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Summary

In this study, we modify and extend a data analiesbinique to determine the stress orientations
between data clusters by adding an additional cainstgoverning the probability algorithm. We
apply this technique to produce a map of the mawinhorizontal compressive stres$;fqx)
orientations in the greater European region (inagdeurope, Turkey and Mediterranean Africa).
Using the World Stress Map dataset release 200&btagn analytical probability distributions of
the directional differences as a function of thgudar distancef. We then multiply the probability
distributions that are based on pre-averaged datanwd < 3° of the interpolation point and
determine the maximum likelihood estimate of tg,,, orientation. At a given distance, the
probability of obtaining a particular discrepancgctkases exponentially with discrepancy. By
exploiting this feature observed in the World Strédap release 2008 dataset, we increase the
robustness of oufy,., determinations. For a reliable determination o thost likely Sy, qx
orientation, we require that 90% confidence linhis less than £60° and a minimum of three
clusters, which is achieved for 57% of the studgaamwith small uncertainties of less than +10° for
7% of the area. When the data density exceeds 08adta/kni, our method provides a means of
reproducing significant local patterns in the <refeld. Several mountain ranges in the
Mediterranean display 90° changes in thg,,, orientation from their crests (which often
experience normal faulting) and their foothills {(@hoften experience thrust faulting). This pattern
constrains the tectonic stresses to a magnitudéasito that of the topographic stresses.
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1. Introduction

This study aims to exploit the high data densityhaf World Stress Map release 2008 (hereinafter,
WSMO08) (Heidbachet al., 2008) in the greater European region (includingoge, Turkey and
Mediterranean Africa) to gain additional informatioon short-wavelength stress sources.
Knowledge of the local stress field helps to idgnfpotential slip on pre-existing favourably
oriented fault planes (e.g., Sibson et al., 20jta&ise et al., 2012) and has an impact on seismic
hazard assessment, geodynamics, hydrocarbon extmoitand global-to-regional-scale tectonics
(Carafa & Barba, 2011; Herget & Heidbach, 2011; $Btii & Sibson, 2012). However,
interpolating or smoothing the stress orientatiohglustered and scattered data requires several
assumptions and approximations.

Rebai et al. (1992) studied the irregular spatial distributioh stress data by determining the
maximum horizontal compressive streSg,{,,) orientations on an irregular triangular elemend g
with the locations of grid nodes dependent uporspiaial distribution of the data. For clusterg th
nodes were collocated at the centre, whereas farsspdata, the nodes were placed at data
locations. At each node, Relmtial. (1992) computed an avera§g,, ., orientation by smoothing
the Symax data within a specified distance from the nodeis Tdistance was assumed to be
proportional to the size of the smallest triangtereected to the node. Ti$g,,,, average was
weighted by the quality factor assigned to thesstdatum and by the scale factor associated with
the type ofSy,.4 indicator (decimetres to metres for borehole boe#k kilometres for focal
mechanisms). Within the triangular elements, th@ahwalues were linearly interpolated.

Lee & Angelier (1994) reconstructed the 2D regigmahcipal palaeostress axis orientations using
two different approaches. In the first approacte Hiress orientations were represented by a
polynomial function of flat-Earth coordinates. Toeefficients of the polynomial were determined
using weighted least-squares to fit the measSggg,, orientations, with the weight of eash,,,»
datum dependent upon its uncertainty. In the see@pdoach, théy,,,, data were also weighted
by a power-law function of the distance. The secapgroach provided better results, indicating
that proper distance weighting is essential insstisterpolation.

Coblentz & Richardson (1995) quantified long-wawgfh trends in the globdly,,., orientations
and stress regime patterns using the World Stregs ddtabase release 1992 (hereinafter, WSM92;
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Zoback, 1992). The authors binned fhg,,, data into 582 5°x5° cells. Of the 382 bins contan

at least twoSy,,4, Orientations, Coblentz & Richardson (1995) estedatvhich bins had non-
randomSy,,q Orientations with standard deviation <25° by ergplg a Rayleigh test at the 90%,
95%, and 97.5% confidence levels. The test asstima¢sandonSy,,., orientations follow a von
Mises normal distribution (Mardia, 1972). The hypegis that stress orientations are random in
WSM92 was rejected at the 97.5% confidence levellfly out of 382 bins, suggesting that large
portions of intra-plate regions have coherspt,,, orientations and are primarily in a state of
compression.

Assuming two-point conditional probabilities, Bir@l Li (1996) empirically determined the
probability distributions of the angular differescéalso called discrepancies) in tB8g,,qx
orientations based on WSM92 data. They used twooappes: one that accounted for the quality
factor and one in which the clustered data wereagezaged. Although both concepts are
important, they have not yet been implemented sanebusly. Neglecting the quality factor results
in the underweighting of the most accurate dateeredis when clustered data are used, the uneven
data sampling causes a loss of precision thattisamily included in the error estimates.

Mualler et al. (2003) determined théy,,., Orientations using the nearest-neighbour regressio
method. The authors compared two approaches ugimey a fixed search radius or a fixed number
of nearest neighbours. The smoothing was perforaegid points, with the data weighted by both
guality and distance. In particular, the qualityigi® was 1 for rank A, 0.75 for rank B, 0.5 for kan
C, and 0 for ranks D and E (see Zoback (1992) fdesxription of the quality factors). The distance

weight was expressed as a tricube weight function:

3
llx=xil\>
W %) = {[1 (=] for -l <R
0 otherwise
wherex; is the position of théh data point and R is either the fixed searchusdr the distance to

the (N+1)-th nearest neighbour. Milletr al. (2003) performed checkerboard-like synthetic tests
and verified that using a fixed search radius sfgrable for recovering the stress domains. To
avoid interpolating stress orientations in areapaafr data coverage, minimum threshold values for
the sum of the quality and distance weights weggested. The approach of Milletral. (2003)
proved to be flexible and capable of providing erpe&ical model of the stress processes. However,
this approach is sensitive to outliers and suffdien the data density is low.

Rather than using discrete weights, several grdams, Hardebeck & Michael, 2006; Arnold &
Townend, 2007) have developed methods to propadmestervational errors as formal uncertainties
IN Symax, Which comprise mainly focal mechanisms. Hardeb2dWichael (2006) used a damped

inversion method to determine stress on a gridcliminimises the difference between adjacent
Stress in Europe with confidence limits | Page 3
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points. The damped inversion removes the stresationt artefacts exhibited by undamped
inversions and resolves stress rotations bettertiaving-window approaches. Arnold & Townend
(2007) developed a Bayesian formulation for estingattectonic stress orientations, which
combines a geologically based prior stress modéfaral mechanism observations, including their
precisions. Their technique produces the posteiemsity function of the principal components of
the stress tensor and of the stress-magnitude, natich have been used to determif)g, ..
following the approach of Lund & Townend (2007).

Heidbachet al. (2010) calculated the glob&};,,,., Orientations by smoothing stress data that were
weighted by both quality and distance. The distamemhting function wasnin(1/D,1/20 km),
where D is the distance between the data locaiidrgad point and min represents the minimum of
the two arguments. The quality weights were 1/1801and 1/25 for A-, B-, and C-quality data,
respectively. Th&y,,4, Orientations were defined if there were at least WSMO08 data within the
variable search radius and if the weighted standaxdation was<25°. Pierdominici & Heidbach
(2012) introduced an additional condition that da¢a be located in two diagonal quadrants, with at
least 10 WSMO08 data within the search radius. Nwstraints were placed on the standard deviation
in their study.

In this paper, we aim to address three major isgshas have not previously been resolved
simultaneously: the scatter 8y,,,, Orientations, the uneven sampling of stress data, the
correlation of stress orientations with distancee Wiodified and extended the clustered data
analysis technique used by Bird & Li (1996) by amdia constraint governing the probability
algorithm for estimating 4, Orientations. Given the intrinsically clusteredura of earthquakes
and the uneven sampling of boreholes, we pre-agdratustered data and updated the empirical
probability distributions using the WSMO08. In agremt with the data, we modelled the
probabilities as exponentially decreasing with @ipancy, thereby compensating for the low data
density. AnSy.qax Orientation was assigned to each interpolatiomtpibithree conditions were
satisfied: a) a minimum of three clusters; b) 90&tfience limits less than +60° and c) a
maximum search radius of 327 km.

The resulting stress maps have 90% confidencesliofiless than +45° for 38% of the study area
and uncertainties of less than +30° for the 19% fdsults presented in this work cover 57% of the
entire study area. Ouky,,,, Orientations overlap with 28% of those in Heidbathl. (2010); the
spatial distributions of the two stress fields #nerefore complementary. Where the two maps
overlap, the results differ by more than 30° fotyo2%% of our study area. The stress orientations
determined using our method are generally congistéh the Sy,,,, Orientations obtained using

geological indicators, earthquakes, and numericadlets. Our method is able to detect several

Stress in Europe with confidence limits | Page 4



131
132

133

134
135
136
137
138
139
140
141
142
143
144
145
146
147

148

149
150
151
152
153
154
155
156
157
158
159
160
161

small-scale (20-50 km) stress perturbations, thefgdtter constraining and complementing the

stress field determinations available elsewhetbeérliterature.

2. Data and method

Based on previous studies of stress interpolatiom,angular differences (discrepancies) between
two Symax Orientations tend to increase with distance deradtively, the closest,,,., datum to

an interpolation point is weighted most heavily.td various data weighting algorithms suggested
in the literature, we adopted the approach of BrdLi (1996). In this approachSy,q. IS
determined at each integration point using two-poonditional probabilities and assuming all of
the WMSO08 data to be independent. The conditioraahility of an event is the probability of that
event occurring given that another event has ajreadurred. In terms of conditional probabilities,
the Symax Orientation represents the azimuth with the higlpesbability of occurring given the
neighbouring WSMO08 data. We defined the empiriead-point conditional probability based on
the stress data (see subsection 2.1) and the i@ablyirobability using least-squares fitting
(subsection 2.2). We then used the declusterindhadetdf Bird & Li (1996) and the analytical
probabilities to determine tt#;,,,,, orientations. We applied our method to study shatelength
patterns over a wide area (total extent of 2.7%h) from 30W to 40E longitude and 25N to 76N
latitude, roughly corresponding to the geograpbaation of the greater European region.

2.1. Data

We used théy,,,,,, data records from the WSMO08 dataset (http://wwwidvstress-map.org). Each
stress datum was assigned a quality factor betwesmd E, with A being the highest quality and E
the lowest. The standard deviations of A-, B-, &l D-quality data records are within £15°, £20°,
+25°, and +40°, respectively. E-quality data resondve standard deviations greater than 40°. The
WSMO08 dataset consists of 21,750 data recordshafhwl6,961 have qualities of A-C; these data
form approximately 1.4xf0unique pairs, representing a significant improvenover the 1.8x10
data pairs obtained by Bird & Li (1996) using WSM3he data density increased from 0.012%10
data/knf in WSM92 to 0.041x18 data/kni (0.033x10° data/kni for A-, B-, and C-quality data) in
WSMO08. North America, Europe, and China are thetrdessely sampled zones. Within Europe,
ltaly and Switzerland have the highest data dessitivith an average of 3x¥@ata/kn? (Fig. 1).
However, many locations in Anatolia, the Hellenic Athe Pyrenees, Northwestern Europe, and the
North Sea have densities exceeding 0.7xd#ta/kn.

Stress in Europe with confidence limits | Page 5



162 2.2. Empirical probabilities

163 The angle between any pair (r,s)5%f,., data points on Earth is the discrepafiayefined by Bird
164 & Li (1996) as follows:

B =mingl ;| — v, +Ys — &g + m x 180°, (1)

165 where m is an integer between -3 andy3,andy, are the local azimuths of the great circle
166 connecting the two data points, atnd andag are theSy,., azimuths relative to North (Fig. 2).
167 Our first step was to determine the number of WSMaBs as a function of the discreparficgnd
168 range (or angular distance) Following Bird & Li (1996), we used 30 3°-widecsers forp and
169 150 concentric annuli fd¥. The annulus is defined such tha#,,_; < 6 < 6,,, with

0, = cos {1 —2(n/150)Y/1-9}, (2)

170 The WSMO08 dataset is 3.5 times larger than the WShi#taset available to Bird and Li (1996)
171 (6,000 data points), for which they usee- 0.4. The larger dataset can be exploited by increasing
172 either the number of discrepancy bins (e.g., usitiger binning for) or the number of annuli at
173 short range (i.e.¢ > 0.4). Based on a series of tests, we chose the laggon. We selected
174 & = 0.6, which enabled the investigation of short rangbgeaavoiding high uncertainties for some
175  Symax Orientations.

176 We used 150 annuli for the rangeand 30 3°-wide sectors for the discrepancy afgiesulting in

177 a total of 4,500 bins. Each bin was identified twp tindices,n(6) andi(g), such that the range
B

3°

179 to the nearest integer. The number of data paitBiweach bin can be represented by a matrix

178 angled lies within the bound8§,,_; < 6 < 6,, and the index is given byi = =+ 1, rounded down

180  Cjp)n(o) Of integers.
181 The probability that a discrepanfyat range falls into angular bin i is given by

Dig)no) = Cipyneo)/ 21321 Cineo)- (3)

182 Given a datumr with azimuthe,., we can define the two-point conditional probapik (k(«a,)|as)
183 for any azimuthag at any range anglé determined by the appropriate angular bi(D < a <
184 180; k =1...60):

1
P(k(a;)|as) = 3 Dig)neo), (4)

185 where the factor of /2 avoids the double counting of pairs (there are passible azimuths for the

186 samef value for each data pair).

Stress in Europe with confidence limits | Page 6
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Fig. 3a supports our choice effor the investigation of short ranges. The prolizs decrease
sharply for the first three annuli with= 0.6, whereas smaller values effail to capture this
probability variation, resulting in a uniform prdbbty distribution. For example, witlz = 0.4,
Annulus 1 contains the upper limit set to 1.76°,evdas fore = 0.6, this upper limit falls in
Annulus 6. Due to the increased number of datatp@nWSMO8 compared to the WSM92 dataset,
the finite sample effect for each bin was on thaeoof 2%, similar to the value found by Bird & Li
(1996) in their analysis of the WSM92 dataset.

We divided the WSMO08 dataset into five classes iting to the quality factor that was assigned to
each data record. The probability distributions evef comparable width for the A-, B-, and C-
classes (Fig. 3b) and substantially narrower tloarihfe D- and E-classes for all ranges. The D- and
E-quality data exhibited a large scatter in thebphlity distribution at short ranges, indicating a
lack of correlation. We therefore discarded the48,8ata records with D- or E-quality factors and
considered only WSMO08 data with A-, B-, or C-quafaictors in our analysis.

The high probability of finding small discrepancegsshort range¥(= 0°) does not exclude local
scatter, as illustrated in Fig. 3c by the non-zprobabilities of high discrepancies fh These
discrepancies are related to the repeatability lnd tneasurements, depth variability, or
heterogeneities in the material properties. Foltlmyvithe approach of Barbet al. (2010), we
estimated the repeatability error at zero distance ¢(0) by interpolating the standard deviation
o versus the rang@ using the following equation:

() = a+ b + cO°5. (5)

The error waw, = 4° + 1° for A-quality data (Fig. 4a)s, = 10.9° + 0.6° for B-quality data, and
o, = 13.2°+ 0.7° for C-quality data. Combining the A-, B-, and Catjty data yieldso, =
11.8° £+ 0.5° (Fig. 4a).

The inclusion of D-quality data would worsen theulgs, given the large scatter in the probability
distributions for all discrepancies (Figure 3b).eThesults are affected by both the larger
uncertainties for small discrepancies in D-qualit§a and the larger biases for larger discrepancies
An alternative is weighting the A-, B-, and C-qtyldata proportionally to the errar, (Eqg. 5),
which essentially gives a higher weight to A-qualitata. Although formally correct (Arnold &
Townend, 2007), given the relatively low numberAe§uality data compared to B- and C-quality
data, the different weighting would have a neglgileffect on the results while making the
procedure more complex. However, this point mayrdmmnsidered in the future when a greater

number of A-quality data are available.

Stress in Europe with confidence limits | Page 7
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For 6 < 3°, the correlation between data pairs is high aedptfobabilities of large discrepancies
are small, whereas fér > 6°, the discrepancy probabilities do not show anwificant trends (Fig.
3c). Following Bird and Li (1996), we define a swraineasure of the correlation as follows:

T2, D; ( 6 )
Y30, D)

I,,,(WSM08) =
i.e., the ratio oD (Eq. 3) for “small” discrepancie® K f < 30°) to D with “large” discrepancies
(60° < B <90°). Bird & Li (1996) reported a quasi-exponentiald& of I.,,.(WSM92) out to a
range of 22°, whereds,,.(WSM08) exhibited a quasi-exponential decrease for atjear(Fig. 4b).
To improve the detail at short range, we used thgircal probabilities fo® < 3° (Annuli 1 to 8)
instead o9 < 22°, as adopted by Bird & Li (1996). The choice of thpper value 06 depends on
the complexity of the study region. For examplempared to the Pacific Basin in the Tertiary
period, the Mediterranean/Tethyan Basin is of simdomplexity and has a similar number of
subduction zones, yet much shorter along-strikéadces. Therefore, the stress fields associated
with subduction, mountain ranges and perhaps hgnglabs in the Mediterranean have relatively
short length scales compared to those of the aglifess fields. Thus, using lower cutoff values
than those used in global modelling allows the Itggm of these smaller features.
The exponential trend of the probabilities confirthe hypothesis of Bird & Li (1996) that the
“correlation horizon” at a range &f = 22° is due to uneven sampling of Earth in WSM92. The
decreased ringing if,,.(WSM08) with respect td,.,,.(WSM92) is due to the eightfold increase in

the number of unique pairs in WSMO08.

2.3. Analytic probabilities and interpolation method

The probability distributions (Fig. 3a) follow axponential law for all annuli. If few data are
considered, the probabilities do not behave expain which explains why this behaviour has
not been observed previously. Based on highly ssfak regressions R¢ > 0.99), we
parameterised the empirical probabilities of E¢.a@follows:

P*(k(a,)|as) = P (ky|s) = P} + Piexp(—6/8,), (7)

where P* denotes the analytic probability afg, P; and P; are constants determined from a
nonlinear least-squares fit to the empirical proldads P (Eg. 4) within the annulus. In this
equation, we simplified the notation by using theeger indices ands in place of the azimuths,
anda,. The values of,, Py, andP; for Annuli 1-8 are listed in Table 1.

Let x be a point at which we wish to estimate the stoggmtation, and let us select the WSMO08

data points within a range 6§, (Eq. 2). The probability of the azimuthsafalling into bink given

Stress in Europe with confidence limits | Page 8



247 one datumr is P*(k,|r) (Eq. 7). Although the presence of independent datasily formalised
248 through probability multiplication, clustered datequire further analysis. A pair of stress data
249 pointsr ands form a cluster if

P*(s|r) > maxiy s P*(ilx) , (8)
250 i.e., the two-point conditional probability efands is larger than the highest possible conditional
251 probability with respect to the interpolation point The opposite guarantees that the data are
252 independent. Note that this definition of indepermedepends on distance; a pair of data points can
253 Dboth be independent for interpolation points loddietween the data and form a cluster when they
254 are far away from the interpolation point. Afteretltlusters have been defined, a two-pass
255 procedure is applied. In the first pass, the chestelata are pre-averaged, resulting in a setligf fu
256 independenty,, ., Orientations. This set consists of pre-averaged dad data points determined
257 to be independent according to Eq. 8. In the sepaisd, thesy,;,,,,,, Orientation is interpolated to
258 The pre-averaged values of the clustered data lat@ned in the first pass using the two-point
259 conditional probability distributions, assuming aaimuthal dependence between the data. For
260 simplicity, we omit the cluster index. Th&,,,,, orientation of the cluster is assigned to its
261 geographical centre, hereinafter denotedzbynd is determined using the maximum likelihood
262 method. For each trial azimuth, defined by an ieteglue ofk, (k, = 1, ..., 60 with 3° bins), we
263 compute the probability as

Pulks) = 5o0 i Gty )

264 where N is the number of stress data forming tbhetel. The maximum-likelihood estimate of the
265  Symax Orientation at the cluster centrés a, = (kz — %) 3°, wherek, is the integer that maximises

266  Py(k,). This operation is performed for each cluster.

267 In the second pass, th®;,,,, orientations are interpolated to. To identify the now fully
268 independent orientations, we call them “clustensd dabel them as regardless of whether they
269 arose from pre-averaging. For each trial azimutifingd by an integer value d¢, (k, =
270 1,...,60with 3° bins), we calculate the probability as

N *
<4 P (kxlc)
N, s )
290 Tely P (ixle)

Py (ky) = (10)

271 whereN, is the number of clusters within ran@g (Eqg. 2). However, the index is omitted in Eq.
272 (10) for simplicity. The maximum likelihood estineabf theSy,,., Orientation at interpolation

273 pointx is

Stress in Europe with confidence limits | Page 9
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o = (ko —3)3°, (11)

wherek, is the integer that maximisé¥, (k,) in Eq. (10). The 90% confidence interved is

determined using the following equation:

f;j_*fof‘p;;,(a;mod180°) da), = 0.90, (12)
where py (a;mod180°) is the functional form corresponding to the disem;(k,) and “mod”
indicates the remainder of the integer divisiongduso account for the periodicity of,. This
procedure allows the uncertainties due to datdeseag (shown in Fig. 3 and included in Eq. 10) to
propagate into the posterior uncertainfies(Eq. 12).
We adopt two conditions to ensure a well-defifggl,, orientation: a)N, = 3 within a specified
range#, and b)Aa < 60° for the N clusters. The upper limit of the 90% confidencteival
(Aa < 60°, corresponding te-2¢0 in a normal distribution) accounts for the errssaciated with C
qualities (¢ = 30°), the most common quality factor in WSMO08. Thersbdegan with Annulus 1
(61 < 0.22°) and increased stepwise up to Annulugg8< 3°). We selected the first annulas
(and thus the smallest range) that satisfied botiditions. However, if the conditions were not met
by Annulus 8 (the upper limit), then we did notigesanSy,,., orientation to the interpolation

pointx.

3. Stress interpolation in Europe

We interpolated the WSMO08,,., Orientations using data-driven analytical weiglstributions
after pre-averaging the clustered data in the &mma 30W to 40E longitude and 25N to 76N
latitude. We weighted by distance and discrepanay adopted thresholds for the number of
clustersN, and the 90% confidence limitsAa. The threshold values determine the interpolated
stress orientations,, (Eq. 11) and limit the area in which the stressraations can be recovered
(Table 2). We illustrate our results with example&urope.

Stress orientations were determined for 57% ofstuely area. The zones with the smallést
values are the Apennines, the Dinarides, the Alsstern Turkey, and the Aegean Sea. We found
Aa < 15° for 3% of the study areda < 30° for 19% of the area, antlx < 45° for 38% of the
area (Fig. 5). This fraction of recovered stressmations is satisfactory and comparable to those
obtained in other studies (e.g., Heidbathl., 2010). The search radius was smaller than therupp
limit of Annulus 3 @5 < 0.86°, 96 km) for a large part of continental Europe #mel Norwegian
Sea (Fig. 6). Conversel§y.,.x Was not recovered in the Atlantic Ocean, North&fnca, or

Russia due to the scarcity of data in those lonatidheS,,,,,, orientations were interpolated using

Stress in Europe with confidence limits | Page 10
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3 < N < 4 (average number of dafté = 4.87) for 28% of the study are&,< N, < 8 (average

N = 8.89) for 22% of the study aref,< N, < 12 (averageV = 16.05) for 5% of the study area,
and N, > 12 (averageN = 31.42) for 2% of the study area (Fig. 7). Due to thehhdgnsity of
uniform data, the stress orientations were caledlafsing largeéV, values and short ranges in the
Pyrenees, Central Italy, and Romania. Lakgevalues and long ranges were used in the Western
North Sea, Tyrrenian Sea, Western Alps, and lo&aa due to locally scattered WSM83,,,
orientations. Our results are provided in both nuerend map form at a resolution of 0.1°% 0.1° as
an electronic supplement to this article (TableaBd Fig. S1).

The Symax Map (Fig. Al, available in the auxiliary materiaisplays the same main features
already described in the literature in relationhi® European stress field (Mulleral., 1992; Golke

& Coblentz, 1996). The stress pattern in Northwesteurope (Figure 8a) is dominated by long-
wavelength features and follows the NW-SE patteqpeeted for a stress field produced by plate-
scale forces (Mulleet al., 1992; Golke & Coblentz, 1996; Mullet al., 1997). Therefore, plate
boundary forces are likely the main factor coningjlthe stress orientation in Northwestern Europe
(Goeset al., 2000). Scandinavia exhibits scattered stressiatiens (Fig. 8b), likely due to a
combination of plate boundary forces, glacial iabst adjustment, and local heterogeneities
(Bungumet al., 2010). However, no clear radial pattern can b&eoled, indicating that rebound
stresses are either spatially limited or of relindow magnitude. Théy,,., Orientations in Iberia
display substantial variability (Fig. 8c). The sgefield has a complex pattern; first-order
compressive stresses, such as the Atlantic ridgk pnd Eurasia-Africa convergence, interact with
and are perturbed by local stress fields, suchasfting of the Valencia Trough and topographic
loading (De Vicentet al., 1996; Andewegt al., 1999; Liesa and Simon, 2009).

In ltaly (Fig. 8d), the NNW- SSEy,,,., Orientations mark the extension in the ApennirBan€io

& Lavecchia, 2000; Carminatt al., 2001; Barbaet al., 2010), whereas th&;,,,, in the Adria
microplate corresponds with the active Adria-Ewmasimpression (Kastelic & Carafa, 2012; Barba
et al., 2013). Th&y,,,4, Orientations in the Eastern Mediterranean rotaim fNNW-SSE to NW-
SE in the Marmara Sea and to E-W in the Northergede Sea (Fig. 8e). This pattern follows the
lateral extrusion of Anatolia and the N-S direcbattkarc spreading caused by the rollback of the
Hellenic subduction zone (Taymaeizal., 1991; Herget & Heidbach, 2011; Petrigtal., 2013).
Short-wavelength features are scattered througiheumap of the interpolatef);, ., orientations.
Short-wavelength patterns typically arise from tauseterogeneities, topographic effects, and
sharp variations in the kinematics; we describesva €xamples associated with these different

causes.
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Crustal-scale local stress sources, such as laterslity contrasts, rifting processes, and diapiris
interfere with regional stresses and can resulfjp,, reorientation depending on the stress
magnitudes and angular differences. Such a phermmeccurs in Vrancea and the Southeastern
Carpathians (Fig. 8e) and has been extensivelyestiny Mulleret al. (2010), who inferred that the
high variability in the stress orientations indesthat the stresses generated by local sources are
similar magnitude to the regional stress. In that@é Adriatic (Fig. 8d), theSy,,,, Orientations
also arise from an interplay between the regiotr@sses, caused by the Adria-Eurasia collision
(Kastelic & Carafa, 2012), wrench tectonics, anltlgiapirism (Grandic & Markulin, 2000; Geletti

et al., 2008; Korbar, 2009). A more extreme case is #etegnmost part of the Po Plain, where
Sumax takes on an E-W orientation (Fig. 8d), which isantrast to the regional N-S compression,
as determined from earthquakes and geodesy (Carmingadacca, 2010; Caporadt al., 2011).
The smoothed orientations are instead determinadguthe WSMO08 data closest to the
interpolation point, which reflect the sedimentamyilling of the Po Plain. The rotation of these
stress data with respect to the regional trendbeaascribed to differential sediment compaction,
favoured by the presence of anticlines and largatans in the sediment thickness. The shallow
E-W orientations ofy,,,, due to the tensional, strike-slip stress fielé aepth of approximately
1,200 m are perpendicular to the deeper N-S otiens of Sy,,,,, due to the compressive stress
field near the main detachment (Carmiretal., 2010). In this specific case, the three closash d
points are iso-oriented and represent the sedimami$ our algorithm captures the local and
shallow tensional stress field induced by the dé#iftial sediment compaction. However, applying
our algorithm to a different dataset (e.g., thdaegl moment tensors calculated using the method
of Herrmanret al., 2011) yields N-Sy,,4, Orientations.

In the case of topographically induced stré&gs,,, can align with a mountain chain at the highest
elevations and rotate perpendicularly to the claithe foot of the belt (Assameur & Mareschal,
1995; Carminatiet al., 2004). This short-wavelength pattern is evidenthe interpolated stress
map for the Pyrenean domain (Fig. 8c) and the Easted Western Alps (Fig. 8d). However, the
pattern is less evident in the Southern Scandes @8) due to the relative scarcity of data there.
Parallel trends inSy,,.x and the isohypses are typically interpreted as gpesading of
topographical crests at high elevation in mountaind as gravitational collapse at mountain bases
(Deckeret al., 1993; Herraizt al., 2000; Sueet al., 2007; Pascal & Cloething, 2009; Bungamn
al., 2010). In Southern CypruS;;. follows a N-S orientation (Fig. 8d), supporting thresence

of a relatively small collision zone between Cyparsd the Eratosthenes Seamount, which is a

faulted block that has been uplifted by 1,500 mpr@yg and its surroundings are characterised by
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NE-SW Symax Orientations (Fig. 8e) that correspond to theisiolh between Sinai and Anatolia
(Wdowinskiet al., 2005).

Another observed short-wavelength feature is thddlen change in tectonic style. Moving from
extension to compression implies a rotation ofdiness tensor and a consequent rapid reorientation
of Symax- This phenomenon is observed in the Northern Apemsnand Hellenic Arc. As we move
from the extension of the Apennines to the compoessf the eastern coastline, tI$g;,.
orientations rotate by 90° within a few tens ofokiletres and turn perpendicular to the External
Apennines thrust faults (Scrocca, 2006; Basili &tizg 2007; Carafa & Barba, 2011). Along the
Hellenic Arc, similar transitions from extensiondompression and subsequent abrupt reorientation
of stresses occur in the Central Epirus (Northeeliddides) and the shallow marine zone between
the lonian Islands and mainland Greece (in the ot Hellenides) (Papanikolau and Royden,
2007; Jolivett al., 2009; Papanikolaet al., 2011).

4. Validation

Independent validation is required to understarel degree to which the modelled stress field
represents genuine features in Earth’s crust. Wionneed two comparisons: one with synthetic
data and one with similar studies available inliteeature.

We ran a synthetic checkerboard test to evaluage significance of short-wavelength stress
patterns. The a priori stress flow lines were agemhin 110-km squares, with the stress patterns
perpendicular to each other in adjacent squatgs,, orientations were assigned to points at 0.2°
intervals (Fig. 9). This synthetic data distributicorresponds to a data density of 2.05%10
data/knf. To produce three additional synthetic datasgts,,, orientations were randomly chosen
with assumed data densities of 1.21%Idata/knd, 0.81x10° data/kmd, and 0.37x18 data/kn.
These values are typical of the WSMO08 data dessfte much of Europe (Fig. 1), whereas the
dimension of the squares and perpendicigar,, orientations represent possible stress targets. We
applied the interpolation procedure described m fhevious section to each of the four datasets
(one equispaced and three generated randomly) tlsengame threshold valueB (= 3, Aa <

60°, andf < 2.94°) and a spacing of 0.2°. To quantify the agreent@tiveen the a priori and
recovered checkerboards, we defined a correlatidex as the fraction of the recover&g,, .
orientations differing by less than 5° from theiadiorientation. As expected, the checkerboard was
fully recovered (correlation index equal to onej fbe equispaced synthetic dataset (2.05%10
data/knf). For the three random datasets, the correlatidicés were 0.93 (for 1.21xT@ata/knd),

0.82 (for 0.81x18 data/knf), and 0.70 (for 0.37x1d data/kni). The stress patterns were
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satisfactorily recovered, both visually (Fig. 1@)daaccording to the correlation index. This test
demonstrates that our interpolation procedure eaalve the short-wavelength stress pattern in the
parts of Europe with data densities similar to ¢hoensidered here. In areas with very low data
densities (such as Scandinavia and Northern Afrib&)S,. Orientations represent the regional
trend and can only be determined using longer m(#enulusn = 6 — 8, 2.05° < 6 < 2.94°).

To compare our results with those obtained in sinstudies in the literature, we selected the works
of Heidbachet al. (2010) and Pierdominici & Heidbach (2012). We agaplied the Bird & Li
(1996) procedure (with pre-averaging and using Bl & Li (1996) empirical two-point
conditional probabilities calculated in WSM92) toSM08 data. They,,,, Orientations obtained
with our method are significantly closer to tho$édeidbachet al. (2010) than to those obtained by
applying the method of Bird & Li (1996) to WSMO8i¢F 11). This difference arises partly from
the algorithm — the range cutoff was= 22° for the global modelling of Bird & Li (1996) versu

6 = 2.94° in our case — and partly from the new set of ciooral probabilities based on WSMO08.
Given the number of data points, the number of wmipairs in WSMO08 is eight times larger than
that in WSM92. This increase in the number of ¢etias permits the investigation of shorter ranges
and the resolution of greater spatial detail thamBird & Li (1996). TheSymn. Orientations
presented in this work are in good agreement witdse from Heidbackt al. (2010) for Europe
(Fig. 12). The criteria used in the smoothing pdure of Heidbaclet al. (2010) requires more than
five data points to be within a specified searatius and for the standard deviation of these data t
be less than 25°. The search radius is initialetetl000 km and decreased in 50-km steps until the
standard deviation of th& > 5 Sy, Orientations is less than 25°. Our approach arad th
presented in Heidbaco#t al. (2010) are both capable of determining $ag,,, Orientations for a
large part of Europe; our results and theirs oypethy 28%. Within this overlapping region,
approximately 10% of théy,,., orientations (corresponding to 3% of the studyapmiffer by
more than 25°, i.e., more than the standard dewviaif Heidbacket al. (2010). Approximatel\3%

of the orientations (corresponding to 1% of thedgtarea) differ by more than 45°, indicating a
lack of correlation (Fig. 12), which requires fuethnvestigation. Fig. 12 shows the area where the
discrepancy in the€y,,,., Orientations exceeds 25°. Most of these zonestlidastern Iberia, the
Western Alps, the Po Plain, the Northern Apennirnies, Southern Tyrrhenian, and Cyprus) are
characterised by high data densities (greater thar10® data/kni) and have short-wavelength
stress sources and sharply rotattg,,, orientations, as described in the previous secBased

on these findings, we conclude that our methodlights the presence of short-wavelength stress
patterns and suddesiy,,, .. reorientationsq < 100 km) that cannot be identified with the minimum
search radius of 100 km used in Heidbeicil. (2010).
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To further validate our method and underline th@anmance of both pre-averaging the data and
investigating short-range stress sources, we cadpaur results with those of Pierdominici &
Heidbach (2012), in which the search radius wasedsed from 1,000 km to 100 km in 50-km
steps. Their smoothing algorithm requires that ntbes 10 data points are located in at least two
diagonal quadrants of the search circle aroundgtit point. The two methods display a good
overall agreement, with the largest discrepancigbeSy,,,, Orientations occurring in the Western
Alps, Po Plain, Northern Apennines, Central Addatnd Southern Tyrrhenian. These zones,
characterised by high WSMO08 data densities, arestdmae as those with large discrepancies
between our work and that of Heidbaathal. (2010) (Fig. 13). We argue that our method perform
better in terms of reproducing local patterns amat Sy, rotations, both of which are typical of

these high-discrepancy zones.

5. Discussion and conclusions

The method proposed here is appropriate for degpcshort-wavelength patterns $y,,qx
orientations for large parts of Europe. Our use apialytical probabilities strengthens the
contribution of the data close to the interpolatmmint, where fewer data are available. The data
with superior quality factors (A, B, and C) wereluded, while those with inferior quality factors
(D and E) were omitted, which overcomes the diffies of introducing a weighting scheme into
the declustering algorithm.

Muller et al. (2003) suggested a search radius between 60 abdkOfor local stress field
investigations. We have shown that for data dezssijreater than 0.8xf@ata/knf, reliable results
can be obtained by pre-averaging the clustered aadachoosing a search radius below 60 km
(upper limit of Annulust = 2; 8, < 0.52°, 58 km). In fact, a few independent data locateshart
distances tend to highlight local stress sourcémreas a large number of stress data (with a low
standard deviation) at greater distances can daenmzer the local stress. Increasing the distance
increases the likelihood of mixing data affecteddifferent sources of stress. In a few cases, the
large number of distant and clustered data coultchtesbalance the distance weighting. Thus, the
orientations ofS,,,., could be influenced more by the stress source leahiyy the most data than
by the local source of stress closest to the iotatfpn point.

We discuss two examples in which changes in théoner regime and rotations in stress
orientations occur over short distances andSthg,,, orientations presented here differ from those
reported in other studies (Heidbagttal., 2010; Pierdominici & Heidbach, 2012). The firgaeple
(Fig. 14) is the transition from the NW-SE-orient&gl, ., field caused by the extension in the
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Central Apennines (Bennedt al., 2012) to the NE-SW offshore compression of thespnic
outer thrust (Boncio & Bracone, 2009; Maesanoalet 2013). When a large search radius is
considered (e.g., 100 km), the clustered stress iathe Central Apennines (80% of the data)
dominate the stress interpolation along the Adriatiastline, causin§y,. to be parallel to the
Marche coastline. In our interpolation scheme, 13M@8 data are declustered into 12 independent
data, or clusters. The search radius for the intatjpn pointp,, (Fig. 14) is 58 km (corresponding
to Annuli 1 and 2). Similar considerations also lgp the second example, concerning the
Southern Tyrrhenian (Fig. 15). Moving from westeast, theSy,,., field rotates from NW-SE,
related to the Southern Tyrrhenian compressionr(faiet al., 2004), to NE-SW in the Peloritani
area, which is undergoing extension. Between th@®sezones lies the Madonie-Nebrodi area,
which is characterised by a NW-SE,,... (Sgroiet al., 2011; Palanet al., 2012) that can only be
detected with a search radius of less than 60 Kms &rea is also characterised by a high data
density (greater than 0.8x3@lata/knf), and the search radius for the interpolation pgin(Fig.

15) is 24 km for the three WSMO08 data (which agependent data). In this case, a search radius of
100 km (as in Pierdominci & Heidbach, 2012) capudata primarily related to the Peloritani
extension, which is spread over the eastern path®fsearch area, and results in a different
orientation than obtained when using a smallercbe@dius.

These examples demonstrate that the quantity af @edilable in WSMO08 can be exploited with
analytical probabilities by applying a declusteraigorithm before interpolating and smoothing the
data over a distance less than 60 km from thepgaotation point. With future increases in the
number of stress data, this approach will helglemtify short-wavelength stress patterns and locate
shifts in theSy,,,4, Orientations with higher spatial accuracy.

The distance weighting is a key component in therpolation or smoothing of the data. The
various algorithms differ in the weighting functiarsed (see Introduction and Fig. 16 for a
comparison). In this work, we used exponentialsictviprovide high-quality fits to the empirical
discrepancy-range relations for the WSMO08 data.tRerdata located near an interpolation point,
Heidbachet al. (2010) adopted an inverse distance weighting phaduces the maximum weight
among the methods reviewed in this paper. Bird &1996) employed a more uniform weight at
small distances due to the scarcity of data in W8Mthe development of WSMO08 (Zaegal.,
2012), other available data, and new empirical gbdhkies will permit further assessment of the
quality of the various distance-weighting schemes.

The approach presented here can be used to esfadttectivity through kinematic or dynamic
models and to predict the stress orientations dfiréu earthquakes, e.g., for seismic hazard

assessment, even where instrumental earthquakedmg® are unavailable. Interestingly, several
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501 mountain ranges exhibit 90° rotations of fg,,, orientation from their crests (which are often in
502 horizontal tension and experience normal faultitiy}heir foothills (which often undergo thrust
503 faulting). This pattern, seen in the Pyrenees, Afjmuthern Scandes, Hellenic Arc and Apennines,
504 places a strong constraint on the magnitude ofdbnic stresses with respect to the topographic
505 load, a matter that has often debated (e.g., BBE8; Bird et al., 2008). Varying topograpical lesad
506 are known to produce stress magnitudes of up t8(@M&Pa, which significantly influences the
507 stress orientations. This influence occurs not amlgontinental Europe (Golke & Coblentz, 1996),
508 where tectonic stresses are very small, but alstenAlpine-Dinaric belt and Pannonian Basin,
509 where 2-km changes in elevation generate tensisinesses ranging from 6 to 22 MPa in the
510 mountain belt and compressional stresses rangomg &to 12 MPa in the basin (Bada et al., 2001).
511 Tectonic stresses are often estimated to be higiiaée boundaries due to ridge push or sinking
512 slabs (80-120 MPa; Whittaker et al., 1992), buséhstresses are expected to produce observable
513 shear heating (e.g., Molnar and England, 1990). é¥&w the influence of these stresses within
514 continents remains controversial. In fact, stressesnajor faults have been found to be smaller
515 than 30 MPa (e.g., Mount and Suppe, 1987; Zobaek £1987), and basal tractions acting across
516 continents have been estimated to produce chariggsto 20 MPa in compressive stresses (e.g.,
517 Bird, 1998; Gosh et al., 2008). The 90° rotationh&S,,,,, suggests that, at least in the mountain
518 ranges where these rotations are observed, theitmdgmof tectonic and topographic stress must be
519 comparable, thus supporting the hypothesis thabecstresses can be characterized by relatively
520 low magnitudes of 20-30 MPa. As an indirect congege, this finding supports the idea that
521 topographic stress can cause an inversion, attaicelepth, of the expected pattern of differential
522 stress, allowing for the initiation of ruptures @mw-angle thrust faults at shallow depths to
523 propagate downward (Carminati et al., 2004).

524 The derivedSy,, ., Orientations describe the present-day stress fiel€Europe. The proposed
525 approach produced acceptable uncertainties forynkaif of Europe. The modified Bird & Li
526 (1996) algorithm facilitates the identification third-order features, such as topography effeatls an
527 crustal-scale density heterogeneities. The streéssitations modelled in this work are generally
528 compatible with those of previous studies. However, areas with data densities greater than
529 0.8x10° data/knd, our algorithm outperforms the existing method&dintifying short-wavelength
530 stress sources.
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Table Captions

Table 1. Regression parameters and related standard ériar. ¢7) for Annuli 1 to 8P, Py, and

0,: coefficients of Eq. (7) considering the assoclagtandard errors. RMS: root mean square
between empirical and analytical probabiliti8s: coefficient of determination, which measures the
goodness of the regression fit.

Table 2. Percentage of the area in which the stress otientacan be recovered for various
threshold values dia andN., with the maximum search radius set to the uppat bf Annulus 8

(Bg < 2.94°; 327 km). The total extent of the study area T421F km®

Figure Captions

Figure 1. WSMO08 data density in Europe. Densities were cdagéor 0.5°x0.5° cells, from 25N
to 76N latitude and 30W to 40E longitude. Cellswib data entries are not coloured.

Figure 2. Cartographic description of the discrepancy afigleor each pair of stress data pagints
ands, we define the great circle (green line) betweeands for an oblique Mercator projection.
The discrepancy is the angle between the $yg,, orientations as expressed in Eq. (1). The
Sumax Orientations ot ands are shown in black, and thesy,,,,,, orientation ofs, translated onteo,

is shown in grey.

Figure 3. Probability distributions as a function of discaepy and range. (a) Analytical (lines) and
empirical (symbols) probabilities for Annuli (An)-3 (A-C quality factors); (b) empirical
probabilities for Annulus 1 for A-E quality factgrgc) empirical probabilities for various
discrepancy intervals. The lines connect the ewgdinalues in (b) and (c).

Figure 4. (a) Standard deviation versus range (symbols)aaradytical representation of Eq. (5)
(SV: lines, with confidence limits); (b) the ratad D (Eq. 3) for “small” discrepancied K f <
30°) to “large” discrepancie®(° < < 90°) versus range.

Figure5. Colour-coded map of the 90% confidence limita&).

Figure 6. Minimum search radius for whicha < 60° and N, = 3. The upper bound is set
to = 2.94°.

Figure 7. Number of clusterd/- used to interpolat&y,,, 4

Figure 8. Symax Orientations in Europe. (a) Northwestern Euro@;Scandinavia; (c) Iberia; (d)
Italy; (e) Southeastern Europe. Thick bars: WSM@ggdthin black bars: interpolatég,,, . (this
work). Inset: colour-coded map of the 90% confidehmits *Ax).

Figure 9. Input synthetic checkerboard stress orientations.
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Figure 10. Results of the checkerboard test. From left totrigl’s) Sy.q, Orientations randomly
selected from the checkerboard shown in Figure2$%) (interpolated stress field with the same
threshold values used to calculate #)g,,, orientations in EuropeN; = 3, Aa < 60°, 0 <
2.94°); (3's) minimum search radius. From top to dowrs)®ata density of 1.21x10data/kns;
(b's) data density of 0.81xFtata/kn3; (c's) data density of 0.37xEalata/knd.

Figure 11. (a) Discrepancies between thg,, ., stress orientations presented in this work andeho
obtained using the WSMO08 and the probability disttions of Bird and Li (1996). The values are
calculated on the Heidbaehal. (2010) grid. (b) Frequency distributions of thealepancies (grey
histogram: relative frequency; black line: cumuwlatirequency).

Figure 12. (a) Discrepancies between thg,,, orientations presented in this work and those of
Heidbachet al. (2010). The values are calculated on the Heidlghah (2010) grid. (b) Frequency
distributions of the discrepancies (grey histogramilative frequency; black line: cumulative
frequency).

Figure 13. InterpolatedSy,,., Orientations in Italy, calculated on the Pierdoii& Heidbach
(2012) grid. The colours indicate the discrepanbietsveen they,, ., orientations obtained using
the algorithm presented here and the orientatidn®ierdominici and Heidbach (2012). The
rectangles indicate the areas shown in Figured4L8.

Figure 14. Comparison of th§y,,., Orientation obtained using our algorithm with tbatained by
Pierdominici & Heidbach (2012) for the external Apees. See Fig. 13 for the location of the
area. Thick black bar (PH2012): smoothgg,,, orientation calculated by Pierdominici &
Heidbach (2012) with a search radius of 100 kngkitgrey bar: interpolatefl;, .., orientation
obtained in the present worki{ = 12; search radiug = 0.52°, 58 km); P,,: interpolation point.
The background colours indicate the discrepanoswden thes,,, ., orientations obtained using
the algorithm presented here and those of Pierdon@ind Heidbach (2012). The multicolour lines
denote theSy,,., Orientations for different kinematic regimes (WSBJMeidbachet al., 2008).
Tectonic regime identifiers: NF, normal fault; N8ormal-oblique; SS, strike-slip; TS, thrust-
oblique; TF, thrust; U, unknown tectonic regime.

Figure 15. Comparison of they,,., Orientation obtained using our algorithmi-(= 13; search
radiusd = 0.52°, 58 km; P;: interpolation point) with that obtained by Piendaici & Heidbach
(2012) for Northern Sicily. See Fig. 13 for thedtion of the area and the caption of Fig.14 for
further explanations.

Figure 16. Normalised distance weight of different algorithfos points at distances between 20
and 340 km with 20-km steps.
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Figure Al. Symax Orientations in Europe with confidence limits. Reds: interpolated orientations
(this work); black bars: confidence limits (this rkp Relief model from ETOPO1 (Amante and
Eakins, 2009).

Supplementary files
The following files and figure are for the onlinevanload.
Table Sl.csv: contains the interpolated stress orientationsurope (330W-40E;25N-76N)

Column "ANN" contains the searching radius (expedsas Annulus number). To convert in

degrees, use eq. (2).

Column "Lat" contains the latitude of the integu@dn point (degrees).
Column "Lon" contains the longitude of the inteigdan point (degrees).
Column "AZI" contains the azimuth of the maximum rikontal compressive stress

orientations (degrees).

Column "C90" contains the 90% confidence intervar fthe maximum horizontal
compressive stress orientations (degrees).

Column "N" contains the number data (from WorldeS$ Map release 2008) falling into
the search circle.

Column "Nc" contains the number of clusters.

Table Sl.csv.gz: same as Table_Al.csv, in compressed (gzip) format.

Figure_Sl1.pdf: SHmax orientations in Europe with confidence lgnit
Red bars: interpolated orientations (this work)adgl bars: confidence limits (this work). Relief
model from ETOPO1 (Amante and Eakins, 2009).

Table S1 Carafa Barba.kmz contains Table S1 in Google Earth format. In offderthe kmz to

work properly, the file icon.png must be locatedha same directory of the kmz.

I mportant notes. The size of the kmz can slow down the computerlen@oogle Earth lock.
We recommend proceeding as follows:

1) verify that the kmz and the icon.png are locateithe same directory
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2) launch Google Earth (do not click open the kinthis stage)

3) zoom in the area of interest

4) open the kmz (File...Open, or click open the kmz

First published online: February 19, 2013
http://gji.oxfordjournals.org/content/early/2013/02/gji.ggt024.abstract

Note that the online version currently has two w#rs of the supplementary material, one (the
wrong version) has the DCL1 in the directory nhamkensas the correct version has DC2 in the
directory name. The full link to the accompanying aterial is
http://gji.oxfordjournals.org/content/suppl/2013/B2/ggt024.DC2/ggt024-supplementary_files.zip

Comments to michele.carafa@ingv.it and salvatorbd@ingv.it

Thanks to Gabriele Tarabusi for helping with thd konversion.
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Table 1

Table 1. Regression parameters and related standard error of Eq. (7) for Annuli 1 to 8. Py, P;, and 6:
coefficients of Eq. (7) considering the associated standard errors. RMS: root mean square between
empirical and analytical probabilities. R?: coefficient of determination, which measures the goodness of the
regression fit.

. _3 St. error . _ St. error 0o St. error RMS 2
Annulus | Py - 10 P; 102 P -1073 pr 103 | (degrees) | 0, (deg) (10-3) R
1 4.6 0.4 204 1 12.7 0.1 1.3 0.999
2 7.6 0.3 140.5 0.7 16.6 0.2 0.8 0.999
3 12.7 0.6 102 1 18.4 0.5 1.6 0.996
4 14.9 0.8 81 1 20.7 0.9 1.8 0.993
5 14.2 0.9 70 1 25 1 1.7 0.991
6 14 1 65 1 28 2 1.8 0.989
7 13.8 0.9 57.1 0.8 33 2 1.1 0.995
8 14.8 0.8 51.4 0.7 35 2 0.8 0.996




Table 2

Table 2. Percentage of the area in which the stress orientations can be recovered for various threshold
values of Aa and N, with the maximum search radius set to the upper limit of Annulus 8 (65 < 2.94°; 327

km). The total extent of the study area is 2.71x10° km”.

Minimum number Maximum value of 90% confidence interval Aa
of clusters (N¢) 20° 40° 60° 80°
1 18% 44% 59% 75%
3 18% 449%, 57% 63%
5 18% 43% 52% 56%
7 18% 40% 46% 49%
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