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Fig. 1. A large sandstone structure generated by Arenite. The user defines simple initial conditions of each object (layer hardness and vegetation), and the

physics-based simulation generates the results.

We introduce Arenite, a novel physics-based approach for modeling sand-
stone structures. The key insight of our work is that simulating a combination
of stress and multi-factor erosion enables the generation of a wide variety of
sandstone structures observed in nature. We isolate the key shape-forming
phenomena: multi-physics fabric interlocking, wind and fluvial erosion, and
particle-based deposition processes. Complex 3D structures such as arches,
alcoves, hoodoos, or buttes can be achieved by creating simple 3D structures
with user-painted erodable areas and vegetation and running the simula-
tion. We demonstrate the algorithm on a wide variety of structures, and our
GPU-based implementation achieves the simulation in less than 5 minutes
on a desktop computer for our most complex example.
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1 INTRODUCTION

Sandstone landscapes are breathtaking structures with dramatic
cliffs, mesas, natural bridges, canyons, smaller-scale caves, arches,
and pinnacles. Their striking visual beauty and somewhat surreal
appearance have made them a popular setting for feature films due
to their ability to create a sense of grandeur, isolation, and adven-
ture. Iconic in Western movies (e.g., Monument Valley and Arches
Canyon), they have also been frequently used in science fiction and
fantasy movies to represent alien or otherworldly planets, creating
an environment that feels both ancient and mysterious. Quite sur-
prisingly, sandstone formations are, however, almost absent from
digitally-generated landscapes. This is due to the difficulty, so far, in
simulating the specific type of layered erosion that modeled them
under the millennial action of wind, water, and climatic variations.

Sandstone is a sedimentary rock made of sand grains cemented
together by a matrix of minerals such as quartz, feldspar, or cal-
cite [Pettijohn et al. 2012]. The nature of this cement, and therefore
its resistance to different types of erosion, can vary from one layer to
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another [Garzanti 2019; Okada 1971]. In addition, in desert or semi-

arid regions, the wind carries abrasive particles that wear down the

surface of the sandstone. As was recently discovered, the impact of

weathering), and water (uvial or hydraulic erosion). However, these
agents may operate at di erent temporal and spatial scales.
Early works focused on two main phenomena: hydraulic ero-

these eroding factors is reduced in the case of local stress, thanks to sion and thermal weathering. Musgrave et f1989]'s pioneer work

a unique process callefdbric interlockinghat makes compressed
sandstone material much stronger. Di erential erosion, where softer
layers erode faster than harder ones, and irregular stress distribution

based on cellular automata introduced hydraulic and thermal ero-
sion on regular height elds and was extended to work on layered
terrains to capture the underlying strata of materials [Benes and

create unique features such as pinnacles, natural bridges, and archesForsbach 2001]. The di usion model for hydraulic erosion was ex-

Over millions of years, water ows, dissolving cemented layers, and
digs steep canyons and gorges.

The key insight of this work is to use a combination of stress
simulation and multi-factor erosion mechanisms to address the
speci city of sandstone erosion. We carefully isolate the key shape-
forming phenomena: multi-physics fabric interlocking, wind, uvial

tended by considering more complex physical properties, such as
a force exerted on the terrain [Anh et a2007; Chiba et all998;
Neidhold et al2005] and was implemented even at interactive fram-
erates ['tava et al 2008]. Large-scale hydraulic and thermal ero-
sion simulations were achieved by utilizing terrain tiling on the
GPU [Van¥k et a2011]. Rivers are an essential terrain-forming phe-

erosion, and particle-based deposition processes. We show how nomenon [Génevaux et a2013]. The related erosion phenomena

their interplay can be used to simulate a wide variety of observable
phenomena [Hartel et aR007]. One common challenge of physics-
based algorithms is controlling the simulation to allow the authoring
of the resulting landscapes. Our interactive authoring system allows
users to guide the evolution of physically plausible landscapes by
interactively painting key parameters such as erosion rates, material
distribution, and stress feedback that directly a ect crack formation.

can be captured through the concept of Fluvial erosion from geomor-
phology [Braun and Willett 2013; Whipple and Tucker 1999], which
is more exact than hydraulic erosion, as it considers the drainage
areas and more complex water ow. Special attention has been paid
to the mutual e ect of continental uplift and uvial erosion that
work in tandem on similar time scales [Cordonnier et 2016, 2018;
Schott et al2023]. A recent work introduced unerosion algorithms

An example in Fig. 1 shows a 3D sandstone structure generated that invert the thermal and uvial erosion in time [Yang et aR024].

by Arenite. The user positions several 3D blocks, paints vegetation
and erodibility on the surfaces, and the physics simulation then

Other phenomena that a ect terrain formation considered in
computer graphics were glaciers [Cordonnier et 2023], ora and

generates the results per each object. The scene de nition takes less fauna [Cordonnier et al. 2017; Ecormier-Nocca et al. 2021].

than a minute, and the overall simulation time was less than ve
minutes per sandstone structure.
Our contributions include: (1) a numerical method based on the

Height elds or layers are a suitable representation for large-
scale terrains, but cannot fully capture small and medium-scale
(tens or hundreds of meters) 3D features. Close to our approach

material point method scheme, which enables accurate physical are Arches [Peytavie et a009], which used a layered represen-
simulation of sandstone evolution, grounded in the negative feed- tation [Benes and Forsbach 2001] in an interactive way to carve
back mechanism between stress and erosion discovered in recent complex 3D geomorphological objects. While their approach is
geomorphology studies. (2) A novel approach to simulate ow and based on user interaction, ours uses a di erent data representation
depression routing over 3D shapes represented by particles, sur- and physics. Medium-scale terrain erosion has been implemented
passing the limitations of existing methods that only support 2.5D as Eulerian [Benes et &2006] and Lagrangian [Kri2tof et aP009]
terrains. In particular, our new deposition method calculates how approaches, and a recent work addressed the problem of debris
eroded particles are deposited in 3D environments, incorporating captured by the moving uid [Jain et a2024a]. Paris et g]2019a]

key ndings in geomorphology. (3) A novel wind erosion mechanism  used construction trees and open shape grammars to model complex
that has a signi cant impact on sandstone erosion. volumetric terrain structures, and Becher et §019] introduced
Feature Curves to e ciently generate large-scale 3D features. A
full 3D physics simulation enabled dynamic medium-scale features,
but it is challenging to control. Close to our work is the spherical
erosion introduced by Jones et #010], the wind erosion [Krs et al
2020; Paris et a019b], and the particle-based erosion in [Hartley
et al 2024]. Our approach also uses particles but uses complex stress
simulation and ow routing in 3D manifolds.

Several recent approaches are based on deep learning, and they
attempt to generate terrains by using models trained on real-world
later con rmed by large-scale user studies and perceptual metrics data [Guérin et al2017; Jain et aR024c] or, similar to superresolu-
on terrains [Rajasekaran et.&022; Scott and Dodgson 2022]. How- tion, enhance sparse data with details [Argudo et2018; Grenier
ever, most real terrains undergo substantial morphological changes et al. 2024; Schott et aR024]. The style of the terrain has been
due to environmental causes. These changes follow a conceptually disentangled via deep neural models, and the user is provided a
simple pattern: some part of the terrain is captured by an agent, conditional generator and sketch-based tools for control [Huang
transported, and deposited. Many terrain modeling algorithms have and Yuan 2023; Liu and Benes 2025; Lochner.@0a@3]. The lack
been introduced, depending on the morphological agent. The key of speci c, accurate 3D data makes it di cult for these models to
terrain-forming agents are wind, changes in temperature (thermal capture the unique geological shapes observed in sandstone. This

2 RELATED WORK

Terrain modeling (see also the surveys [Galin et2019; Smelik et al
2014]) has been introduced to computer graphics by early works that
exploited the strong visual similarity of fractals to terrains [Fournier
et al 1982; Mandelbrot 1983]. It was noticed [Musgrave etl889]
that this similarity holds for geologically young terrains, which was
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work uses a simulation approach to model complex geomorphic
phenomena on sandstone.

Sandstones have been extensively studied in geology [Adamovic
et al 2006; Cilek et aR007; Turkington and Paradise 2005] but with
a prime focus on the qualitative understanding of the processes
responsible for sandstone features and formation. In particular, re-
cent advances highlighted the interplay between stress and ero-
sion [Bruthans et al2014], stress and arcade formation [Safonov
et al. 2020], the importance of wind erosion [Loope and Mason 2009;
Ostanin et al. 2017] (see [Migo« 2021] for a recent survey).

We present a novel and practical solution for modeling sandstone
formations for computer graphics applications. Our method relies
on the 3D simulation of physical phenomena and is fast enough for
interactive shape control.

3 OVERVIEW

Sandstone formation in CG is an understudied topic due to several
speci ¢ challenges: such mid-scale objects (tens to hundreds of
meters) must be fully represented in 3D, which adds complexity to
the physics simulation. Moreover, sandstones undergo a complex
interplay of erosion and internal stresses, requiring novel algorithms
that need to operate on dedicated data representations.

3.1 Fabric Interlocking Controls Sandstone Erosion

Sandstones are sedimentary rocks composed of sand grains (quartz

or feldspar) glued by a cementing material (e.g., silica) [Okada
1971, Pettijohn et aR012]. These rocks are formed by the accu-
mulation and compaction of sand deposits at the outlet of rivers,
beaches, deserts, or shallow continental shelves. After millions of
years, changes in geological forces exhume the sandstones and su
ject them to erosion, which leads to intricate patterns, especially
in arid environments where chemical weathering is minimal and
vegetation does not conceal the underlying rocks.

Iconic structures stemming from sandstone erosion, such as mesas,
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Fig. 2. Arenite overview. The rough input shape has some areas painted
by the user (viability, vegetation) and is converted into particles in a grid.
Stress distribution is calculated, and erodibility is determined. The wind
and fluvial erosion then modify the shape, and some material is deposited,
which results in the final shape.

change of rock state through the notions efodibility (capacity to
erode) andriability (current state), both locally updated over time.

Stress and Erosiowe model the interplay between stress and
erosion as follows. Considering a small volume of rock at the surface
of the sandstone, we estimate igability 1 that describes the ex-
pectancy that it has not yet been eroded. The viability is initialized
as1iC= (° = 1, and evolves as:

ml

= ENfRIW F © 1)

whereW andF are scalars representing local erosion e ects caused
by the wind and uvial processes.

When 1 is small, the local eroded rock is transported and de-
posited. This decreases the rock volume, which in turn increases its
Cauchy stress tensdr,. When stress exceeds a thresho|arodi-

b_bility E switches to the fabric interlocking state:

if tracetf 2° j
otherwise.

‘B
‘F*

Elf,0 = @)

The parametersg and: g, where: g : g stand for weak versus

canyons, arches, alcoves, buttes, or caves, have been widely studiedstrong material, and respectively model the erodibility of the local

in geomorphology. Yet, only recently, a consensus emerged on the
key process in their formation, namely a negative feedback between
erosion and internal stress [Bruthans et @014]. Stress impacts ero-
sion through a process callddbric interlockingwhere high loads
favor the chemical dissolution and re-precipitation of sand grains.
The rearranged internal structure is then characterized by a lower
porosity and higher grain contact area, which increases resistance
to erosion [Migo« 2021]. A typical example is load-bearing areas
such as pillars, where the local stress increases when weathering re-
duces the cross-section. When a critical threshold is reached, fabric
interlocking transforms granular sediment into a strong, rock-like
material that can resist further erosion.

3.2 Arenite

Our sandstone simulatofrenite(see Fig. 2) tackles the e cient sim-
ulation of the fabric interlocking process, enabling the emergence of

rock layer before and after the interlocking phenomenon.

Hybrid Data StructureModeling such negative feedback between
stress and erosion and the evolution of the 3D rock shape requires
a data structure capable of capturing the stress distribution within
a 3D volume and its temporal evolution. We adopt a hybrid repre-
sentation that combines a regular grid with particles. In contrast
to similar hybrid structures in uid simulation and continuum dy-
namics [Brackbill et al1988; Sulsky et all995], we change the
purpose of particles: Instead of tracking dynamic motion -which
is not needed to model static geomorphological features- they cap-
ture the local evolution of weathering, and by being moved, model
both rock erosion and deposition. The bene t is that topological
changes can be allowed at low costs while the grid is used for e -
ciently computing the internal stress forces within the remaining
rock structure.

most features observed in sandstone landscapes. Our solution relies 3-3 Erosion Algorithm

on a hybrid data structure that captures the interplay between stress
and erosion, as well as a unique way to simulate the progressive

Theinput to our erosion simulation algorithm is the initial shape
of the rock structure and a set of local erodibility parameters. The
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former can be built using any geometric representation compatible (3) Fluvial erosionwe introduce a 3D ow transport algorithm

with subsequent 3D sampling with particles, such as voxels, man- to compute the uxes of water running over the sandstone
ifold meshes, or implicit surfaces. In our implementation, we use and deduce the associated uvial erosién (Eq. (13)).

a constructive solid geometry (CSG) tree made of the union and  (4) DepositionWe transport all the eroded particles to a stable
intersection of simple cubes and spheres. Note that rough initial location to model deposition.

shapes have little in uence on the visual quality of results, as evena  The yser interactively controls the simulation process, allowing
cube may erode into a realistic sandstone pillar (see Sect. 8). Due to parameter changes. Finally, for rendering purposes, we convert the
the sedimentary nature of sandstone, we specify the local erodibility ng| set of particles into a mesh by rst extracting normals (see
parameters through a stack of altitude values de ning the limits of  gect. 5.1) and then using Screened Poisson Reconstruction [Kazh-

sediment layers and a set of values- +:g” in each of these layers.  gan and Hoppe 2013], complemented by Least Squares Subdivision
This vertical stacking enables us to mimic successive layers of sand- gyrfaces [Boyé et al. 2010].

stone sediments, whose composition and, therefore, resistance to
erosion depend on the climatic and geological conditions during 4 STRESS COMPUTATION

their formation. Internal stress has a critical impact on the response of sandstone to

erosion since it alters the microscopic arrangement of sand grains

ALGORITHM 1. Sandstone simulation through fabric interlo.cking.. We use the Moving Least Squares for-
Data: A constructive solid geometry representing the initial shape. mulation of the Material Point Method (MLS-MPM) [Hu et &018]
Result: Output sandstone shapes. to evaluate the Cauchy stress tensor. MPM extends to broader con-

1 Initialization tinuous mechanics and captures, for instance, the detachment and

2 Sample particles; fall of large rock blocks (Fig. 3). MLS-MPM also simpli es stress

3 Extract grid representation; computation, yielding higher performance and GPU parallelization.

4 forall Frameslo

5 Update stress distribution using MSL-MPM (Sect.4.2);

6 Update normal vectors (Sect. 5.1);

7 Wind Process

8 Compute wind de ation using Eq. (12);

9 Compute wind abrasion using Eq. (8);

10 Fluvial Process

11 Compute receivers (Sect. 6.2);

12 Reroute depressions (Sect. 6.2);

13 Compute water discharge (Sect. 6.2);

14 Compute uvial erosion using Eq. (14); Fig. 3. With the dynamic nature of the MPM method, Arenite simulates

15 Compute overall erosion using Eg. (1); broader scenarios such as rock block fall when over-eroded.

16 Deposition

17 Updatg deposition p.ointers (Sect. 7); 4.1 Mechanical Model

18 Deposit eroded particles; . . . L .

19 end Even while rock formations are visually at rest, a dynamic simulation

model is needed to update the internal stress after small shape
changes due to erosion. We thus model sandstone as a sti elastic

material subject to conservation of mass and momentum:
To complement this input, we sample the particles uniformly

within the initial shape and assign them the erodibility parameters i ,dr v. = 0 3
corresponding to their respective sediment layers. The user can c v
paint speci c erodibility values directly on certain particles for d— = r f , dg° 4)
more expressive control and/or perturb them with Perlin noise (see ) ) ¢ o ) )
Sect. 8.3). where < C is the material derivatived t_he _densny,v the vz_elocny,
We simulate Eq. (1) iteratively, splitting the equation and suc- 2 the Cauchy stress tensor, amgis gravitational acceleration.
cessively evolving each term over time with forward Euler in the Closing this equation requires a constitutive model that relates
following steps, as outlined in Alg. 1: stress to the deformation gradief= nZe+ nX, whereZ! X« Cis the

deformation map an the material space. We use the corotated

(1) Stress computatioWe rely on the Material Point Method on model from [Stomakhin et a2012], which yields [Jiang et 82016]:

the grid to e ciently compute f 2 and deduceE.
(2) Wind erosiontWe model wind erosiortWW through two mech- f = 1 2F R, 1 1°F” P (5)

anisms: (1) a background e ect that simulates global, cumu-

lative erosion, and (2) a local process that simulates localized, where = 34C€P°, F = RSis the polar decomposition df, whereR

non-uniform erosion via SPH, capturing particle interactions is the orthogonal matrix, ancis the symmetric positive-de nite

between wind and sandstone. matrix, and” and_ are mechanical constants related to Young's
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modulus and Poisson's ratio of the sandstone. Additionally, we as-
sume Dirichlet boundary conditions = 0 at the ground-sandstone
interface.

4.2 MPM Discretization

We follow [Hu et al. 2018] to discretize Eq§4) and (5) with MLS-
MPM. We use our hybrid representation as the MPM grid and parti-
cle data structure. The particles serve as material points and store
properties such as mass,, positionx», velocityv,; and deforma-
tion gradientF. At each timestep, particles transfer their mass and
velocity to the grid. The grid velocity is then updated to account
for internal and external forces. The resulting velocities are mapped
back to the particles and used to advect their position.

We recall the MPM algorithm and explicit the formula used for
stress computation. Let us use indicgfor grid nodes and? for
particles. At each time step (denoted here by the exporsnt

(1) Transfer of mass and momentum from particles to the grid,
using APIC [Jiang et al. 2015]:
O

<i‘ <'-’Fi_?'

?
o _ _ .
<?Fp Vo, G X
”

1< v0i= - X; .
whereC is the a ne velocity matrix, initialized as0, andFj»
the quadratic weighting function, centered af.

(2) Estimate the stress-related forces in the grid with the Moving
Least Squares formulation [Hu et al. 2018]:

PHFL" 21T X X5 .
?
where+ is the initial volume of the particle and - is a
weighting factor (herée' » = 21[ & as we chose a quadratic
weighting function).
(3) Update of the momentum on the grid with timestei
=1 _ = =
viet= ver g, ff (6)

(4) Transfer the grid velocities to the particles, advect, and update
the a ne velocity

C'<i=’

vpt= Fgap

8

‘f)) 1 R V;’ 1 Ce
G 1_ "

' 8
(5) Update the deformation gradient:

o 1F§?V_r=)’ 11Xi X.’z)’ 1o>»

Fl=1, 'R

and nally compute the stress per particle with Eq. 5. The

stress will be used to estimate the force at the next timestep
(step 2) and to estimate the particle erodibility due to fabric

interlocking (Eq. 1).
We chose a quadratic kernel for MPM due to performance concerns.
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5 WIND EROSION

Wind erosion has often been neglected in terrain modeling, with
water erosion usually being the dominant factor. However, it plays
a signi cant part in shaping arid sandstone landscapes.

While height elds can adequately capture the formations caused
by uvial erosion, wind erosion generates complex 3D shapes through
abrasion and de ation. Wind abrasion [Loope and Mason 2009] cor-
responds to the mechanical weathering by wind-blown particles
of sand or dust. As such, abrasion is non-uniform and directional
and is responsible for the uneven sandstone features [Greeley and
Iversen 1985; Loope and Mason 2009]. With de ation, wind acts
directly and more globally on the rock surface, from which it de-
taches ne-grained particles [Ostanin et al. 2017]. We separate the
wind erosion term in Eq(1)into two scalar values that respectively
model wind abrasion and de ation per unit time:

W =Wp,W3" @)

5.1 Wind Abrasion

Abrasion happens when wind-blown particles impact the rock sur-
face and dislodge sandstone grains. Geomorphology studies show
[Greeley 1982; Greeley and Iversen 1985] that wind abrasion de-
pends on the size of the particles, their kinetic energy, and the
angle between the incoming velocity and the normal to the rock
surfacen. Given these observations, we use:

Wo =:okvk® n v° (8)

where: g is an abrasion parameter accounting for the mass and
diameter of the blown particlesy is their velocity approximated to
that of the local wind, and®, is clamped to positive.

To computeEat a ne-grain resolution, we simulate the wind
as an incompressible uid using Smoothed Particle Hydrodynam-
ics (SPH), using Bender and Koschier [2015] divergence-free for-
mulation for the favorable tradeo between the performance and
precision, and a cubic spline SPH kernel for smooth rigid and uid
couplings between wind and sandstone. We de ne a wind domain
as twice the size of the sandstone grid. We emit incoming wind
particles at the boundary of this domain and assign them the user-
provided global wind direction. Particles leaving the domain are
deleted. Noting that the resolution of wind velocity does not need to
be as high as for the eroded sandstone particles, we used a coarser
sampling of about 1/10 in our implementation. Inspired by Akinci
et al [2012], sandstone particles are treated as static obstacles for
rigid/ uid coupling [Akinci et al . 2012]. Wind/rock friction is mod-
eled using a laminar arti cial viscosity model [Becker et 2009;
Muller et al. 2004].

The normal vectom to the sandstone surface from E()is
computed by projecting sandstone particles on a regular grid with a
resolution close to their spacing. We identify surface partickeas
those in non-empty cells with at least one empty neighbor and their
normal vectors from the eigenvectors of the covariance matrix of
their k-nearest neighbors [Hoppe et.a992]. Our implementation
accelerates neighbor search using a kD-Tree and2Q
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5.2 Wind Deflation

Wind directly a ects the surface by progressively detaching small
particles through de ation. In contrast to abrasion caused by very
strong winds during episodic storms, de ation models the long-term
averaging of subtle wind e ects. Itis assumed to come from uniform
directions, which is consistent with geological ndings [Ostanin
etal. 2017].

We follow Ostanin et al[2017], which uses the Mohr-Coulomb
law for dry friction to provide a condition on the drag forcés
required to pull a particle out of a compact sandstone structure. In
particular, the component of the force in the direction normal to
the sandstone surface- = 3 n should exceed a critical valug?s
given as:

3: ‘2, ‘5trlf°-

9)
where "7 is a coe cient related to the internal cohesion,s is a
coe cient for dry friction, and f the Cauchy stress (Sect. 4).

We are inspired by the derivation from [Ostanin et.&017] to
compute the e ect of wind de ation on the sandstone surface. First,
we average the detachment of particles over long periods:

1

1
W3 =3 ?1 03 e (10)

[N}

where: 3 is a constant that accounts for the particle size to eroded
surface ratio, and the characteristic time for the detachment of a
single particle, an®* =° describes the probability distribution of
the normal drag force. We assume a Raleigh distribution for the
normal drag [Hennessey Jr 1978]:

21 _o= =4l =i,

(11)

S

whereU s a scaling coe cient on the wind strength. Combining
Egs. 9, 10, and 11, yields:

W3 — :341 \2’\5”1]6 002,19 J20,, (12)

The sum of abrasion and de ation coe cients is used for updating
through Eqg1)and(7). The viability coe cient 1 of surface particles,
the latter being detected using the method of Sect. 5.1. Particles with
1 = O are considered eroded and they are removed from the still
sandstone particles and deposited (see Sect. 7).

6 FLUVIAL EROSION ON SANDSTONES

Even in the arid landscape surrounding sandstones, water occasion-

Re-expressing as a function of the terrain slopg, ow discharge&,
and uvial erosion coe cients: cand: 5 in [Howard 1994], yields:
F=:cts &897

Note that while Eq(14)is similar to the Stream Power Law used to
erode large-scale landscapes [Cordonnier e281L6], this expression
has the advantage of explicitly using the critical stress threshold.
This is particularly relevant for smaller-scale geomorphological
features, where discharge and stress are low, as in our case.

In practice, the critical shear stregg controls the distance from
higher elevations at which uvial erosion patterns emerge, as our
results show (see Fig. 17).

@°” (14)

6.2 Computation of the Fluvial Erosion Terms

We now detail how we evaluate the di erent terms in Eq. 14.
The slopé of our 3D repres«antation of sandstone is derived

from the normal vectom as( = =&, =2+j=|j. The normal was
previously computed in Sect. 5.1.

Discharg& is de ned as the upstream integral of precipitation
and water sources [Cordonnier et.&016]. It can be computed for
a given point? as the sum of the precipitation of all the poin®so
there is a path of strictly decreasing elevations fra@io ?. While
this de nition was proposed for 2.5D terrains, it generalizes to 3D
with the constraints that all paths are either located on the surface
of an object if this surface is oriented upward;(j O, thisis nota
ceiling), or traverse empty space vertically (waterfalls).

Computing& is challenging as water transfers are non-local. At
the geological scales of erosion, water ows over long distances
during a time step. Approximating the problem as a local one (where
water is only transferred between neighboring elements) [Schott
et al. 2023] stabilizes if the erosion is slow, but cannot handée
pressionge., local minima that interrupt the ow path. Instead, we
follow Fast ow [Jain et al 2024b], which presents the estimation
of discharge ( ow routing) along with a solution to the problem of
depression. Flow paths are updated to route the ow out of the local
minima as if the depression lls and out ows.

Fast ow was designed to run at the surface of a height- eld
terrain. To generalize it to 3D, we use a 3D regular grid aligned to
the one used for the MPM stress evaluation.

Receiverdrast ow uses a tree-like structure for ow paths, where
each element has a singteceiverof strictly lower elevation. To

ally surges from episodic storms and acts as an additional process €xtend this concept to 3D, we rst tag grid cells as empty if they do

for sandstone erosion. Fluvial patterns are mainly visible as narrow
gullies that converge to form dendritic networks. We discuss how
to compute the uvial erosion coe cientF to update a sandstone
particle's viability via Eq(1) Similar to wind erosion, uvial erosion

a ects only the surface patrticles.

6.1 Choice of an Erosion Model

We borrow the shear stress erosion law from geomorphology [Howard
1994], which erodes proportionally to the shear stress of water

when it exceeds a constant critical threshaist
F=:dg g’ (13)
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not contain particles and as surface cells if their upper neighbor is
empty. We nd the altitude of the highest particle in each surface
cell2and assign it as a proxy elevatida. This elevation provides a
total ordering of the surface cells, preventing any cycle in the ow
paths.

We assign receivers to 3D cells as follows: (see Fig. 4). If the cell
below2is empty, we choose it as a receiver. Otherwise, we randomly
select one of the four horizontal neighbors Bthat are empty, if
any. If none of the above applies bRts a surface cell, we select
one of these horizontal neighborsif = is a surface cell ant= Y I »
(randomly with a probability proportional td 2 | = if there is more
than one choice). Otherwise, no valid receiver exist2 i a surface



Fig. 4. Choice of the receiver (blue arrow) of the yellow cells. (a) All types of
cells point to the cell below if empty. (b) Otherwise, cells point to a horizontal
neighbor if empty. (c) Otherwise, surface cells give to a lower surface cell.

cell, it is tagged as a local minimum; otherwise, it is tagged as solid
and masked out of the subsequent steps of the algorithm.

Note that cells on the walls and ceiling of the sandstone have a
speci ¢ status: they are not surface cells but have a lower or lateral
receiver. Even if water cannot reach these cells, this choice allows
the evacuation of sediments eroded by wind.

Depression Routin@he Fast ow algorithm is applied to the new
set of receivers, with modi cations arising from our extension to
3D. In particular, depression routing removes local minima by con-
necting them to external nodes. Fast ow tags a set of cells as a basin
if they ow toward the same local minima and then computes a
minimum spanning tree to connect these basins. This can fail in 3D
if solid surfaces entirely surround a cavity. We detect this situation
during the minimum spanning tree computation (a connected com-
ponent does not have a valid neighbor) and remove all the nodes of
this basin from the computation.

Flow RoutingWe now have all the components to compute the
discharge. We assign to each cell at the upper boundary of the
domain a constant precipitation valug and set the precipitation
to zero everywhere else. We use the rake-compress algorithm from
Fast ow to e ciently integrate precipitation along the ow paths,
which yields the dischargé..

7 DEPOSITION

Our model simulates the gravitational settling of rock and debris par-
ticles dislodged by wind and water erosion. We neglect smaller sand
grains and their transport by wind, as they are carried away from
our domain size. As for uvial erosion, the challenge of deposition
lies in the multiple-cell displacement of falling debris over erosion
timescales. We propose an algorithm to estimate the deposited lo-
cation of the particles directly without explicitly modeling sand
motion. This algorithm builds upon the 3D ow routing method
detailed in Sect. 6. In particular, we reuse the 3D grid that embeds
the receiver information, updated to account for depression routing.
Granular materials deposit where the surface slope falls below
an angle of repose, also known as the talus slope [Musgrave.et al
1989]. We de ne astable celas a grid cell where the average slope
of surface particles is less than this critical angle. For each surface
cell2, we compute aleposition pointe?12° that indicates the next
closest downward stable cell. This pointer predicts where an eroded
particle originating from cell2 would be deposited. Initially?12°
is set to the receiver of cel. To e ciently determine the nal
deposition location, we iteratively update these pointers using a
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parallel pointer jumping technique?12° = 21?1200, This process is
repeated for a maximum dbg!=° iterations, where= is the total
number of surface cells. Fig. 5 illustrates this algorithm, converging
in three iterations in this simple 2D case.

Each cell containing eroded particles useto increase the count
of the number of particles that should be deposited in each stable
cell. We deposit particles at random 2D positions within the cell and
at the cell proxy elevation, increasing after each deposited particle
to maintain a target particle density. This approach, however, could
introduce staircase artifacts. To mitigate this, we move the grid
by a random o set for particles at each deposition step, ensuring
particles are not grouped in the same grid cell each iteration.

Fig. 5. Deposition Algorithm: each cell points to its deposition position a er
three iterations of pointer jumping.

8 IMPLEMENTATION, RESULTS AND VALIDATIONS

We implemented our method using Python with PyTorch, Taichi[Hu

et al 2019] and custom CUDA kernels on the GPU. We generated all
results on a desktop computer with an Intel Xeon Gold CPU clocked
at 2.10GHz, 128GB RAM, and an Nvidia RTX A6000 with 48GB of
memory. The meshes were textured using tri-planar mapping, vege-
tation was generated procedurally, and the results were rendered
using Houdini (and Terragen for Fig. 6).

Fig. 6. Fluvial erosion: The cave network (le ) was carved by fluvial erosion
from an initial underground water path and high discharge value at the
source. Se ing this path on the surface results in the formation of a canyon
(right).

8.1 Emergent Sandstone Structures Caused by Wind

We claim that the key ingredient for the emergence of sandstone
structures is the negative feedback between erosion and stress-
driven fabric interlocking. We validate this assertion by showing that
iconic sandstone structures emerge from our simulation from simple
initial conditions. For each experiment, we show a photograph
of a real rock formation, the simulation's initial conditions, the
algorithm's output as a set of particles, and the nal rendering.

We provide the statistics and the key parameters for each ex-
periment in Tab. 1. We estimated the overall erosion intensity for
each time step and used that estimate to choose the corresponding
erodibility parameters. For the other parameters, the values in Tab. 2
can uniformly be used.
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Fig. 7. Areal sandstone structure (column a), the input to our simulator (column b), particle representation (column c), and realistic rendering (column d). (row

1) The natural arch from Arches National Park, Utah (Creative Commons, Wikipedia). We set a rectangular cuboid as our initial on top of a distinct support
condition. The rock is composed of stacked layers with varied erodibility (darker is stronger) and is subjected to a lateral wind. (row 2) A mushroom (toadstool
hoodoo) from Kanab Hoodo Trail in Utah (courtesy of Thomas Jundt, Flickr) is simulated by forming a layered block of material with a hard layer on the top
(shown as a darker color). The lateral wind and our simulation then lead to the final shape. (row 3) Arcades (courtesy Spanaut, Flickr). The user brushes
weaker parts on the weak layer, and the erosion simulation causes the arcades to emerge. (row 4) An alcove is a large recess in sandstone. An example from
Zion National Park, Utah (courtesy James St. John, Flickr) is replicated by a large block with an erodable block at its foot. A small hole at its foot initiates the
erosion process. (row 5) The bu e is a large vertical block eroded by fluvial erosion from the top. The Monument Valley bu e from Monument Valley, Utah
(courtesy John Fowler, Flickr) is replicated using three blocks and interactively marking the top one with several instabilities. The fluvial erosion then forms
the resulting object.

ArchesOne of the mosticonic sandstone features is natural arches We vary the rock erodibility to match the stratigraphic appearance
(natural bridges) isolated or joining neighboring hills. We reproduce of the target image and add a lateral wind to achieve a similar
a natural arch from the Arches National Park in Utah in Fig. 7 row 1. asymmetry. The feedback between erosion and stress produces a
We start with a rectangular cuboid posed on two disjoint supports.
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