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Abstract The tectonic stress field induces surface deformation. At long wavelengths, both lithospheric
heterogeneity (changes in the thickness and density of crust and lithospheric mantle) and basal tractions from
mantle convection contribute to the stress field. Here, we analyze the global alignment of principal horizontal
tectonic stresses, fault traces, and river flow directions to infer whether and how deep subsurface stresses control
geomorphic features. We find that fault trace orientations are consistent with predictions from Anderson's fault
theory. River directions largely align with fault traces and partly with stresses. The degree of alignment depends
on fault regime, the source of stress, and river order. Extensional faulting is best predicted by stresses from
lithospheric structure variations, while compressive faulting is best predicted by stresses from mantle flow. We
propose a metric to quantify the relative influence of mantle flow or lithospheric heterogeneity on surface
features, which provides a proxy for lithospheric strength.

Plain Language Summary The state of stress of the lithosphere affects, perhaps even controls,
surface deformation. However, how much of the deformation reflects differences in the thickness and density of
the crust and lithospheric mantle versus the forces exerted at the base of the lithosphere by the convecting mantle
remains a topic of debate and controversy. In this study, we compare the directions of horizontal tectonic
stresses, fault lines, and river flow patterns on a global scale to test if and how deep stresses shape these
geomorphic features. We separately consider tectonic and topographic controls on river orientation. We found
that these three features generally show spatial correspondence: fault traces follow the prediction from
Anderson's fault theory, and river directions largely align with fault traces and partly with stresses. However, the
degree of correspondence varies based on the fault types, the sources of stress, and the size of the rivers.
Extensional faults are mainly influenced by changes in the lithosphere's density and thickness, while
compressional faults are more affected by mantle flow. We propose a way to measure the relative impact of
mantle flow and lithospheric differences on generating surface features, which may help explain variations in
lithospheric strength.

1. Introduction

Earth's surface topography results from the complex interplay between tectonic forces, erosion, and deposition
over time (Champagnac et al., 2012; Koons et al., 2012). The subsidence, uplift, and deformation of the litho-
sphere driven by stresses from Earth's internal dynamics give rise to faults, mountains, seas, and basins
(Zoback, 1992; Zoback & Burke, 1993). Erosion driven by gravity, wind, water, and ice reflects environmental
conditions such as climate, vegetation, and local lithology (Gilbert, 1880; Hack, 1960). The net outcome of these
interactions is the formation of hillslopes, rivers, and valleys (Schumm et al., 2000; Wobus et al., 2006).

That there should be a relationship between faults and stresses is intuitively clear. When stresses exceed the
mechanical strength of rocks, they can create large-scale faults and small-scale microcracks and joints
(Barton, 1976). The relative magnitudes and orientation of the principal stresses in a given area determine the fault
orientation and regime. The traces of normal, strike-slip, and reverse faults are expected to form parallel, acute,
and perpendicular to the most compressive horizontal stress orientation, according to Anderson's fault theory
(Figure 1) (Anderson, 1905). Fault systems are commonly segmented and propagated, and fractures generated
under the same stress field tend to be aligned with each other. Most fractures are created subparallel to major
fractures, and fault lines are generally elongated parallel to each other (Nicol et al., 2020).

River flow typically follows surface topography, which reflects the combined influence of surface and subsurface
controls, including lithology, climate, tectonics, as well as fluvial network dynamics (Gilbert, 1880; Hack, 1960;
Willett et al., 2014; Wobus et al., 2006). Stress-induced surface deformation, including faulting, may influence
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river drainage patterns by shaping topographic relief, providing lateral continuity in accommodation space, or
modifying erodibility, to create preferential river paths (Gagliano et al., 2003; Molnar et al., 2007) (Figure 1).
Different fault regimes influence river networks in different ways, with strike-slip faults resulting in horizontal
offset streams or river captures, and normal and reverse faults influencing the spatial variation of surface uplift,
resulting in changes to the river profile and network (Duvall et al., 2020; Lavé & Avouac, 2001; Wobus
et al., 2006). Local field studies show that faults and rivers often align (Duvall et al., 2020; Gagliano et al., 2003;
Vita-Finzi, 2012). For example, the Mississippi River is bent when crossing the New Madrid fault zone (Gagliano
et al., 2003; Vita-Finzi, 2012), and rivers in the Marlborough fault region in New Zealand flow parallel to faults,
especially older ones (Duvall et al., 2020).

At length scales beyond the flexural wavelength, the state of stress of the lithosphere is predominantly influenced
by variations in its structure - the thickness and density of the crust and lithospheric mantle - and by the net basal
tractions resulting from sublithospheric mantle flow (Bird et al., 2008; Lithgow-Bertelloni & Guynn, 2004; Neres
et al., 2018; Reiter, 2021; Zoback, 1992) (Figure 1). Deviations from a lithostatic reference state defined by an
oceanic column, due to changes in density and thickness of the crust and lithospheric mantle give rise to lateral
variations in the gravitational potential energy (GPE). The GPE variations are distributed throughout the litho-
spheric column, generate outward tractions that act on neighboring columns, and are balanced by gradients in the
tectonic stress (Fleitout & Froidevaux, 1983; Ghosh et al., 2008; Lithgow-Bertelloni & Guynn, 2004). At the base
of the lithosphere, vertical and horizontal tractions from mantle flow act to either deflect the surface directly,
leading to dynamic topography, or drive plate motions (Ghosh et al., 2008; Lithgow-Bertelloni & Guynn, 2004).
How these sources of tectonic stress affect the surface deformation will depend on the rheological properties
within and below the lithosphere (Lithgow-Bertelloni & Guynn, 2004; Naliboff et al., 2012; Wang et al., 2008).

As the structure of the lithosphere, mantle flow, and rheological properties vary geographically, surface features
such as fault traces and river flow directions might reflect those variations, although perhaps not always as ex-
pected. For example, given the magnitude of the tectonic stress resulting from mantle flow compared to that from
GPE variations, contributions from the former should dominate the field (Ghosh et al., 2008; Ghosh & Holt, 2012;
Lithgow-Bertelloni & Guynn, 2004), absent geographical variations in material properties. GPE contributions
would only be dominant in orogenic regions or where mantle tractions are small. This is not the case (Kendall &
Lithgow-Bertelloni, 2016). The deviations from these expectations cannot be understood in terms of simple
tectonic generalizations or variations in asthenospheric viscosity (Naliboff et al., 2009). In other words, active
tectonics and high topography regions are not exclusively dominated by contributions from lithospheric het-
erogeneity. In central and southeast Asia, the contribution from mantle flow is crucial for reproducing the
observed overall regional regime pattern and rotation of azimuths of the most compressive principal stress based
on the models and seismic observations (Lithgow-Bertelloni & Guynn, 2004; Nabélek et al., 2009). In the East
African rift, while GPE contributions provide a better fit to observations of GPS velocities (Stamps et al., 2014),
mantle tractions from active upwellings cannot be neglected (Kendall & Lithgow-Bertelloni, 2016). How the
relationship between the state of stress, stress sources, and surface features vary locally or globally remains
largely unexplored. Filling this gap may provide valuable hints on the spatial variation of tectonic forces and
rheological properties of the lithosphere and how those forces manifest themselves at the surface.

In this study, we investigate the connection between present-day subsurface stress and surface geomorphic
features, such as fault traces and river flow directions, using observational data and idealized models of present-
day tectonic stress. We consider tectonic and topographic contributions to river orientations, while recognizing
that other factors (e.g., climate, lithology, and gravity) will influence surface features. While surface features may
reflect past stress conditions, we assume that the slow evolution of convective currents in the mantle and the
relative stability of lithospheric thickness and composition make it possible to draw meaningful comparisons
based on today's lithospheric stress fields. To quantify this connection, we first examine the angles between
observed stress directions, fault strikes, and river flow directions, assessing whether they align with Anderson's
fault theory. Next, we analyze the relationship between surface features and stresses from different sources, such
as mantle flow or lithospheric heterogeneity to assess their relative influence. Lastly, we introduce a metric to
quantify the degree of mantle influence on the formation of surface features and discuss its potential to reflect
spatial variations in lithospheric strength.

KUHASUBPASIN ET AL.

20f 12

A ‘61 *STOT “LOOSYF6T

woxy

sdiy) suonIpuoy) pue swia 1, g 32 “[S20T/01/£0] U0 AeaqrT aurquQ) A1 A © SARBUY SO “BILION[E) JO ANSIOAIUN - YOOI IB[N3S AQ 86L91ITOSTOT/6T01"01/10p/wOd Ka1m

woo KapmA.

5u001] SUOWIIO) AANERI) dqeandde oy AQ PAtIOAOT AT SA[OIIE VO 1SN JO Sa[n 10§ ATRIqIT SUIUQ AB[IA UO (:



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL116798
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Figure 1. Sources of tectonic stress and their relationship to faults and rivers. The figure shows an idealized cross-section of the lithosphere and convecting mantle across
plate margins. Oceanic crust, continental crust, and lithospheric mantle are in light brown, dark beige, and dark brown, respectively. Tractions need not be only parallel
or antiparallel to the direction of plate motions (Lithgow-Bertelloni & Guynn, 2004). White arrows indicate the direction and relative magnitude of the most and least
compressive stresses expected in each region. Fault traces on continents are shown by thin black lines, river networks by curvy blue lines. The top-left inset illustrates
active fault traces for normal, strike-slip, and reverse faults as black dashed lines, together with the corresponding principal stresses (o for the most compressive
horizontal stress, o, for the least compressive horizontal stress, and oy for the vertical stress).

2. Materials and Methods

We obtain the azimuth of the most compressive horizontal stress from observations (o), the fault strike (F), and
river flow direction (R) from existing databases. We use (o0) from the World Stress Map 2016 (Heidbach
et al., 2018), F from mapped fault traces in the Global Active Faults Database (Styron & Pagani, 2020), and R
from HydroSHED (Lehner et al., 2008; Wu et al., 2012) (Text S1 in Supporting Information S1). The principal
stress azimuths, fault strike directions, and river flow direction are interpolated to the 1° X 1° grid location for the
angular difference analysis (Bird & Li, 1996) (Texts S2 and S3 in Supporting Information S1).

To examine the impact of different sources of stress, this study uses magnitudes, azimuths, and regimes of the
principal stresses from four models. First, we consider two idealized end-member models of an elastic lithosphere
subject to forcings from either lithospheric heterogeneity (o) or mantle flow (o). The first model (o)
represents stress caused by variations in GPE, which arise from differences in topography and crustal or litho-
spheric thickness without any further enforced isostatic adjustment. We use a structure of the lithosphere derived
from Crust 1.0 (Laske et al., 2013), combined with a thermodynamically consistent lithospheric mantle structure
(Naliboff et al., 2012; Stixrude & Lithgow-Bertelloni, 2005). The lithosphere is treated as compositionally
stratified and limited to 100 km thickness for GPE calculations. The second model (6y;,) captures the stresses
generated by flow in the mantle beneath the lithosphere. Mantle convection generates shear tractions at the base of
the lithosphere, which can be transmitted through the lithosphere to the surface. This model is based on global
mantle flow models driven by either global subduction induced density variations or tomography (Lithgow-
Bertelloni & Guynn, 2004), incorporates radial viscosity variations in the mantle, has free-slip boundary con-
ditions at the surface, and enforces no net rotation of the lithosphere. Model resolution is approximately 1° at the
surface (Text S5 in Supporting Information S1). Later models (Naliboff et al., 2009) found no discernible effects
on the lithospheric stress field from lateral variations of viscosity in the mantle.
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Second, we consider two models that combine these two sources of stress to assess their combined effect (657 and
ong). The oy model, also from Lithgow-Bertelloni and Guynn (2004), linearly combines the resulting tectonic
stress in an elastic lithospheric shell from net basal shear tractions and vertical tractions due to mantle flow and
those from lithospheric heterogeneity. The o3 model, from Bird et al. (2008), computes stresses from lithostatic
pressure, side strength, and basal strength for a lithosphere with a rheology based on laboratory-derived flow laws
appropriate for large geologic strains, using plate velocities as a measure of fit (Text S6 in Supporting Infor-
mation S1). The details of the models and our rationale for selecting these models instead of more recent mantle
flow models are provided in Text S4-S6 in Supporting Information S1.

We calculate the angular difference (A) between the azimuth of the most compressive stress azimuth (o), F, and R
ona1°x 1°grid (Text S7 in Supporting Information S1). We examine the abundance distribution of A for different
fault regimes (i.e., normal, strike-slip, and reverse), stress source types (i.e., observations, lithospheric heteroge-
neity, and mantle flow), river orders (1st- and >1st-orders; Text S3 in Supporting Information S1), and crustal
types. Considering only geographic orientation without directionality, azimuths from all data vary from 0° to 180°.
The calculated A ranges from 0° (parallel) to 90° (orthogonal). For ease of comparison, we use 30° intervals to
group A into 3 bins for near-parallel (4,,, 0°-30°), oblique (4A,,;;, 30°-60°), and near-orthogonal (A, 60°-90°)
angular differences. The choice of bins is consistent with our criteria for regime determination (Text S2 in Sup-
porting Information S1). We use a Monte Carlo simulation to establish the null result (a random distribution of A).
We define grouped A's to have a prominent peak when the value exceeds the sum of the average and one standard
deviation (42%), a threshold defined by the percentage data from Table S1 (Text S7) in Supporting Information S1.

3. Results
3.1. Agreement Between Observed Stresses and Surface Features

The spatial distribution and abundance frequency histograms of A between oy, and fault strike direction
(hereafter, Aoyo — F) are shown in Figures 2a and 2b, respectively. Opacity variations represent low to high
Aoyo — F for normal (red), strike-slip (green), and reverse (blue) fault areas. We expect, from Anderson's fault
theory, most values to be A, in normal, A, in reverse, and A,,;; in strike-slip fault regions. The A, are found in
normal fault regions, while high A; are predominant in strike-slip and reverse fault areas (Figure 2a and Table S1
in Supporting Information S1). For normal and reverse fault areas, the frequency abundance shows that F tends to
be parallel for normal (56% in A,,) and perpendicular for reverse (73% in A;) to the 650, as expected from
Anderson's theory. For strike-slip faults, however, A;; (51%) is the most common value rather than the expected
A,.ia 32%) (Figure 2b). We find that the observed alignment trends between Aoy, — F are generally consistent
with Anderson's theory, regardless of depth ranges and measurement techniques used for o5 (see Figure S1 and
Text S1 in Supporting Information S1). One exception is an unclear trend in the normal fault regime at depths
greater than 20 km.

The A between oy, and the river flow direction (hereafter, Acyo — R) for rivers >1st-order are shown in
Figure 2c. For reverse fault areas, the frequency abundance shows that R tends to be perpendicular (41% in Aj;) to
the oy0. For normal and strike-slip faults, A,,;; (38%) and A,; (41%) are the most common values, respectively
(Table S1 in Supporting Information S1). We find general agreement between Acyy — R and Aoyp — F
especially in strike-slip and reverse fault areas, although the prominent peaks in Aoy, — R are not as obvious as
those in Aoyp — F.

The abundance frequency histograms of A between fault (F) and river (R) azimuths (hereafter, AF — R) are
shown in Figures S2a and S2c in Supporting Information S1. In normal and strike-slip areas, 43% of the data lie
within the lowest angular bin A, while in reverse areas as much as 47% (Table S1, Figures S2a and S2c in
Supporting Information S1). This parallel trend is also visible in Figure 2d, where AF — R and Aoy, — F are
jointly compared. Higher-density regions (i.e., areas of more opaque color) cluster in the lower part of the plot,
corresponding to low AF — R indicative of alignment between faults and rivers in strike-slip and reverse fault
regimes; this clustering is not apparent for normal faults. However, if we examine 1st-order rivers, the frequency
distributions of AF — R are uniform across all the regimes (Figure S2d in Supporting Information S1).
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Angular difference of fault and river orientations vs observed stress
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Figure 2. Angular differences (A) among observed stress (o), fault strike (F), river flow direction (R). (a) Map of Aoy — F in areas of active faulting.

(b) Abundance frequency distribution of Aoy — F with 10° bin intervals. (c) Abundance frequency distribution of Aoy, — R with 10° bin intervals. Fault regimes are
based on the kinematics of mapped active faults in different colors, normal (red), strike-slip (green), reverse (blue). Color opacity represents low (parallel) to high
(perpendicular) A. Yellow dots show the range of distribution expected from Monte Carlo simulations. (d) Joint 2D histogram of Aoy, — F (x-axis) versus AF — R
(y-axis) for >1st-order rivers, showing normalized probabilities. Grid spacing of 5°. Total grid points used in each panel are indicated by » in the top corner.

3.2. Fit and Misfit Between Modeled Stresses and Surface Features

The abundance frequency histograms of A between the modeled stresses (641,61, 617, 055) and F are shown in
Figure 3 and Figure S3 and Table S1 in Supporting Information S1. For lithospheric heterogeneity, the frequency
abundances in normal and strike-slip fault areas show that F tends to be parallel (44% in A,,) or oblique (39% in
A,,:0) to the oy , as expected. For reverse faults, however, A, is the most common value rather than the expected
A,,; (Figures 3a and 3e). For mantle flow, the frequency abundance in reverse fault areas shows that F tends to be
perpendicular (49% in Aj;) to the oy, again as expected. For normal and strike-slip faults, however, A ,,;; and A;
are the most common values rather than the expected A, and A,,;; (Figures 3b and 3f). For the modeled stress
combining the influence of lithospheric heterogeneity and mantle flow (657, 6y5), both of them show the peak in
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Angular difference of fault and river orientations vs modeled stress
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Figure 3. Angular difference of fault and river orientations versus end-member modeled stress (a—d) Maps of A for the two end-member models: (a) Aoy, — F
(lithospheric-heterogeneity stress vs. faults), (b) Aoy, — F (mantle-flow stress vs. faults), (c) Aoy, — R (lithospheric-heterogeneity stress vs. rivers for >1st-order
rivers), and (d) Aoy, — R (mantle-flow stress vs. rivers for >1st-order rivers) (e-h) Corresponding abundance frequency distributions (10° bins) for panels (a—d),
respectively. Fault regimes based on the kinematics of mapped active faults in different colors, normal (red), strike-slip (green), reverse (blue). Color opacity represents low
(parallel) to high (perpendicular) A. The total number of grid points used in each panel is indicated by 7 in the top corner. Yellow dots show the range of distributions
expected from Monte Carlo simulations (n = 1000) assuming a uniform distribution.
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A, for normal faults and the peak in A, for reverse faults (Figures S3a, S3b, S3e and S3f) in Supporting
Information S1.

The abundance frequency distributions of A between the modeled stress and river flow direction (R) (hereafter,
Aoy — R) for rivers of higher than >1st-order are relatively uniform (Figures S3 in Supporting Information S1).
Most distributions lack prominent peaks. An exception is Aj; from Aoy, — R in reverse faults (43%; see
Figure 3h and Table S1 in Supporting Information S1).

In regions without faults, we examine Aoy — R using crustal types from Earth Crustal Model 1 (ECM1) (Text S1
in Supporting Information S1). Although most of the data do not show consistent patterns, Aoy — R from
observed and modeled stresses that include lithospheric heterogeneity tend to show the peak in A, in the extended
crust region, indicating being parallel (Figure S4 and Table S2 in Supporting Information S1).

4. Discussion
4.1. Spatially Varying Subsurface Stress-Fault Connections Driven by Stress Sources

We find that Anderson's fault theory (Anderson, 1905) is a good predictor of the orientation of fault strikes
(Figures 2a and 2b) when comparing to the observed stress oy¢. In regions of normal faulting, o is parallel to
the fault strike direction. For reverse regime areas, oy is largely perpendicular. Strike-slip faults deviate from the
expectations from Anderson's fault theory. These findings validate our null hypothesis that fault orientations are
good indicators of the present-day stress field, not only locally, but on a global scale.

To better understand the differences in orientations across fault regimes, we look further into the relationship
between fault strike and oy using end-member models for each stress contribution. Lithospheric heterogeneity
(o) and mantle flow (o) are treated as separate, simplified forcings, while we also use models that combine
them. We find that the contributions from lithospheric heterogeneity agree better with Anderson's theory in areas
of normal faulting than models from other sources of stress. In regions where reverse faulting is dominant, we see
better agreement between fault strike and tectonic stress that result from basal shear traction associated with
mantle flow. Both o7 and oy showed some agreement with the prediction in both normal and reverse regimes,
similar to the observational stress o5o. However, the predictions are better when considering the model that treats
these two sources of stress separately (i.e., higher percentages in Table S1 in Supporting Information S1).

We can explain this observation in terms of the stress magnitudes to some degree. As the magnitude of tectonic
stress induced by mantle tractions is generally much larger than that from lithospheric heterogeneity (Lithgow-
Bertelloni & Guynn, 2004) (Figure S5 in Supporting Information S1), this result could just reflect variations in the
magnitude of mantle tractions. For example, the excellent agreement in western North America for Ay, — F'is
likely due to small contributions from mantle flow (Lithgow-Bertelloni & Guynn, 2004; Naliboff et al., 2009). As
rocks break more easily under tension than under compression, lithospheric-heterogeneity-induced tectonic stress
should be more than sufficient to cause normal faulting, even in the absence of large mantle tractions. On the other
hand, in areas dominated by reverse faulting, stresses resulting from mantle flow would be essential to overcome
the compressive strength of rocks (Griggs, 1936). While stress magnitudes can account for alignment patterns in
some regions, this explanation is insufficient because oy does not consistently reproduce the observed align-
ments across all regimes.

4.2. Lithospheric Strength Variations Inferred From Subsurface-Surface Connections

Another plausible explanation is the influence of the geographical variations in lithospheric strength. Variability
in lithospheric strength affects how stress manifests at the surface, potentially altering its alignment with surface
features. Consequently, the different degrees of alignment between the stress directions of various models and the
observed surface features may provide insight into the variations in lithospheric strength.

To quantify how well tectonic stress from mantle flow provides an explanation for generating faults on the
surface, we define a metric M/, for “mantle influence.” Our MI metric is based on the misfit of the regime
prediction from mantle flow (RegM) and lithospheric heterogeneity (Reg,_) compared with the observed fault

regime (RegF)
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MI = |Regr — Regy| — |Regr — Regy| 1)

Reg; and Regy, are calculated from the relative magnitude of the principal stresses (Simpson, 1997) and range
from O (normal) to 1 (reverse). Regr is converted from the qualitative data of the fault observations to the same
range as a quantitative scale (Text S2 and Figure S6 in Supporting Information S1). The metric ranges from —1
(weak) to 1 (strong), where —1 represents the least match between the regime predicted by mantle flow induced
stresses and the regime assigned from fault observations, and 1 represents the greatest match. When two models
produce indistinguishable predictions, whether accurate or inaccurate, the MI metric will be zero.

Our metric M1 shows large spatial variation of the relative importance of stress sources and highlights areas where
the influence from mantle flow is strong or weak (Figure 4 and Figure S6 in Supporting Information S1). Areas
with a strong mantle influence (blue) are found in regions dominated by active reverse faulting, for example,
central Europe, western South America, Zagros, and parts of central Asia (Box 1-2 in Figure 4), where stress
magnitudes related to mantle flow induced by past and long-lived subduction are large enough to exceed the
compressive strength of rocks. Generally, we find weak mantle contributions (red) in regions dominated by active
normal faulting, for example, western North America, Mongolia (Box 3 in Figure 4), as expected, given the
magnitude of the mantle contributions and the strength of the lithosphere (Clark et al., 2005) (Figure S5 in
Supporting Information S1).

There are exceptions to the general agreement between M/ and tectonic regimes, which support our M1 metric as
an indicator of variations in lithospheric strength (boxes 4-7 in Figure 4). For example, we observe a weak mantle
influence in certain areas, for example, central and southeast Asia (Box 4-5 in Figure 4), where based on the
magnitude of negative dynamic topography and mantle stresses, we expected strong M1 (Lithgow-Bertelloni &
Guynn, 2004). In eastern Tibet regions, it has been suggested that the lower crust is sufficiently weak to flow
(Clark et al., 2005; Yuan et al., 2013). In addition, regions of active reverse faulting, for example, western Europe
(Box 6 in Figure 4), that exhibit weak MI tend to have a low effective elastic thickness (Audet & Biirg-
mann, 2011), indicating low strength. Conversely, we observe strong MI in a region dominated by extensional
tectonics, for example, eastern Africa (Box 7 in Figure 4). This anomaly is likely due to active mantle upwellings
and positive dynamic topography, which contribute significantly to present-day rifting (Kendall & Lithgow-
Bertelloni, 2016).

To assess the efficacy of our M1 metric for lithospheric strength, we compare our M1 metric with effective elastic
thickness 7, (Audet & Biirgmann, 2011) on a global scale (Text S1 in Supporting Information S1, Figures 4b and
4c). T, is estimated from the spectral coherence between topography and Bouguer gravity anomalies and is used
as a proxy for the long-term strength of the lithosphere in previous studies (Audet & Biirgmann, 2011). In regions
of normal faulting, we observe a positive trend between MI and T,, where higher M1 values tend to occur in areas
with thicker elastic lithosphere (Figure S7 in Supporting Information S1). This suggests that mantle-driven
stresses may play an important role where the lithosphere is more resistant to deformation (Figure S7 in Sup-
porting Information S1). While no strong correlation is observed in reverse faulting regions, MI values are
generally higher in these areas than in extensional regions. This may indicate that a high degree of mantle in-
fluence may be required to initiate compressional deformation, potentially because greater lithospheric strength
thresholds must be overcome in such a tectonic setting. These findings support the potential utility of our M/
metric as an indicator of lithospheric strength, which is often hard to measure.

4.3. Limitations and Future Directions

Our findings do not fully explain all observed fault strikes and river flow directions in terms of subsurface stress
contributions. Fault strikes generally align with stress predictions, but river flow directions show only partial
correspondence, for example, being perpendicular to mantle-driven stress in thrust regimes (Figure 2) and parallel
to observed stress in extended crust in inactive areas (Figure S4 in Supporting Information S1).

We acknowledge that river flow is influenced by surface topography, which reflects tectonic, climatic, erodibility,
and substrate factors (Gilbert, 1880; Hack, 1960; Schumm et al., 2000; Willett et al., 2014; Wobus et al., 2006).
Given our focus on large spatial scales (~100 km), perfect alignment between stress and river flows was not
expected. These scales exceed typical variations in topographic relief, lithology, and fault-related damage.
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Supplementary Figure S4 in Supporting Information S1 highlights this complexity, especially in non-active re-
gions where stress—river alignment weakens.

Interestingly, we find stronger alignment between fault strikes and river flow directions in higher-order rivers,
regardless of fault regime (Figure S2 in Supporting Information S1), suggesting a global influence of faults on
river network development. We acknowledge that we cannot completely isolate tectonics from topographic
controls because topography develops across the fault. Indeed, we find that topographic aspect, or the steepest
downward slope direction, tends to be perpendicular to fault strike (Supplementary Figures S8a and S8d in
Supporting Information S1). Lower-order rivers align with topographic aspect, whereas higher-order rivers align
with fault strike (Supplementary Figures S2, S8b, S8c, S8e, and S8f in Supporting Information S1).

We propose that subsurface stress drives surface deformation and subsequently creates preferential flow di-
rections for higher-order rivers through (a) large-scale topographic development, and (b) enhanced erodibility due
to fault zone damage or tectonically-induced rock weakening (e.g., earthquake shaking). We see strong evidence
for our proposed mechanisms in reverse and strike-slip settings, where topography develops perpendicular to the
fault strike (Figure S8 in Supporting Information S1). Instead, for normal faults, the weaker agreement may reflect
the more complex ways in which rivers interact with faults under extension. For example, in the Basin and Range,
some rivers exploit fault-related weak zones and run parallel to faults, while others are strongly guided by the
local topography generated by normal faulting, which tends to be perpendicular to fault traces. This dual control
can reduce the overall statistical correspondence compared to strike-slip or reverse settings (Figure 2 and Figure
S8 in Supporting Information S1).

In addition, strike-slip faults do not always follow our expectations. However, few strike-slip faults are pure
strike-slip (Sylvester, 1988). Many strike-slip faults are either transtensional or transpressional. Subdividing
strike-slip faults, we find that transtensional fault histograms resemble normal faults while transpressional his-
tograms resemble reverse ones for the modeled stresses (Figure S9 in Supporting Information S1). This suggests
that the additional extensional or compressional components in these mixed regimes potentially reflect the in-
fluence of the fault—stress connection. There are other geologic complexities that we did not consider, such as the
presence of low effective friction in strike-slip faults, potentially resulting from dynamic lubrication by heated
and pressurized pore fluids (Lachenbruch, 1980; Wibberley & Shimamoto, 2005). In the Himalayas, discrep-
ancies between observed and predicted fault directions from Anderson's theory of faulting are likely due to Riedel
shearing (Yin & Taylor, 2011).

Future improvements to our methodology will be multi-fold. Incorporating additional geomorphic features, such
as fractures, dikes, or joint sets that are controlled by the prevalent state of stress, could provide a better un-
derstanding of tectonic stress effects in certain regions. We can also improve the stress models. By moving
beyond the GPE approximation, we can explore the full effects of variation in lithology and thickness in the
continental lithosphere. Mantle flow models could be improved by incorporating lateral variations in viscosity
and rheological laws influenced by damage and grain size, especially at plate boundaries (Bercovici &
Ricard, 2012; Foley & Bercovici, 2014; Zhong et al., 2000). Predicted tectonic stresses for both mantle tractions
and lithospheric heterogeneity are based on the present-day. Present-day faulting and geomorphic features may in
part reflect the imprint of long-lived lithospheric structures and the cumulative effects of mantle flow processes.
Their long-term influence provides important context for understanding modern surface deformation, while fully
integrating their evolution remains a longer-term goal for future models. Despite its limitations, our spatial
analysis provides a novel way to understand how subsurface sources of tectonic stress manifest at the surface and
provide an indication of geographical variations in the strength of the lithosphere.

Figure 4. (a) Global map of fault regimes, adapted from the Global Active Faults Database (Styron & Pagani, 2020). Values range from O (red) for normal faults, to 0.5
(gray) for strike-slip faults, to 1 (blue) for reverse faults. Details on how these numerical values were assigned from the descriptions in the database are provided in Text
S2 in Supporting Information S1.(b) Global map of the degree of influence of mantle flow on surface features, M. The colors represent the strength of influence, ranging
from strong (blue) to uncertain (gray) to weak (red). The observed values for this metric vary from —0.8 to 0.8. (c) Global map of effective elastic thickness (7,) from
Audet and Biirgmann (2011), representing lithospheric strength. 7, map displays only the areas where M1 is defined. Boxes show areas discussed in the main text.
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