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ABSTRACT

Knowledge of the present-day crustal in-situ stress field is a key for the understanding of geody-
namic processes such as global plate tectonics and earthquakes. It is also essential for the man-
agement of geo-reservoirs and underground storage sites for energy and waste. Since 1986, the
World Stress Map (WSM) project has systematically compiled the orientation of maximum hori-
zontal stress (Symax)- For the 30th anniversary of the project, the WSM database has been updated
significantly with 42,870 data records, which is double the amount of data in comparison to the
database release in 2008. The update focuses on areas with previously sparse data coverage to
resolve the stress pattern on different spatial scales. In this paper, we present details of the new
WSM database release 2016 and an analysis of global and regional stress pattern. With the higher
data density, we can now resolve stress pattern heterogeneities from plate-wide to local scales.
In particular, we show two examples of 40°-60° Syq, rotations within 70 km. These rotations
can be used as proxies to better understand the relative importance of plate boundary forces that
control the long wave-length pattern in comparison to regional and local controls of the crustal
stress state. In the new WSM project phase IV that started in 2017, we will continue to further
refine the information on the Sy, orientation and the stress regime. However, we will also focus
on the compilation of stress magnitude data as this information is essential for the calibration of
geomechanical-numerical models. This enables us to derive a 3-D continuous description of the
stress tensor from point-wise and incomplete stress tensor information provided with the WSM
database. Such forward models are required for safety aspects of anthropogenic activities in the
underground and for a better understanding of tectonic processes such as the earthquake cycle.

1. Introduction

Modern civilisation explores the Earth's crust to exploit
raw materials and to withdraw or inject fluids. There is
also a pressing demand to find deep geological repositories
for high-level nuclear waste that are stable for one million
years and to explore the possibility to sequestrate huge
amounts of carbon dioxide into the underground to meet
the Paris climate agreement (Kuckshinrichs and Hake,
2015; Martens et al., 2017; Pusch, 2008). These issues are
major challenges for energy security and sustainability in
the 21st century. In this context, the contemporary crustal
in-situ stress state is a key parameter to quantify the pro-
cesses that we induce into the subsurface, to mitigate e.g.
induced seismicity and to provide options for an optimal
usage of the underground (Hakimhashemi et al., 2014a;
Henk, 2008; Miiller et al., 2018; van Wees et al., 2017; Walsh
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and Zoback, 2016; Zoback, 2010).

Knowledge of the in-situ stress is also essential for the
understanding of geodynamic processes such as global
plate tectonics and earthquakes (Hardebeck, 2017; Harris,
1998; Heidbach et al,, 2008; King et al., 1994; Richardson,
1992; Scholz, 1998; Steinberger et al., 2001; Zoback et al.,
1989) as well as to mitigate induced seismicity (Ha-
kimhashemi et al., 2014b; Gaucher et al., 2015; Segall and
Fitzgerald, 1998; Zang et al,, 2013). The stress evolution
during the seismic cycle is one of the key processes that
define the maturity of active faults and controls nucleation,
rupture propagation and arrest of an earthquake (Harde-
beck and Okada, 2018; Hergert and Heidbach, 2011;
Oglesby and Mai, 2012; Schorlemmer and Wiemer, 2005;
Stein, 1999). From the in-situ stress state the distance to a
given failure criterion for any point in the subsurface can
be derived. This distance is critical as it indicates the stress
changes that are required for reactivation of a pre-existing
fault or creation of a new fracture due to induced or natural
processes (Morris etal, 1996; Schoenball etal, 2018;
Walsh and Zoback, 2016).
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The World Stress Map (WSM) is the only project that
compiles globally the information on the crustal stress
state. It is a collaborative public-domain project between
academia and industry that aims to characterize the crus-
tal stress pattern and to understand the stress sources. The
year 2016 marked the end of the third phase of the WSM
project, and also the 30th anniversary of the project. In this
contribution we provide details and new findings of the
WSM database release 2016 with a particular emphasis on
the state of crustal stress across spatial scales.

The paper opens with a short review on the basics of
the stress tensor and the WSM project history followed by
the presentation of the new WSM database release 2016.
We then perform a global and regional analysis of the
stress pattern to revisit the question whether the direction
of absolute plate motion is sub-parallel to the long wave-
length pattern of the orientation of maximum horizontal
stress Symax- Afterwards we illustrate with two examples
that the increase of data records enables us to resolve
stress tensor rotations of 40° to 60° within <70 km in
some regions. The contribution closes with the perspective
of the WSM project and how the database will be further
developed in the future. Furthermore, we demonstrate
with an example that a long-term vision is to derive from
the sparse and incomplete point-wise stress information a
3-D continuous description of the stress tensor across dif-
ferent scales from boreholes to plate-wide regions. This is
essential to quantify the criticality of the crustal stress
state and to determine the distance to failure.

2. The World Stress Map project
2.1. Basics of the stress tensor

The key definitions of the stress tensor concept that are
needed to set the framework used in the WSM project are
summarized in Fig. 1. To describe the stress state at an ar-
bitrary point a second rank tensor with nine components
is defined, but due to its symmetry properties only six com-
ponents are independent from each other. A formal deriva-
tion and further details can be found in standard text books
(Engelder, 1992; Fjaer et al., 2008; Jaeger et al., 2007; Zang
and Stephansson, 2010; Zoback, 2010).

With the assumption that the vertical stress Sy, is one of
the three principal stresses (Fig. 1c) the Sy, Orientation
determines the orientation of the stress tensor. Given that
Sy can be calculated when rock density as a function of
depth is known the remaining unknowns are the magni-
tudes of Symax aNd Spmin, the minimum horizontal stress.
It is important to note that the Sy,,4, Orientation is the
only component of the stress tensor that can be derived
from all stress indicators that are used in the WSM data-
base. Details on individual stress indicators can be found
in standard text books (e.g. Amadei and Stephansson, 1997;
Zang and Stephansson, 2010; Zoback, 2010) and key papers
(Bell, 1996a; Célérier, 2010; Haimson and Cornet, 2003;
Ljunggren et al, 2003; Maury etal, 2013; Schmitt et al.,
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2012; Sperner et al., 2003).

Further information which is provided for subsets of
the WSM database is the stress regime, i.e. the relative
magnitudes of the three principal stresses (Fig. 1d—f). A
few data records also provide information on the stress
magnitudes of Sy, derived e.g. from hydraulic fracturing
or all three principal stress magnitudes from overcoring
methods, but this information is provided without a qual-
ity check for reliability or comparability of individual
stress indicator.

2.2. History of the WSM project

The first stress data compilation of the intra-plate crus-
tal stress state was published in the early seventies to in-
vestigate Voight's hypothesis, which stated that the con-
temporary compressive crustal stress pattern is controlled
by the same forces that drive plate tectonics (Voight, 1966;
Voight et al., 1968). Sbar and Sykes (1973) compiled 39
data records from earthquake focal mechanisms, overcor-
ing and hydraulic fracturing measurements and could con-
firm this hypothesis for North America with this small data
set. First global compilations were published by Hast
(1973), Ranalli and Chandler (1975), Brown and Hoek
(1978), and Richardson et al. (1979) using different stress
indicator types and providing data sets on global crustal
stress with up to 150 data records. These publications, the
start of the systematic global estimation and compilation
of earthquake focal mechanism (Dziewonski et al., 1981)
and the finding that borehole breakouts can be used as a
stress indicator (Bell and Gough, 1979; Plumb and Hick-
man, 1985; Zoback et al., 1985), initiated the WSM as a pro-
ject of the International Lithosphere Program in 1986. Fo-
cus of the WSM in this initial phase was to compile intra-
plate stress data information to investigate the long wave-
length of the crustal stress pattern.

In comparison to earlier compilations, the major ad-
vancement of the WSM project in its first phase is the ap-
plication of a quality-ranking scheme developed by Zoback
and Zoback (1989, 1991). This WSM quality ranking en-
sures the global comparability of the different stress indi-
cators that originate from geological and geophysical data
as well as from engineering methods. This collaborative at-
tempt resulted in the first comprehensive global compila-
tion that had 3574 data records on the Sy, Orientation
(Zoback et al., 1989). The WSM also provides a defined ap-
proach for the stress regime assignment based on the spa-
tial orientation in terms of trend and plunge of the P-, T-
and B-axes derived from earthquake focal mechanisms
(Miiller etal., 1992; Zoback, 1992). The analysis of this
comprehensive global compilation of crustal stress infor-
mation showed that most intraplate regions are character-
ized by compressional or strike slip stress regime except
for areas with high elevation where normal stress regime
is prevailing. They also found that the wave-lengths of the
Stmax Stress pattern can be several thousand kilometres
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Figure 1. a) The components of the stress tensor define the stress state at a point and enable to compute the stress vector on any surface within a body.
To describe the stress tensor components an infinitely small cube with unit surfaces is used. The forces acting on the cube faces can be decomposed in
forces acting parallel and those acting normal to the surface. The first create the normal stress components, the second create the shear stress compo-
nents of the stress tensor. b) Due to the conservation of momentum the stress tensor has to be symmetric. This implies that a coordinate system exists
where shear stresses vanish along the faces of the cube. In this principal axis system, the remaining three stresses are the principal stresses. ¢) Assuming
that the vertical stress in the Earth crust Sy, = g - p - z is a principal stress (g is gravitational acceleration, p is the rock density, z the depth), the two
horizontal stresses Sy in and Symaqy, the minimum and maximum horizontal stress, respectively, are principal stresses as well. This so-called reduced
stress tensor is fully determined with four components: the Sy,q, Orientation and the magnitudes of Sy, Symax @and Spmin- The stress information pro-
vided in the WSM database is for all data records the Sy,,4, orientation and for most data records the stress regime which indicates the relative stress
magnitudes. d) Normal faulting stress regime where Sy, is larger than the horizontal stresses (S, = ;). €) Strike-slip faulting stress regime where Sy, is
the intermediate principal stress (S, = 0,). f) Thrust faulting stress regime where Sy, is smaller than the horizontal stresses (S, = d3).

and that the trend of the Sy,,4, Orientation in some tec-
tonic plates is sub-parallel with the direction of absolute
plate motion (Richardson, 1992; Richardson et al.,, 1979;
Zoback, 1992; Zoback et al., 1989).

The second phase of the WSM project took place from
1996 to 2008 at the Heidelberg Academy of Sciences and
Humanities. During this period, the project intensified the
compilation from borehole data and started to include
stress information from plate boundary zones as well
(Heidbach et al, 2010; Sperner et al, 2003). In 1998, the
WSM project went online to make the data publically avail-
able and to provide the fully automatic online service
CASMO (Create A Stress Map Online) for user-specific
stress map production (Heidbach et al., 2004). The comple-
mentary stand-alone tool CASMI (Create A Stress Map In-
teractively) for user-specific stress map generation with an
extended functionality was released at the end of the sec-
ond WSM project phase (Heidbach and Héhne, 2008). The
significant increase to 21,750 data records in the WSM da-
tabase release 2008 revealed that plate boundary forces
are not enough to fully explain the crustal stress pattern of
the Symax Orientation (Heidbach etal, 2007; Heidbach
etal, 2010; Tingay et al., 2005). Density and rock strength
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contrasts, detachment horizons due to low shear strength
lithologies (e.g. salt layer), faults, flexural stresses and ba-
sin geometry can have a major impact on the regional and
local stress pattern (Assumpcao and Sacek, 2013; Bell,
1996b; Heidbach et al., 2007; Sonder, 1990; Tingay etal,
2005; Tingay et al., 2006; Zoback and Richardson, 1996; Zo-
back, 1992).

The third phase of the WSM project commenced in
2009 with the transfer to the Helmholtz Centre Potsdam,
GFZ German Research Centre for Geosciences where the
WSM is still maintained. During this phase, the project be-
came a member of the World Data System of the Interna-
tional Council for Science (ICSU). This phase of the WSM
project involved intensified international collaboration
and fully integrated new or updated national stress compi-
lations from e.g. Australia, Canada, China, Germany, Ice-
land, Italy, New Zealand and Switzerland. The resulting
current WSM database release 2016 has 42,870 data rec-
ords, with > 22,000 new ones and the revision of > 2000
data records. The end of the third phase in 2016 marked
the 30th anniversary of the project for which we released
the new World Stress Map (Fig. 2). Details of this new
global stress map and the new WSM database compilation
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Figure 2. The World Stress Map (WSM) 2016 displays the contemporary crustal stress orientation in the upper 40 km based on the WSM database
release 2016. Lines show the orientation of maximum horizontal stress (Syma,) from different stress indicators displayed by different symbols; line
length is proportional to data quality. Displayed are the 20,757 data records with A-C quality according to the WSM quality ranking scheme except
those that are labelled as possible plate boundary events (Heidbach et al., 2010). Colours of the symbols and lines indicate the stress regime with red
for normal faulting (NF), green for strike-slip (SS), blue for thrust faulting (TF) and black for unknown (U) stress regime (see Fig. 1d-f). Plate bounda-
ries are taken from PB2002 (Bird, 2003), topography is based on the ETOPO1 data from the National Geophysical Data Centre (NGDC) including ba-
thymetry data from Amante and Eakins (2009). This map can be accessed and downloaded in high resolution at

https://doi.org/10.5880/WSM.2016.002.

are presented in the next section.
2.3. The WSM database release 2016

Table 1 presents the number of data records according
to the stress indicator type and data quality for the WSM
database release 2008, the new data records and the WSM
database release 2016. The WSM database uses stress in-
dicators from earthquake focal mechanisms (e.g. individ-
ual earthquake focal mechanism FMS and stress inversion
of focal mechanisms FMF), interpretation of geophysical
logs (borehole breakouts BO and drilling induced tensile
fractures DIF), engineering methods (hydraulic fracturing
methods HF and overcoring OC), and geological data (fault
slip analysis GFI, volcanic alignments GVA). The database
also contains data from several other methods that are ei-
ther rarely used nowadays (composites of focal mecha-
nisms FMA, borehole slotter BS, petal centreline fractures
PS) or are relatively new (shear wave splitting in boreholes
SWB). Details on individual stress indicators are presented
in a number of textbooks and review papers (e.g. Alt Il and
Zoback, 2017; Amadei and Stephansson, 1997; Bell, 1996a;
Célérier, 2010; Fjeldskar, 1995; Haimson and Cornet, 2003;
Ljunggren et al, 2003; Maury etal, 2013; Schmitt etal,
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2012; Sperner et al.,, 2003; Zang and Stephansson, 2010; Zo-
back, 2010). Specific technical details such as abbrevia-
tions used in the WSM database, analysis guidelines, the
stress regime assignment, the WSM quality ranking
scheme and the explanation of the individual fields of each
data record is given in the WSM Scientific Technical Re-
ports which is provided for download on the project web-
site at www.world-stress-map.org.

Each data record has been quality-ranked based on the
WSM quality ranking system from A to E quality. A-quality
data indicate that the Sy;,., orientation is accurate to
within + 15°, B-quality to within * 20°, C-quality to within
+ 25° D-quality to within + 40°. E-quality is assigned to
data records with incomplete, non-reliable information or
when the standard deviation is > + 40°. For the new WSM
database release 2016 we applied the most recent version
of the WSM quality ranking scheme published in Heidbach
etal (2010).

The majority of data records in the WSM database are
from earthquake focal mechanism (single events FMS and
formal stress inversion of several events FMF) and bore-
hole data (Table 1). In the new release of the WSM, we
compiled ~16,500 data records based on earthquake data
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Table 1
Number of data records in the WSM database according to stress indicator and data quality.

WSM 208 New data records WSM 20162
Stress indicator type A-E A-C A-E A-C A-E A-C
Focal Mechanisms Single (FMS) 14,447 13,081 16,519% 14,274b 30,341¢ 26,730¢
Focal Mechanisms Inversion (FMF) 900 878 388 264 1287 1132
Borehole Breakouts (BO, BOC, BOT) 4125 2168 2640 1204 6301 2962
Drilling Induced Tensile Fracture (DIF) 278 82 663 352 941 430
Hydraulic Fracturing (HF, HFG, HFM, HFP) 349 228 566 129 907 341
Geological (GFI, GFM, GFS, GVA) 654 429 947 277 1601 704
Overcoring (0C) 610 94 338 18 927 88
Other (BS, FMA, PC, SWB, SWL, SWS) 357 9 208 69 565 78
Sum 21,750 16,969 22,269 16,587 42,870 32,465

a Sum of data records from the WSM database release 2008 and new data does not equal the total number since double entries of focal mechanisms
and erroneous data entries were deleted from the WSM database release 2008. Furthermore, completely revised data records in particular for bore-
hole data from China and Switzerland were also marked as new data entries since they were partly completely re-analysed from raw log data.

b 6144 of the new FMS data records are flagged as Possible Plate Boundary Events (PBE) which indicates that they have a higher possibility not to
show within the given C-quality (£25°) assignment the Sy,,q, Orientation (details on the procedure are given in Heidbach et al., 2010).

¢11,708 of the FMS data records are flagged as Possible Plate Boundary Events (PBE).

and ~4000 new data records from borehole data through
interpretation of borehole breakouts (BO), drilling in-
duced tensile fractures (DIF), hydraulic fracturing meth-
ods (HF), and shear wave splitting in boreholes (SWB).

This significant increase of data records in the WSM da-
tabase release 2016 could be achieved due to the integra-
tion of the Chinese Crustal Stress Database (Hu et al., 2017;
Xie et al,, 2007), the new Australian stress map database
(Rajabi etal, 2017b) and comprehensive individual re-
gional and national studies on the crustal stress field in Ar-
gentina (Guzmdn and Cristallini, 2009; Guzmdn etal,
2007), Canada (Konstantinovskaya et al., 2012; Reiter et al.,
2014), Great Britain (Kingdon et al., 2016; Williams et al.,
2015), Germany (Reiter et al., 2016), Iceland (Ziegler et al.,
2016D), Italy (Montone and Mariucci, 2016; Pierdominici
and Heidbach, 2012), New Zealand (Rajabi et al., 2016b;
Townend et al., 2012), USA (Alt 1l and Zoback, 2017; Hurd
and Zoback, 2012; Lund Snee and Zoback, 2016), South Af-
rica (Marco Andreoli and Andrew Logue pers. comm.),
South America, (Assumpcao et al., 2016), and Switzerland
(Heidbach and Reinecker, 2013).

2.4. Symax Fotation with depth

The depth distribution of A—C quality data records pre-
sented in Fig. 3a, b shows that the number of stress data
records is decreasing with depth and that all types of stress
indicator are available in the upper five kilometres. Below
that depth, earthquake focal mechanisms and stress inver-
sions of focal mechanisms are the only available stress in-
dicators, except for a few deep scientific boreholes (e.g.
Brudy et al., 1997; Lund and Zoback, 1999). The majority of
data records with A—C quality are earthquake focal mecha-
nisms, which receive at best a C-quality due to intrinsic un-
certainties when the P-, B- and T-axis of the focal mecha-
nism are taken as proxies for the principal stress orienta-
tions (Célérier, 2010; Heidbach etal, 2010; McKenzie,
1969; Wallace, 1951). This explains why 68% of the data
records received a C-quality.
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Plotting the data in stress maps assumes that there is,
in average, no significant rotation with depth. Pierdominici
and Heidbach (2012) tested this in detail for Italy and con-
cluded that the deviation between the Sy;,,4, Orientation at
depth > 5 km from earthquake focal mechanisms and from
data records in the upper 5 km is within the uncertainty of
the data records. This finding is confirmed to first order
with the global data set from the WSM database release
2016. Fig. 3c shows the distribution of the deviation be-
tween a Sy,,4, Orientation from a shallow data record (<5
km) and a Sy,q, Orientation derived from a focal mecha-
nism from depth > 5 km within a lateral search radius of 25
and 100 km, respectively. 82 and 74%, respectively, of the
deviations are within # 25°. Given that the majority of the
data records from greater depth are assigned to C-quality
(i.e. Symax is reliable within + 25°) this results indicates
that, on a global scale, the variability of the Sy;,,4, Orienta-
tion with depth is usually small and justifies the presenta-
tion of the depth-stacked Sy,,4, Orientation data in map
view. However, it should be noted that the relatively con-
stant Sy,q0rientation with depth does not imply that the
stress tensor is constant with depth, because stress magni-
tudes obviously increase with increasing overburden. Fur-
thermore, changes of the stress regime can occur as the in-
crease of Svwith depth which is generally larger than the
increase of horizontal stress magnitudes with depth. This
is expressed in a decreasing ratio between the magnitude
of the mean horizontal stress and the vertical stress
(Brown and Hoek, 1978; Sheorey, 1994; Zang et al., 2012).
It means the changes of stress magnitudes and stress re-
gime with depth do not necessarily leave a signal in the
Stmax Orientation. The same arguments can be discussed
for areas where there are lateral variations of the Sy,,4x
orientation. Our new compilation indicates that the Sy,4x
orientation is laterally more sensitive to the stress tensor
variability than in the vertical direction (see Section 4).
However, the scales are different as with depth we only
have a good resolution in the upper 15 km (Fig. 3) and lat-
eral stress rotations are in general not resolved at 10 km
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Figure 3. a) Depth and data type distribution of A-C quality data records
and quality distribution of all data records in the WSM database release
2016. FMS: single earthquake focal mechanism, FMF: stress inversion us-
ing focal mechanisms; BO borehole breakouts; DIF: drilling induced ten-
sile fractures; HF: hydraulic fracturing; GF: inversion of fault slip data;
GVA: geological volcanic alignments. Note that data from FMS and FMF
are almost the only stress indicator at depth > 5 km. b) Distribution of
data records with A-C quality within the upper 5 km of the Earth's crust.
c) Distribution of the deviation of Sy, orientation from a data record
from <5 km depth and the nearest FMS/ FMF data record from depth > 5
km within a 100 km (grey and white bars) and 25 km (white bars only)
search radius, respectively. The mean deviation is similar to or smaller
than the reliability of the C-quality data (i.e. the Sy, Orientation is reli-
able within * 25°) indicating that the Sy, 4, Orientation is not varying sig-
nificantly with depth.
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scale.

At specific geological settings, however, e.g. when hori-
zons with very low shear strength mechanically decouple
layers, large Symqy rotations of > 45° within a few hundred
meters depth are reported as well (Cornet and Réckel,
2012; Heidbach et al., 2007; Roth and Fleckenstein, 2001;
Tingay et al.,, 2011; Zakharova and Goldberg, 2014). Fur-
thermore, Schoenball and Davatzes (2017) speculate that
potential rotations of the Sy;,,, orientation in the upper
few kilometres are hidden by the procedure of WSM qual-
ity assignment for borehole data. Unless a significant and
instant change of the derived Sy,,,,, orientation is detected
within a borehole log, each data record contains only a
mean Sy,q, Value for the whole length of the borehole.
This value is derived from the mean orientation of the
picked borehole breakouts and drilling induced tensile
fractures weighted by their individual length. Schoenball
and Davatzes (2017) found that the longer the total length
of breakout zones or drilling induced fractures is, the
larger is in a global average the standard deviation of the
derived Synq, Orientation. However, the increase of the
standard deviation is smaller than our comparison of the
deviation within the + 25° corridor.

3. Global crustal stress pattern

During the initial phase of the WSM project the global
stress pattern has been investigated by Zoback etal
(1989) and Zoback (1992). Amongst other findings they
showed that the Sy, Orientation from individual data
records is often sub-parallel to the direction of absolute
plate motion indicating that the forces that drive plate mo-
tion also control the first-order intra-plate crustal stress
pattern. In the following, we revisit this hypothesis as the
number of data records has increased significantly in com-
parison to the first release of the WSM project. However,
instead of using the Sy,,4, Orientation from individual data
records, we use mean Sy,,q, Orientations on a regular grid
from a smoothed stress field. Smoothing means that we fil-
ter the long wavelength signal of the stress pattern. This
suppresses the impact of local variability in the data and
avoids that spatial cluster of data records are over-repre-
sented in the analysis. We first present in Section 3.1 our
new smoothing tool stressZgrid and present in the subse-
quent sections two differently smoothed stress maps and
the comparison of these with absolute plate motion direc-
tion.

3.1. New smoothing tool stress2grid

To analyse the wave-length of the crustal stress pattern
we use so-called smoothed stress maps that show the mean
Stmax Orientation on regular grids. Based on the work of Co-
blentz and Richardson (1995), Miiller etal. (2003), and
Heidbach etal (2010) we wrote the Matlab® script
stress2grid (Ziegler and Heidbach, 2017a) which extends
and speeds up the analysis possibilities. Furthermore, the
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Figure 4. a) Smoothed global intra-plate stress maps with a fixed search radius of 500 km. Mean Sy;,,4, orientation is calculated on a 2° global grid
using A-C quality data without PBE flag. Furthermore, only data records located on the same tectonic plate as the grid point is used to calculate the
mean Sy;,q, Orientation. Minimum number of data records within the search radius is n=5 and data records within a distance of d < 200 km to the
nearest plate boundary are not used. Plate boundaries are taken from the global model PB2002 from Bird (2003). Furthermore, a distance and data
quality weight are applied; the distance threshold is set to 10% of the search radius. b) Same settings as above, but now variable search radii are used.
Search radius starts with 1000 km and is decreased in 100 km steps down to 100 km. Mean Sy,,,4, Orientation is taken and plotted here for the largest
search radius when the standard deviation of the mean Sy, orientation at the individual grid points is < 25°.

script can compute the plate motion from Euler vectors and
estimates the deviation of the mean Sy, 4, orientation to the
plate motion direction.

The script provides two different approaches to calcu-
late the mean Sy, Orientation on regular grids both
based on the directional statistics of circular and axial data
(Mardia, 1972; Davis, 1986). The first is using a constant
search radius around the grid point and computes the
mean Sya Orientation if sufficient data records are
within the user-defined fixed search radius (Fig. 4a). This
canresultin mean Sy, orientations with a high standard
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deviation of the individual mean S, 4, orientation and it
may hide local perturbations. Thus, the mean Sy, orien-
tation is not necessarily reliable for a local stress field anal-
ysis. The second approach is using variable search radii
and determines the search radius for which the standard
deviation of the mean Sy;,,4, Orientation is below a user-
defined threshold. This approach delivers the mean Sy,
orientations with a user-defined degree of reliability. It re-
solves local stress perturbations and is not available in ar-
eas with no data or conflicting information that result in a
large standard deviation of the mean Sy, orientation.
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3.2. Mean Sy Orientation on regular grids

Fig. 4a shows the pattern of the mean Sy,,,,, orienta-
tion calculated with a fixed search radius of r = 500 km on
a global 2° grid. Within this search radius, only data rec-
ords are used that are a) not flagged as PBE (see Heidbach
et al (2010) for details on the flagging procedure), b) that
are located on the same tectonic plate as the grid point us-
ing the plate boundary definitions of the global tectonic
model PB 2002 of Bird (2003) and c) are not within a dis-
tance of 200 km of the nearest plate boundary. The mini-
mum number of data records that are requested to calcu-
late the mean Sy, Orientation is set ton = 5. Each data
record is weighted according to data quality and distance
to the grid point, but data records within 10% of the search
radius (here 50 km) around the grid point receive the same
distance weight to avoid that data close to the grid point
are over-represented in the calculation of the mean Sy,
orientation. Avoiding data records that are close to plate
boundaries put the emphasis of the smoothing to the long
wave-length intra-plate stress pattern. Note that the mean
Sumax Orientation displayed in Fig. 4a is not necessarily a
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reliable Sy;,q, Orientation at the grid points. It is rather a
filtered long wave-length mean Sy, orientation. Local
deviations which can be significant in areas with e.g. active
tectonics, local topography or other sources that alter the
local stress field are not necessarily resolved with the cho-
sen search radius of 500 km.

Fig. 4b presents the mean Sy, orientation on a global
2° grid using variable search radii. The calculation starts
with a search radius of r = 1000 km and is decreased in
100 km steps down to 100 km. On the stress map, the mean
Sumax Orientation value is plotted for the largest search ra-
dius where the standard deviation is <25°. Further details
on the procedure are described in Heidbach et al. (2010)
and Ziegler and Heidbach (2017b). Within the search radii,
we used the same criteria of data selection similar to Fig.
4a. Each data record is weighted according to its assigned
quality and the distance to the grid point. Data records
within 10% of the respective search radius receive the
same distance weight to avoid an over-representation of
data records close to the grid point. The resulting
smoothed stress map (Fig. 4b) shows reliable mean Sy,
orientation within * 25° on a regular grid. These values can
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be used as a first-order prediction for applied purposes on
local to regional scales.

For both approaches presented in Section 3.1 and this
section various global smoothed stress data sets are avail-
able (Heidbach and Ziegler, 2018). Herein, the smoothed
stress data for four global grids (0.2°, 0.5°, 1°, and 2° grid
spacing) using two fixed search radii (250 and 500 km) and
the approach with variable search radii as explained above
are provided.

3.3. Mean Sy Orientation versus absolute plate motion
direction

To re-examine the hypothesis whether absolute plate
motion direction is sub-parallel to the Sy, Orientation,
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we use the smoothed mean Sy,,,,, orientation on a global
1° grid. We use a fixed search radius of 500 km with the
same data selection criteria as for the smoothed stress map
displayed in Fig. 4a. At each grid point we estimate the de-
viation between the mean Sy;,,4, Orientation and the abso-
lute plate motion direction using the global hot spot refer-
enced tectonic plate model HS3 NUVEL-1A (Gripp and Gor-
don, 2002). Even though the number of data records has
increased significantly (and thus the number of grid points
where a mean Sy, orientation can be estimated) in com-
parison to the first analysis in Zoback et al. (1989), the his-
togram shows similar deviation distributions for most of
the chosen plates (Fig. 5). This finding is in-sensitive to the
incorporated smoothing approach, the smoothing param-
eter setting, or if we would use the Sy;.q, Orientations
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from individual stress data records rather than mean
Sumasx Orientations on global grids.

A large difference, however, in contrast to the findings
of Zoback et al. (1989), is revealed for the Eurasian plate.
Here, the Euler pole has changed significantly in compari-
son to the hotspot reference model from Minster and Jor-
dan (1978) that was applied in 1989. Furthermore, we do
not distinguish between sub-regions of the Eurasian plate.
For Western Europe, north of the Alps, the mean Sy, ori-
entation is still approximately 140°N. This orientation is in
line with the relative plate motion direction between the
Africa plate and the Eurasia plate as revealed by Miiller
et al. (1992) using the first WSM database release. In addi-
tion, several authors using geomechanical-numerical 2D
models have shown that the push from the North Atlantic
ridge and the continental collision of the Africa, along the
Alpine chain, are the key control of the general Sj;,,,4, trend
in Central Western Europe (Gélke and Coblentz, 1996;
Griinthal and Stromeyer, 1986, 1992).

The most significant increase of data records is seen in
Australia where < 100 reliable data records were available
in 1992 (Zoback, 1992) and 319 data records in 2000 (Hil-
lis and Reynolds, 2000, 2002). The new Australian stress
map with > 2000 data records (Rajabi et al., 2017b) con-
firms earlier speculations that the Australian plate has a
very complex stress pattern. This is most likely due to var-
ious plate boundary forces that are acting in different di-
rections and with different magnitudes leading to a super-
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position and regional changes of the mean Sy, 4, orienta-
tion. The first attempts to explain the variability of the
crustal stress field in Australia was made by Cloetingh and
Wortel (1985, 1986) followed by studies e.g. from Coblentz
et al (1995), Reynolds et al. (2002), and Dyksterhuis et al.
(2005). These studies have in common that they use 2-D
geomechanical-numerical models to estimate an optimal
set of plate boundary forces to fit the observed stress pat-
tern variability in Australia. However, the substantial up-
date of the Australian stress map database revealed that
deviations from these models occur in the new and better
resolved stress provinces (Rajabi et al., 2017b). A new 3-D
geomechanical-numerical model presented by Rajabi et al.
(2017a) provides a good fit to the updated database and
reviews in detail all earlier model approaches.

2-D geomechanical-numerical models were also pre-
sented for the Africa and South America plate showing that
the plate boundary forces are a key contributor to the ob-
served stress pattern (Coblentz and Richardson, 1996; Co-
blentz and Sandiford, 1994). On a global scale, the work of
Osei Tutu et al. (2018), Steinberger et al. (2001) and Bird
(1998) investigated the impact of mantle convection on the
lithospheric stress field. These models provide a first-order
understanding of the stress pattern that is observed in the
WSM, but the local variability cannot be explained due to
resolution limits of global models as well as the missing
vertical rheological stratification of the crust that is also an
important ingredient to quantify in particular stress mag-
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nitudes (Biirgmann and Dresen, 2008; Cloetingh etal,
2013; Hergert et al., 2015; Warpinski, 1989).
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4. Examples of stress tensor rotations on regional
scales

The substantial data record increase in the WSM data-
base release 2016 enables us to investigate the rotation of
the Symay Orientation on regional scales from 50 to 500 km
in a number of areas. As examples we chose Eastern Aus-
tralia (Section 4.1) and the south-central part of the U.S.
(Section 4.2) given the large increases in borehole data in
these regions (Alt Il and Zoback, 2017; Lund Snee and Zo-
back, 2016; Rajabi et al., 2016a, 2017b). Other areas with
similar rotations can be found in areas such as Northern
Germany (Heidbach etal, 2007), southern Africa (Bird
etal, 2006), China (Hu etal, 2017) and in other parts of
Australia (Rajabi et al., 2017b, 2017c).

4.1. Stress pattern in Eastern Australia

Using the global analysis displayed in Fig. 4a (fixed
search radius of r = 500 km), the mean Sy, orientation
rotates from NE-SW to NW-SE from the northern to south-
ern areas of Eastern Australia. Zooming into Eastern Aus-
tralia and using a fixed search radius of 250 km, reveals a
more diverse mean Sy,,q, Orientation pattern with a grad-
ual clockwise rotation > 100° from a N-S orientation in
northern Queensland to a NW-SE orientation in Victoria
(Fig. 6a). This stress pattern changes on wave-lengths of
approximately 500 km. This is smaller than the general
plate-wide scale stress pattern observed in North and
South America where the mean Sy,,,,, orientation shows
only changes of 20-30° over thousands of kilometres
(Hurd and Zoback, 2012; Reiter et al., 2014; Zoback and Zo-
back, 1991; Zoback and Zoback, 1980, 1989). The mean
Sumax Pattern is even more diverse if a fixed search radius
of 75 km is used, with rotations of 50—-60° within 70 km
observed in areas such as the Bowen and Surat basins of
SE Queensland (Fig. 6b).

4.2. Stress pattern in south-central U.S.

Using the global analysis displayed in Fig. 4a (fixed
search radius of r = 500 km), the mean Sj,,4, orientation
rotates from E-W in southern Oklahoma 30-40° counter-
clockwise to a NE orientation in southern Texas. With a
lower fixed search radius of 250 km for this area the stress
pattern becomes more diverse rotating 60-80° counter-
clockwise from North to South (Fig. 7a). Zooming into a
smaller region (Fig. 7b) and using a smaller fixed search
radius (r = 75 km) the variability increases and a 40° ro-
tation of the mean Sy,,,,, orientation is observed within 70
km which is similar to the rotation observed in New South
Wales, Australia (Fig. 6a). In a recent paper, Lund Snee and
Zoback (2018) provide even more data for the south-east-
ern region of the state New Mexico. With this additional
stress information, which is not part of the WSM database
release 2016, they reveal that the Sy, orientation ro-
tates in the Delaware basin from a NS-orientation in New
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Mexico by 150° clockwise in western Texas.

In analogy to Australia the plate-wide stress model of
North America by Humphreys and Coblentz (2007) was able
to match the first-order large-scale stress pattern, but local
variabilities were not resolved at that time and not the focus
of their paper. However, these newly revealed large rota-
tions of the Sy,,4, Orientation deliver new constraints for
the calibration of geomechanical-numerical models.

The observed large rotations of the Sy, Orientation
within < 100 km indicate that plate-wide, regional and lo-
cal stress sources compensate each other and, most prob-
ably, lead to a horizontal stress state that is close to iso-
tropic. In this case relatively small local stress sources can
rotate horizontal the stress tensor (Sonder, 1990; Zoback,
1992). To quantify the relative importance of far-field
stresses from plate boundary forces in comparison to
stresses that originate from regional and local sources 3-D
geomechanical-numerical modelling is essential (Chéry
et al,, 2004; Fischer and Henk, 2013; Gunzburger and Mag-
nenet, 2014; Henk, 2005; Hergert et al, 2015; Humphreys
and Coblentz, 2007; Reiter and Heidbach, 2014; Ziegler
etal, 2016a).

In general, we observe the trend that in some intra-plate
regions more Sy,,q, rotations on small-scale are detected
with increasing resolution of the stress field. However, this
is not the case in foreland basins. The increase of data in the
Alberta basin (Reiter etal, 2014), the Swiss Molasse
(Heidbach and Reinecker, 2013), the Alpine Foreland
(Reinecker et al., 2010), or in the southern Andes (Guzmdn
and Cristallini, 2009) did not change the stress pattern at all,
but confirmed the earlier mean Sy;,,4, orientation trends
and the long wave-length Sy, pattern. Intraplate settings
with little topography seem to be more prone for Sy, 4, ro-
tations controlled by local stress sources acting on 10-100
km scale. Here the horizontal differential stresses are prob-
ably smaller compared to areas where nearby topography
imposes higher Sy, magnitudes due to gravitational load
leading to a higher horizontal differential stress Symax -
Snmin- Thus, local stress perturbations in these regions are
not large enough to rotate the horizontal stresses signifi-
cantly. At locations where the magnitudes of the local stress
perturbation is known, this kind of analysis offers the poten-
tial to estimate the magnitudes of the global to regional
stresses (Sonder, 1990; Ziegler et al., 2017; Zoback, 1992).

5. Perspectives of the WSM project

5.1. From point-wise data towards a continuous 3-D stress
field

A key challenge for the WSM project is to derive a con-
tinuous description of the 3-D stress tensor from the point-
wise, sparse and incomplete stress data provided by the
WSM database. Fig. 8 displays an example for Northern
Switzerland in the Alpine foreland where a 3-D geome-
chanical-numerical model has been set up for a potential
deep geological repository site for high-level radioactive
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waste (Hergert et al., 2015). The model is calibrated with
measurements of the Sj,,,;, magnitude data in clay rich lay-
ers (NAGRA, 2001) as shown in Fig. 8c. The results indicate
that the stress orientations do not change with depth, but
that horizontal stress magnitudes vary significantly due to
the rock strength contrast in the sedimentary sequence.
The key limitation of such models, in terms of reliability, is
the lack of Sy,qx Stress magnitude data for a robust model
calibration. The results presented in Fig. 8 are only one
simulation amongst a wide range of other possibilities that
also match equally well the Sy,,,;,, stress magnitude data,
the stress regime and the Sy, Orientation in Northern
Switzerland.

Another fundamental problem of small-scale models in
the order of 20 km or less is, that in a given area often very
little or even no information on the crustal stress field is a
priori available. Furthermore, the stress field information
is mainly limited to Sy,q, Orientation data which is not
sufficient for model calibration of the stress magnitudes
unless significant stress rotations are reported. To over-
come this, a multistage approach has been developed and
tested in the Alpine foreland (Ziegler et al, 2016a). Here a
larger scale model, for which stress magnitude data are
available, is used to derive initial and boundary conditions
for a reservoir scale model.

Forward modelling of the total 3-D in-situ stress tensor
is not only essential to study the relative importance of
stress sources, but it is also necessary to assess the ‘criti-
cality’ of the contemporary crustal stress field, i.e. how
close the in-situ stress state is from failure. This infor-
mation is e.g. needed to assess how much man-made in-
duced stress changes in the underground due to excava-
tion (tunnels, caverns) fluid injection/production, storage
of waste, fluids and energy is possible without a violation
of the integrity of sealing layers and faults. Furthermore,
the initial in-situ stress state is essential to assess how
close a given fault is from failure (fault re-activation poten-
tial), to plan a safe borehole trajectory or in which direc-
tion hydraulically-induced fractures will propagate (Alt-
mann et al., 2014; Bell, 1996b; Miiller et al., 2018; Walsh
and Zoback, 2016).

5.2. Fourth phase of the WSM project (2017-2025)

The key new activity for the 4th phase of the WSM
(from 2017 to 2025) is to extend the WSM database with
stress magnitude data. This information is essential for the
calibration of geomechanical-numerical models that de-
scribe the contemporary 3-D in-situ stress state. However,
we will also continue and intensify the compilation of
stress orientation information to further resolve Sy ro-
tations. These rotations will also provide key information
to study the relative impact of far-field and regional to local
stress sources. Furthermore, there are still large regions
where very little or even no data are available.

Another challenge is to capture temporal stress
changes and horizontal stress tensor rotations which are
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observed at various scales. For example, at the tectonic
plate boundaries the stress changes occur due to tectonic
loading in the inter-seismic phase and from stress drops of
major earthquakes (Hardebeck, 2017). Here the rapid in-
crease of data from satellite geodesy in data density and
length of high-quality timeseries provide potential to de-
tect temporal stress changes (Heidbach and Ben-Avraham,
2007; Kreemer et al., 2014; Townend and Zoback, 2006). At
reservoir scales, significant stress tensor rotations due to
injection or production of fluids have been observed and
modelled (Martinez-Garcon et al., 2013; Miiller et al., 2018;
Ziegler et al., 2017). This might become a major issue since
massive storage of energy, waste or COz is probably a key
building block for the challenges that we face in the transi-
tion from fossil to renewable energy in the next decades.

On a technical level we aim to change our database re-
lease policy. Instead of compiling every 6-8 years a new
WSM database we intend to update the data set several
times per year to account for the steady and increasing in-
flux of new data that we experienced in past few years. We
will announce these new releases in our WSM technical re-
port series where new data and changes of the WSM data-
base will be described. Both, each new release and the ac-
companying WSM technical report will get a digital object
identifier to be able to track down the database version
that has been used.

These are the challenges for the ongoing 4th phase
(2017-2025) of the WSM project. In particular the data-
base extension by stress magnitudes can only be accom-
plished with a joint effort of the international scientific
community from different disciplines and industry part-
ners and we will soon call for participation to accomplish
this ambitious goal.
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