus-24 30TXM242615 Horizontal 14 103, 00 0.10
Fus-27 30TXM246608 Horizontal 56 108, 06 W 0.48
Ge-2 30TYL252974 Horizontal 20 149, 02 W 0.02 162, 01 E 0.06
Ge-16 30TYL218813 Horizontal 15 146, 10 E 0.07 153, 10 E
Ge-22 30TYL106864 Horizontal 20 136, 03 E 0.02 154, 05 W 0.10
Lan-34 30TYM063340 Horizontal 10 128, 11 E 0.05
Lec-9 30TYM054330 Horizontal 25 087, 02 E 0.45 0.39
Lon-7 30TXL755862 Horizontal 16 017, 01 N 0.16
Lon-8 30TXL690872 Horizontal 38 115, 02 E 0.01 ? 0.04
Lon-18 30TXL687947 Horizontal 54 124, 02 E 0.01
Lon-22 30TXL640882 Horizontal 70 132, 00 0.01
Meq-10 31TBF877857 Horizontal 19 141, 01 W 0.02
Meq-13 31TBF837919 Horizontal 36 146, 00 0.10
PenÄ -9 31TBG523044 Horizontal 18 061, 00 0.04 0.06
PenÄ -22 30TYM437040 Horizontal 12 132, 11 W 0.00 ?
PenÄ -30 30TYM435052 Horizontal 13 139, 02 W 0.06
Rem-1 30TXM718432 085 11 S 30 006, 01 S 0.02 0.04
Rem-2 30TXM693483 Horizontal 34 102, 00 0.05
Tud-1 30TXM175624 Horizontal 35 111, 00 0.27
Zar-1 30TXM738001 Horizontal 14 101, 00 0.14
Zar-2 30TXM595065 Horizontal 54 068, 00 0.05 0.58, 01 W 0.07
Zar-7 30TXM704002 Horizontal 22 055, 09 W 0.06
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past years (Casas et al., 1990, 1992; Casas and
Maestro, 1996; Arlegui, 1996) and enables the com-
plete de®nition of stress tensors:

(a) Right Dihedra method (Pegoraro, 1972; Angelier
and Mechler, 1977). This is a simple geometrical
approach which provides an initial estimate of stress
directions.
(b) y±R diagram (SimoÂ n-GoÂ mez, 1986). It is a 2D ap-
proximation in which one of the principal stress axes is
supposed to be vertical, so that tensors may be rep-
resented only by two parameters: y (azimuth of the
maximum horizontal stress, sy) and R (stress ratio in
Bott's equation, R= (szÿsx)/(syÿsx)). The y, R pairs
satisfying one individual fault give rise to a curve; the
`knots' where these curves intersect show a preliminary
spectrum of all possible solutions and their relative
weight in the whole fault population (especially useful
in the case of polyphase tectonics).
(c) Etchecopar's method (Etchecopar et al., 1981;
Etchecopar, 1984). This is a numerical method which
allows the exploration of the solutions suggested by
the y±R and Right Dihedra diagrams. These solutions
will eventually be con®rmed and re®ned in order to
obtain the ®nal, complete solution: 3D orientations of
the three principal stress axes and stress ratio. Among
the variety of numerical methods sharing a similar
approach, Etchecopar's is a particularly strong
method. Based upon the minimization of the angles
between real and theoretical striations, it allows the
separation of di�erent stress tensors by means of an
adequate management of the percentage of data sub-
mitted to minimization. In monophase populations a
satisfactory solution is normally obtained for 80±90%
of faults, thus rejecting 10±20% of spurious data. In
suspected polyphase populations the initial required
percentage should be lower (30±50%); the program
chooses the best ®tting faults representing this initial
percentage, which are then discarded in order to ®nd a
second stress solution.

In our case, the ®rst two methods usually provide
ambiguous results owing to the radial or multidirec-
tional character of the extensional stress. An example
is shown in Fig. 4 (station Rem-2, see location in
Fig. 3). In the Right Dihedra diagram (Fig. 4a) almost
every horizontal direction is compatible with an exten-
sional axis for 90% of faults. In the y±R diagram
(Fig. 4b) the curve intersections do not show any clear
`knot' but a long band with two near orthogonal max-
ima; the high R ratio is well established (indicator of
radial extension) whereas the azimuths of s2 and s3
are not de®ned. Unfortunately, this graphical ambigu-
ity does not disappear if a similar method such as pro-
posed by Fry (1992) is utilized. Grid methods, as those
proposed by Etchecopar (1984, Monte Carlo method),
Galindo and GonzaÂ lez (1988) and Gephart (1990),
provide a similar exploration of possible solutions.
They would be of interest in the case of polyphase

populations; nevertheless, in a single phase population
like ours, the Right Dihedra and y±R diagrams per-
form this initial exploration as well. The method of
Etchecopar et al. (1981) always gives an accurate cal-
culation of the optimum s3 direction and R ratio. For
instance, in station Rem-2, a stress tensor similar to
that represented by the left knot in the y±R diagram
has been chosen as the best solution (Fig. 4c).
However, the errors estimated by the computer pro-
gram are sometimes too high (in this case, error of s3
azimuth = 598) and the result may not necessarily be
reliable.

The stress tensors obtained after standard analysis
using these methods have been compiled in the corre-
sponding columns of Table 1. Details of situation, bed-
ding and number of faults in each outcrop are also
given. All these stress tensors have been taken as
standard solutions which will be next submitted to the
stability test.

STABILITY OF STRESS SOLUTIONS: THE
SUBSAMPLING TEST

If an actual palaeostress state was responsible for
the fault striations observed in an outcrop, the former
should be able to be inferred from any representative
sample of such striated faults. That is to say the analy-
sis of any random combination of a su�cient number
of data should give stable results.

In order to check for such stability, and with inspi-
ration from statistical bootstrapping techniques, each
fault population explained by a standard solution has
been submitted to subsampling by discarding a number
of data at random. The number of discarded data is
progressively increased, so that subsamples become
smaller and approach the absolute minimum number
(four faults) needed for obtaining an algebraic sol-
ution. As an example, in station designated as Fab-11,
the following subsampling sequence has been carried
out starting from an initial sample of 48 faults: four
subsamples of 40±45 faults, seven subsamples of 33±38
faults, 10 subsamples of 25±30 faults, 11 subsamples of
16±20 faults, 11 subsamples of 10±15 faults and 13
subsamples of six±nine faults. It is not advisable to
take subsamples very close to the initial number, since
they are expected to show a behaviour which resembles
too closely the original sample. Neither is it advisable
to take subsamples under six faults.

Following the former criteria each station gives rise
to a number of subsamples (normally between 20 and
60 in number) which are separately submitted to analy-
sis by the Etchecopar method. Almost every fault
sample represents a monophase population, that is to
say it may be adequately explained by a single stress
tensor. Nevertheless, the standard tensor need not be
compatible with exactly 100% of the extensional
faults. So the percentage introduced for running
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Etchecopar's program should be adjusted in each case
in order to optimize the solution according to the
usual criteria for this method. In our analysis this
percentage ranged from 80 to 100%. Only in one case
(station Fab-03) a second compressional stress state
has been inferred; the faults corresponding to this sec-
ond tensor have been discarded and the stability
analysis has been applied to the main extensional
tensor.
Figure 5 shows the results of applying the stability

test to the station Fab-11 (see location in Fig. 3).
Di�erences between the s3 azimuth obtained from
each subsample (S3sam) and that of the standard sol-
ution (S3std) are plotted vs the subsample size (Fig. 5a).
In the same way, di�erences in R values (RsamÿRstd)
are also plotted (Fig. 5b). The absolute values of these
di�erences are obviously larger for small subsamples
(less stable solutions). Figure 5(c±f ) shows the mean
values and standard deviations of the two former par-
ameters (S3samÿS3sta and RsamÿRstd) calculated for

every group of subsamples of the same size. Standard
deviations clearly express how variability diminishes as
subsample size increases; the deviations decrease sig-
ni®cantly for subsamples over 15 faults and become
practically zero for subsamples larger than 35 faults.

On the other hand, the mean values show another
interesting (and perhaps surprising) result: for every
sample size the mean di�erence (S3samÿS3std ) is close
to 0. In practice, as the obtained s3 axes are always
very close to horizontal, this implies that the direction
of the mean s3 vector practically equals that of the
standard solution (azimuth of mean s31S3std). Mean
values of RsamÿRstd are a little more variable, but they
also approach 0. So the mean stress tensors obtained
from groups of subsamples are very close to the stan-
dard tensor from the initial, relatively large sample.

The same test described above for the station Fab-
11 was applied to each of the 37 stations studied in
the region. The results show signi®cant di�erences in
the stability of their solutions. Many stations provide

Fig. 4. Example of standard stress analysis of a fault population (station Rem-2). See location on map of Fig. 3 and
equal-area plot of fault data in Fig. 2(c). (a) Right Dihedra diagram (Schmidt net, lower hemisphere); isolines express
the percentage of faults compatible with an extension axis. (b) y±R diagram; y is the azimuth of the maximum horizontal
stress sy; R= (szÿsx)/(syÿsx); the shaded ellipses indicate the zones showing the highest density of curve intersections,
and so the optimum stress tensors. (c) Results of Etchecopar's method: stereoplot of the inferred stress axes,
Re = (s2ÿ s3)/(s1ÿ s3); histogram of angular deviations between actual striation and theoretical shear component on

each fault; Mohr diagram where the planes corresponding to the explained faults are plotted.
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stress results as good as those of Fab-11, whereas
others show instabilities either in orientation (s3 azi-
muth) or stress ratio. Three examples are compiled in
Fig. 6. Instabilities in s3 azimuth are easier to be

found, logically, in cases of fault populations showing
`complete strike fans', such as station Lon-8 (see
equal-area plot of fault data in Fig. 2c). For this
case, the R ratio has been calculated with an accept-

Fig. 5. Results of applying the stability test to the station Fab-11 (see location in Fig. 3). Number of faults of the initial
sample: 48. Number of subsamples analysed: 56. S3sam: azimuth of s3 obtained for each subsample. S3std: azimuth of s3
corresponding to the standard solution. Rsam: stress ratio (s2ÿ s3)/(s1ÿ s3) of tensors obtained for each subsample. Rstd:
stress ratio of the standard solution. Abscise: number of faults of subsamples. (a) and (b) Individual results for each sub-
sample. (c) and (d) Mean values for groups of subsamples of the same size. (e) and (f ) Standard deviations for groups of

subsamples.
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able precision (Fig. 6b), whereas the orientation of s3
is completely unstable for samples of every size
(Fig. 6a). Instabilities in R ratio are mainly found in

near conjugate fault systems such as found in station

Fus-3; the corresponding fault sample provides a good

determination of the stress axes (Fig. 6c) but gives less

precise values of stress ratio (Fig. 6d). We should
remember that, according to Bott's equation, the direc-

tion of movement on any fault plane parallel to one of

the principal stress axes does not depend upon the R

Fig. 6. Summarized results of stability tests applied to stations Lon-8 (a & b), Fus-3 (c & d) and Cas-34 (e & f ). The
di�erences (S3samÿS3std) and (RsamÿRstd) are plotted for each subsample (open circles) together with the corresponding

means for groups of subsamples of the same size (black circles).
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ratio (Bott, 1959). Station Cas-34 represents an inter-
mediate, quite usual level of stability (Fig. 6e & f).
Nevertheless, the whole results of stability tests

applied to the 37 studied stations suggest that the

stress solutions listed in Table 1 are in general quite
stable. These results are summarized in Fig. 7 using
the same format as Fig. 5. The tendencies pointed out
in the station Fab-11 are now con®rmed and region-

Fig. 7. Synthetic results of the stability test for the whole of stations studied in the region. Number of stations/samples:
37. Number of subsamples analysed: 1781. The plotted variables are the same as those of Fig. 5.
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ally extended. Both (S3samÿS3std) and (R3samÿR3std)
di�erences tend to approach 0 as subsample size
increases (Fig. 5a & b). This tendency is stronger for
mean values obtained for groups of subsamples of the
same size (Fig. 7c & d). Most of the mean s3 direc-
tions and mean R values di�er less than 108 and 0.1,
respectively, from the standard solution, even for quite
small fault numbers. Finally, standard deviations
plotted in Fig. 7(e & f ) show that the dispersion of
results increases for small subsamples, though most
subsamples over 10 faults show standard deviations
under 208.
Some useful methodological consequences arise from

the above analysis. We can consider that any of our
arti®cial subsamples might be an actual sample directly
measured in the outcrop. So the stability shown by
these subsamples may be seen as the stability of equiv-
alent actual samples of the same characteristics. The
following conclusions can be stated:

(1) The precision or stability of palaeostress solutions
from fault population analysis logically depends upon
the sample size. So, as a general rule, data collection
should be as intensive as possible.
(2) In multidirectional extension regime, the
Etchecopar method provides very precise and stable
palaeostress solutions using monophase fault samples
from about 25±30 faults. Stability does not increase
signi®cantly for samples larger than 40 faults. No
stability test is required in such cases.
(3) The stability of results diminishes for samples under
25 faults, although the dispersion extends symmetrically
around the standard solution. This pattern seems to be
present even for samples close to the minimum necess-
ary for the algebraic determination of the stress tensor
(four faults). This allows the application of the sub-
sampling/averaging technique: dividing the initial sample
into groups of subsamples progressively smaller; apply-
ing the Etchecopar method to those subsamples, and
obtaining the mean result from each group. The simi-
larity of these mean tensors to each other, as well as the
dispersion pattern of the solutions obtained from the
whole of subsamples, will express the level of stability of
the result. Figures 5 and 6 enable us to compare
examples of good quality, stable solutions and poor
quality, unstable solutions, respectively. The ®rst ones
show a very small dispersion for large subsamples, and
the instability systematically increases as subsample size
diminishes (Fig. 5). Poor quality solutions are character-
ized by random patterns showing high dispersion vir-
tually for every subsample size (Fig. 6a & d).

RELIABILITY OF STRESS SOLUTIONS: THE
EXTENSIONAL STRESS FIELD IN THE EBRO

BASIN

After seeing that our stress solutions are quite stable

we also need to prove that they are reliable. From the
statistical point of view, reliability implies that the
result obtained from a sample is representative of the
whole population. For our purpose, reliability means
that the stress solutions are not an artefact, and that
they really represent tectonic stress states which actu-
ally existed in the region. We will discuss this problem
using both statistical and geological arguments, in
order to obtain a believable model of the regional
Neogene stress ®eld in the Ebro Basin.

A precise measure or a stable result need not be
exact. They may contain systematic errors caused by
bias either in measuring or analysing. Evaluating exac-
titude implies the knowledge of the `true' measure or
result, which only can be rigorously accomplished by
other independent approaches. In our case, the use of
regional joint sets might constitute such an indepen-
dent approach for reconstructing palaeostress direc-
tions. But, unfortunately, they are only partially
syngenetic with respect to faults, and their interpret-
ation involves many problems derived from the super-
position of di�erent stress ®elds (Arlegui, 1996).

A statistical approach to the meaning and reliability
of our stable palaeostress results is feasible by applying
the Central Limit Theorem. After this theorem, if we
take a number of samples from a data population
which is quite large with respect to the sample size, the
sample means show a normal distribution around the
mean of the population (Till, 1974). This will occur for
virtually all types of distributions. In our case we are
not dealing with simple means of values, but with
mean stress tensors obtained from fault data after a
complicated analytical procedure. Nevertheless, Stuart
(1984) demonstrated that the Central Limit Theorem is
also true in this case.

Reches et al. (1992) proposed a procedure of
palaeostress analysis which is based upon this principle
and allows stability checking of palaeostress results in
a similar way to that used in this work. These authors
improved the inversion method of Reches (1987) by
means of an evaluation of the con®dence limits, which
is accomplished by sampling with replacement. In their
calculations the original cluster of K faults is
resampled with random selection of additional
samples, each with K faults. This implies that the ad-
ditional samples may contain some of the original data
more than once. The mean parameters of the tensors
obtained from these samples show a normal distri-
bution around the mean stress tensor for the original
population (Stuart, 1984).

According to this theory, the mean stress tensors
represented in Figs 5(c & d), 6 and 7(c & d) for groups
of subsamples (which may be seen as true, diverse
samples corresponding to the same fault population)
should be considered as the best approach to the
actual palaeostress states. Of course it is always necess-
ary to be sure that those mean tensors constitute a
stable ensemble.
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In most cases the application of these criteria
enables to state that the standard solutions listed in
Table 1 are quite reliable. This occurs when the basic
parameters de®ning the mean tensors (s3 azimuth, R
ratio) approach closely those of the standard solution
for every subsample group (see Fig. 5c & d). In a num-
ber of cases, the parameters of those mean tensors are
quite stable but diverge systematically from the stan-
dard tensor in a given quantity. For instance, sub-
samples from station Cas-34 show systematic
di�erences (S3samÿS3std)1ÿ 38 and (R3samÿR3std)1+
0.02 (Fig. 6e & f ). Then the solution should be revised
considering the new results provided by the sub-
sampling/averaging technique. In the previous
example, the standard stress parameters listed in
Table 1 for station Cas-34 (s3: 153, 01 S; R= 0.07)
were modi®ed to s3: 150, 01 N; R= 0.09. Slight modi-
®cations of this type were made in 12 stations (see
Table 1). Finally, in a few samples, the instability of
the mean tensors does not allow us to decide if the
standard solution is the `exact' solution, but neither do
we have any criterion for modifying the former. A
question mark is then written in the corresponding col-
umn of Table 1.
Geological arguments for the reliability of palaeos-

tress results come from the comparison of the stress
tensors obtained all over the studied region, namely
the central Ebro Basin. The ®nal solutions adopted in
each site after applying the subsampling/averaging
technique (which di�er very little from the standard
solutions, as we have seen) are compiled in the map of
Fig. 3. The homogeneity of most results (both the s3
directions represented in the map and the R values)
should be interpreted as a proof of reliability. It is not
believable that a random compilation of arti®cial,
spurious solutions may give rise to such consistent
stress pattern. So they should express an actual re-
gional stress ®eld.
The main feature of the stress ®eld expressed by

Fig. 3 is the dominant NW±SE trend of s3 trajectories.
Nevertheless, some spatial variations may be noticed.
In the northwestern sector s3 axes are mainly ESE,
whereas in the central-southeastern sector they turn to
SE or SSE. This is accompanied as well by a change in
R. In the northwestern corner this parameter ranges
between 0.10 and 0.48 (mean = 0.28), so it is signi®-
cantly higher than the mean value in the rest of the
studied region (0.10). As we explain in the following,
this di�erence may be interpreted in the light of the
tectonic evolution of the Ebro Basin. The last was con-
trolled during the Neogene by two di�erent geo-
dynamic mechanisms, each one giving rise to its own
primary stress ®eld (Arlegui, 1996): (a) a N±S intra-
plate compressional ®eld related to the convergence
between Europe, Iberia and Africa; (b) a multidirec-
tional extensional ®eld linked to vertical isostatic
movements in the boundary between the Pyrenean
orogen and the foreland Ebro Basin. The N±S com-

pression has been broadly documented from fault
population and joint analysis in the Ebro Basin and
surrounding areas (SimoÂ n, 1989; Hancock and
Engelder, 1989; Hancock, 1991; Arlegui and SimoÂ n,
1993; Arlegui, 1996). The isostatically-controlled exten-
sion mainly a�ected the central and southeastern zone
mapped in Fig. 3, where di�erential vertical move-
ments concentrated into several NW±SE-striking base-
ment faults. As they moved, they induced the
development of normal faults of the same direction in
the Tertiary cover, which may be observed as a highly
penetrative tectolineament system in satellite images
and aerial photographs (Arlegui et al., 1994, 1997;
Arlegui and Soriano, 1996). The intensity and horizon-
tal trajectories of the extensional stress ®eld were
strongly controlled by this regional set of NW±SE
faults. To the northwest their in¯uence was nil, so that
only the intraplate stress ®eld is registered, showing
N±S compression which evolves to coaxial E±W exten-
sion during the Miocene. In the central and southeast-
ern Ebro Basin the resulting regional stress ®eld may
be interpreted as a superposition of both stress ®elds,
although dominated by the local multidirectional
extension. This shows NW±SE-trending s3 stress axes,
parallel to macrostructural discontinuities, which may
eventually undergo switching with the s2 axes (see
stress directions obtained in stations Zar-2, Zar-7,
Lon-7, PenÄ -9, which trend near orthogonal to the
regional tendency).

A QUANTITATIVE APPROACH TO THE
INFLUENCE OF THE SAMPLE SIZE

In the previous sections we have seen how stability
and reliability of palaeostress results increase as fault
sample size increases, and how they can be estimated
by using the subsampling/averaging technique. Now a
further quantitative analysis of the previous results is
necessary in order to answer two practical questions:

(a) What is the error and the probability associated
with each palaeostress solution according to the
size of the data sample?

(b) How can we decide the minimum number of data
for de®ning an acceptable stress tensor? Is there
any `magic' number of faults which marks the
boundary between `bad' and `good' solutions?

This new approach has been made by reprocessing and
simplifying the data plotted on Fig. 7(a & b). We have
reduced the symmetrical distributions showing positive
and negative deviations of S3 and R to absolute devi-
ations. At the same time, we have substituted the scat-
ter plots by two synthetic diagrams representing
deviations of the two variables (S3samÿS3std) and
(R3samÿR3std), respectively (Fig. 8a & b). Each diagram
is made up by two percentile curves, 70 and 95%. As
these curves show some irregularities in the actual data
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distribution, the smoothed equivalents have been
superposed by ®tting exponential functions.
These curves can provide the answer for the ques-

tions stated before. First, the probable error in each
case may be read directly. As an example, the
smoothed curves of Fig. 8(a & b) indicate that 70% of
stress tensors inferred from samples of 20 faults show
a deviation of s3 lower than 88 and a deviation of R
lower than 0.04 with respect to the optimum solutions;
and 95% of them show a variation lower than 378 and
0.12, respectively. These variations may be considered
as an estimate of the errors associated to an initial
monophase sample of 20 faults, with a probability of
70 and 95%, respectively.
The question of the minimum sample size that

should be used for de®ning the stress tensor depends
upon the level of probability that we require. With a
probability of 70%, it is evident that a sample of 15
faults (recommended by Etchecopar, 1984) may be
enough to de®ne the tensor with an error of only 138
in s3 and 0.06 in R (Fig. 8). With a probability of
95%, obviously these numbers increase considerably.
Unfortunately, there is no `magic' number of faults
which clearly separates reliable from unreliable sol-
utions, but the reported results may be a handy refer-
ence for facing the problem.
All these results have demonstrated to be useful for

estimating palaeostress reliability in the Ebro Basin,
where the fault samples used for their de®nition were
collected. But, owing to the high number of data
involved, they can also be a guide for evaluating
palaeostress interpretations in other regions of the
world a�ected by multidirectional extension stress
®elds. We should only remember that the level of
ambiguity associated with the de®nition of stress direc-
tions in our case (with s3 being very similar to s2) is
higher than that in cases of triaxial stress ellipsoids. So
the errors expressed by curves of Fig. 8 are probably
the maximum which may be expected. The size of fault

samples in other more favourable stress regimes prob-
ably needs not be so large for attaining a certain level
of stability.

CONCLUSIONS

The reliability of palaeostress interpretations from
striated fault populations may be checked by applying
a test based upon a subsampling/averaging procedure.
The use of this test is advisable in areas undergoing a
near multidirectional extensional stress ®eld (s1 verti-
cal, s21s3), such as the case of the central Ebro Basin.
In these areas, it is sometimes di�cult to de®ne exactly
the trends of the horizontal s2 and s3 axes, so that the
reliability of results obtained by means of standard
analysis may be questioned.

As a general rule, the stability of palaeostress sol-
utions increases as the sample size grows. In multidirec-
tional extension regime, the method of Etchecopar et
al. (1981) provides very stable standard solutions from
monophase fault samples made up by about 25±30
faults; for samples under 25 faults the results scatter,
whereas the stability does not increase signi®cantly for
samples larger than 40 faults. The level of stability of
the solutions is generally good. Most of individual
stress tensors obtained after subsampling the initial
data set di�er less than 108 in s3 azimuth and 0.1 in
stress ratio from the corresponding standard solutions.

According to the Central Limit Theorem (Till, 1974)
and its application by Stuart (1984), stress tensors
obtained by averaging solutions from groups of sub-
samples are more representative of the whole popu-
lation than the result from a single sample. In any
case, our ®nal s3 directions and R values obtained by
means of the subsampling/averaging technique only
di�er slightly with respect to the standard solutions
computed from the initial samples (up to 188 for s3
azimuth and 0.15 for R). If those standard solutions

Fig. 8. Absolute deviations of stress tensors obtained from subsamples of di�erent sizes, expressed for percentiles 70%
and 95% (derived from diagrams of Fig. 7a & b). (a) S3 deviations. (b) R deviations. Dotted: actual curves. Solid:

smoothed curves drawn by ®tting exponential functions.
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would be only artefacts produced by random combi-
nations of data one can expect that they would be
quite a lot more unstable, so that any eventual spur-
ious solution would vanish immediately after choosing
any other fault subsample. On the other hand, the
homogeneity of the ®nal results all over the region
(both the s3 directions and R values represented in the
map of Fig. 3) should be interpreted as a proof of
reliability. So they should represent an actual regional
stress ®eld.
The minimum number of faults needed for de®ning

the stress tensor depends upon the error allowed and
the level of con®dence required. According to our
results, the relation between these parameters within
the multidirectional extension stress ®eld of the Ebro
Basin is shown in curves of Fig. 8. With a probability
of 70%, a sample of 15 faults may be enough to
obtain an acceptable result (error of only 138 in s3 and
0.06 in R). If 95% con®dence is required, a sample of
30 faults is needed for accomplishing errors under 258
and 0.08, respectively. As a practical rule, data collec-
tion should be as intensive as possible. Monophase
fault samples should necessarily include more than 15
faults, although measuring 25±30 will be better. On
the other hand, no signi®cant improvement will be
obtained for samples exceeding 40 faults.
These results should be considered as a general

reference for evaluating stability and reliability of
palaeostress reconstructions in near uniaxial stress
regimes. They probably represent a less favourable
case than triaxial stress states, in which errors in stress
axis orientations are expected to be smaller. The sub-
sampling/averaging technique needs not to be con-
sidered as necessary in every palaeostress analysis.
Stability and reliability of stress tensors inferred from
samples larger than 25±30 faults are guaranteed for
most uniaxial and triaxial stress states. If a bad result
arises from a sample of such size, it will probably be
due to some bias, and it will not be improved by any
procedure. Only for samples under 20±25 faults in uni-
axial stress regimes (especially in the quite usual case
of multidirectional extension) may the subsampling/
averaging technique be a useful tool. It allows testing
and, in some special cases (those where subsample
mean tensors provide stable results which systemati-
cally di�er from the initial standard tensor), improving
of stress solutions.
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