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A B S T R A C T

Knowledge of the present-day crustal in-situ stress field is a key for the understanding of geodynamic processes
such as global plate tectonics and earthquakes. It is also essential for the management of geo-reservoirs and
underground storage sites for energy and waste. Since 1986, the World Stress Map (WSM) project has system-
atically compiled the orientation of maximum horizontal stress (SHmax). 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° SHmax 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 SHmax 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 mate-
rials 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 se-
curity and sustainability in the 21st century. In this context, the con-
temporary crustal in-situ stress state is a key parameter to quantify the
processes that we induce into the subsurface, to mitigate e.g. induced
seismicity and to provide options for an optimal usage of the under-
ground (Hakimhashemi et al., 2014a; Henk, 2008; Müller et al., 2018;
van Wees et al., 2017; Walsh and Zoback, 2016; Zoback, 2010).

Knowledge of the in-situ stress is also essential for the

https://doi.org/10.1016/j.tecto.2018.07.007
Received 30 April 2018; Received in revised form 8 July 2018; Accepted 9 July 2018

⁎ Corresponding author.
E-mail address: heidbach@gfz-potsdam.de (O. Heidbach).

Tectonophysics 744 (2018) 484–498

0040-1951/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00401951
https://www.elsevier.com/locate/tecto
https://doi.org/10.1016/j.tecto.2018.07.007
https://doi.org/10.1016/j.tecto.2018.07.007
mailto:heidbach@gfz-potsdam.de
https://doi.org/10.1016/j.tecto.2018.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tecto.2018.07.007&domain=pdf


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 seis-
micity (Hakimhashemi 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 (Hardebeck 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 cri-
terion for any point in the subsurface can be derived. This distance is
critical as it indicates the stress changes that are required for re-
activation of a pre-existing fault or creation of a new fracture due to
induced or natural processes (Morris et al., 1996; Schoenball et al.,
2018; Walsh and Zoback, 2016).

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 crustal 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 contribu-
tion 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 re-
gional 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 SHmax.
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 different 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 arbitrary point a second rank tensor with
nine components is defined, but due to its symmetry properties only six
components are independent from each other. A formal derivation 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 SV is one of the three
principal stresses (Fig. 1c) the SHmax orientation determines the or-
ientation of the stress tensor. Given that SV can be calculated when rock
density as a function of depth is known the remaining unknowns are the
magnitudes of SHmax and Shmin, the minimum horizontal stress. It is
important to note that the SHmax orientation is the only component of
the stress tensor that can be derived from all stress indicators that are
used in the WSM database. 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 et al., 2013; Schmitt et al., 2012; Sperner et al., 2003).

Further information which is provided for subsets of the WSM da-
tabase is the stress regime, i.e. the relative magnitudes of the three
principal stresses (Fig. 1d–f). A few data records also provide in-
formation on the stress magnitudes of Shmin derived e.g. from hydraulic
fracturing or all three principal stress magnitudes from overcoring
methods, but this information is provided without a quality 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 crustal stress state
was published in the early seventies to investigate Voight's hypothesis,
which stated that the contemporary 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, overcoring and hydraulic frac-
turing measurements and could confirm this hypothesis for North
America with this small data set. First global compilations were pub-
lished 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 es-
timation 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 Hickman, 1985;
Zoback et al., 1985), initiated the WSM as a project of the International
Lithosphere Program in 1986. Focus 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 advancement of
the WSM project in its first phase is the application of a quality-ranking
scheme developed by Zoback and Zoback (1989, 1991). This WSM
quality ranking ensures the global comparability of the different stress
indicators that originate from geological and geophysical data as well
as from engineering methods. This collaborative attempt resulted in the
first comprehensive global compilation that had 3574 data records on
the SHmax orientation (Zoback et al., 1989). The WSM also provides a
defined approach for the stress regime assignment based on the spatial
orientation in terms of trend and plunge of the P-, T- and B-axes derived
from earthquake focal mechanisms (Müller et al., 1992; Zoback, 1992).
The analysis of this comprehensive global compilation of crustal stress
information showed that most intraplate regions are characterized 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 SHmax stress pattern can be several thousand
kilometres and that the trend of the SHmax orientation in some tectonic
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 available 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 com-
plementary stand-alone tool CASMI (Create A Stress Map Interactively)
for user-specific stress map generation with an extended functionality
was released at the end of the second WSM project phase (Heidbach and
Höhne, 2008). The significant increase to 21,750 data records in the
WSM database release 2008 revealed that plate boundary forces are not
enough to fully explain the crustal stress pattern of the SHmax orienta-
tion (Heidbach et al., 2007; Heidbach et al., 2010; Tingay et al., 2005).
Density and rock strength contrasts, detachment horizons due to low
shear strength lithologies (e.g. salt layer), faults, flexural stresses and
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basin 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 et al., 2005; Tingay et al., 2006; Zoback
and Richardson, 1996; Zoback, 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 became a member of the World Data System of the
International Council for Science (ICSU). This phase of the WSM project
involved intensified international collaboration and fully integrated
new or updated national stress compilations from e.g. Australia,
Canada, China, Germany, Iceland, Italy, New Zealand and Switzerland.
The resulting current WSM database release 2016 has 42,870 data re-
cords, with> 22,000 new ones and the revision of> 2000 data re-
cords. 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 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 da-
tabase uses stress indicators from earthquake focal mechanisms (e.g.
individual 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 either
rarely used nowadays (composites of focal mechanisms 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 II
and Zoback, 2017; Amadei and Stephansson, 1997; Bell, 1996a;
Célérier, 2010; Fjeldskar, 1995; Haimson and Cornet, 2003; Ljunggren
et al., 2003; Maury et al., 2013; Schmitt et al., 2012; Sperner et al.,
2003; Zang and Stephansson, 2010; Zoback, 2010). Specific technical
details such as abbreviations 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 Reports which is provided for
download on the project website 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
SHmax orientation is accurate to within±15°, B-quality to within± 20°,
C-quality to within±25°, D-quality to within±40°. E-quality is as-
signed 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 et al. (2010).

The majority of data records in the WSM database are from earth-
quake focal mechanism (single events FMS and formal stress inversion
of several events FMF) and borehole data (Table 1). In the new release
of the WSM, we compiled ~16,500 data records based on earthquake
data and ~4000 new data records from borehole data through inter-
pretation of borehole breakouts (BO), drilling induced tensile fractures
(DIF), hydraulic fracturing methods (HF), and shear wave splitting in
boreholes (SWB).

Fig. 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 components 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. c) Assuming that the vertical stress in the Earth crust SV= g·ρ·z is a principal stress
(g is gravitational acceleration, ρ is the rock density, z the depth), the two horizontal stresses Shmin and SHmax, 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 SHmax orientation and the magnitudes of
SV, SHmax and Shmin. The stress information provided in the WSM database is for all data records the SHmax orientation and for most data records the stress regime
which indicates the relative stress magnitudes. d) Normal faulting stress regime where SV is larger than the horizontal stresses (SV= σ1). e) Strike-slip faulting stress
regime where SV is the intermediate principal stress (SV= σ2). f) Thrust faulting stress regime where SV is smaller than the horizontal stresses (SV= σ3).

O. Heidbach et al. Tectonophysics 744 (2018) 484–498

486

http://www.world-stress-map.org


Fi
g.

2.
Th

e
W
or
ld

St
re
ss

M
ap

(W
SM

)
20

16
di
sp
la
ys

th
e
co

nt
em

po
ra
ry

cr
us
ta
l
st
re
ss

or
ie
nt
at
io
n
in

th
e
up

pe
r
40

km
ba

se
d
on

th
e
W
SM

da
ta
ba

se
re
le
as
e
20

16
.L

in
es

sh
ow

th
e
or
ie
nt
at
io
n
of

m
ax

im
um

ho
ri
zo

nt
al

st
re
ss

(S
H
m
ax
)
fr
om

di
ff
er
en

t
st
re
ss

in
di
ca
to
rs

di
sp
la
ye

d
by

di
ff
er
en

t
sy
m
bo

ls
;l
in
e
le
ng

th
is

pr
op

or
ti
on

al
to

da
ta

qu
al
it
y.

D
is
pl
ay

ed
ar
e
th
e
20

,7
57

da
ta

re
co

rd
s
w
it
h
A
–C

qu
al
it
y
ac
co

rd
in
g
to

th
e
W
SM

qu
al
it
y
ra
nk

in
g
sc
he

m
e

ex
ce
pt

th
os
e
th
at

ar
e
la
be

lle
d
as

po
ss
ib
le

pl
at
e
bo

un
da

ry
ev

en
ts

(H
ei
db

ac
h
et

al
.,
20

10
).
C
ol
ou

rs
of

th
e
sy
m
bo

ls
an

d
lin

es
in
di
ca
te

th
e
st
re
ss

re
gi
m
e
w
it
h
re
d
fo
r
no

rm
al

fa
ul
ti
ng

(N
F)
,g

re
en

fo
r
st
ri
ke

-s
lip

(S
S)
,b

lu
e
fo
r

th
ru
st

fa
ul
ti
ng

(T
F)

an
d
bl
ac
k
fo
r
un

kn
ow

n
(U

)
st
re
ss

re
gi
m
e
(s
ee

Fi
g.

1d
–f
).
Pl
at
e
bo

un
da

ri
es

ar
e
ta
ke

n
fr
om

PB
20

02
(B
ir
d,

20
03

),
to
po

gr
ap

hy
is
ba

se
d
on

th
e
ET

O
PO

1
da

ta
fr
om

th
e
N
at
io
na

lG
eo

ph
ys
ic
al

D
at
a
C
en

tr
e

(N
G
D
C
)
in
cl
ud

in
g
ba

th
ym

et
ry

da
ta

fr
om

A
m
an

te
an

d
Ea

ki
ns

(2
00

9)
.T

hi
s
m
ap

ca
n
be

ac
ce
ss
ed

an
d
do

w
nl
oa

de
d
in

hi
gh

re
so
lu
ti
on

at
ht
tp
s:
//
do

i.o
rg
/1

0.
58

80
/W

SM
.2
01

6.
00

2.

O. Heidbach et al. Tectonophysics 744 (2018) 484–498

487

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


This significant increase of data records in the WSM database re-
lease 2016 could be achieved due to the integration of the Chinese
Crustal Stress Database (Hu et al., 2017; Xie et al., 2007), the new
Australian stress map database (Rajabi et al., 2017b) and comprehen-
sive individual regional and national studies on the crustal stress field
in Argentina (Guzmán and Cristallini, 2009; Guzmán et al., 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., 2016b), Italy (Montone and
Mariucci, 2016; Pierdominici and Heidbach, 2012), New Zealand
(Rajabi et al., 2016b; Townend et al., 2012), USA (Alt II and Zoback,
2017; Hurd and Zoback, 2012; Lund Snee and Zoback, 2016), South
Africa (Marco Andreoli and Andrew Logue pers. comm.), South
America, (Assumpcao et al., 2016), and Switzerland (Heidbach and
Reinecker, 2013).

2.4. SHmax rotation with depth

The depth distribution of A–C quality data records presented 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 inversions of focal mechanisms are the only available stress
indicators, 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 mechanisms, which receive at best a C-
quality due to intrinsic uncertainties when the P-, B- and T-axis of the
focal mechanism are taken as proxies for the principal stress orienta-
tions (Célérier, 2010; Heidbach et al., 2010; McKenzie, 1969; Wallace,
1951). This explains why 68% of the data records received a C-quality.

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 concluded that the deviation between
the SHmax orientation at depth > 5 km from earthquake focal me-
chanisms and from data records in the upper 5 km is within the un-
certainty 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 between a SHmax orientation
from a shallow data record (≤5 km) and a SHmax orientation derived
from a focal mechanism 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. SHmax is reliable
within±25°) this results indicates that, on a global scale, the varia-
bility of the SHmax orientation with depth is usually small and justifies

the presentation of the depth-stacked SHmax orientation data in map
view. However, it should be noted that the relatively constant SHmax

orientation with depth does not imply that the stress tensor is constant
with depth, because stress magnitudes obviously increase with in-
creasing overburden. Furthermore, changes of the stress regime can
occur as the increase of SV with 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 SHmax or-
ientation. The same arguments can be discussed for areas where there
are lateral variations of the SHmax orientation. Our new compilation
indicates that the SHmax 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 lateral stress rotations are in
general not resolved at 10 km scale.

At specific geological settings, however, e.g. when horizons with
very low shear strength mechanically decouple layers, large SHmax ro-
tations of> 45° within a few hundred meters depth are reported as well
(Cornet and Röckel, 2012; Heidbach et al., 2007; Roth and
Fleckenstein, 2001; Tingay et al., 2011; Zakharova and Goldberg,
2014). Furthermore, Schoenball and Davatzes (2017) speculate that
potential rotations of the SHmax orientation in the upper few kilometres
are hidden by the procedure of WSM quality assignment for borehole
data. Unless a significant and instant change of the derived SHmax or-
ientation is detected within a borehole log, each data record contains
only a mean SHmax 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 in-
dividual 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 SHmax

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 et al. (1989) and Zoback (1992).
Amongst other findings they showed that the SHmax orientation from
individual data records is often sub-parallel to the direction of absolute
plate motion indicating that the forces that drive plate motion also
control the first-order intra-plate crustal stress pattern. In the following,

Table 1
Number of data records in the WSM database according to stress indicator and data quality.

WSM 2008 New data records WSM 2016a

Stress indicator type A–E A–C A–E A–C A–E A–C

Focal Mechanisms Single (FMS) 14,477 13,081 16,519b 14,274b 30,341c 26,730c

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 (OC) 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 borehole 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 SHmax orientation (details on the procedure are given in Heidbach et al., 2010).

c 11,708 of the FMS data records are flagged as Possible Plate Boundary Events (PBE).
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we revisit this hypothesis as the number of data records has increased
significantly in comparison to the first release of the WSM project.
However, instead of using the SHmax orientation from individual data
records, we use mean SHmax orientations on a regular grid from a
smoothed stress field. Smoothing means that we filter the long wave-

length 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-represented in the analysis. We first present in Section 3.1 our new
smoothing tool stress2grid and present in the subsequent sections two
differently smoothed stress maps and the comparison of these with
absolute plate motion direction.

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 SHmax orientation on
regular grids. Based on the work of Coblentz and Richardson (1995),
Müller et al. (2003), and Heidbach et al. (2010) we wrote the Matlab®
script stress2grid (Ziegler and Heidbach, 2017a) which extends and
speeds up the analysis possibilities. Furthermore, the script can com-
pute the plate motion from Euler vectors and estimates the deviation of
the mean SHmax orientation to the plate motion direction.

The script provides two different approaches to calculate the mean
SHmax orientation on regular grids both based on the directional sta-
tistics 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 SHmax orientation if sufficient data records are within the user-
defined fixed search radius (Fig. 4a). This can result in mean SHmax

orientations with a high standard deviation of the individual mean
SHmax orientation and it may hide local perturbations. Thus, the mean
SHmax orientation is not necessarily reliable for a local stress field
analysis. The second approach is using variable search radii and de-
termines the search radius for which the standard deviation of the mean
SHmax orientation is below a user-defined threshold. This approach
delivers the mean SHmax orientations with a user-defined degree of re-
liability. It resolves local stress perturbations and is not available in
areas with no data or conflicting information that result in a large
standard deviations of the mean SHmax orientation.

3.2. Mean SHmax orientation on regular grids

Fig. 4a shows the pattern of the mean SHmax orientation calculated
with a fixed search radius of r= 500 km on a global 2° grid. Within this
search radius, only data records 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 using the
plate boundary definitions of the global tectonic model PB 2002 of Bird
(2003) and c) are not within a distance of 200 km of the nearest plate
boundary. The minimum number of data records that are requested to
calculate the mean SHmax orientation is set to n=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 SHmax

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 SHmax orientation displayed in Fig. 4a is not
necessarily a reliable SHmax orientation at the grid points. It is rather a
filtered long wave-length mean SHmax orientation. Local deviations
which can be significant in areas with e.g. active tectonics, local to-
pography or other sources that alter the local stress field are not ne-
cessarily resolved with the chosen search radius of 500 km.

Fig. 4b presents the mean SHmax 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 SHmax orientation value is plotted for the largest
search radius 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

Fig. 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 using focal mechan-
isms; BO borehole breakouts; DIF: drilling induced tensile fractures; HF: hy-
draulic fracturing; GF: inversion of fault slip data; GVA: geological volcanic
alignments. Note that data from FMS and FMF are almost the only stress in-
dicator 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
SHmax 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 SHmax

orientation is reliable within± 25°) indicating that the SHmax orientation is not
varying significantly with depth.
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Fig. 4. a) Smoothed global intra-plate stress maps with a fixed search radius of 500 km. Mean SHmax 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 SHmax 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 is 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 SHmax orientation is taken and plotted here for the largest search radius when the standard deviation of the mean SHmax orientation at the individual
grid points is ≤25°.
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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
SHmax orientation within±25° on a regular grid. These values can 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 var-
ious global smoothed stress data sets are available (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 SHmax orientation versus absolute plate motion direction

To re-examine the hypothesis whether absolute plate motion di-
rection is sub-parallel to the SHmax orientation, we use the smoothed
mean SHmax 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
deviation between the mean SHmax orientation and the absolute plate
motion direction using the global hot spot referenced tectonic plate
model HS3 NUVEL-1A (Gripp and Gordon, 2002). Even though the
number of data records has increased significantly (and thus the
number of grid points where a mean SHmax orientation can be esti-
mated) in comparison to the first analysis in Zoback et al. (1989), the
histogram shows similar deviation distributions for most of the chosen
plates (Fig. 5). This finding is in-sensitive to the incorporated
smoothing approach, the smoothing parameter setting, or if we would
use the SHmax orientations from individual stress data records rather
than mean SHmax 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 comparison to the hotspot reference model
from Minster and Jordan (1978) that was applied in 1989. Further-
more, we do not distinguish between sub-regions of the Eurasian plate.
For Western Europe, north of the Alps, the mean SHmax orientation 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 Müller et al. (1992) using the first WSM database release. In
addition, several authors using geomechanical-numerical 2D models
have shown that the push from the North Atlantic ridge and the con-
tinental collision of the Africa, along the Alpine chain, are the key
control of the general SHmax trend in Central Western Europe (Gölke
and Coblentz, 1996; Grünthal 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 (Hillis and Reynolds, 2000, 2002).
The new Australian stress map with>2000 data records (Rajabi et al.,
2017b) confirms earlier speculations that the Australian plate has a
very complex stress pattern. This is most likely due to various plate
boundary forces that are acting in different directions and with dif-
ferent magnitudes leading to a superposition and regional changes of
the mean SHmax orientation. 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 pattern variability in Australia. However, the substantial update
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 presented for the

Africa and South America plate showing that the plate boundary forces
are a key contributor to the observed stress pattern (Coblentz and
Richardson, 1996; Coblentz 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 magnitudes
(Bürgmann and Dresen, 2008; Cloetingh et al., 2013; Hergert et al.,
2015; Warpinski, 1989).

4. Examples of stress tensor rotations on regional scales

The substantial data record increase in the WSM database release
2016 enables us to investigate the rotation of the SHmax orientation on
regional scales from 50 to 500 km in a number of areas. As examples we
chose Eastern Australia (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 II and Zoback, 2017; Lund Snee and Zoback, 2016; Rajabi
et al., 2016a, 2017b). Other areas with similar rotations can be found in
areas such as Northern Germany (Heidbach et al., 2007), southern
Africa (Bird et al., 2006), China (Hu et al., 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 SHmax orientation rotates from NE-SW to NW-SE
from the northern to southern areas of Eastern Australia. Zooming into
Eastern Australia and using a fixed search radius of 250 km, reveals a
more diverse mean SHmax orientation pattern with a gradual 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 SHmax orientation shows only changes of 20–30° over
thousands of kilometres (Hurd and Zoback, 2012; Reiter et al., 2014;
Zoback and Zoback, 1991; Zoback and Zoback, 1980, 1989). The mean
SHmax 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 SHmax 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° rotation of the mean SHmax 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-eastern 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 SHmax orientation
rotates in the Delaware basin from a NS-orientation in New 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 re-
vealed large rotations of the SHmax orientation deliver new constraints
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for the calibration of geomechanical-numerical models.
The observed large rotations of the SHmax orientation within<

100 km indicate that plate-wide, regional and local stress sources
compensate each other and, most probably, lead to a horizontal stress
state that is close to isotropic. 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
Magnenet, 2014; Henk, 2005; Hergert et al., 2015; Humphreys and
Coblentz, 2007; Reiter and Heidbach, 2014; Ziegler et al., 2016a).

In general, we observe the trend that in some intra-plate regions
more SHmax rotations on small-scale are detected with increasing re-
solution of the stress field. However, this is not the case in foreland
basins. The increase of data in the Alberta basin (Reiter et al., 2014),
the Swiss Molasse (Heidbach and Reinecker, 2013), the Alpine Foreland
(Reinecker et al., 2010), or in the southern Andes (Guzmán and
Cristallini, 2009) did not change the stress pattern at all, but confirmed

the earlier mean SHmax orientation trends and the long wave-length
SHmax pattern. Intraplate settings with little topography seem to be
more prone for SHmax rotations 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 SHmax magnitudes due to gravitational load leading to a higher
horizontal differential stress SHmax - Shmin. Thus, local stress perturba-
tions in these regions are not large enough to rotate the horizontal
stresses significantly. At locations where the magnitudes of the local
stress perturbation is known, this kind of analysis offers the potential 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 continuous de-
scription of the 3-D stress tensor from the point-wise, sparse and

Fig. 5. Deviation between absolute plate motion direction and mean SHmax orientation. The absolute plate motion direction is estimated from the model HS3 NUVEL-
1A (Gripp and Gordon, 2002). For the mean SHmax orientations the results from a global 1° grid are taken with the same search parameter as stated in Section 3.2. The
number n indicates the total number of grid points that returned a mean SHmax orientation value.
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incomplete stress data provided by the WSM database. Fig. 8 displays
an example for Northern Switzerland in the Alpine foreland where
a 3-D geomechanical-numerical model has been set up for a potential
deep geological repository site for high-level radioactive waste (Hergert
et al., 2015). The model is calibrated with measurements of the Shmin

magnitude data in clay rich layers (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 lim-
itation of such models, in terms of reliability, is the lack of SHmax stress
magnitude data for a robust model calibration. The results presented in
Fig. 8 are only one simulation amongst a wide range of other possibi-
lities that also match equally well the Shmin stress magnitude data, the
stress regime and the SHmax 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 in-
formation on the crustal stress field is a priori available. Furthermore,
the stress field information is mainly limited to SHmax orientation data
which is not sufficient for model calibration of the stress magnitudes
unless significant stress rotations are reported. To overcome 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 ‘criticality’ of the contemporary crustal stress
field, i.e. how close the in-situ stress state is from failure. This in-
formation is e.g. needed to assess how much man-made induced stress
changes in the underground due to excavation (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 potential), to plan
a safe borehole trajectory or in which direction hydraulically-induced
fractures will propagate (Altmann et al., 2014; Bell, 1996b; Müller
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 describe the contemporary 3-D in-situ stress state.
However, we will also continue and intensify the compilation of stress
orientation information to further resolve SHmax rotations. These rota-
tions 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 hor-
izontal stress tensor rotations which are 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 increase of data
from satellite geodesy in data density and length of high-quality time-
series provide potential to detect 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 in-
jection or production of fluids have been observed and modelled
(Martinez-Garcon et al., 2013; Müller et al., 2018; Ziegler et al., 2017).
This might become a major issue since massive storage of energy, waste
or CO2 is probably a key building block for the challenges that we face
in the transition from fossil to renewable energy in the next decades.

On a technical level we aim to change our database release 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 influx of new data that we experienced in past few years. We
will announce these new releases in our WSM technical report series
where new data and changes of the WSM database will be described.
Both, each new release and the accompanying WSM technical report
will get a digital object identifier to be able to track down the database

Fig. 8. a) Stress map of northern Switzerland with locations of potential deep
geological repository for high-level radioactive waste (purple areas) and extent
of the model area (yellow square). 3-D model shows the 20× 20×3 km3

model volume with the discretization into finite elements (two-fold vertical
exaggeration). Colours show the modelled difference between maximum and
minimum horizontal stresses SHmax-Shmin (Hergert et al., 2015). White lines
indicate the location of the cross section. b) Upper figure shows on a NS cross
section the lithological layers within the sediment sequence of the Alpine
Foreland that are represented in the model. Lower figure shows the model re-
sults of horizontal stress difference SHmax-Shmin. c) Modelled magnitudes of SV,
SHmax and Shmin along a vertical borehole profile. Red dots show measurements
of the Shmin magnitude in clay rich layers from hydraulic fracturing tests
(NAGRA, 2001) that were used for model calibration. Grey shaded area denotes
the horizontal stress difference SHmax-Shmin. Note that this is only one simula-
tion amongst a wide range of possible solutions that fit the constraints (Shmin

magnitudes, SHmax orientation, and stress regime) in this region as well.
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version that has been used.
These are the challenges for the ongoing 4th phase (2017–2025) of

the WSM project. In particular the database extension by stress mag-
nitudes can only be accomplished with a joint effort of the international
scientific community from different disciplines and industry partners
and we will soon call for participation to accomplish this ambitious
goal.
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