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Analyzing the horizontal
orientation of the crustal stress
adjacent to plate boundaries

Tobias Stephan¥3*, Eva Enkelmann* & Uwe Kroner?

The spatial analysis of horizontal stress orientation is important to study stress sources and
understand tectonics and the deformation of the lithosphere. Additional to the stress sources, the
geometry of stress fields depends on the underlying coordinate reference system, which causes spatial
distortions that bias the analysis and interpretation of stresses. The bias can be avoided when the
stress field is decomposed and transformed into the reference frame of its first-order stress source. We
present a modified and extended theory based on the empirical link between the orientation of first-
order stresses and the trajectories of lateral plate boundary forces. This link is applied to analyze the
orientation of horizontal stresses, their patterns, and tectonic structures from the perspective of their
first-order source or cause. By using only parameters for the relative motion between two neighboring
plates, we model the first-order orientation of the maximum horizontal stress that statistically fits the
orientation of >80% of the global stress data adjacent to plate boundaries. Considerable deviations

of the observed stress from the predicted first-order stress direction can reveal the geometry of
second-order stresses and confine areas where other stress sources dominate. The model’s simple
assumptions, independence from the sample size, potential application to regional to global scale
analysis, and compatibility with other spatial interpolation algorithms make it a powerful method

for analyzing stress fields. Forimmediate use, the presented method is implemented in the free and
open-source software package tectonicr, which is written in the computer language R.

Observations of stress are fundamental Earth science data that are used to study forces that act in the lithosphere
in order to understand deformation or stability of the crust and the underlying mantle. The orientation of the
stress tensors allows for identifying and quantifying the relative contribution of different sources of stress. These
sources range from plate scale to meter scale and include plate tectonic forces, forces originating from mechanical
discontinuities, lithologic boundaries, intrusions, topography, and man-made structures (e.g. Refs.!™*). Tectonic
forces are the most dominant source and plate boundary forces confine the kinematics of plate motion and the
dynamics of plate deformation, which can result in major differences between intraplate and plate boundary
deformation zones. These differences reflect the laterally and vertically heterogeneous deformation pattern of
the crust due to its composition, mechanical properties, and tectonic setting. Understanding the stress sources,
therefore, requires a thorough analysis of the stress field, which can then be used for stress predictions. Many
methods exist for stress analysis, stress interpolation or smoothing, like inverse distance interpolation®~’ or
nearest-neighbor regression® that are both based on circular statistics assuming von Mises distributions (cf.%).
Furthermore, non-linear smoothing for multi-dimensional data'’, finite-element modeling'!, damped inver-
sion of focal mechanisms'?, Bayesian formulation'?, and cluster analysis'*!* have been used to interpolate stress
fields. All these methods assume that the stress orientation can be averaged from the orientation of neighbor-
ing data samples. However, the geometry of a stress field largely depends on two main factors that are usually
underestimated or ignored:

(i) In-situ stress measurements can be the result of a complex assemblage of an unknown number of sources
with different magnitudes and orientations of underlying forces. On larger scales, these unknown con-
tributions lead to unique and complex geometries of the stress field. Thus, the analysis requires either
in-depth knowledge of the stress source(s) or a decomposition of the stress field into its constituents.
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(ii) Patterns of large-scale stresses are affected by the Earth’s curvature. Thus, the geometries of stress fields are
strongly dependent on the chosen coordinate reference system (CRS) and projection. Each combination
of a CRS and a projection yields different geometries. For that reason, spherical mathematics and the
choice of the CRS are equally important for characterizing the stress-field geometry. This is particularly
crucial for differentiating between a uniform and a heterogeneous stress field.

This study demonstrates that the empirical link between the orientation of horizontal stresses at plate bounda-
ries and the direction of relative plate motion provides a heuristic approach to analyzing stress fields. This stress-
analysis approach accounts for the aforementioned factors. Our approach to determining stress orientations is
based on the “theory of intraplate tectonics” proposed by Wdowinski'®. We modify and extend his data analysis
technique by decomposing and transforming the field into the reference frame of its first-order stress source and
using modern spherical mathematics. We demonstrate and test our data-analysis technique using the stress fields
of the regions of the San Andreas Faul-Gulf of California, Central Asia, the North Atlantic Ridge-Iceland, and
the global stress field using the World Stress Map Database Release 2016 (WSM2016)".

Theoretical background

The influence of the coordinate reference system on the stress-field geometry. The orienta-
tion of stress and strain is conventionally expressed by its azimuthal deviation from the geographic North Pole.
Depending on the underlying geographic projection, the geometrical or mathematical analysis may produce
spurious patterns of the stress (or strain) field as they are affected by different angle or area distortions. Figure 1
demonstrates how a synthetic stress field can be distorted and how this affects stress-field interpolation using
circular statistical parameters to estimate the average stress orientation. This stress field comprises concentrically
distributed data points with concentrically oriented maximum horizontal stress (0Hmax). Such a stress field may
represent, e.g., a normal fault system circling an impact crater's, a volcanic caldera®, or the stress field above a
diapiric structure®.

Due to the small sample size, the highly variable otimax Orientations characterize a non-uniform stress field.
The alignment of the ormax orientation with the concentric rings around a center point, however, indicates that
the orientation depends on the distance to the center point of the concentric geometry (Fig. 2A). Spatial inter-
polation averages the orientation between data points and thereby ignores the underlying geometrical feature of
the stress field. Depending on the amount of averaged data, the averaged orientations will systematically deviate
from the true orientation (red lines in Fig. 1B). Moreover, the systematic misfit, as shown by the large value of the
azimuth deviation (3> 5°), increases towards the center of the point set where the orientation variability per area
is the largest (Fig. 1C). This misfit might be avoided if a high number of data replicates the exact geometry of the
underlying stress field. However, in many regions the geometry is unknown and stress or strain data are limited.

From the perspective of the center point, the omax data have similar orientations. Both the azimuth and
its 5° scatter are independent of the distance to the center point (Fig. 2A). In contrast to the geographical CRS,
this perspective describes a uniform stress field. This perspective is expressed geometrically by a coordinate
transformation based on the radial distance to the center point and the azimuthal angle. The orientations are
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Figure 1. Stress-field predictions for a concentric stress field in a geographical coordinate reference system.
(A) Synthetically concentric stress field presented on a map view (geographical coordinate reference system,
Mercator projection) is centered at the origin of the concentric stress field. The orientation of the maximum
horizontal stress (0tmax) of the “observed” points is derived from a randomly sampled concentric point set.

A 5° scatter around the true orientation is assigned to the orientation. (B) Spatial stress interpolation in a
geographical reference system with the oymax orientation measured as the deviation from the North Pole. Note
the large deviation close to the origin of the stress field. (C) Deviation of the interpolated orientation from

the true orientation plotted against the distance from the origin. The maximum deviation of the interpolated
orientation exceeds the uncertainty of the observed orientation and can be as large as 90°. Interpolation for the
OHmax Orientation are based on the “stress2grid” algorithm®*! which calculates the circular mean orientation
within a variable search radius (parameters: grid size = 0.5°, search radius = 250-850 km).

Scientific Reports|  (2023) 13:15590 | https://doi.org/10.1038/s41598-023-42433-2 nature portfolio



www.nature.com/scientificreports/

90.0

AI g o Deviation (°) = angle between
J S true and interpolated azimuth
& T ~Q
| §§, , T T 881 6754
| / R 35 L o 0.0 225 45.0 67.5 90.0
R SRS 20 - _ ‘ o
o4 / U N = Q86—  —— —_—— =
3 [ B S T gg e e _5
g \. LR 82 | — o T=-| §%Y
=9\ o \ E@gg{ —— — = —— 2
. Q — -— T T [a]
] @, S T S B A
’ ag ok = . 2254
1 \ , ETel = — == - ‘
| @ Origin —_— :
""" Small circles|. Uncerta/nt ofobserved data
4 Great circles|— 80t N e gzg"'.".‘l ""."'1’ ' . ]
o 0 45 90 135 180 225 270 315 360 ~0 6 8 10
Longitude Transformed longitude (°) = angular coordinate Dlstance from or|g|n (°) = radial coordinate

Figure 2. Stress-field predictions for a concentric stress field in a transformed coordinate reference system.

(A) Identical dataset as in Fig. 1A but with the trajectories of the true azimuth of omax shown as small circles.
The 1° small circles are centered at the origin of the stress source. (B) Stress interpolation of the same data in a
transformed coordinate reference system (Mercator projection) by means of a general oblique transformation
(i.e. stress origin is rotated into the North Pole of the map). Coordinates are related to the angular distance to
the stress origin (i.e. the small circle or radial coordinate) and the angle measured along the small circle (angular
coordinate). In this way, the small and great circles become straight lines and represent transformed latitudes
and longitudes, respectively. The transformed orientation is expressed as the azimuthal deviation from the stress
origin. The interpolation parameters are identical to Fig. 1. (C) The maximum deviation of the interpolated
stress field compared with the uncertainty of the observed data.

expressed by the azimuth deviation from the center point (Fig. 2B,C). In other words, the center point is used as
the coordinate reference frame instead of the North Pole. Because the link between the geometrical feature of the
stress field becomes the property of the new CRS, circular statistics do not suffer from the angle distortions of the
stress-field geometry. Thereby, the deviation of the interpolated orientation does not exceed the 5° scatter of the
input data indicating the good fit of the interpolation (Fig. 2C) and the averaged stress field in the transformed
CRS outlines the expected uniform stress field, i.e., a constant orientation of otimax (Fig. 2B). This simple test
demonstrates how the geographical CRS (North Pole) can distort the actual geometry of the stresses. Hence, the
geographical CRS does not allow for evaluating the location and orientation of the stresses with respect to their
source (here the center point). If the stress source is known, a coordinate transformation into the perspective
of this source provides a better and sample-size independent representation of the stress field. Such coordinate
transformations, e.g. the oblique Mercator projection, are simple graphical approximations, that have been widely
used to reconstruct plate motion (e.g. Refs.?-?%) and, less commonly, to analyze stress fields?*.

The empirical link between plate motion and first-order stress.  Most stress fields do not form con-
centric geometries and the stress originates from a more complex assemblage of forces and sources. Composite
stress fields, however, can be decomposed into different orders of stresses depending on the wavelength of the
field patterns>®*32, The first-order component of a stress field represents >500 km wavelengths and second-
order stress fields are characterized by shorter wavelengths between 100 and 500 km. Since each order is mainly
controlled by specific forces**?, the decomposition of a stress field allows for identifying the individual contribu-
tion of the stress sources. It has been shown that the first-order orientation of 6Hmax is predominantly subparallel
to the relative motion of lithospheric plates"*!"1¢31-%_ This empirical correlation suggests that the first-order
stress field is the result of the forces that drive and resist the motion of plates, i.e. plate boundary forces such as
slab pull, trench suction, ridge push, collisional forces, and traction at the base of the lithosphere*!~*4.

This correlation is supported by the observed alignment of both the geodetic displacements (the elastic strain
during the interseismic phase), and earthquake slip vectors (the permanent strain during the coseismic phase)
with the direction of relative plate motion along plate boundary zones?>*>~*. This geometrical link between
strain and plate motion forms the foundation for the reconstruction of current**-** and ancient plate motion®>.
Moreover, it provides a reference frame to analyze the stress field from the perspective of its first-order stress
source, the plate boundary forces'®.

Combining spherical geometry and the first-order stress source. Any motion on a spherical sur-
face is described as a rotation around an axis (Euler axis) intersecting the center of the sphere. The pole of rota-
tion (PoR) or Euler pole denotes the location where the axis intersects the sphere. Both the magnitude and the
direction of a force depend on the rotation which produces a torque. The net torque of two interacting plates, e.g.
collisional or transform traction, is the sum of the torques of the two converging plates due to the conservation
of the angular momentum of these plates®’. The rotational axis of this resulting torque coincides with the Euler
axis of relative plate motion®. Thus, horizontal resisting forces and their associated tectonic stresses oppose the
relative motion on both sides of the plate boundary and act perpendicular and parallel to the strike of most of

the convergent and transform plate boundaries, respectively*>*.
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There is an angular relationship between the plate motion direction and the orientation of the horizontal
stress, which depends on the direction of displacement along the plate boundary'®. The displacement is either
directed outward or inward from the plate boundary, or tangentially along the boundary (Fig. 3). Respectively,
OHmax 1S either perpendicular (Fig. 4A), parallel (Fig. 4B), or at an angle of 45° to the relative motion of plates
adjacent to the plate boundary (Fig. 4C). Thus, the trajectories of horizontal stress form three types of lines,
which depend solely on the type of the plate boundary'®. Considering the spherical geometry of Earth, these
three geometries must follow spherical arcs on the Earth’s surface. These arcs describe great circles (lines along
the shortest distance between the data point and the PoR of the relative plate motion), small circles (concen-
tric lines around the PoR), and loxodromes (lines of constant bearing that cut both small and great circles at a
constant angle) associated with inward-moving, outward-moving, and tangential displaced plate boundaries,
respectively (Fig. 5).

Outward-moving plate boundaries produce tensional traction and displacements directed away from the
plate interior (Fig. 3). For instance, on the mid-oceanic ridge, the stress field is predominantly controlled by
the vertical push from the upwelling material and a horizontal pull that resists the spreading*>>®. The resulting
extension opposes the relative motion of the neighboring plates. Thus, the minimum horizontal stress (hmin)
is parallel to the divergence direction (Fig. 4A). Along spreading ridges and intracontinental rifting stresses are
therefore dominated by normal faulting with otmax trending perpendicular to the plate motion trajectories, i.e.
along great circles passing through the data points and the PoR (Fig. 5).

Inward-moving plate boundaries induce compressional horizontal traction from the plate boundary towards
the plate’s interior along the direction of relative plate motion (Fig. 3). Stresses across inward-moving plate
boundaries are characterized by the dominance of thrusting or strike-slip faulting with oymax trending parallel to
plate convergence (Fig. 4B), i.e. parallel to small circles around the PoR of the relative plate motion (Fig. 5). Those
stresses can be generated by convergent and divergent plate boundaries. Along convergent boundaries horizontal
compression results from forces related to subduction and collision. With distance to divergent boundaries, in
particular, mid-oceanic ridges, the increasing excess of the gravitational potential energy resulting from the
elevated ridge creates horizontal compression, i.e. the ridge push.

Along tangentially displaced boundaries (transform boundaries), the two neighboring plates exert shear
traction tangentially to the orientation of the boundary*’. Faulting and displacement adjacent to these plate
boundaries are characterized by strike-slip parallel to the plate motion, and thus, the principal axes of maximum
and minimum stress are oriented at an angle of c. 45° and 135°, respectively, to the plate motion (Fig. 4C). Geo-
metrically, the omax Orientation follows along 45° loxodromes which diverge—depending on the sense of the
transform boundary—clockwise or counterclockwise from the PoR and intersect both small and great circles at
a constant angle of 45° (Fig. 5).

» Direction of plate motion relative to X

Sl Trajectory of relative plate motion

@ Pole of rotation for relative plate motion
Geographic coordinate reference system

Figure 3. Sketch of the three types of displacement across plate boundaries due to relative plate motion. With
respect to the interior of plate X, displacements across the boundaries of X are inward, outward, and tangentially
in the direction of the motion of X relative to the neighboring plates (modified after Ref.'). Note that each
boundary segment of X has differently oriented displacement trajectories (black arrows) and can have a different
type of displacement. Outward displacement only occurs on the rift axis of a divergent plate boundary, but with
increasing distance to the plate boundary, ridge push dominates. This creates an inward-moving plate boundary
displacement.
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Figure 4. Sketch of the angular relationship between the direction of relative plate motion (blue arrows),

the strike of faults (black lines), and the orientation of the maximum horizontal stress (6gmax, colored solid
lines) in the deforming area adjacent to the three types of displacement across plate boundaries: (A) 0Hmax

is perpendicular to the direction of relative plate motion adjacent to an outward-moving boundary between
two plates C and X. Predominant normal faults strike perpendicular to relative plate motion. Sketch shows
the example of a divergent plate boundary (outward displacement only occurs on the rift axis of a divergent
plate boundary. With increasing distance to the plate boundary, ridge push dominates. This creates an inward-
directed plate boundary displacement where otimax Opposes the direction of relative plate motion. (B) 0Hmax
is parallel to the direction of the relative plate motion adjacent to an inward-moving boundary between two
plates A and X. Predominant thrust faults strike perpendicular to relative plate motion. (C) oHmax is at an angle
of +45° to the direction of the relative plate motion adjacent to the tangentially displaced boundary between
two plates A and X. Predominant strike-slip faults strike parallel to relative plate motion. The trajectories of
the relative plate motions (small circles) are displayed as stippled blue lines. Maps are shown in the Mercator
projection of the PoR coordinate reference system.

Methodology

Based on the outlined genetic and geometrical concept's, we developed a stress-field analysis model that com-
prises four consecutive steps: (i) extraction of the relative plate motion parameters that are linked to the tested
plate boundary, (ii) transformation of the data point(s) into the PoR CRS, (iii) prediction of the direction of cHmax
at the data point(s), and (iv) evaluation of the fit between the predicted direction and the observed direction
of 0Hmax, and its spatial correlation to the plate boundary. The mathematical operations of these four steps are
briefly described in the following. The algorithms are implemented in the free and open-source software package
tectonicr (see Supplementary Information online for details).

Extraction of relative plate motion parameters. The theory for analyzing stress with respect to plate
motion requires knowledge of the coordinates of the PoR associated with the relative motion between two plates.
The transformation of the motion of a plate into its relative motion to another plate is done by the consecutive
operation of rotations*.

Any point P on the Earth’s surface can be described as a vector p either given by its geographical latitude 4
and longitude ¢, or by its Cartesian coordinates x, y, and z (conversion between geographical and Cartesian
coordinates is described in detail in the Supplementary Information online). A rotation on a sphere is defined by
a vector that passes through the center of the sphere € where the vector intersects with the surface of the sphere
(e.g. PoR), and a rotation angle w. Both parameters define the rotation Rot(w, €). This 3D rotation is expressed
in terms of quaternions® as

q = Sc(q) + Vec(g) = cos% +e sin% (1)

with Sc(g) and Vec(g) denoting the scalar and vector part of the quaternion g of unit norm. The inverse rotation
of g is given by the conjugation defined as ¢* = Sc(q) — Vec(q) = Rot(—w, é). The rotation of a point p around
¢ by w to the point p’ is

Rot(w,?)p = qpq"* = p'. )

A sequence of two consecutive Euler rotations Rot(w, €;) followed by Rot(ws, €;) associated with g1 and g, can
be expressed as a single rotation Rot(w, €) = q2q1. Concatenation, however, is not commutative (291 # q192)
and a different order of consecutive rotations results in a different rotation.

The relative motion of plate B with respect to plate A is expressed by 4Rotp. If the rotations 4 Rotpand 4Rotc
for plate C relative to A are known, the rotation gqc for the C relative to B can be extracted from the two known
rotations. In terms of quaternions, the rotation pqc is provided by the concatenation of the quaternion 4q¢ with
the conjugation of the quaternion 4qp associated with the two rotations, respectively:
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Figure 5. Geometries of stress trajectories. (A) Stress trajectories in an orthographic projection are viewed from
an oblique angle to the pole of rotation, PoR (modified after Ref.'°). Great circles are lines along the shortest
distance between two data points. Small circles connect points with a constant distance to a point (e.g. PoR),
producing concentric lines around that point. Loxodromes are lines of constant bearing that cut both small

and great circles at a constant angle. (B) Exemplified geometries of stress trajectories. Left: conformal Mercator
projections in the geographical coordinate reference system (CRS) (North Pole at the top of the map). Right:
oblique Mercator projection in the PoR CRS with the PoR rotated to the top of the map. Inset visualizes the
transformation between the two CRSs in orthographic projection.

BqC = AqcC AqB™. 3)
The rotation angle w and the axis ¢ of the resulting rotation are

- _ Vec(sqc)

w arccos( c(BqC)) e e % (4)
This calculation allows for deriving the relative plate motions between neighboring plates. The coordinates of
the PoR are given by the vector e.

Transformation of data points into the PoR coordinate reference system. The model'® predicts
that the orientation of the first-order horizontal stress is aligned with horizontal trajectories of a plate boundary
force. This implies that both the location and orientation (azimuth) of the stress data points can be described as
seen from the perspective of the PoR. In other words, the PoR is used as a coordinate reference frame (Fig. 5). For
the prediction of the oymax orientation for a data point P and the calculation of its distance to the plate boundary,
a coordinate transformation from the geographical CRS into the PoR CRS is required.

Coordinate transformation.  For the conversion of the data location, we apply a general oblique transformation
of the geographical CRS to describe the location of stress data points in PoR coordinates®. For the rotation of the
coordinate reference frame, the coordinates of the PoR (Apor, ¢por) are used as translation parameters to rotate
Earth in a way that the PoR will represent the map’s “North Pole” in the rotated projection (Fig. 5). Horizontal
lines parallel the relative plate motion, and vertical lines are lines of great circles emanating from the rotation
pole.

The transformation uses two rotations, Rot(wy, y) and Rot(w;, Z), around the y-axis y = (0, 1,0) and z-axis
Z = (0,0, 1) by the angles w, = 90° — Jpor and w; = 180° — ¢por, respectively. The rotations Rot(w,, y) and
Rot(w;, Z) are given in terms of quaternions g, and g, respectively, by
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— Y +sin (23
e (2) o (2)
gz = cos (%) + sin <%>3 (6)
The transformation of a data point P from the geographical CRS (expressed as vector p) to P’ into the PoR CRS
(p’) is described by
P =4y4: b (@) (7)

The transformation of the data point from the PoR into the geographical CRS is

P=(09)" P 44 (8)

Azimuth transformation. The North Pole, the PoR, and the data point P define a spherical triangle with sides
(great circles) 90° — 4,90° — Zpor, and y, where Apor is the latitude of the PoR (Fig. 6A). The angle y is the great
circle distance between P and the PoR and is equivalent to the transformed latitude of P in the PoR CRS (Fig. 5),
ie.y =190° — /'|. Using the law of cosines from spherical trigonometry*, the angle y is derived from

cosy = co0s(90° — Apor) €08(90° — A) + sin(90° — Apor) sin(90° — 1) cos Ag 9)

= sin Apor sin A + cos Apor cos A cos A¢ (10)

where A¢ is the angle between the meridians passing through P and the PoR, i.e. the longitudinal difference of P
and PoR. The spherical triangle contains the angle 6, that is the angle measured between the two great circles from
P to the geographic North Pole and the PoR (Fig. 6B). Using the spherical law of sines, the angle 6 is derived from
sin A¢ sin (90° — Apor) __sin A¢ cos APoR

sin y sin y

sinf =

(11)

The angle 6 describes the direction of the PoR from point P and can be used for the conversion of the omax
azimuth into the PoR CRS. The transformed azimuth «’ at P is the angular difference between the azimuth « at
P in the geographical CRS and the great circle that passes through P and the PoR:

o =a—6+180° (12)

The quantities used in these formulas (Egs. 9, 10, 11 and 12) are shown in Fig. 6.

Predicted direction of horizontal stress. Inthe PoR CRS, the predicted azimuth 8’ of oy is either 0°,
90° or 45° for all possible locations. The angle is linked to the displacement type of the tested plate boundary,
i.e. outward, inward, or tangentially displaced plate boundary, respectively (Table 1). The predicted azimuth can
now be compared with the transformed azimuth o’ of cgmax. In both coordinate reference systems, the devia-
tion of the observed orientation « (or &) from the predicted orientation 8 (or B") of oHimax at P is identical and
expressed as follows:

Aa=a—-p Ad=d —p (13)

Because Aa = A/, the great circle orientation 6 is also identical in both the geographical CRS and the PoR CRS,
i.e.0 = 0. Therefore, the predicted azimuth B at point P in the geographical CRS is given by:

(A) North pole (B) N
N Ad=¢ - drer

PoR

Y
o*‘&ﬁ
o’=o-0+180°

Figure 6. (A) Geometry for the determination of the angular distance along the great circle between point P
and the pole of rotation PoR (N North Pole, O center of the Earth, r Earth’s radius, modified after Ref."). (B)
Angular relations of the spherical triangle in (A) which are used in deriving the transformed opmax azimuth o’
(modified after Ref.*).
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Displacement of plate boundary | Stress regime | 6Hmax azimuth | Geometry of trajectories
Outward Normal fault |8 =260 Great circles

Tangential (L) Strike-slip (L) | B =6 + 45° Counterclockwise loxodromes
Inward Thrust B =6+90° Small circles

Tangential (R) Strike-slip (R) | B =6 + 135° Clockwise loxodromes

Table 1. Predicted azimuth (8) of maximum horizontal stress (0Hmax) adjacent to the various plate boundary
types in the geographical coordinate reference system. The minimum horizontal stress is perpendicular to 8.
Hence, it follows the trajectories perpendicular to those predicted for ormax. L left-lateral, R right-lateral.

B=06+p —180° (14)

Evaluation of the fit between the predicted and observed data.  Statistical measure for the fit. To
evaluate the fit between the predicted and the observed direction of 0fimax, we use the normalized y 2 criterion'.
This statistical test quantitatively evaluates the significance of the predicted omax for the observed stress direc-
tion relative to their reported standard deviation:

s (1 2
i=1 oj

Norm x* = — 5 (15)
n (90
Zi:l ( o )

with the o; parameter being the reported uncertainty of the observed azimuth and # representing the number of
observations that are used in each test. The normalized 2 test yields a number between 0 and 1, which represent
the quality of the fit. Low values (< 0.15 indicate good agreement between predicted and observed directions.
Large values (> 0.7) indicate a systematic misfit between predicted and observed directions of about 90°. Random
distribution of ofymax directions results in Norm 2= 0.33. An example of this goodness-of-fit evaluation can be
seen for the concentric stress field in the geographic and the PoR CRS (Figs. 1C and 2C). Alternative statistical
estimators for circular dispersion and goodness-of-fit tests, such as the Rayleigh test and Watson’s U? test®> &3,
can be used after tranforming the azimuths into the PoR CRS.

Variation of the fit with distance to the plate boundary. 1In the last step of our stress-analysis theory we evaluate
the stress data with respect to their distance to the associated plate boundary. The transformation of stress data
into the PoR CRS allows extracting the distance of a data point from the tested plate boundary measured along
these trajectories. In the PoR CRS, the distance is simply the coordinate difference between the great or small
circles that separate the data point from the inward/outward or tangentially displaced boundary, respectively
(Fig. 2A).

Two steps are required to measure the distance. First, the coordinates of the data point (4, ¢) and the plate
boundary (Z4pp, #pp) are transformed into the PoR CRS. Next, the distance is calculated using the coordinate
difference between the transformed point (X', ¢’) and the transformed plate boundary (/l;b, ¢1). In this way,
the angular distance is given by the longitudinal difference between the plate boundary and the data point for
inward and outward-moving plate boundaries A¢’ = ¢, — ¢'. For tangentially displaced plate boundaries, the
angular distance is given by their latitudinal difference A2’ = A7, — 4. The longitudinal and latitudinal differ-
ences in the PoR CRS represent small circle and great circle distances. The great circle distance for expressing
the distance to a tangential plate boundary is the product of A4" and the Earth’s radius r:

Stan = A 1. (16)
The small circle distance for inward and outward-moving plate boundaries is
Sinfout = A’ r cos A (17)

Taking together the proposed evaluation of the fit between the predicted and the observed stress orientations and
their spatial relationship with respect to the plate boundary allows for estimating the width of the plate boundary
zone (D). Thereby, D is obtained by the maximum distance s between the plate boundary and the data points
where Norm x? is smaller than a given threshold (e.g. 0.15).

Testing the theory

The theory for stress-field analysis and the capabilities of the software tectonicr are demonstrated using the
stress fields of the San Andreas Faul-Gulf of California area, Central Asia, the North Atlantic Ridge-Iceland area,
and the global stress field. For these applications, we use the A, B, C, and D quality-ranked data of the WSM2016
dataset!”. Measurement uncertainties are represented by the reported uncertainties and, if that information is
not available, the uncertainty (1o standard deviation) that is associated with the quality of the data (A is £15°,
Bis +20°, C +25°, D +40°). The geometries used for plate boundaries are based on Bird®.
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The parameters for the current plate motion are extracted from the models NUVEL-1A**!, NNR-MOR-
VEL56*°2, REVEL®, and GSRM v2.1*%. All motion parameters are transferred into relative plate motion param-
eters of neighboring plates, i.e. the Pacific and North America for the area of San Andreas Faul-Gulf of California,
India and Eurasia for Central Asia, and North America and Eurasia for the area of the North Atlantic Ridge and
Iceland, respectively. The direction of North America’s and Eurasia’s absolute plate motion (hotspot reference
frame HS3-NUVEL-1A®) is additionally compared with the stress orientation of the San Andreas Faul-Gulf of
California area and Central Asia, respectively, to estimate the contribution of basal drag on the stress state of the
deforming area. The PoR coordinates and the statistical results of the tests are shown in Table 2. The used and
generated datasets can be found in the Supplementary Material online. The tests can be reproduced with the R
package tectonicr as described in detail in the Supplementary Information online.

Tangentially displaced plate boundary: San Andreas Fault-Gulf of California. The area of the
San Andreas Fault and the Gulf of California comprises a large amount of available stress data (n = 1082) and
regional geology is well constrained. The area is affected by the plate boundary between the plates of the Pacific
and North America. The San Andreas Fault is a ca. 4000 km long segment of this plate boundary and consti-
tutes a generally dextral strike-slip fault with > 100 km of tangential displacement since Miocene times®®®’.
The plate boundary stress field is characterized by NNE-SSW compression (Fig. 7). The orientation of otmax
is fairly uniform over a 100-500 km lateral extent. This is interpreted to be indicative of plate boundary forces
that provide the majority of the total stress field®®. Adjacent to the Big Bend segment of the San-Andreas Fault
in southern California (Fig. 7A) thrust faulting occurs with 0max oriented nearly perpendicular to the strike of
the San-Andreas Fault?®®®-7°, The stress field to the NW of the Sierra Nevada differs from areas adjacent to the
plate boundary due to the dominant occurrence of extensional stresses with W-E to WNW-ESE trending cHmax
I. Here, the stresses are deflected along the margin of the tectonically stable Colorado Plateau’’. The plateau
separates the Basin and Range Province into a northern and southern part (Fig. 7). The dominant extensional
stresses of the Basin and Range Province are interpreted to be generated by internal buoyancy forces due to lat-
eral density gradients and topography”>>.

We test the deforming San Andreas Fault-Gulf of California area against the expected stress trajectories that
are associated with the forces generated by dextral motion along the plate boundary (Fig. 3). We expect a good fit
close to the plate boundary and a systematic misfit farther away, in particularly in the Basin and Range Province
and the Colorado Plateau. Additionally, we test the same stress dataset against different publicly available models
for current plate motion. Ultimately, we subtract the predicted first-order stress from the observed stress field
to identify lower-order stress-field constituents. These resulting lower-order stress fields can be evaluated using
known geological information from the area.

Because the transform plate boundary has a right-lateral tangential displacement, ofmax is expected to be
oriented along counterclockwise loxodromes passing through the PoR associated with the relative plate motion
(Figs. 4 and 5). Hence, the predicted orientation is 135° in the transformed CRS (Table 1). Our test reveals a
good fit between the predicted and the observed ofmayx Orientation (Fig. 7). The average transformed azimuth is

Pole of rotation Azimuth?® (°) Norm | Distance to | Max.
Model Lat. (°) ‘ Lon. (°) ‘ Rate (°/Myr) |a® B | x? PoR (°) a(B)(°)
San Andreas Fault — Gulf of California (N*: 1082)
NUVEL-1A -48.7 101.8 0.75 137.0 £12.7 | 135 |0.033 51 -67 0.8
MORVEL56 -489 108.2 0.75 135.6 £12.9 | 135 |0.033 47 - 63 1.0
GSRM 2.1 -493 103.9 0.79 137.1£129 |135 |0.033 50 - 65 1.0
REVEL -50.4 107.8 0.75 137.7 £12.8 | 135 |0.035 47 - 63 2.7
HS3-NUVEL-1A -74.7 13.4 0.38 319+ 185 90 0.544 51 -67
Himalaya - Tibet (N: 1047)
NUVEL-1A 24.6 18.0 0.51 95.1 £20.6 90 0.107 19-42 4.3
MORVEL56 31.8 17.4 0.48 88.0 £21.0 90 0.078 23 -44 4.6
GSRM 2.1 27.3 17.6 0.40 82.2 £20.6 90 0.096 20-43 3.7
REVEL 28.6 11.7 0.36 88.7£21.3 90 0.081 19 -39 6.4
HS3-NUVEL-1A -61.9 73.5 0.20 8.6 £22.2 90 0.468 19 -41
North Atlantic Ridge - Iceland (N: 342)
NUVEL-1A -62.3 -43.5 0.21 2.9+£29.0 0 0.192 35-44 1.0
MORVEL56 -61.7 -40.5 0.21 444275 0 0.189 34-43 2.5
GSRM 2.1 -70.7 - 589 0.23 —09+263 |0 0.202 44 - 54 1.3
REVEL -68.0 -43.4 0.24 49+273 0 0.188 40 - 50 1.5

Table 2. Statistical parameters and test results for different recent plate motion models. *Orientations of the
maximum horizontal stress are given in the transformed PoR coordinate reference system. ®Observed azimuth
given as quality-weighted circular median and interquartile range. Predicted azimuth. Maximum error of the
prediction of the azimuth (Eq. 18). *Number of data.
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Figure 7. Stress field adjacent to the San Andreas Fault-Gulf of California segment of the plate boundary
between the Pacific (PA) and the North America (NA) plates (based on NNR-MORVEL56). (A) Stress
orientation and regime of the maximum horizontal stress (0Hmax) in the geographical coordinate reference
system (Mercator projection). The shaded relief is based on ETOPO17“. (B) Orientation of the same oimax
shown in (A) transformed into the PoR coordinate reference system (Mercator projection). Color of the oHmax
axes indicates the deviation of the observed omax azimuth from the predicted oimax azimuth. (C and D) Equal-
area rose diagrams showing the frequency distribution of the ofimax Orientation in the geographical (C) and
PoR coordinate reference system (D). Frequencies are weighted by the reported uncertainties and the optimal
bin-width” for both rose diagrams is 9°. (E) Orientation of transformed oxmax and the range of the reported
standard deviation (1o) as a function of the distance to the plate boundary. Data are color coded according to
the legend in (A). (F) Results of the Norm x? test as a function of the distance to the plate boundary.

135.6 4 12.9° and the small Norm x?2 value of 0.03 confirms the good fit. Close to the plate boundary, there is
a wide scatter of azimuths, but the average of the data is ca. 135° at distances of 0-300 km from the boundary.
Therefore, the scatter may result from the high concentration of data near the boundary and their random scat-
tering. Oblique stress regimes such as those associated with oblique normal faults in the Gulf area, only slightly
deviate from the predicted orientation.

The small average azimuth variability of 12.9° (circular interquartile range (IQR = 25.8°) in the transformed
CRS indicates a uniform stress field. The average azimuth variability in the geographical CRS is larger (IQR
= 33.8°). This indicates that the rotation from an N-S orientation towards a NE-SW orientation of omax does
not reflect a change of stress sources (Fig. 7). The apparent rotation is rather a result of angle distortion in the
geographical CRS since both orientations are aligned with the predicted trajectories.

Although there is a generally good fit for up to ca. 700 km from the boundary, the data becomes noisier with
increasing distance. In particular, stresses in a normal fault regime deviate from the predicted orientation (Fig. 7E
and F), suggesting that the dominant stress sources in the Colorado plateau are not related to the plate boundary
between North America and the Pacific plate.
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Figure 8. Deviation of the direction of the smoothed stress field from the predicted first-order stress field of
the San Andreas Faul-Gulf of California area. Inset shows the distribution of deviation angles. Interpolation
parameters: algorithm: stressZgridZI; grid size: 0.25°%; search radius: 50 - 350 km; minimum amount of data in
search radius: 3; weighting: inverse distance and quality. The shaded relief is based on ETOPO174.

Based on Norm y? criteria, the predictions from all four relative plate motion models yield good fits with
Norm x2< 0.034 (Table 2). The direction of the absolute plate motion is not aligned with the oy orientations
as indicated by the large deviation of the observed orientation (32 & 19°) from the predicted 90°, and the large
Norm yx? value of 0.544. The transformation of the stress data and fault geometries into the PoR CRS (Fig. 7B)
demonstrates that the Big Bend segment of the San Andreas Fault strikes slightly obliquely to the small circles
of the relative plate motion. Because orimax does not deviate from the loxodrome trajectories (45° to these small
circles), the consequently increased fault-perpendicular compression results in transpression and a thrust-fault
stress regime>68-70.76:77,

The last step of our stress analysis aims to identify regions where the assumed plate boundary forces do not
control the ogmax orientation. Figure 8 shows the deviation of the azimuths of a large spatially-resolved (0.25°
spacing) interpolated stress field from the first-order stress direction predicted by the model (the interpolated
stress field is shown in Supplementary Fig. S1 online). In the example of the San Andreas Fault-Gulf of California
area, almost the entire region including the Basin and Range Province is characterized by a correlation between
the interpolated and the predicted stress orientation (deviation < 25°, blue colors in Fig. 8).

However, there is a stress anomaly that shows a substantial deviation (> 40°) between the predicted and
observed stress directions, namely the Colorado Plateau (red colors in Fig. 8). Here, WN'W-ESE trending otmax
deviates from the predicted opmax orientation suggesting that plate boundary forces, i.e. transform traction, do
not control the orientation of stress along the margin of the Colorado Plateau.

Inward-moving plate boundary: Himalaya-Tibet. The present-day deformation in Central Asia is
driven by the indention of the Indian plate into the Eurasian plate’>-%. Both plates currently converge at a rate
of up to c. 60 mm/yr. The indention results in a frontal collision zone (Himalaya), and two dextral and sinistral
transfer zones in Pakistan and Myanmar, respectively, that mark the plate boundary between the two plates
(Fig. 9). The widespread deformation due to the collision extends up to the Baikal Sea region, i.e. > 3000 km
away from the plate boundary in the Himalaya”. The associated stress field is dominated by ca. N-S trending
OHmax (median orientation of 14° £ 31°). In the Himalaya, the stress is characterized by a thrust-fault regime.
Strike-slip and normal-fault stress regimes are predominant in the Tibetan Plateau and the associated otmax
directions are parallel to ofimax Of thrusts in the Himalaya. The orientations of otimax associated with strike-slip
faulting along the western and eastern margins of the Indian plate, however, are ca. NW-SE and NE-SW, respec-
tively. GPS velocities and geological constraints indicate that the Tibetan Plateau reaches west and particularly
east of the north projected Indian plate margins due to the growth of the plateau (e.g. Refs.%!-%%). Those lateral
crustal movements result in obliquely directed deformation (with respect to the convergence direction between
India and Eurasia) in the Hindukush Range-Tadjik Basin and the Longmenshan Thrust Belt-Sichuan Basin,
respectively (Fig. 9).

We test the stress field of the Himalaya and Tibet (grey box in Fig. 9A and B) against an inward-moving
plate boundary (Fig. 3) because of the convergent character of the plate boundary between India and Eurasia.
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Figure 9. Stress field of Central Asia. Stress trajectories are modeled from the relative plate motion between the
Indian (IN) and the Eurasian (EU) plates (based on NNR-MORVEL56). See Fig. 7 for details. Statistics (C-F)
are based on the Himalaya-Tibet region (gray rectangle in (A) and ( B)). Bin-width of rose diagrams: 9°. Faults
(adapted from Ref.34): ATF Altyn Tagh Fault, ChaF Chaman Fault, ChiF Chingiz Fault, DNF Dzhalair-Naiman
Fault, IF Irtysh Fault, JF Junggar Fault, KaF Karakorum Fault, KnF Kunlun Fault, KtF Kuldzukhtau Fault, LMS
Longmenshan Thrust Belt, RRF Red River Fault, TFF Talas-Fergana Fault. Basins: SB  Sichuan Basin, TB Tadjik
Basin.

Therefore, oHmax is expected to be oriented parallel to the convergence direction (Fig. 4) that forms small circles
around the PoR associated with the relative plate motion (Fig. 5). Hence, the predicted orientation is 90° in the
transformed CRS (Table 1). We expect a good fit close to the convergent plate boundary and an increasing misfit
farther away. Further misfits are expected to occur along the Hindukush Range-Tadjik Basin and Longmenshan
Thrust Belt-Sichuan Basin, as well as along the strike-slip boundary between India and Eurasia in Pakistan and
Myanmar.

The test reveals a statistically good fit for the Himalaya-Tibet area (Norm x?2: 0.08), which covers a range
of ca. 2000 km from the plate boundary (Table 2). A generally acceptable fit is obtained for the broader area of
Central Asia (Norm x2: 0.26) reaching as far as ca. 3000 km from the plate boundary (up to the Baikal Rift zone,
Fig. 9). Based on Norm x? criteria, the predictions from all four relative plate motion models yield good fits with
Norm Xz < 0.107 (Table 2). The direction of absolute plate motion, however, seems not to be aligned with the
OHmax Orientations as indicated by the large deviation of the observed orientation (32 & 19 °) from the predicted
orientation (90°). The misfit is supported by the large Norm %2 test value of 0.468.

The orientations of omax associated with thrusts and strike-slip faults are parallel to the predicted small
circle geometries parallel to the convergence direction (Fig. 9). This implies that cHmax approaches the maxi-
mum principal stress axis. In the elevated area of the Tibetan Plateau, however, the ofimax direction related to
normal faults is also parallel to the convergence direction. This supports that here the maximum principal stress
axis is vertical due to the over-thickened crust leading to extension perpendicular to the convergence®*-*". The
coordinate transformation reveals the geometrical relationship of the Central Asian faults to the India-Eurasia
collision (Fig. 9B). For instance, strike-slip faults of the Tien Shan (e.g. faults of Talas Fergana, Dzhalair-Naiman,
and Junggar) and of the Altai comprise an en-echelon set of dextral strike-slip faults’® that strike parallel to
counterclockwise loxodromes passing through the PoR. The sinistral Altyn Tagh Fault represents the conjugate
fault to those dextral faults and, thus, follows clockwise loxodromes’®. The extensional faults of the Baikal Rift
and the Shansi Graben are subparallel to the convergence (small circle trajectories). The test reveals that stresses
from the India-Eurasia collision are transferred far into the Eurasian lithosphere.
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The interpolation of the stress field in the PoR system highlights stress anomalies in Central Asia (Fig. 10,
the interpolated stress field is shown in Supplementary Fig. S1 online). Deviations up to 45° occur along the
eastern and western margins of the Indian plate where oHmax rather follows loxodromes around the PoR. Along
the Longmenshan Thrust Belt-Sichuan Basin and Hindu Kush-Tadjik Basin, oimax is perpendicular to the
predicted orientation from the convergence supporting that the oblique stress directions are generated by the
lateral escape motion due to the gravitational collapse of the elevated and overthickened Tibetan crust. Further
large stress deviations (up to 90°) exist in the rigid blocks of Tarim and Jungger®.

Outward-moving plate boundary: North Atlantic Ridge and Iceland. The oceanic Mid-Atlantic
Ridge in the North Atlantic separates the North American from the Eurasian plate. Subaerial exposures of the
ridge occur in Iceland where the oceanic ridge traverses a large-volume volcanic anomaly®. Here, the spreading
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Figure 12. Deviation of the direction of the smoothed stress field from the predicted first-order stress field of
the North Atlantic and Iceland. See Fig. 8 for interpolation parameters and map details.

rate ranges from 18 to 22 mm/yr®. The tectonic structures of Iceland are characterized by purely divergent rift
segments located in the Northern Volcanic Zone in northern Iceland and the subparallel Western and Eastern
Volcanic Zones in central Iceland (Fig. 11). These rifts are separated from the Atlantic Ridge by transform frac-
ture zones. In the south, the sinistral South Iceland Seismic Zone connects the northern end of the Reykjanes
Ridge and the Eastern Volcanic Zone?®®'. In the north, the dextral Tjérnes Fracture Zone separates the Northern
Volcanic Zone and the southern end of the Kolbeinsey Ridge (Fig. 11).

The stress field of the area is characterized by N-NNE trending omax, generally parallel to the rift axis®®
%2 Along the South Iceland Seismic Zone, 0ymay trends NNE-NE. In the Westfjords, the oldest part of Iceland,
OHmax rotates in an NNW-NW direction, approaching the direction of divergence®>.

We test the stress field against an outward-moving plate boundary (Fig. 3) because of the divergent character
of the plate boundary between North America and Eurasia. Therefore, 0rmayx is expected to be oriented perpen-
dicular to relative plate motion (Fig. 4), i.e. parallel to great circles passing through the PoR associated with the
relative plate motion (Fig. 5). The predicted orientation is 0° in the transformed CRS (Table 1). We expect a good
fit of the oHmax directions adjacent to the rift axis. Misfits are expected farther away from the plate boundary and
along the transform fault segments of the ridge.

The transformed azimuth of oymax for the entire studied area (weighted circular median 4.4 & 27.5°) is paral-
lel to the predicted orientation of 0° (Table 1) indicating a generally good fit (Norm x2: 0.19, Tab. 2). Based on
Norm 2 criteria, the predictions from all four relative plate motion models yield acceptable fits with Norm x2
< 0.202 (Table 2). Thus, the test confirms the alignment of the oymax Orientation with the strike of the rift axis
and the predicted orientation according to an outward-moving plate boundary (Fig. 11).

Adjacent to the South Iceland Shear Zone and the Tjornes Fracture Zone, however, the orientations of 0fymax
with predominantly strike-slip regimes deviate by +45° from the predicted orientation indicating that ofmax
follows clockwise and counterclockwise loxodromes passing through the PoR (Table 1), respectively. The spatial
interpolation of the stress field reveals considerable deviations in the Westfjords of western Iceland (Fig. 12, the
interpolated stress field is shown in Supplementary Fig. S1 online). The stress anomaly is described by the rota-
tion of opmay into the direction of divergence with increasing distance from the rift*>**?2, This stress rotation
suggests the growing inward-moving displacement, and hence, the contribution of ridge push to the stress field.

Global plate boundaries. In this last example for demonstrating our stress-field analysis we use the
global set of WSM2016 stresses adjacent to plate boundaries. We consider only data points that are less than
1500 km and 500 km away from the associated convergent and divergent/transform plate boundaries, respec-
tively (Fig. 13). A 500 or 1500 km buffer is created around the plate boundary to select these stress data points.
Because buffering produces overlapping areas, in particular at triple junctions, the data points are assigned to the
closest plate boundary using Eqgs. (16) and (17). For statistical reasons, we omit plate boundaries that contain less
than 10 data points on their perimeter. Divergent boundaries are often characterized by transfer zones crosscut-
ting the rifts and, thus, strike-slip faulting occurs at short distances to normal faulting (Fig. 13). For that reason,
we test stresses with strike-slip and normal fault regimes against the predicted o1imayx Orientation associated with
tangentially and outward-moving plate boundaries, respectively. The plate motion parameters used for predic-
tion are extracted from the GSRM v2.1 model.

The entire list of the results of our analysis of the global WSM2016 data (n = 33,081) can be found as Sup-
plementary Table S1 online. Figure 14 depicts the results and the statistical agreement between the observed and
predicted orientations of o1imax adjacent to plate boundaries. Using the Norm x 2 criterion, 64% of the stresses
show good agreement with the predicted oHmax orientation. Another 15% are in the acceptable range, 14% are
randomly distributed, and 8% show a systematic misfit to the prediction. Thus, ca. 79% of the global data statisti-
cally correlate with the predicted oymay orientation of the theory. Considering only Andersonian stresses® (n =
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Figure 13. Global compilation of stress data showing the direction of the maximum horizontal stress (0Hmax)
from the WSM2016 database (Robinson projection). The orientation of cmax With respect to focal earthquake
mechanisms and the three Andersonian fault types® is shown. Data sources: plate boundaries®, absolute plate
motion®*®* (hotspot reference frame).

27,394), i.e. omitting oblique stress regimes such as oblique normal faults or oblique thrusts, yields a better fit.
Thereby, 81% of pure thrusts, normal faults, and strike-slip faults are statistically parallel to the predicted ormax
direction (Fig. 13).

The overall good fit (Fig. 14) highlights that the stress field of the plate boundary zone can be satisfactorily
explained by horizontal forces acting on lateral plate boundaries in the direction of the relative motion between the
neighboring plates. The best-fitting plate boundaries are divergent plate boundaries where the ofjmax orientation of
92% of the data fit the predicted orientation. Adjacent to transform and convergent plate boundaries ca. 81% and 77%
of the data points, respectively, show a statistically good fit (Fig. 14). The stress-field analysis also identifies areas and
tectonic settings where the predicted orientation of 0fimax considerably deviates from the observed stress direction.
These include the convergent plate boundaries in Europe, western North America, East Asia, and others (Fig. 14).

Discussion

Significance of the predicted stress direction.  According to the presented theory of intraplate stresses,
the only control on the orientation of the first-order stress is the relative motion of the plate. Thus, the preci-
sion of the stress analysis depends on the uncertainties of the observed stress data and the parameters for plate
motion. Because any PoR has a positional uncertainty o (PoR), the predicted orientation 8 of oymax will also be
subjected to a certain error o (8). The maximum error of 8 depends on the distance y of the data point from the
PoR (Eq. 9). The maximum error of the predicted omax direction caused by the precision of the PoR is described
by Ramsay®, p. 14:

1 2sin? o (PoR)
max o () = — arccos \/1 ———— (1 +cosy) (18)
2 sin“ y
The values of this maximum error for various uncertainties of the PoR (o (PoR)) and the distance to the PoR are
illustrated in Fig. 15A. The deviation of the predicted and observed omay may become as large as 90° for data
located close to the PoR. In contrast, at the PoR’s equator, the maximum error of the predicted omax Orientation
is equal to the precision of the PoR’s position.

The uncertainties of the parameters for absolute plate motion can be large and differ considerably between
the various global plate motion models. In contrast, the differences between the location of equivalent PoRs for
relative plate motion are small between each model. PoRs are < 1° away from their model equivalents (aver-
age standard deviation of pole distribution: 0.14°, Fig. 15C and D). As shown for the areas of the San Andreas
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Figure 14. Deviation of global plate boundary stress fields from the predicted orientation of plate boundary
forces. Each data point represents the orientation of a maximum horizontal stress (0imax) measurement from
the WSM2016 database (only Andersonian states of stress are considered) and the color depicts the model
misfit. The misfit is the deviation of the azimuth of omax from the predicted stress. The predicted stress is
deduced from the relative plate motion parameters extracted from GSRM v2.1. See Fig. 13 for details. Inset
shows the distribution of the Norm yx 2 statistics that reflect the goodness-of-fit for the predicted orientation of
the plate boundary stress with respect to the observed orientation of omax. Boxplots compare the distributions
of the dataset including only Andersonian states of stresses with the complete WSM2016 dataset.

Fault-Gulf of California, Central Asia, and the North Atlantic Ridge-Iceland, the choice of the plate motion
model does not have a considerable effect on the stress analysis because the different models yield similar results
(Table 2). The general agreement between the parameters for the relative plate motions may suggest that the actual
uncertainty of the PoRs might also be very small. Hence, it does not have a measurable effect on the accuracy
of the predicted stress orientation.

To ensure that the error of the predicted oumax orientation does not exceed an uncertainty of, e.g. < 25°
(C-quality in the WSM2016 data) of the observed data, the stress data should have at least a distance of 5° from
the PoR (Fig. 15). The test datasets from the San Andreas Fault-Gulf of California, Central Asia, and the North
Atlantic Ridge-Iceland areas, have larger distances to the PoR, namely 47-67°, 19-44°, and 34-54°, respectively
(Table 2). The vast majority of the global dataset also is unlikely to be considerably biased by the PoR distance
because the PoRs are in ca. 13-55° distance to the tested plate boundary zones (Fig. 15B).

The scattering of the PoR locations of the different plate motions for the same relative plate motion can be used
to estimate the uncertainty of the PoR locations. For the tested areas, this estimation and the distribution of the
distances of the plate boundary zones to the PoR yield max o (8) values ranging between 0.8° and 6.4° (Table 2).
For the global dataset, the maximum error of the predicted opmay orientations is ca. 6°. Thus, the estimated
maximum error for the direction of ormax predicted by relative plate motion is smaller than the uncertainties of
the stress orientation in the WSM2016 dataset, indicating that the predictions are significant.

Non-Andersonian stress regimes. Because the predicted stresses are assumed to be generated by only
horizontal compression and/or extension from the lateral plate boundary forces, two principal stress axes should
be horizontal. The relative magnitude of the vertical principal stress, thereby, determines the stress regime. This
assumption reflects the Andersonian regimes of stresses®, i.e. opmay are parallel to the axis of maximum prin-
cipal stress, unless that axis is vertical, in which case it is parallel to the axis of intermediate stress (Fig. 13). The
Andersonian model of stress, which derives from the inference that the Earth’s approximately flat surface sup-
ports no shear stresses, agrees with typical stress geometries observed in a variety of tectonic situations for the
upper crust’?, and references therein.
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Figure 15. Influence of PoR uncertainty on the maximum error of the predicted ormax orientation. (A) Isolines
show maximum errors in predicting the stress direction depending on the distance to the PoR. Errors are
shown for a synthetic stress data set (constant azimuth on all points on Earth) in the PoR coordinate reference
system. Various uncertainties in the PoR location are simulated by shifting the pole 1, 5, 10, and 20° from the
true position. Red rectangle marks the field of the global WSM2016 dataset, indicating that the maximum

error for the predicted opmax orientation does not exceed 6° on average. (B) Distribution of the distance of all
plate boundary zones to their associated PoR for the relative motion of neighboring plates. (C) Distribution

of the angular difference between equivalent PoRs from different plate motion models. Scattering is used to
estimate the uncertainty of the PoR location. (D) Distribution of the standard deviation (Sd.) of the locations of
equivalent PoRs from different plate motion models.

The assumption of our stress orientation theory implies that the omax orientation of non-Andersonian
stresses (no vertical principal stress axes) cannot be predicted by the model of Wdowinski'®. In other words, these
non-Andersonian stresses may deviate from the predicted oimax orientation. Indeed, the predicted orientation
from our theory for stress fields on the global stress dataset reveals a better fit for a dataset that does not consider
non-Andersonian stresses (Fig. 14). The difference in the overall goodness-of-fit to the full dataset is, however,
small. As shown for the San Andreas Faul-Gulf of California region, the ofmayx Orientation of non-Andersonian
stresses only slightly deviates from the predicted first-order stress orientation (Fig. 7). There might be some
additional bias in the WSM2016 data because the plunge of 0 Hmax is not necessarily horizontal in the database.
The reported omax Orientation represents an approximation using the azimuth of the larger subhorizontal prin-
cipal stress'”*2. Hence this proxy can deviate from the true orientation by several ten degrees (for discussion see
Ref.””). A more detailed analysis of the effect of non-Andersonian stresses on the results of stress-field analyses
is required. However, this is beyond the scope of this study as the exact orientation of the principal axes is not
documented in the used WSM2016 dataset.

Stress anomalies. Our proposed method for stress-field analysis and data interpolation allows mapping of
the goodness-of-fit between observed and predicted stress orientations. Identified regions of systematic misfit
are those where the lateral plate boundary force does not control the omax oOrientation. Stress deviations are
generally associated with the superposition of the first-order stress field with local stresses that may originate
from buoyancy gradients. These gradients may be caused by dynamic topography;, lithospheric flexure, deglacia-
tion, or smaller-scale lateral density contrasts within the crust>*>¢+%-191 Qur example from Iceland, for instance,
shows that the stress anomaly in western Iceland reflects the rotation of the stress from plate boundary parallel
to perpendicular directions with increasing distance to the plate boundary (Fig. 12). The rotation is explained
to be caused by the increasing contribution of additional far-field stresses, such as ridge push causing inward-
displacement??. Lateral escape motions due to the gravitational collapse of overthickened crust in the Tibetan
Plateau®'~* are interpreted to generate large stress anomalies to the east and the west of Tibet (Fig. 10).

The example from the San Andreas Faul-Gulf of California region shows substantial stress deviations for the
Colorado Plateau (Fig. 8). Here, the high spatial resolution (0.25° grid size) of the modeled stress field outlines
this area on a spatial scale that can be compared with geological features that may cause additional stresses.
Similarly, but on a much larger scale, our global stress-field analysis reveals plate boundary zones with substantial
deviations between observed and predicted stress orientations (Fig. 14). These regions are notably found near

Scientific Reports |

(2023) 13:15590 | https://doi.org/10.1038/s41598-023-42433-2 nature portfolio



www.nature.com/scientificreports/

convergent plate boundaries, such as in western North America, southern Europe, or East Asia (Figs. 10 and 14).
It is worth noting that the model by Wdowinski'® assumes homogeneous stress within a mechanically isotropic
crust. That means the proposed theory for stress orientations can be used to identify regions where the crust is
characterized by strong lithological and structural heterogeneities*!%>-111. Regions of lateral heterogeneities are
particularly expected on continental plates that preserve a much longer geological history than oceanic plates.
For that reason, we see a much better fit between observed and predicted opmax Orientations along spreading
ridges than along convergent plate boundaries that involve one or two lithospheric domains (Figs. 12 and 14).

Conclusions

The geometry of a stress field depends on the underlying coordinate reference system in which the data is ana-
lyzed (Fig. 1). In the geographical coordinate reference system, the meaning of a spatially uniform (or homogene-
ous) stress field is difficult to extract and likely does not exist. Our updated theory for intraplate stress allows a
more robust definition of a spatially uniform stress field. Because stress fields are analyzed from the perspective
of its first-order stress source (e.g. plate boundary forces). Here, uniformity is defined by stress orientations
parallel to plate boundary forces.

This approach provides a powerful technique for analyzing and predicting stress fields based on the empiri-
cal correlation between lateral plate boundary forces and the first-order orientation of stresses!®. Using simple
assumptions, the updated model for stress-field orientations only requires the well constrained parameters for
relative plate motion. The benefits are: (i) the predictions of the model do not depend on the sample size, (ii) the
robust stress analysis and predictions do not suffer from angle distortions caused by the curvature of the Earth,
(iii) the proposed technique can be combined with other stress interpolation methods, and (iv) it is not limited
to the analysis of stress orientation data and can be applied to any orientation data measured at discrete locations
(e.g. strain data, mineral or intersection lineations, and lineaments).

The preservation of angles allows thorough orientation analysis of large-scale tectonic structures, such as
faults and folds (Figs. 7B, 9B, and 11B). It is, therefore, recommended that any stress-field analysis, interpolation
of 0Hmax Orientations, and map-based analysis of young deformation structures such as faults and folds should
be performed in the PoR CRS, particularly in areas close to a plate boundary.

We show that the orientation of more than 80% of the global stress data adjacent to plate boundaries is paral-
lel to our model predictions (Fig. 14). That means the majority of the stress data can be sufficiently explained
by plate boundary forces. This result emphasizes the importance of plate boundary forces for lithospheric stress
and strain. Because plate boundary forces can be transferred far inboard (>=3000 km, Fig. 9), the technique also
allows for analyzing far-field stresses and the superposition of various stress fields. Deviations from the mod-
eled first-order stress field reveal the presence of second-order stress fields and allow evaluation of other stress
sources. The identification of such stress anomalies can guide targeted future studies. Moreover, the azimuth
and coordinate transformation is helpful for interpreting the orientation of young large-scale tectonic structures
because the geometries are not biased by angular distortion.

The proposed model for analyzing stress fields is particularly useful in regions where stress information is
rare or instrumental earthquake recordings are unavailable. Thus, it can be used to estimate fault activity through
additional kinematic or dynamic models and predict the stress orientations of future earthquakes. For immedi-
ate use, the model’s algorithms are implemented in the free and open-source software package tectonicr.

Data availability

The datasets analyzed during the current study are available in the World Stress Map database release 2016
repository, https://doi.org/10.5880/WSM.2016.001. The software used for the analysis and for reproduction of
the figures is available in the Zenodo repository, https://doi.org/10.5281/zenodo.7510800.

Received: 5 January 2023; Accepted: 10 September 2023
Published online: 20 September 2023

References

1. Zoback, M. L. State of stress and modern deformation of the Northern Basin and Range Province. J. Geophys. Res. 94, 7105.
https://doi.org/10.1029/JB094iB06p07105 (1989).

2. Sperner, B. et al. Tectonic stress in the Earth’s crust: Advances in the World Stress Map project. Geol. Soc. 212, 101-116. https://
doi.org/10.1144/gsl.sp.2003.212.01.07 (2003).

3. Heidbach, O. et al. Plate boundary forces are not enough: Second- and third-order stress patterns highlighted in the World Stress
Map database. Tectonicshttps://doi.org/10.1029/2007tc002133 (2007).

4. Rajabi, M., Tingay, M. R. P, King, R. & Heidbach, O. Present-day stress orientation in the Clarence-Moreton Basin of New South
Wales, Australia: A new high density dataset reveals local stress rotations. Basin Res. 29, 622-640. https://doi.org/10.1111/bre.
12175 (2016).

5. Coblentz, D. D. & Richardson, R. M. Statistical trends in the intraplate stress field. J. Geophys. Res. Solid Earth 100, 20245-20255.
https://doi.org/10.1029/95]B02160 (1995).

6. Heidbach, O. et al. Global crustal stress pattern based on the World Stress Map database release 2008. Tectonophysics 482, 3-15.
https://doi.org/10.1016/j.tecto.2009.07.023 (2010).

7. Pierdominici, S. & Heidbach, O. Stress field of Italy—Mean stress orientation at different depths and wave-length of the stress
pattern. Tectonophysics 532-535, 301-311. https://doi.org/10.1016/j.tecto.2012.02.018 (2012).

8. Miiller, B., Wehrle, V., Hettel, S., Sperner, B. & Fuchs, K. A new method for smoothing orientated data and its application to
stress data. Geol. Soc. 209, 107-126. https://doi.org/10.1144/GSL.SP.2003.209.01.11 (2003).

9. Mardia, K. V. Statistics of Directional Data. In Probability and mathematical statistics: a series of monographs and textbooks,
statistics of directional data 1st edn (ed. Mardia, K. V.) (Academic Press, 1972). https://doi.org/10.1016/c2013-0-07425-7.

10. Hansen, K. M. & Mount, V. S. Smoothing and extrapolation of crustal stress orientation measurements. J. Geophys. Res. 95, 1155.
https://doi.org/10.1029/JB095iB02p01155 (1990).

Scientific Reports|  (2023) 13:15590 https://doi.org/10.1038/s41598-023-42433-2 nature portfolio


https://doi.org/10.5880/WSM.2016.001
https://doi.org/10.5281/zenodo.7510800
https://doi.org/10.1029/JB094iB06p07105
https://doi.org/10.1144/gsl.sp.2003.212.01.07
https://doi.org/10.1144/gsl.sp.2003.212.01.07
https://doi.org/10.1029/2007tc002133
https://doi.org/10.1111/bre.12175
https://doi.org/10.1111/bre.12175
https://doi.org/10.1029/95JB02160
https://doi.org/10.1016/j.tecto.2009.07.023
https://doi.org/10.1016/j.tecto.2012.02.018
https://doi.org/10.1144/GSL.SP.2003.209.01.11
https://doi.org/10.1016/c2013-0-07425-7
https://doi.org/10.1029/JB095iB02p01155

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Rebai, S., Philip, H. & Taboada, A. Modern tectonic stress field in the Mediterranean region: Evidence for variation in stress
directions at different scales. Geophys. J. Int. 110, 106-140. https://doi.org/10.1111/j.1365-246X.1992.tb00717.x (1992).
Hardebeck, J. L. & Michael, A. ]. Damped regional-scale stress inversions: Methodology and examples for southern California
and the Coalinga aftershock sequence. J. Geophys. Res. Solid Earthhttps://doi.org/10.1029/2005]B004144 (2006).

Arnold, R. & Townend, J. A Bayesian approach to estimating tectonic stress from seismological data. Geophys. J. Int. 170,
1336-1356. https://doi.org/10.1111/j.1365-246X.2007.03485.x (2007).

Bird, P. & Li, Y. Interpolation of principal stress directions by nonparametric statistics: Global maps with confidence limits. J.
Geophys. Res. Solid Earth 101, 5435-5443. https://doi.org/10.1029/95]B03731 (1996).

Carafa, M. M. C. & Barba, S. The stress field in Europe: Optimal orientations with confidence limits. Geophys. J. Int. 193, 531-548.
https://doi.org/10.1093/gji/ggt024 (2013).

Wdowinski, S. A theory of intraplate tectonics. J. Geophys. Res. Solid Earth 103, 5037-5059. https://doi.org/10.1029/97]JB03390
(1998).

Heidbach, O., Rajabi, M., Reiter, K., Ziegler, M. & Team, W. World stress map database release 2016. V.1.1. Tech. Rep.https://doi.
0rg/10.5880/WSM.2016.001 (2016).

Kenkmann, T., Poelchau, M. H. & Wulf, G. Structural geology of impact craters. J. Struct. Geol. 62, 156-182. https://doi.org/10.
1016/j.j5g.2014.01.015 (2014).

Roche, O., Druitt, T. H. & Merle, O. Experimental study of caldera formation. J. Geophys. Res. Solid Earth 105, 395-416. https://
doi.org/10.1029/1999jb900298 (2000).

Nikolinakou, M. A., Flemings, P. B. & Hudec, M. R. Modeling stress evolution around a rising salt diapir. Mar. Pet. Geol. 51,
230-238. https://doi.org/10.1016/j.marpetgeo.2013.11.021 (2014).

Ziegler, M. O. & Heidbach, O. Manual of the Matlab script Stress2Grid. Tech. Rep., GFZ German Research Centre for Geosciences
(2017). https://doi.org/10.5880/wsm.2017.002.

McKenzie, D. P. & Parker, R. L. The North Pacific: An example of tectonics on a sphere. Nature 216, 1276-1280. https://doi.org/
10.1038/2161276a0 (1967).

Atwater, T. Implications of plate tectonics for the cenozoic tectonic evolution of western North America. GSA Bull. 81, 3513-3536.
https://doi.org/10.1130/0016-7606(1970)81[3513:IOPTFT]2.0.CO;2 (1970).

Harrison, C. G. A. Poles of rotation. Earth Planet. Sci. Lett. 14, 31-38. https://doi.org/10.1016/0012-821X(72)90075-1 (1972).
Drolia, R. K. & DeMets, C. Deformation in the diffuse india-capricorn-somalia triple junction from a multibeam and magnetic
survey of the northern central Indian ridge, 3°s-10°s. Geochem. Geophys. Geosyst.https://doi.org/10.1029/2005GC000950 (2005).
D’Agostino, N. et al. Active tectonics of the Adriatic region from GPS and earthquake slip vectors. J. Geophys. Res. 113, B12413.
https://doi.org/10.1029/2008]B005860 (2008).

DeMets, C., Gordon, R. G. & Argus, D. F. Geologically current plate motions. Geophys. J. Int. 181, 1-80. https://doi.org/10.1111/j.
1365-246X.2009.04491.x (2010).

Heine, C., Zoethout, ]. & Miiller, R. D. Kinematics of the South Atlantic rift. Solid Earth 4, 215-253. https://doi.org/10.5194/
se-4-215-2013 (2013).

Zoback, M. D. State of stress and crustal deformation along weak transform faults. Philos. Trans. Phys. Sci. Eng. 337, 141-150
(1991).

Townend, J. & Zoback, M. D. Regional tectonic stress near the San Andreas fault in central and southern California. Geophys.
Res. Lett. 31, L15S11. https://doi.org/10.1029/2003GL018918 (2004).

Richardson, R. M., Solomon, S. C. & Sleep, N. H. Tectonic stress in the plates. Rev. Geophys. 17, 981. https://doi.org/10.1029/
RG017i005p00981 (1979).

Zoback, M. L. First- and second-order patterns of stress in the lithosphere: The World Stress Map Project. J. Geophys. Res. 97,
11703-11728. https://doi.org/10.1029/92]JB00132 (1992).

Gough, D. I, Fordjor, C. K. & Bell, ]. S. A stress province boundary and tractions on the North American plate. Nature 305,
619-621. https://doi.org/10.1038/305619a0 (1983).

Assumpgio, M. The regional intraplate stress field in South America. J. Geophys. Res. 97, 11889. https://doi.org/10.1029/91JB0
1590 (1992).

Griinthal, G. & Stromeyer, D. The recent crustal stress field in central Europe: Trajectories and finite element modeling. J. Geo-
phys. Res. 97, 11805. https://doi.org/10.1029/91JB01963 (1992).

Miiller, B. et al. Regional patterns of tectonic stress in Europe. J. Geophys. Res. 97, 11783. https://doi.org/10.1029/91JB01096
(1992).

Richardson, R. M. Ridge forces, absolute plate motions, and the intraplate stress field. J. Geophys. Res. 97, 11739-11748. https://
doi.org/10.1029/91JB00475 (1992).

Coblentz, D. D. & Richardson, R. M. Analysis of the South American intraplate stress field. . Geophys. Res. Solid Earth 101,
8643-8657. https://doi.org/10.1029/96JB00090 (1996).

Golke, M. & Coblentz, D. Origins of the European regional stress field. Tectonophysics 266, 11-24. https://doi.org/10.1016/
S0040-1951(96)00180-1 (1996).

Zoback, M. L. & Zoback, M. Lithosphere stress and deformation. In Treatise on Geophysics (ed. Schubert, G.) 253-273 (Elsevier,
2007). https://doi.org/10.1016/B978-044452748-6.00105-X.

Solomon, S. C,, Sleep, N. H. & Richardson, R. M. On the forces driving plate tectonics: Inferences from absolute plate velocities
and intraplate stress. Geophys. J. Roy. Astron. Soc. 42, 769-801. https://doi.org/10.1111/j.1365-246X.1975.tb05891.x (2007).
Forsyth, D. & Uyeda, S. On the relative importance of the driving forces of plate motion. Geophys. J. Int. 43, 163-200. https://
doi.org/10.1111/§.1365-246X.1975.tb00631.x (1975).

Chapple, W. M. & Tullis, T. E. Evaluation of the forces that drive the plates. J. Geophys. Res. 82, 1967-1984. https://doi.org/10.
1029/JB082i014p01967 (1977).

Schellart, W. P. Quantifying the net slab pull force as a driving mechanism for plate tectonics. Geophys. Res. Lett.https://doi.org/
10.1029/2004GL019528 (2004).

Sykes, L. R. Mechanism of earthquakes and nature of faulting on the mid-oceanic ridges. J. Geophys. Res. 72,2131-2153. https://
doi.org/10.1029/]2072i008p02131 (1967).

Morgan, W. J. Rises, trenches, great faults, and crustal blocks. J. Geophys. Res. 73, 1959-1982. https://doi.org/10.1029/JB073
1006p01959 (1968).

Le Pichon, X. Sea-floor spreading and continental drift. J. Geophys. Res. 73, 3661-3697. https://doi.org/10.1029/JB073i012p
03661 (1968).

Minster, J. B., Jordan, T. H., Molnar, P. & Haines, E. Numerical modelling of instantaneous plate tectonics. Geophys. J. Int. 36,
541-576. https://doi.org/10.1111/j.1365-246X.1974.tb00613.x (1974).

DeMets, C., Gordon, R. G., Argus, D. E. & Stein, S. Current plate motions. Geophys. J. Int. 101, 425-478. https://doi.org/10.
1111/j.1365-246X.1990.tb06579.x (1990).

Chase, C. G. Plate kinematics: The Americas, East Africa, and the rest of the world. Earth Planet. Sci. Lett. 37, 355-368. https://
doi.org/10.1016/0012-821X(78)90051-1 (1978).

DeMets, C., Gordon, R. G., Argus, D. F. & Stein, S. Effect of recent revisions to the geomagnetic reversal time scale on estimates
of current plate motions. Geophys. Res. Lett. 21, 2191-2194. https://doi.org/10.1029/94GL02118 (1994).

Scientific Reports|  (2023) 13:15590

https://doi.org/10.1038/s41598-023-42433-2 nature portfolio


https://doi.org/10.1111/j.1365-246X.1992.tb00717.x
https://doi.org/10.1029/2005JB004144
https://doi.org/10.1111/j.1365-246X.2007.03485.x
https://doi.org/10.1029/95JB03731
https://doi.org/10.1093/gji/ggt024
https://doi.org/10.1029/97JB03390
https://doi.org/10.5880/WSM.2016.001
https://doi.org/10.5880/WSM.2016.001
https://doi.org/10.1016/j.jsg.2014.01.015
https://doi.org/10.1016/j.jsg.2014.01.015
https://doi.org/10.1029/1999jb900298
https://doi.org/10.1029/1999jb900298
https://doi.org/10.1016/j.marpetgeo.2013.11.021
https://doi.org/10.5880/wsm.2017.002
https://doi.org/10.1038/2161276a0
https://doi.org/10.1038/2161276a0
https://doi.org/10.1130/0016-7606(1970)81[3513:IOPTFT]2.0.CO;2
https://doi.org/10.1016/0012-821X(72)90075-1
https://doi.org/10.1029/2005GC000950
https://doi.org/10.1029/2008JB005860
https://doi.org/10.1111/j.1365-246X.2009.04491.x
https://doi.org/10.1111/j.1365-246X.2009.04491.x
https://doi.org/10.5194/se-4-215-2013
https://doi.org/10.5194/se-4-215-2013
https://doi.org/10.1029/2003GL018918
https://doi.org/10.1029/RG017i005p00981
https://doi.org/10.1029/RG017i005p00981
https://doi.org/10.1029/92JB00132
https://doi.org/10.1038/305619a0
https://doi.org/10.1029/91JB01590
https://doi.org/10.1029/91JB01590
https://doi.org/10.1029/91JB01963
https://doi.org/10.1029/91JB01096
https://doi.org/10.1029/91JB00475
https://doi.org/10.1029/91JB00475
https://doi.org/10.1029/96JB00090
https://doi.org/10.1016/S0040-1951(96)00180-1
https://doi.org/10.1016/S0040-1951(96)00180-1
https://doi.org/10.1016/B978-044452748-6.00105-X
https://doi.org/10.1111/j.1365-246X.1975.tb05891.x
https://doi.org/10.1111/j.1365-246X.1975.tb00631.x
https://doi.org/10.1111/j.1365-246X.1975.tb00631.x
https://doi.org/10.1029/JB082i014p01967
https://doi.org/10.1029/JB082i014p01967
https://doi.org/10.1029/2004GL019528
https://doi.org/10.1029/2004GL019528
https://doi.org/10.1029/JZ072i008p02131
https://doi.org/10.1029/JZ072i008p02131
https://doi.org/10.1029/JB073i006p01959
https://doi.org/10.1029/JB073i006p01959
https://doi.org/10.1029/JB073i012p03661
https://doi.org/10.1029/JB073i012p03661
https://doi.org/10.1111/j.1365-246X.1974.tb00613.x
https://doi.org/10.1111/j.1365-246X.1990.tb06579.x
https://doi.org/10.1111/j.1365-246X.1990.tb06579.x
https://doi.org/10.1016/0012-821X(78)90051-1
https://doi.org/10.1016/0012-821X(78)90051-1
https://doi.org/10.1029/94GL02118

www.nature.com/scientificreports/

52.

53.

54.

55.

56.

57.

58.

59.

60.
62.
63.
64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

Argus, D. E, Gordon, R. G. & DeMets, C. Geologically current motion of 56 plates relative to the no-net-rotation reference
frame. Geochem. Geophys. Geosyst.https://doi.org/10.1029/2011GC003751 (2011).

Sella, G. E, Dixon, T. H. & Mao, A. REVEL: A model for recent plate velocities from space geodesy. J. Geophys. Res. Solid Earth-
https://doi.org/10.1029/2000jb000033 (2002).

Kreemer, C., Blewitt, G. & Klein, E. C. A geodetic plate motion and Global Strain Rate Model. Geochem. Geophys. Geosyst. 15,
3849-3889. https://doi.org/10.1002/2014GC005407 (2014).

Kroner, U., Roscher, M. & Romer, R. L. Ancient plate kinematics derived from the deformation pattern of continental crust:
Paleo- and Neo-Tethys opening coeval with prolonged Gondwana-Laurussia convergence. Tectonophysics 681, 220-233. https://
doi.org/10.1016/j.tecto.2016.03.034 (2016).

Kroner, U,, Stephan, T., Romer, R. L. & Roscher, M. Paleozoic plate kinematics during the Pannotia-Pangaea supercontinent
cycle. In Special Publications Vol. 503 (eds Murphy, J. B. et al.) 83-104 (Geological Society, 2020). https://doi.org/10.1144/
SP503-2020-15.

Bowin, C. Plate tectonics conserves angular momentum. eEarth 5, 1-20. https://doi.org/10.5194/ee-5-1-2010 (2010).

Wiens, D. A. & Stein, S. Intraplate seismicity and stresses in young oceanic lithosphere. J. Geophys. Res. Solid Earth 89, 11442—
11464. https://doi.org/10.1029/JB089iB13p11442 (1984).

Schaeben, H., Kroner, U. & Stephan, T. Euler Poles of Tectonic Plates. In Encyclopedia of mathematical geosciences. Encyclopedia
of earth sciences series (eds Daza Sagar, B. S. et al.) 1-7 (Springer Nature, 2021). https://doi.org/10.1007/978-3-030-26050-7_
435-1.

Hamilton, W. On Quaternions; or on a new System of Imaginaries in Algebra (Philosophical Magazine, 1844).

Turcotte, D. L. & Schubert, G. Geodynamics 3rd edn. (Cambridge University Press, 2014).

Watson, G. S. The statistics of orientation data. J. Geol. 74, 786-797 (1966).

Mardia, K. V. & Jupp, P. E. Directional Statistics. In Wiley Series in Probability and Statistics (ed. Mardia, K. V.) (Wiley, 1999).
Bird, P, Ben-Avraham, Z., Schubert, G., Andreoli, M. & Viola, G. Patterns of stress and strain rate in southern Africa. J. Geophys.
Res.https://doi.org/10.1029/2005]B003882 (2006).

Gripp, A. E. & Gordon, R. G. Young tracks of hotspots and current plate velocities. Geophys. J. Int. 150, 321-361. https://doi.
0rg/10.1046/].1365-246X.2002.01627.X/2/150-2-321-FIG017.JPEG (2002).

Graham, S. A, Stanley, R. G., Bent, J. V. & Carter, J. B. Oligocene and Miocene paleogeography of central California and dis-
placement along the San Andreas fault. Geol. Soc. Am. Bull. 101, 711-730 https://doi.org/10.1130/0016-7606(1989)101$<$0711:
OAMPOCS$>$2.3.CO;2 (1989).

Powell, R. E. & Weldon, R. J. Evolution of the San Andreas Fault. Annu. Rev. Earth Planet. Sci. 20, 431-468. https://doi.org/10.
1146/annurev.ea.20.050192.002243 (1992).

Zoback, M. D. et al. New evidence on the state of stress of the San Andreas fault system. Science 238, 1105-1111. https://doi.
org/10.1126/science.238.4830.1105 (1987).

Mount, V. S. & Suppe, J. Present-day stress orientations adjacent to active strike-slip faults: California and Sumatra. J. Geophys.
Res. 97, 11995. https://doi.org/10.1029/92]B00130 (1992).

Yang, W. & Hauksson, E. The tectonic crustal stress field and style of faulting along the Pacific North America Plate boundary
in Southern California. Geophys. J. Int. 194, 100-117. https://doi.org/10.1093/gji/ggt113 (2013).

Morgan, P. & Swanberg, C. On the Cenozoic uplift and tectonic stability of the Colorado Plateau. J. Geodyn. 3, 39-63. https://
doi.org/10.1016/0264-3707(85)90021-3 (1985).

Thatcher, W. et al. Present-day deformation across the Basin and range province, Western United States. Science 283, 1714-1718.
https://doi.org/10.1126/science.283.5408.1714 (1999).

Flesch, L. M., Holt, W. E., Haines, A. J., Wen, L. & Shen-Tu, B. The dynamics of western North America: Stress magnitudes and
the relative role of gravitational potential energy, plate interaction at the boundary and basal tractions. Geophys. J. Int. 169,
866-896. https://doi.org/10.1111/j.1365-246X.2007.03274.x (2007).

NOAA National Geophysical Data Center. ETOPOL1 1 arc-minute global relief model. Tech. Rep.https://doi.org/10.7289/V5C82
76M (2009).

Scott, D. W. On optimal and data-based histograms. Biometrika 66, 605-610. https://doi.org/10.1093/biomet/66.3.605 (1979).
Wdowinski, S. A new class of transform plate boundary. Phys. Chem. Earth 23, 775-783. https://doi.org/10.1016/S0079-1946(98)
00091-3 (1998).

Wdowinski, S., Sudman, Y. & Bock, Y. Geodetic detection of active faults in S. California. Geophys. Res. Lett. 28, 2321-2324.
https://doi.org/10.1029/2000GL012637 (2001).

Tapponnier, P. & Molnar, P. Slip-line field theory and large-scale continental tectonics. Nature 264, 319-324 (1976).

Molnar, P. & Tapponnier, P. Active tectonics of Tibet. . Geophys. Res. Solid Earth 83, 5361-5375. https://doi.org/10.1029/JB083
IB11P05361 (1978).

Tapponnier, P, Peltzer, G., Le Dain, A. Y., Armijo, R. & Cobbold, P. Propagating extrusion tectonics in Asia: New insights from
simple experiments with plasticine. Geology 10, 611. https://doi.org/10.1130/0091-7613(1982)10$<$611:PETIAN$>$2.0.CO;2
(1982).

Royden, L. H. et al. Surface deformation and lower crustal flow in eastern tibet. Science 276, 788-790. https://doi.org/10.1126/
science.276.5313.788 (1997).

Tapponnier, P. et al. Oblique stepwise rise and growth of the Tibet Plateau. Science 294, 1671-1677. https://doi.org/10.1126/
science.105978 (2001).

Enkelmann, E. et al. Cenozoic exhumation and deformation of northeastern Tibet and the Qinling: Is Tibetan lower crustal flow
diverging around the Sichuan Basin?. Geol. Soc. Am. Bull. 118, 651-671. https://doi.org/10.1130/B25805.1 (2006).

Mohadjer, S., Ehlers, T. A., Bendick, R., Stiibner, K. & Strube, T. A Quaternary fault database for central Asia. Nat. Hazard. 16,
529-542. https://doi.org/10.5194/nhess-16-529-2016 (2016).

Molnar, P. & Lyon-Caen, H. Some simple physical aspects of the support, structure, and evolution of mountain belts. Spec. Pap.
Geol. Soc. Am. 218, 179-207. https://doi.org/10.1130/SPE218-P179 (1988).

England, P. & Molnar, P. Active deformation of Asia: From kinematics to dynamics. Science 278, 647-650. https://doi.org/10.
1126/science.278.5338.647 (1997).

Molnar, P, Houseman, G. A. & Conrad, C. P. Rayleigh-Taylor instability and convective thinning of mechanically thickened
lithosphere: Effects of non-linear viscosity decreasing exponentially with depth and of horizontal shortening of the layer. Geophys.
J. Int. 133, 568-584. https://doi.org/10.1046/j.1365-246X.1998.00510.x (1998).

Wang, M. & Shen, Z.-K. Present-day crustal deformation of continental China derived from GPS and its tectonic implications.
J. Geophys. Res. Solid Earth 125, 2019]B018774. https://doi.org/10.1029/2019]B018774 (2020).

Foulger, G. R., Natland, J. H. & Anderson, D. L. Genesis of the Iceland melt anomaly by plate tectonic processes. Plates Plumes
Paradig. 388, 595-625. https://doi.org/10.1130/0-8137-2388-4.595 (2005).

Einarsson, P. Plate boundaries, rifts and transforms in Iceland. Jokull 58, 35-58 (2008).

Einarsson, P. Earthquakes and present-day tectonism in Iceland. Tectonophysics 189, 261-279. https://doi.org/10.1016/0040-
1951(91)90501-1 (1991).

Ziegler, M. et al. The stress pattern of Iceland. Tectonophysics 674, 101-113. https://doi.org/10.1016/j.tecto.2016.02.008 (2016).
Anderson, E. M. The Dynamics of Faulting and Dyke Formation With Application to Britain 2nd edn. (Oliver and Boyd, 1951).

Scientific Reports|  (2023) 13:15590

https://doi.org/10.1038/s41598-023-42433-2 nature portfolio


https://doi.org/10.1029/2011GC003751
https://doi.org/10.1029/2000jb000033
https://doi.org/10.1002/2014GC005407
https://doi.org/10.1016/j.tecto.2016.03.034
https://doi.org/10.1016/j.tecto.2016.03.034
https://doi.org/10.1144/SP503-2020-15
https://doi.org/10.1144/SP503-2020-15
https://doi.org/10.5194/ee-5-1-2010
https://doi.org/10.1029/JB089iB13p11442
https://doi.org/10.1007/978-3-030-26050-7_435-1
https://doi.org/10.1007/978-3-030-26050-7_435-1
https://doi.org/10.1029/2005JB003882
https://doi.org/10.1046/J.1365-246X.2002.01627.X/2/150-2-321-FIG017.JPEG
https://doi.org/10.1046/J.1365-246X.2002.01627.X/2/150-2-321-FIG017.JPEG
https://doi.org/10.1130/0016-7606(1989)101$<$0711:OAMPOC$>$2.3.CO;2
https://doi.org/10.1130/0016-7606(1989)101$<$0711:OAMPOC$>$2.3.CO;2
https://doi.org/10.1146/annurev.ea.20.050192.002243
https://doi.org/10.1146/annurev.ea.20.050192.002243
https://doi.org/10.1126/science.238.4830.1105
https://doi.org/10.1126/science.238.4830.1105
https://doi.org/10.1029/92JB00130
https://doi.org/10.1093/gji/ggt113
https://doi.org/10.1016/0264-3707(85)90021-3
https://doi.org/10.1016/0264-3707(85)90021-3
https://doi.org/10.1126/science.283.5408.1714
https://doi.org/10.1111/j.1365-246X.2007.03274.x
https://doi.org/10.7289/V5C8276M
https://doi.org/10.7289/V5C8276M
https://doi.org/10.1093/biomet/66.3.605
https://doi.org/10.1016/S0079-1946(98)00091-3
https://doi.org/10.1016/S0079-1946(98)00091-3
https://doi.org/10.1029/2000GL012637
https://doi.org/10.1029/JB083IB11P05361
https://doi.org/10.1029/JB083IB11P05361
https://doi.org/10.1130/0091-7613(1982)10$<$611:PETIAN$>$2.0.CO;2
https://doi.org/10.1126/science.276.5313.788
https://doi.org/10.1126/science.276.5313.788
https://doi.org/10.1126/science.105978
https://doi.org/10.1126/science.105978
https://doi.org/10.1130/B25805.1
https://doi.org/10.5194/nhess-16-529-2016
https://doi.org/10.1130/SPE218-P179
https://doi.org/10.1126/science.278.5338.647
https://doi.org/10.1126/science.278.5338.647
https://doi.org/10.1046/j.1365-246X.1998.00510.x
https://doi.org/10.1029/2019JB018774
https://doi.org/10.1130/0-8137-2388-4.595
https://doi.org/10.1016/0040-1951(91)90501-I
https://doi.org/10.1016/0040-1951(91)90501-I
https://doi.org/10.1016/j.tecto.2016.02.008

www.nature.com/scientificreports/

94. Ramsay, J. A. Folding and fraturing of rocks (McGraw-Hill, 1967).

95. Townend, J. What do Faults Feel? Observational Constraints on the Stresses Acting on Seismogenic Faults Vol. 170, 313-327
(American Geophysical Union (AGU), 2006).

96. Célérier, B. Seeking Anderson’s faulting in seismicity: A centennial celebration. Rev. Geophys. 46, RG4001. https://doi.org/10.
1029/2007RG000240 (2008).

97. Lund, B. & Townend, J. Calculating horizontal stress orientations with full or partial knowledge of the tectonic stress tensor.
Geophys. J. Int. 170, 1328-1335. https://doi.org/10.1111/j.1365-246X.2007.03468.x (2007).

98. Coblentz, D. D., Richardson, R. M. & Sandiford, M. On the gravitational potential of the Earth’s lithosphere. Tectonics 13,
929-945. https://doi.org/10.1029/94TC01033 (1994).

99. Hillis, R. R. & Reynolds, S. D. The Australian stress map. . Geol. Soc. 157, 915-921. https://doi.org/10.1144/jgs.157.5.915 (2000).

100. Dyksterhuis, S. & Miiller, R. D. Cause and evolution of intraplate orogeny in Australia. Geology 36, 495-498. https://doi.org/10.
1130/G24536A.1 (2008).

101. Reinecker, J., Tingay, M. R. P,, Miiller, B. & Heidbach, O. Present-day stress orientation in the Molasse Basin. Tectonophysics 482,
129-138. https://doi.org/10.1016/j.tecto.2009.07.021 (2010).

102. Sonder, L. J. Effects of density contrasts on the orientation of stresses in the lithosphere: Relation to principal stress directions
in the Transverse Ranges, California. Tectonics 9, 761-771. https://doi.org/10.1029/tc009i004p00761 (1990).

103. Casas, A. M., Simon, J. L. & Seron, E J. Stress deflection in a tectonic compressional field: A model for the northwestern Iberian
Chain, Spain. J. Geophys. Res. 97, 7183-7192. https://doi.org/10.1029/91]B02292 (1992).

104. Hand, M. & Sandiford, M. Intraplate deformation in central Australia, the link between subsidence and fault reactivation.
Tectonophysics 305, 121-140. https://doi.org/10.1016/S0040-1951(99)00009-8 (1999).

105. Humpbhreys, E. D. & Coblentz, D. D. North American dynamics and western U.S. tectonics. Rev. Geophys.https://doi.org/10.
1029/2005RG000181 (2007).

106. Salomon, E., Koehn, D. & Passchier, C. Brittle reactivation of ductile shear zones in NW Namibia in relation to South Atlantic
rifting. Tectonics 34, 70-85. https://doi.org/10.1002/2014TC003728 (2015).

107. Stephan, T., Kroner, U., Hahn, T., Hallas, P. & Heuse, T. Fold/cleavage relationships as indicator for late Variscan sinistral
transpression at the Rheno-Hercynian-Saxo-Thuringian boundary zone, Central European Variscides. Tectonophysics 681,
250-262. https://doi.org/10.1016/j.tecto.2016.03.005 (2016).

108. Riller, U. et al. Fault-slip inversions: Their importance in terms of strain, heterogeneity, and kinematics of brittle deformation.
J. Struct. Geol. 101, 80-95. https://doi.org/10.1016/].jsg.2017.06.013 (2017).

109. Rajabi, M., Tingay, M. R. P,, Heidbach, O., Hillis, R. & Reynolds, S. The present-day stress field of Australia. Earth Sci. Rev. 168,
165-189. https://doi.org/10.1016/j.earscirev.2017.04.003 (2017).

110. Silva, D., Piazolo, S., Daczko, N. R., Raimondo, T. & Evans, L. Intracontinental orogeny enhanced by far-field extension and
local weak crust. Tectonics 37, 4421-4443. https://doi.org/10.1029/2018TC005106 (2018).

111. Kohler, S. et al. Reconstruction of cyclic Mesozoic-Cenozoic stress development in SE Germany using fault-slip and stylolite
inversion. Geol. Mag.https://doi.org/10.1017/S0016756822000656 (2022).

112. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, 2016).

113. Wong, B. Points of view: Color blindness. Nat. Methods 8, 441-441. https://doi.org/10.1038/nmeth.1618 (2011).

114. Crameri, E. Scientific colour maps. Zenodohttps://doi.org/10.5281/zenodo.1243862 (2018).

115. Crameri, E, Shephard, G. E. & Heron, P. ]. The misuse of colour in science communication. Nat. Commun. 11, 1-10. https://doi.
0rg/10.1038/s41467-020-19160-7 (2020).

Acknowledgements

This research is funded by the DFG Research Fellowships grant [439621066] and the Bundesgesellschaft fiir
Endlagerung (BGE-GAME [45208332]). We thank Helmut Schaeben for helpful discussions and comments. The
diagrams and maps in Figs. 1,2, 5,and 7, 8,9, 10, 11, 12, 13, 14 and 15 are created with the R package ggplot2
v3.4.2'12 The scientific color palettes “wong”!"?, “batlow”, “berlin’, and “vik”''* are used in this study to prevent
visual distortion of the data and exclusion of readers with color-vision deficiencies!'*.

Author contributions
All the authors participated in the writing and in reviewing of the paper. T.S. and UK. conceptualized the meth-
odology. T.S. conceived the software, run the tests, analyzed the results, and prepared the figures.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-42433-2.

Correspondence and requests for materials should be addressed to T.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:15590 | https://doi.org/10.1038/s41598-023-42433-2 nature portfolio


https://doi.org/10.1029/2007RG000240
https://doi.org/10.1029/2007RG000240
https://doi.org/10.1111/j.1365-246X.2007.03468.x
https://doi.org/10.1029/94TC01033
https://doi.org/10.1144/jgs.157.5.915
https://doi.org/10.1130/G24536A.1
https://doi.org/10.1130/G24536A.1
https://doi.org/10.1016/j.tecto.2009.07.021
https://doi.org/10.1029/tc009i004p00761
https://doi.org/10.1029/91JB02292
https://doi.org/10.1016/S0040-1951(99)00009-8
https://doi.org/10.1029/2005RG000181
https://doi.org/10.1029/2005RG000181
https://doi.org/10.1002/2014TC003728
https://doi.org/10.1016/j.tecto.2016.03.005
https://doi.org/10.1016/j.jsg.2017.06.013
https://doi.org/10.1016/j.earscirev.2017.04.003
https://doi.org/10.1029/2018TC005106
https://doi.org/10.1017/S0016756822000656
https://doi.org/10.1038/nmeth.1618
https://doi.org/10.5281/zenodo.1243862
https://doi.org/10.1038/s41467-020-19160-7
https://doi.org/10.1038/s41467-020-19160-7
https://doi.org/10.1038/s41598-023-42433-2
https://doi.org/10.1038/s41598-023-42433-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Analyzing the horizontal orientation of the crustal stress adjacent to plate boundaries
	Theoretical background
	The influence of the coordinate reference system on the stress-field geometry. 
	The empirical link between plate motion and first-order stress. 
	Combining spherical geometry and the first-order stress source. 

	Methodology
	Extraction of relative plate motion parameters. 
	Transformation of data points into the PoR coordinate reference system. 
	Coordinate transformation. 
	Azimuth transformation. 

	Predicted direction of horizontal stress. 
	Evaluation of the fit between the predicted and observed data. 
	Statistical measure for the fit. 
	Variation of the fit with distance to the plate boundary. 


	Testing the theory
	Tangentially displaced plate boundary: San Andreas Fault–Gulf of California. 
	Inward-moving plate boundary: Himalaya–Tibet. 
	Outward-moving plate boundary: North Atlantic Ridge and Iceland. 
	Global plate boundaries. 

	Discussion
	Significance of the predicted stress direction. 
	Non-Andersonian stress regimes. 
	Stress anomalies. 

	Conclusions
	References
	Acknowledgements


