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In the brittle regime, faults tend to be oriented along an angle of about 30° relative to the principal stress
direction. This empirical Andersonian observation is usually explained by the orientation of the stress
tensor and the slope of the yield envelope defined by the Mohr-Coulomb criterion, often called critical-
stress theory, assuming frictional properties of the crustal rocks (u ~ 0.6—0.8). However, why the slope
has a given value? We suggest that the slope dip is constrained by the occurrence of the largest shear
stress gradient along that inclination. High homogeneous shear stress, i.e., without gradients, may gener-
ate aseismic creep as for example in flat decollements, both along thrusts and low angle normal faults,
whereas along ramps larger shear stress gradients determine higher energy accumulation and stick-slip
behaviour with larger sudden seismic energy release. Further variability of the angle is due to variations
of the internal friction and of the Poisson ratio, being related to different lithologies, anisotropies and pre-
existing fractures and faults. Misaligned faults are justified to occur due to the local weaknesses in the
crustal volume; however, having lower stress gradients along dip than the optimally-oriented ones, they
have higher probability of being associated with lower seismogenic potential or even aseismic behavior.
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1. Introduction

In his seminal papers, Anderson (1951, 1905) described the dip
relation of faulting depending on the tectonic style. He focused on
the angle of dip, suggesting that 90° be the optimal for strike-slip
faults, around 60° for normal faults, and 30° along thrusts. This ob-
servation was and is still today largely coherent with the field and
seismic data in the brittle upper crustal deformation, and the ori-
entation of the maximum stress tensor (oq), that is, on average,
at an angle of ~ 30° with respect to the fault plane in the three
main tectonic settings. Internal static friction, lithological hetero-
geneity, inherited anisotropy, and fluid pressure play a fundamen-
tal role in controlling the variability of fault dip that may signifi-
cantly deviate from the theoretical angle (e.g., Fossen, 2016). Some
models challenge the Anderson model, being supported by me-
chanical theory and by experiments. For example, a unique fault
geometry is suggested to develop under the case of 3D strain
field (Reches, 1983; Reches and Dieterich, 1983). In this case, or-
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thorhombic system is predicted to develop on pre-existed fric-
tional surfaces with slip orientations that substitute the minimum
stress difference and the minimum frictional dissipation in a given
strain field. However, any model with spatially constant bound-
ary conditions and initial conditions (i.e., no pre-stress, same ma-
terial properties everywhere in a flat plate) and a yield envelope
with a constant slope will always produce faults with a constant
dip angle (Twiss and Moores, 1992). This research aims to high-
light the importance of pressure gradients in determining fault
dip, i.e., the slope of the yield envelope defined by the Mohr-
Coulomb criterion, or tangent modulus in continuum-mechanics,
and the most seismogenic segments of tectonic planes. A gra-
dient describes the variation in space and time of any physi-
cal parameter (e.g., Aifantis, 2020). The strongest the gradient of
the potential, the higher the force acting on the system. There-
fore, the highest stress gradients in the crustal volume correspond
to the largest concentration of potential energy (Zaccagnino and
Doglioni, 2022a). We focus on the normal and shear stress gra-
dients along different fault dips as a function of the tectonic set-
ting and the related three principal stresses, being the vertical one
coincident with the lithostatic load. Tectonic settings are featured
by several differences regarding structural properties of the fault
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zone, fluid circulation (Sibson, 1994), statistical patterns of seis-
micity (Zaccagnino et al., 2022), components of moment tensors
of earthquakes (Zaccagnino and Doglioni, 2022b) and stress accom-
modation. Once again, these occurrences show contrasting patterns
as a function of the tectonic setting (Doglioni et al., 2014). Nev-
ertheless, the asymmetry described above is a matter of fact and
various physical mechanisms have been proposed for explaining it.
Starting from the criterion for frictional failure described by the
Amonton’s law, taking into account of fluid pressure Py, ie., for
sliding to occur, shear stress T must overcome friction @

T > pu(on —Py) (M

where oy, is the normal stress, under the hypothesis of aggregate
materials with negligible cohesion (faulting already developed),
Sibson (1974) derived the vertical profiles for differential stress in
the three tectonic regimes given by

o1 —03=Bpgz(1-A) (2)

where S is about 0.75, 1, and 3 respectively in normal, strike-slip
and reverse faulting, being a function of the friction coefficient u
via the optimal ratio

)
(ﬁ) =(\/1+u2—u) : 3)
03/ min

A is a parameter representing the ratio of pore fluid pres-
sure over vertical (overburden) stress; its value can range in be-
tween 0 and 1, for modeling purposes A = 0.4 is usually assumed
Ranalli (1995). Therefore, the result above is achieved assuming
that slip completely occur on a single planar, pre-existing fault sur-
rounded by elastic cohesive rocks; hence, that the frictional prop-
erties of the interface completely control the entire “seismic cy-
cle”. In the same framework, the optimal angle of dip for fault-
ing is also obtained, being respectively 55°-60° and 25°-30° for
extensional and contractional tectonic settings. The optimal angle
between the direction of principal stress and slip direction is given
by

U = 1 arctan (l) (4)
2 M
where it is usually assumed pu = 0.6-0.8 (Byerlee, 1978), so
that  ~ 25 — 30°. However, geodetic inversion of strain in fault-
ing regions suggest much lower average friction coefficients, usu-
ally < 0.3 (Bird and Kong, 1994) and sometimes even more re-
duced ones, with & ~ 0.01-0.1 (e.g., Dal Zilio et al., 2019). Simi-
lar outputs are provided by laboratory and geological observations
(Collettini et al., 2019). Those static friction values are often as-
sociated with weak lithology and generally occurring along low-
angle fault planes. The presence of weak fault gouges or fluid over-
pressure is also utilized to justify observed heat flux during fault
slip (dynamic friction), which would otherwise be incompatible
with faulting (Hickman, 1991). In the latter case, would be quite
difficult to relate friction (friction laws turn out to be dependent
on model and spatial-temporal scale of observation) to the an-
gle of dip according to Eq. (4). In this regard, should be noticed
that, at very low friction coefficients (i« — 0), both thrusts and
normal faults are predicted to have a dip of ~ 45°. This straight-
forward consequence implies that low-friction faults, regardless of
their tectonic setting, are expected to have the same intermediate
angle of dip, which is in contrast with the evidence of low-angle
normal faulting, usually explained in light of anomalously weak
frictional interfaces (e.g., Axen, 1992; Collettini, 2011) and gen-
tly vs steeply dipping thrusts along subduction zones (Tan et al.,
2012). By the way, low-magnitude seismic activity of low-angle
normal faults has been suggested to be due to stress rotation with
depth due to tensile components and vertical viscosity gradients
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(Melosh, 1990; Westaway, 1999) or simply due to the minor verti-
cal (gravitational) component of the coseismic slip (Doglioni et al.,
2015). However, the first hypothesis is unsubstantial, since ten-
sile stress components disappear below about one kilometer of
depth (Twiss and Moores, 1992), while the second is not exhaus-
tive since active faults with low dip are also observed at shal-
low depth. In the same context, the paradox of large thrusts dip-
ping at very small angles (<10°) requires an almost negligible
shear friction with respect to what should be expected using the
Byerlee’s law (Anooshehpoor and Brune, 1994), also resulting in-
compatible with the Andersonian model of faulting. Ranalli and
Yin (1990) expanded the Sibson theory, deriving equations for the
critical stress difference on thrust, normal and strike-slip faults
with finite cohesive strength, both in homogeneous, isotropic rock,
and along pre-existing strength anisotropies with different cohe-
sion and coefficient of friction. Yin and Ranalli (1992) further de-
scribe variations of the fault dip in anisotropic rocks under non-
Andersonian stress. Even more advanced evolution in the matter
is in Healy et al. (2015) describing polymodal faulting of shear
failure. In this research, we study the shear stress gradient along
faults in the three principal tectonic settings, discuss the energy
source of the faults activation and provide an alternative explana-
tion for the most frequent fault dip being controlled by the con-
centration of the largest pressure gradient in the upper crustal
volume.

2. Model
2.1. Preliminary observations and theory

The brittle lithosphere undergoes several stress sources: the
lithostatic stress, o, = pgz, where p ~ 2.65 g/cm> and z repre-
sents the depth, is produced by the weight of the layers of rocks
above the reference level, the tectonics stress, oy, due to the lat-
eral compressive action of contiguous plates and thermal stress
oy =Yar(AT)/(1 —v), where Y is the Young’s modulus and 0 <
v < 0.5 represents the Poisson’s modulus, takes into account of
thermal gradients, AT, inside the crust. In the present work, we
neglect the first term, assuming thermal gradients be negligible
with respect to other stress sources. Because of the elastic proper-
ties of rocks, the vertical lithostatic stress is transmitted to the hor-
izontal direction as o, = vpgz/(1 — v). However, since upper layers
show dynamical behaviors incompatible with pure lithostatic load-
ing (Scholz, 2019), rocks exhibit porosity so that the vertical com-
ponent of stress is redistributed over a contact area determined by
the interactions of heterogeneously-shaped grains of solid material
embedded in a weaker matrix filled with circulating fluids. As a
consequence, the Janssen’s model (Sperl, 2006) for granular mate-
rials gives

0u(2) = pgle(1 - e7) (5)
where is a characteristic length controlling the scale of pressure
saturation. The formula above can be expanded in Taylor series up
to the second order in the neighborhood of depth z=0 , since
we are interested in the state of stress in the brittle lithosphere
up to a few kilometers below the surface, being the information
about the effective state of stress inaccurate beyond such depths
(Brudy et al., 1997). So, we get

0v(2) = pgle(1—e ) ~ ng(l - %) (6)

which is in good agreement with observations (e.g., Shebalin and
Narteau, 2017). At last, we can write Eq. (6) in a more familiar way
assuming pore pressure be independent from depth for modeling
purposes (even though unreliable); therefore, we reach the well-
know formula oy = pgz(1 — A). Then, the vertical stress is reduced
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by the action of pore pressure by a factor A. For modeling pur-
poses, in the next paragraph we assume that two sources of stress
act on the system: the vertical lithostatic stress and the horizontal
compressive tectonic stress; furthermore, the mechanical rigidity
of the system allows transmission of stress components in the or-
thogonal direction. For modeling normal-faulting regions, it is as-
sumed o7 = oy, conversely, o3 = 0, in compressive settings, while
0, = oy for transcurrent plate boundaries. The major principal axis
corresponding to the direction of o7 is the horizontal one in com-
pressive regions producing angles of dip lower than 45°, while it
is the vertical one in extensional tectonic settings, where faults are
steeper (>45°). In the first case, the driver of local dynamics is
the tectonic stress, conversely, gravity controls faulting in the sec-
ond one. This simple model corresponds the so-called Rankine’s
criterion (Lagioia and Panteghini, 2016) applied for the modeling
of granular matter. It also assumes that the tectonic stress is con-
stant as a function of depth, which is not a reliable request. Nev-
ertheless, it provides a simple explanation for different angles of
dip taking into account of both frictional and granular properties
of the matter; the dip is expected to be (454 §/2)° respectively
in the extensional and compressive case. § represents the angle
of friction accounting for pure frictional, geometrical and dilatant
contributions to resistance to sliding. Notice that no elastic ten-
sile stress is required for normal-faulting dynamics; moreover, no
elastic strain is accumulated during the interseismic and preseis-
mic phase, while dilatancy takes place in broadly fractured zones
which become progressively filled with fluids, above all inside the
volumes undergoing larger preseismic deformations (Jackson and
White, 1989). Liquids are ejected from the porous medium once
the fractures tend to close as a consequence of slip, which is com-
patible with observed fluid circulation in extensional tectonic set-
tings (Doglioni et al., 2014).

In this model, the whole energy budget for normal fault-
ing is provided by gravity coherently with several works
about extensional tectonics (Dewey, 1988; Doglioni et al.,
2015; Fazlikhani et al., 2017; Kapp et al, 2008; Leech, 2001;
Livaccari, 1991; Wernicke and Axen, 1988). By a seismological
viewpoint, during the preseismic phase, rock volumes located
along and beside the weaker interface, i.e., the fault, undergo local-
ized strain which tends to dislodge them from their previous state
of equilibrium, producing an elastic, rotating stress field opposing
the horizontal withdrawal of mass from the fault zone due to di-
latancy and thus to the unloading of the foot-wall. Experiments in
the lab support the actual occurrence of this process (Cartwright-
Taylor et al., 2022) as well as geophysical analyses (Faulkner et al.,
2006); moreover, geological fabric associated with normal fault-
ing, e.g., S-C structures, prove the action of rotational strain (e.g.,
Morley et al., 2004; Schueller et al., 2013; Wang et al., 2014). This
phenomenon guarantees the action of perpendicular force dipoles
producing a pattern of tensile and compressive stress over the fault
plane of sliding, thus, still a double-couple mechanism for normal-
faulting earthquakes (Thompson and Parsons, 2017). In the next
paragraph, we apply this framework for deriving the optimal an-
gle of dip for faulting with an alternative approach to classical
friction.

2.2. Optimal dip angles of faults

We can use the considerations discussed above for deriving the
optimal angle of dip of earthquakes in different tectonic settings
in the brittle crust. In the case of extensional tectonics, at seis-
mogenic depths, i.e., few kilometers below the surface, no tensile
stress acts (Doglioni et al., 2015; Twiss and Moores, 1992), but the
gravitational load is spread in the horizontal direction via the elas-
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tic Poisson’s parameter v, i.e., the confining pressure.
oy = (1-2)pgz

v (7)
op=01-1)——
n=0-2)3— 08
We can evaluate the normal component of stress o acting on
an ideal planar fault with dip angle @ and estimate its mechanical
work per surface unit

W:/OSUH dl 8)

along a displacement with length [=s in the slip
direction. A straightforward integration gives w=
s[(1 = ) pgsin(e) cos(a) + 125 (1 - A)pgsinz(a)]; setting s=1
for the sake of simplicity, we can find the optimal angle by
maximizing w as a function of the dip angle. So, we impose the
condition ¥ = 0. We get

o1 v-—1
oo =90° + 5 arctan (T) 9)

Using 0.25, we obtain «, ~ 54°, which is in good agreement
with field observations and resolved fault plane dip angles re-
trieved by solutions of focal mechanisms of moderate and large
earthquakes. Notice that the porosity A does not affect the angle of
dip, therefore, for our purposes, it can be set at an arbitrary value.
Fig. 1 shows the normal stress gradient along normal-fault slip as
a function of the dip angle according to our model.

The probability that a large earthquake takes place along a fault
featured by a given dip angle o instead of its optimal value «,
decreases exponentially as a function of the angular misalignment
|oe — ap]. Since the profile in Fig. 1a is not narrowly picked around
its maximum, normal-faulting earthquakes routinely occur within
a wide range of dip angles, namely in between 40° and 70°. How-
ever, values of dip up to 90° or down to 15 — 20° are not impossi-
ble, although less probable. We can proceed analogously for find-
ing the optimal angle of dip for thrusts. In this case, we must take
into account not only of the lithostatic loading but also of the hor-
izontal compressive stress due to the gradient of viscosity between
contiguous plates. It is assumed to be linearly dependent on depth
~ kz where k ~ 75 MPa/km, but it can be extremely variable de-
pending on several factors such as the presence of fluids. « repre-
sents the vertical tectonic stress gradient, i.e., how the horizontal
tectonic stress increases as a function of depth.

0y = pgz(1-2) - - - —(1- MKz o0
1fv(1—x)pgz+x(1—x)z

We can now calculate the amount of work done by the nor-
mal component of stress acting on a thrust with dip angle o and
along a displacement of length s in the slip direction (upward in
this case). Imposing null derivative with respect to « for the work
density w along the fault and taking its minimum value, we get

+ 15K
O = 1 arctan M . (11)
2 T PE+K

Using 0.25, we obtain |a,| ~ 16°, which is coherent with geo-
logical observations (thrust faulting is usually featured by angles
of dip ranging in between 5°—30°) and resolved fault plane dip an-
gles inferred from focal mechanisms of large earthquakes. Compare
with Fig. 2.

It is worth to stress that the value of the optimal angle for
thrusts is strongly dependent on the assumptions about the ver-
tical gradient of the compressive tectonic stress. In particular, the
optimal angle increases as the vertical gradient of stress decreases.

oy =
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(b) the gradient depends on the Poisson’s ratio v. The optimal angle of dip is about 54°.

In the limit case of null gradient, meaning a perfectly locally uni-
form tectonic stress with depth, the optimal angle oy — 36°, which
is the complementary angle of 54°, which is reasonable, being
this special situation the symmetric one with respect to normal-
faulting, with axes rotated by 90° (o;"™® = o[, Compare
with Fig. 3. Being the profile of the normal stress gradient not
steep around its extreme value, thrust-faulting earthquakes can oc-
cur along fault with differently dips in between 0° and 40° or even
larger.

Transcurrent events cannot be modeled using a simple two-
dimensional stress profiles, so we need to add a third direction,
being that of the strike of the fault as follows

oy = pgz(1-2)

(n) _ _ __Y —
o, = 1]71)(] A)pgz 1_\)/((1 Az (12)
o = T (1= Mpgz+r(-2)z

However, only the second component can directly affect the an-
gle of dip of pure strike-slip-faulting earthquakes since the third
acts parallel to the fault plane by definition and vertical offsets
are not considered here. Hence, the optimal angle can be obtained,
by using the same steps followed above for the other tectonic set-

tings, considering only of the second contribution. The final results
is oy = 90°.

3. Analysis

Assessing the real distribution of dip angles « is a delicate issue
because of the limited amount and quality of available informa-
tion; moreover, data are often representative of few selected, well-
studied tectonic regions. Here, we analyze 273 large worldwide
earthquakes in different tectonic settings (GCMT catalog, 1990-
2021, My, > 7.0, depth < 50 km, intra-slab and volcanic events re-
moved). For each earthquake, given its focal mechanism, the most
appropriate angle of dip is attributed combining source mechanism
(USGS catalog), geological and geophysical information with man-
made checking. We compare the statistical results of our analysis
with the predictions of our model. To do so, we must convert the
difference of normal stress gradients (integrated along a normal-
ized distance according to the setting s = 1) with respect to their
optimal values ¢, into a probability of misalignment o — &, of the
dip angle o. We use a classical Gibbs approach assuming an ex-
ponential reduction of frequency as a function of the angular mis-
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alignment, according to the formula
e~ Blaoy(a)—Aoy(a)|

12 e=Blaow(@)~Aon(@o) | dor

p(o) = (13)

where 8 is a free parameter of fit.
4. Results and discussion

The distribution of dip angles of faults is a thorny topic: even
though it is well known that thrusts have lower dips than rifts,
analyses are usually based on few cherry-picked faults and selected
solutions of focal mechanisms of large earthquakes; therefore, even
though reasonable, several results lack statistical significance being
representative of regional tectonic structures and not of a whole
faulting type. Moreover, uncertainties are large. In order to com-
pare our theoretical results with observations, we need large num-

ber of seismic events all over the Earth. We selected about three
hundred large (M,, > 7) crustal non-volcanic earthquakes occurred
from 1990 to 2021 and listed in the USGS and GCMT catalogs; for
each event, we inferred the fault plane using the best solution of
focal mechanism, geological (mapped faults, geological setting) and
geophysical data (e.g., spatial distribution of aftershocks, finite fault
slip inversions). Thus, we get a well-supplied database representing
faulting associated with major worldwide seismicity. Our results,
displayed in Fig. 4, show a substantial agreement between our
model and observations, as already proposed by Anderson (1951).
However, our interpretation relates these dips to the distribution
of the largest shear stress gradient.

We also consider the distribution of magnitudes as a function of
dip angles for the same set of large worldwide earthquakes in dif-
ferent tectonic settings (Fig. 5). Even though the dataset is limited,
it is representative of the large magnitude events occurred dur-
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to an exponential weight p(«) o< exp(—B|Aon(a) — Aoy (a,)]), B is left as the fit free parameter. Our model correctly reproduces the observed distributions.

ing the last three decades. The largest thrust-faulting events take
place along low-dip-angle faults, with a clear decreasing trend;
on the contrary, transcurrent faults nucleate the most energetic
earthquakes dipping almost perpendicularly to the horizontal ref-
erence. No clear trend is found for normal-faulting earthquakes,
likely because of insufficient statistics; however, it is well known
that low-angle normal fault usually are featured by limited seismo-
genic potential (Wernicke and Axen, 1988), which is coherent with
the source of energy budget in extensional tectonic regimes, i.e.,
mainly gravitational (Doglioni et al., 2015). In the latter case, fur-
ther analysis with statistical significance is required, even though
evidence has already been provided that only few normal-faulting
events occur along faults with low angles of dip and with small to
moderate magnitudes (Collettini, 2011).

The results above suggest that some differences between fault-
ing in tectonic settings such as the angle of dip can be explained
in the light of the spatial stress gradients acting in the brittle
crust, without invoking additional frictional properties of faults

and fluid circulation, even though they can be still considered
for better understanding the mechanics of peculiar conditions. In
particular, it is shown that they not only play a role in select-
ing the most probable angle of dip, but also modulate the mag-
nitude of (at least) large events, being the largest thrust-faulting
events expected along gently-dipping faults, while, conversely, ma-
jor normal- and strike-slip-faulting events respectively mostly hap-
pen along high-angle and vertical fractures. A visual explanation in
terms of spatial shear gradients along dip is given in Fig. 6 and
Fig. 7.

At last, stress gradients can also be useful to explain other
poorly investigated evidence. For instance, it is well known that
moderate to large magnitude thrust-faulting earthquakes mostly
occur along ramps, where the spatial shear gradient is maximum,
while only aseismic creep or small to moderate magnitude seis-
micity takes place along the flat decollement, which is indeed
featured by an extremely limited spatial shear stress gradient
(Fig. 8).
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Fig. 5. Distribution of magnitudes as a function of the dip angle for large worldwide earthquakes in different tectonic settings (GCMT catalog, 1990-2021, M,, > 7.0, depth
< 50 km, intra-slab and volcanic events removed). The largest thrust-faulting events take place along low-dip-angle faults; on the contrary, transcurrent faults nucleate the
most energetic earthquakes dipping almost perpendicularly to the horizontal reference.
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slow-slip events. Numbers in panel (b) indicate the normal stress variation at 5 km depth acting on the fault plane as a function of the normal fault dip due to the lithostatic
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stick-slip motion, whereas earthquake nucleation occurs more frequently along ramps where there is a shear stress gradient, i.e., larger energy accumulation and stick-slip

behaviour.

5. Conclusions

This research presents a new model suggesting that the an-
gles of tectonic faults are determined by the value of the shear
stress gradient acting in the brittle crustal volume. This idea com-
plements previous knowledge on friction and faulting. Different
combinations of stress sources produce the wide range of fault-
ing styles routinely observed in the brittle lithosphere. Geological
and seismological differences among tectonic settings are usually
related to frictional properties of faults and profiles of differen-
tial stress. However, inconsistency arises if low-angle normal and
thrust faults are attempted to be explained using the friction of
faults; a clear mismatch also occurs comparing results obtained
in laboratory faults with geodetic and geophysical inversion in the
case of tectonic faults; at last, notwithstanding the large variabil-
ity of the observed friction coefficients, no correlation has been
ever highlighted between friction on the fault plane and the an-
gle of dip. In the present paper, we analyze this issue by a dif-
ferent viewpoint. We consider stress gradients produced by the
competing action of gravitational and tectonic stress. We show
that the variability of the angle of dip in different tectonic set-
tings can be explained in light of an optimization criterion: faults
tend to be oriented along the direction of the largest shear stress
gradient in any tectonic setting, i.e., the stress concentrates in a
smaller crustal volume. We highlight that the dip angle is affected
by some mechanical properties of rocks, e.g., the Poisson’s ratio,
and stress concentration in the crust. We also explain the observa-
tion of active misaligned faults as due to the local weaknesses of
crustal volumes. According to Mohr-Coulomb criteria, when a slip
surface already exists, displacement is allowed over a range of an-
gles (e.g., Sibson, 1985, 1991, 2000), depending on the stress tensor,
the static friction and fault friction (Byerlee, 1978), fluid pressure
(Sibson, 1981, 1992), cohesion or roughness in the case of relatively
low stress (Goodman, 1991; Patton, 1966). Therefore, a wide vari-
ability of fault activation dip may occur. However, the misaligned
faults are affected by lower stress gradients along rake than the
optimally oriented slip planes in agreement with computational
simulations, structural and seismological observations (Chu et al.,
2021; Duan et al., 2019; Saucier et al., 1992); therefore, they have
higher probability of being associated with lower seismogenic po-
tential, or even with aseismic behavior. Our model can reproduce
the observed distribution of dip angles, as proven by the statistical
analysis of a wide set of large seismic events representative of ma-
jor seismicity occurred all over the world during the last decades.
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