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Abstract. The interpretation of grain size trends within the stratigraphic record has a wide range of applications,
including the identification of external forcing events. Within fluvial systems, it is not yet well constrained as
to how autogenic processes, i.e. those internal to the basin, influence grain size signatures. Using a recently
developed model, GravelScape (Wild et al., 2025b), that couples the self-similar fining model (Fedele and Paola,
2007) to a Landscape Evolution Model, we investigate what controls the importance of autogenic processes and,
in turn, their influence on grain size fining. For this, we perform a large number of numerical experiments by
varying (1) the ratio between the incoming sediment flux and integrated subsidence rate (F ), which characterizes
the degree of bypass of the system; (2) the ratio of the discharge leaving the mountain to the discharge generated
within the subsiding basin (β), which controls the shape of the topography of the basin; (3) the erodibility (K),
which impacts the steady state or transient nature of the basin; and (4) the transport coefficient (G), which
determines the transport- vs. detachment-limited behaviour of the depositional system that also influences the
topography. We demonstrate that there exist two differing regimes for long-term grain size fining: one dominated
by autogenic processes and one dominated by underlying subsidence. The subsidence-dominated regime occurs
when the mean deposition matches the underlying subsidence, which is typical of low-bypass (filling) and low-
slope systems (i.e. low values of F , high values of β, and low values of G). The autogenic-dominated regime
occurs mostly under high bypass with steep topography when local variability in deposition rate is important (i.e.
high F , high G, and low β). We also show that there is a strong correlation between the intensity of autogenic
processes and the surface slope and across-basin topographic variability (rugosity). We introduce a framework
in which we map the different regimes for grain size fining as a function of bypass (F ) and surface geometry
(β). We finally illustrate its use for the proper interpretation of grain size fining trends by positioning a series of
natural systems within this framework.
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1 Introduction

Sedimentary systems are an essential source of information
regarding the nature, duration, and amplitude of past tectonic
and climatic events (Castelltort et al., 2023; Romans et al.,
2016; Carretier et al., 2020; Armitage et al., 2011; Sømme
et al., 2009). The fidelity of the sedimentary record is how-
ever affected by autogenic processes, i.e. that are internal to
the sedimentary systems (Scheingross et al., 2020; Hajek and
Straub, 2017; Jerolmack and Paola, 2010). These autogenic
processes involve sediment recycling at the intra-basin scale
and have characteristic times that are usually smaller than
those associated with the external perturbations (Scheingross
et al., 2020). Despite this, autogenic processes can impact
the preservation of longer timescale, externally driven sig-
nals (Scheingross et al., 2020). This impact can be important
and counter-intuitive. For example, Hill et al. (2012) have
shown that, in certain cases, external signals may even be
better recorded by lower preservation (subsidence) systems
with little autogenic shredding rather than in a higher preser-
vation but highly reworked stratigraphic section.

While preservation is a function of the rate of creation of
accommodation (mostly through subsidence), the amplitude
of autogenic processes is mostly controlled by surface pro-
cesses such as channel avulsion or depositional pulses that
generate variability within the system. To quantify the im-
portance of autogenic processes, Straub and Esposito (2013)
as well as Jobe et al. (2016) have described ratios of vertical
aggregation relative to lateral mobility and variability appear
to control stratigraphic completeness. Similarly, Ganti et al.
(2011) have reported from analysing laboratory-scale experi-
ments that autogenic processes affect the stratigraphic record
on timescales that are smaller than or equal to the channel
avulsion timescale. Furthermore, Straub et al. (2009) have
described autogenic processes as being linked to the filling
of topographic lows that can be described through an asso-
ciated compensation timescale explained through avulsions
and temporal variability in deposition rate. Toby et al. (2022)
relate autogenic processes and compensation infilling of to-
pographic lows as being dependent on the system’s surface
active layer1.

Within the stratigraphic record, grain size fining observa-
tions have been commonly used to constrain subsidence pat-
terns in space (Duller et al., 2010; Whittaker et al., 2011)
and time (D’Arcy et al., 2017) or to document tectonic or
climatic events (Armitage et al., 2011). Many of these stud-
ies have used the self-similar grain size fining approach of
Fedele and Paola (2007) to interpret grain size data as be-
ing primarily controlled by deposition rate, which they have
equated to subsidence rate. However, in addition to exter-
nal forcings, grain size trends are known to be influenced

1Reworked layer equal to the depth between fluvial channels and
interfluves, which can also be referred to as the variability in topog-
raphy across the basin or the rugosity.

by topography and autogenic processes (such as avulsions
or drainage re-organization) that will alter local erosion and
depositional patterns (Hajek and Straub, 2017). The impor-
tance of channel mobility on grain size fining in particular
has not been addressed in past applications of the grain size
self-similar model of Fedele and Paola (2007).

We have recently developed a planform grain size fining
model (GravelScape) by coupling the self-similar algorithm
of Fedele and Paola (2007) to the FastScape Landscape Evo-
lution Model (LEM) (Bovy et al., 2023) that predicts the spa-
tial and temporal evolution of the surface topography from
alluvial fan to plain environments and simulates processes
such as rugosity (across-basin variability in topography) and
channel avulsions (Wild et al., 2025b) (also shown in the
Video supplement). We used it to demonstrate that the grain
size fining trends predicted by the approach of Fedele and
Paola (2007) under the assumption that deposition rate is
equal to subsidence rate (Duller et al., 2010) are not valid in
multi-channel landscapes with topography is under a state of
high bypass, i.e. when incoming sediment flux is large com-
pared to the basin-integrated subsidence rate. We have also
shown (Wild et al., 2025b) that topography exerts a signifi-
cant control on grain size fining under certain conditions, a
conclusion that can only be reached with a model that pre-
dicts both grain size fining and topographic evolution.

Here, we propose using the coupled model to better quan-
tify and parameterize the autogenic controls on grain size fin-
ing and determine under which topographic and subsidence
conditions grain size fining trends can be used to constrain
subsidence patterns as suggested by Duller et al. (2010). We
will test a wide range of model parameters to determine what
controls the amplitude of autogenic processes in sedimentary
systems and their subsequent impact on stratigraphic grain
size fining. More specifically, we quantify the difference in
grain size fining between multi-channel and single-channel
approaches (creating a parameter called grain size deviation)
and attempt to explain it through correlations with basin in-
ternal dynamic parameters. From this we develop a concep-
tual framework describing under what basin conditions auto-
genic vs. subsidence dynamics dominate the grain size record
in the stratigraphy.

2 Methods

2.1 GravelScape

To study the importance of autogenic processes relative to
external forcings on grain size fining trends, we use a cou-
pled model (GravelScape) that is fully described in Wild et al.
(2025b). Here, we will only give essential elements and in-
troduce equations that are necessary for the comprehension
of the work presented here. The model comprises the Land-
scape Evolution Model (LEM) solving the Stream Power
Law (SPL) enhanced for the effect of sediment transport and
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deposition (Davy and Lague, 2009; Yuan et al., 2019):

dh
dt
= U −Kp̃mAm

(
dh
ds

)n
+
G

p̃A

∫
A

(
U −

dh
dt

)
dA, (1)

where h is surface topography, U is surface uplift or subsi-
dence, K is the erodibility parameter, G is a dimensionless
depositional parameter, p̃ represents variations in precipita-
tion rate around a mean value that is included in the def-
inition of K and G, A is drainage area, ∂h

∂s
is topographic

slope in the direction of water flow, and m and n are the area
and slope exponents, respectively. G controls whether the
system is transport-limited (G> 0.4) or detachment-limited
(G< 0.4). Its value is not well known, but it has been con-
strained to be moderately transport limited of the order of 0.7
(Guerit et al., 2019) from a wide survey of sedimentary fans.
Values of Kf are poorly constrained as its units and value
strongly depend on the slope exponent m. The direction of
water flow is computed from the surface topography and al-
lows for flow divergence by assuming that, at every node
of the model, discharge is distributed to all lower-elevation
neighbouring nodes in proportion to slope.

Grain size is computed using the self-similar grain size
fining model of Fedele and Paola (2007) for gravel, which
assumes that mean grain size, D, and its standard deviation,
φ, vary in a constant ratio during fining that is, in turn, con-
trolled by the ratio between local deposition rate, r , and sed-
iment flux, qs, according to

D(x∗)=D0+φ0
C2

C1
e−C1y

∗

− 1, (2)

where x∗ is a dimensionless distance along flow path and

y∗(x∗)=

x∗∫
0

R∗(x∗) dx∗, (3)

where the primary components controlling the fining are
R = r/qs, and D0 is the mean grain size where flow initi-
ated. See Wild et al. (2025b) for a more detailed version of
the coupling of the two equations, and see Fedele and Paola
(2007) for a description of the coefficients C1 and C2. Note
that, in GravelScape, the deposition rate r and sediment flux
qs are obtained from the solution of the LEM, contrary to
most previous uses of the model of Fedele and Paola (2007)
that have made the simplifying assumption that deposition
rate can be directly equated with subsidence rate (e.g. Duller
et al., 2010; Whittaker et al., 2011).

We will use a controlled setup similar to that of Duller
et al. (2010) and also used in Wild et al. (2025b), in which
sediment is produced in an orogenic area of width LM uplift-
ing at a rate U0 resulting in a sedimentary flux, qs,i = U0LM.
Subsidence rate, σ , in the adjacent basin of width LB is as-
sumed to vary as an exponential function of distance, x, from
the mountain front,

σ (x)= σ0e
−αx/LB , (4)

simulating flexural isostasy under the weight of the adjacent
mountain. The elevation at the opposite side of the mountain
front (i.e. right hand-side, edge of the basin in our setups)
is assumed to be held at a constant elevation, which we will
refer to as the base level. As proposed by Duller et al. (2010),
we introduce the parameter F ,

F = qs,i/

LB∫
0

σ (x) dx, (5)

that measures the degree of bypass of the system. Small F
values (i.e. 1< F < 10) correspond to low-bypass systems
where most of the sediment coming from the mountain is
trapped in the basin, whereas large F values (i.e. F > 10)
correspond to high-bypass systems where most of the sedi-
ment coming from the mountain leaves the basin at its outer
end. Under these conditions, one can derive an analytical so-
lution to the fining model of Fedele and Paola (2007) (Wild
et al., 2025b), which we will use to estimate, by comparing
it to GravelScape’s predictions, the contribution from auto-
genic processes to the grain size fining trend, relative to that
resulting from the imposed basement subsidence.

2.2 Controls on surface topography in a sedimentary
system

As shown in Braun (2022), fan extent and the subsequent
foreland basin long profile are mostly controlled by the dis-
tribution of rainfall between the mountain (source) area and
the basin (sink) area, with basement subsidence only playing
a secondary role in low-bypass (low F ) systems. In high-
bypass systems, the sedimentary flux remains relatively con-
stant across the basin. At steady state using the Stream Power
Law (Eq. 1), sedimentary flux is equal to the product between
drainage area (to powerm+1) and slope (to power n), which
implies that the slope must vary as the inverse of discharge.
Near the mountain front, discharge is relatively constant and
equal to the product of the mountain surface area by the as-
sumed precipitation rate. The slope must therefore be rela-
tively constant, which leads to the formation of a sedimen-
tary fan. Away from the mountain front, rainfall in the basin
substantially contributes to the discharge, which therefore in-
creases and causes the slope to decrease to form an alluvial
plain. Therefore, the transition between the steep, constant
slope fan and the alluvial plain takes place where the contri-
bution to discharge from rainfall in the basin equates the dis-
charge from the mountain area. This explains the broad one-
to-one relationship between upstream catchment area and fan
area across many scales (Bull, 1962; Blair and McPherson,
1994). It also implies that one of the main controls on the
shape of the topography in the basin area is the difference
in precipitation rate between the mountain and basin areas
(Braun, 2022). To illustrate this point, we can derive the pa-
rameter β:
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Figure 1. Surface topography averaged across the basin at steady
state predicted by GravelScape for various values of the parameter
β defined in Eq. (6) and for different values of the depositional pa-
rameter G (transport-limited (G= 1) vs detachment-limited (G=
0.2)). All topographic profiles have been normalized to 1 at the
mountain front.

β =
νMLMα

νBLB
, (6)

where νM and νB are the relative precipitation rates in the
mountain and basin areas, respectively. β is the ratio of the
contribution to discharge from the mountain area, νMLM, and
from precipitation in the basin, νBLB, multiplied by the rela-
tive wavelength of the subsidence function, α. β is in fact the
ratio of the length/size of the fan, νMLM/νB to the size of the
subsidence function, α/LB.

In short, β is a measure of the difference in area (extent)
and precipitation rate between the orogen catchment and the
sedimentary basin. Combinations of high precipitation and
drainage area in the orogen with low basin length and basin
aridity result in high, orogen-dominant β values. Inversely,
large basin areas, especially with higher precipitation relative
to the orogen, result in low, basin-dominant β values. We
keep α constant in all our simulations and change only vm to
increase or decrease β. To emphasize the impact of changing
vm on β, within figures and referring to specific values within
the figures, we normalize β by α (Fig. 1).

Different topographic profiles predicted by GravelScape
for different values of the parameter β are shown in Fig. 1 .
We see that as β increases, the transition point between the
steep fan and the curved alluvial plain moves towards the
edge of the basin, and the surface topography evolves from
concave and steep near the mountain front (low β values) to
convex and flat (high β values). High β values correspond
to the “constrained systems” in which the distance from the
mountain front to the edge of the basin is smaller than the
natural width of the fan, i.e. the width it would occupy if it
were allowed to develop beyond the base level.

Note that β, through its control on discharge partitioning
between the mountain and basin contributions, only affects
the position of the transition from steep to curved segments
(and subsequent channel profile), whereas the slope at the
mountain front (and therefore absolute topographic height)
is controlled by additional factors (e.g. G and K) and by the
magnitude of the sediment flux from the mountain, qs,i , as
explained by the analytical solution for the slope at x = 0
given in Braun (2022),

S(x = 0)∝
( Gqs,i

KLm+1
M

)1/n
, (7)

for high-bypass systems (i.e. when subsidence can be ne-
glected). Essentially, the higher the value ofG (and the lower
the value of K), the steeper the fan with the same fan extent
as shown in Braun (2022) and Wild et al. (2025b). Note that
the dependence of basin slope on G and K is not apparent
in Fig. 1, where we chose to normalize the topographic pro-
files. In the case n= 1, K also controls the response time of
the system (i.e. the time it takes to reach its final steady-state
height), but G does not (Braun, 2022).

In situations where the surface topography predicted by
GravelScape is characterized by very low slopes (e.g. under-
filled basins with low F , low G, or high β), local minima
can develop that affect the computation of the flow routing
needed to solve the modified SPL equation (Eq. 1). In these
situations, we use the method developed in Cordonnier et al.
(2019) to adjust the flow routing and compute the geometry
of the resulting lakes forming around each local minimum. In
these filled lakes, the algorithm by Yuan et al. (2019) to solve
equation (Eq. 1) cannot be used, and sediment is uniformly
dumped as a first-order attempt to represent lacustrine depo-
sition, and no grain size can be accurately computed using
the grain size fining model of Fedele and Paola (2007). We
checked that all model runs presented in this work were not
strongly influenced by the presence of local minima.

In this work, we will vary model parametersG, K , F , and
β to assess the impact of subsidence and topography on grain
size fining under a near-constant orogen flux at steady state.
For simplicity, we will refer to the respective parameters G,
K , F , and β as the depositional, erodibility, bypass, and oro-
gen discharge efficiency.

2.3 Modelled autogenic dynamics

Within our model, the river planform changes over time and
space despite constant forcing conditions (see Video supple-
ment), and we refer to this as model autogenic dynamics.
These changes arise from the interactions between the de-
positional and erosional terms in Eq. (1). Erosion leads to
the formation of channels and deposition to their progressive
infilling, which, in turn, affects local slope and the relative
distribution of water flow between a node and its neighbours.
This may lead, through downstream cascading, to discrete
events that reorganize large parts of the drainage network,
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similar to avulsions that have been observed in laboratory
experiments (Clarke et al., 2010) and natural systems (Smith
et al., 1989).

Hajek and Straub (2017) describe many autogenic pro-
cesses, and their associated landforms, on the basis of spa-
tial and temporal scale. Our Landscape Evolution Model
can only reproduce autogenic processes that occur over long
timescales (102–107 years) as well as large lateral (101–
104 km) and vertical spatial scales (100–102 m). This scale
matches with the descriptions of Hajek and Straub (2017)
for autogenic dynamics such as (1) the regrading of the
depositional surface (longitudinal river planform changes);
(2) avulsions; and (3) channel convergence, divergence, and,
to a limited extent, bifurcations. All of these are observed
in the model (as described above). Smaller-scale autogenic
processes described in Hajek and Straub (2017), with verti-
cal scales under 100 m, such as those that involve bedforms
(e.g. dunes or bars) or channel reach dynamics (e.g. riffle and
pools; cut banks and point bars; meanders dynamics), can-
not be reproduced in a Landscape Evolution Model based on
Eq. (1).

3 Model results

3.1 Grain size fining deviation, ∆D

We now present results obtained with the coupled model to
quantify the relative contributions from external forcings and
autogenic processes to the control of grain size fining trends.
For this, we define 1D the difference at the basin outlet be-
tween the multi-channel (2D) grain size GravelScape solu-
tion computed in the largest channel and that predicted for a
single channel using the method of Duller et al. (2010), i.e.
assuming that deposition rate is equal to the imposed sub-
sidence rate. We will call this quantity the grain size fining
deviation and define it as

1D =<D(xmax,y = yMC)−DD(xmax)>SS, (8)

whereD(xmax,y = yMC) is the mean grain size computed by
GravelScape at the exit of the basin within the largest main
channel (i.e. at the y location of the maximum discharge),
DD is the mean grain size predicted by Duller et al. (2010),
and the symbols <>SS indicate a temporal average, once
the system has reached steady state. We computed 1D for
a large number of simulations varying G, K , and β, which
control the surface topography, and varying F (through σ0
while keeping a constant U ), which controls the degree of
bypass of the system. The results are shown in Fig. 2, where
each panel shows how 1D varies as a function of β and
F . The dependence on K and G can be appreciated by in-
specting the different panels from left to right and top to bot-
tom, respectively. All values are computed when the system
has reached steady state (constant apex topography) or is ap-
proaching it (i.e. within 90 % of their steady-state topogra-
phy, for model runs characterized by a low value of K). The

Figure 2. Grain size deviation of the GravelScape multi-channel so-
lution relative to the subsidence controlled solution by Duller et al.
(2010) with changing model parameters F , β, G, and K . Areas in
red highlight high internal dynamics (e.g. topography, channel dy-
namics) control on grain size fining.

regions of model space where local minima dominate are left
blank to exclude them from our interpretation of these re-
sults.

We see that the grain size deviation, 1D, is controlled by
all four factors, with1D increasing with increasing values of
F , β, and G but decreasing with increasing values of K . If
we discard the model runs with low values ofK that have not
yet reached their steady state at the end of the experiments,
i.e. those shown on the left column in Fig. 2, we see that the
dependence on K is minimal.

In absolute terms, the maximum values of 1D are around
15 % to 20 % and are reached for high F and high G values,
corresponding to systems in high bypass and in transport-
limited conditions. Conversely, systems that are in low by-
pass (low F ) or in detachment-limited conditions (low G)
show less than a few percent deviation in grain size fining
compared to the predictions of a one-dimensional model, as-
suming that fining is controlled by subsidence only.

In Fig. 3, we show the grain size predicted by GravelScape
at the exit of the basin, which we call De. A value of 1 indi-
cates no fining, and a value of 0.5 corresponds to 50 % fining
from the original source distribution. Each panel corresponds
to the same specific values ofK ,G, β, and F as in Fig. 2. As
demonstrated by Duller et al. (2010), we see a strong depen-
dence of grain size fining on F , with high-bypass (high F )
systems showing the least fining (smaller value of De). Con-
trary to Duller et al. (2010), we also see a strong dependence
on β and G and thus on topography. Finally, we see little to
no dependence of De on K , demonstrating that the appar-
ent dependence of 1D on K is indeed an artifact due to the
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Figure 3. Computed grain size at the outlet of the basin within the
largest channel of the GravelScape multichannel solution for var-
ious values of the model parameters F , β, G, and K at or near
(within 90 % of) steady state.

fact that the model experiments with low K values have not
reached steady state. Figure 3 also demonstrates that similar
downstream final values of fining can be observed by chang-
ing multiple parameters (e.g. β andG) for the same F values.

For completeness, in the Supplement, Figs. S3 and S4, we
show plots of predicted grain size and other autogenic quan-
tities derived from the model as a function of downstream
distance.

Combining the results from the Figs. 2 and 3, we see that
the greatest grain size deviation is produced under high by-
pass (high F ) because GravelScape predicts much more fin-
ing than expected from Duller et al. (2010). This is because
of a strong dependence of grain size fining on topography,
which is not predicted by Duller et al. (2010), as high val-
ues of G corresponding to more transport-limited systems
producing higher fans, and low β values producing shorter
and steeper fans, cause more fining and thus grain size de-
viation from Duller et al. (2010). The dependence on K is
less important, except that systems that are characterized by
low values ofK will take longer to reach steady state and are
therefore likely to produce more fining than expected from
their basement subsidence.

To demonstrate this last point, we ran the low-K experi-
ment (i.e. where K = 2× 10−6 m1−2 m yr−1) for longer than
the reference 25 Myr used in all model runs presented in
Figs. 2 and 3. We show the results in Fig. 4. In Fig. 4a we
show the evolution of the basin apex topography as a function
of time with the different time periods over which we com-
puted the deposition rate and grain size fining shown in dif-
ferent colours: dark blue when the system has reached 90 %
of its final topography, light blue when it has reached 95 %,

and orange and yellow when it has reached steady state. In
Fig. 4b and c, we compare the predicted deposition rate (av-
eraged in the y direction and over the time span indicated
in panel a) to the imposed subsidence rate and the predicted
grain size fining (similarly averaged) to the predictions of
Duller et al. (2010), respectively. We also show in Fig. 4c the
grain size fining obtained at steady state with a larger value
of K (i.e. K = 2× 10−5 m1−2 m yr−1) for reference. We see
that the mean deposition rate converges towards the subsi-
dence rate, and the fining rate converges towards the solu-
tion predicted with a higher K value, as the system moves
towards steady state (i.e. from dark blue to yellow). This
clearly demonstrate that K has no influence on the grain
size fining at steady state but shows an impact during the
transient steady state (i.e. even with values within 90 % of
steady state showed deviation) where more fining was pro-
duced than expected (similar to a lower F ) and there is more
deviation from the constant, imposed subsidence rate. This
is because, before the system reaches steady state, the ero-
sion rate in the mountain is smaller than the imposed uplift
rate, and, therefore, the flux coming out of the orogen, qs,i ,
is smaller than the value, U ×LM, which we have used to
compute F and impose a constant subsidence rate. In Wild
et al. (2025c), we will further develop this point for natural
systems and, in particular, for foreland basins, where subsi-
dence rate and erosion rate in the source area are intimately
linked by flexural isostasy.

3.2 The link between internal dynamics and grain size
deviation

3.2.1 Depositional divergence (dv)

We now proceed to determine the link between divergence
in grain size fining, 1D, and autogenic processes. To com-
pute grain size fining, the approaches of both GravelScape
and Duller et al. (2010) use the model of Fedele and Paola
(2007), which assumes that fining is in proportion to depo-
sition rate (scaled by sediment flux). The difference between
the two methods (multiple- vs. single-channel) is therefore
likely to be explained by differences in the effective deposi-
tion rate they predict as mentioned in Wild et al. (2025b). To
quantify this difference, we define a parameter sensitive to
local deposition rate fluctuations. We explicitly remove the
background mean deposition rate, induced by basement sub-
sidence, to isolate the amplitude of depositional variability.
We call this parameter the depositional divergence rate, ḋv,
defined as

ḋv =
<
(
ḋb− σ

)
< 0>x,y,SS

< ėo>x,y,SS
, (9)

where ḋb is the deposition rate (units of m yr−1) computed by
GravelScape (negative where/when there is deposition and
positive where there is erosion), σ is the subsidence rate
(m yr−1), (< 0) means that only deposition is considered,
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Figure 4. Deposition rate and grain size fining on the way to steady
state. (a) Time evolution of the maximum topography in the basin
with 2.5 Myr time intervals over which averaging is performed in
panel (b) and (c) indicated in different colours. (b) Imposed subsi-
dence rate (dashed line) and deposition rate averaged in the y di-
rection and over the time span indicated in panel (a). (c) Grain size
fining predicted by Duller et al. (2010) in response to subsidence
only (dashed line) and grain size predicted by GravelScape at dif-
ferent times in the evolution of the system towards steady state. The
brown line corresponds to a solution with a high value of K that
has reached steady state. All model runs assume moderate bypass
(F = 10), transport-limited conditions (G= 1) and low mountain
precipitation β/α = 10. All solutions shown are not affected by lo-
cal minima.

and <>x,y,SS indicates an average in the x and y directions
and over time (once the system has reached steady state).
The denominator (ėo) is the mean erosion rate (in m yr−1)
in the source area (the mountain). To illustrate this concept,
in Fig. 5a we show the patterns of deposition/erosion rate
predicted by GravelScape in an arbitrary model run at an ar-
bitrary time step. We see that the system is dominated by
deposition (because the basin basement is forced to subside)
but that large variations in deposition rate appear in response
to the channelized nature of transport in GravelScape. In
Fig. 5b, we show profiles of the deposition/erosion rate ob-
tained by averaging values obtained by GravelScape in the y
direction for different values of the model parameters F and
G. We see that the deposition rate follows the trend of the
imposed subsidence rate but that relatively large variations
in erosion rate are predicted, even after averaging in the y di-
rection. The resulting values of the depositional divergence
are shown in Fig. 5c.

At steady state (Fig. 5), ḋv is a direct measure of the rel-
ative amplitude of autogenic processes around the mean, i.e.
the processes that cause deposition and erosion events unre-
lated to the external forcing, in our case, the sediment flux
from the mountain and the basement subsidence in the basin.

Indeed, if the autogenic processes are negligible, deviations
in local deposition rate are small compared to the imposed
subsidence rate, and ḋv is small in comparison to the incom-
ing sediment flux. Alternatively, if local deviations in depo-
sition rate become more important than the incoming sed-
iment flux, ḋv is larger than 1. Further analysis shows that
when orogen discharge, β, is high or the system is more
“detachment-limited” (i.e. low G), then the magnitude of
depositional divergence and the variability are relatively re-
duced. When β is low or the system approaches transport-
limited conditions, for both high- and low-bypass conditions,
we see a much greater magnitude of depositional divergence,
particularly near the mountain front with a larger variability
in the down-system direction.

3.2.2 Rugosity (η)

In the approach of Duller et al. (2010), deposition is equated
with subsidence, and no surface topography is needed or
computed. On the contrary, in GravelScape, the deposition
(and erosion) of sediment is a function of the shape of the
surface topography as shown by the form of Eq. (1). There-
fore, any difference in grain size fining trend between the
two approaches is therefore likely to be related to the shape
of the surface topography, i.e. its mean slope and the rugos-
ity of the surface. Based on previous work (Braun, 2022), we
have already explained how the slope is function of the model
parameters (K , G, β, and F ), but little is known about the
model controls of the surface roughness (or rugosity) that is
caused by internal processes and, in particular, the presence
of multiple channels.

To quantify the rugosity, we define a rugosity parameter, η,
as the standard deviation of the topography in the y direction,
averaged in the x and over time at steady state:

η =< σy(h)>x,SS. (10)

Defined in this way, the rugosity parameter, η, can also be
regarded as the average height difference between the inter-
fluves and the channels or as the thickness of the sediment ac-
tive layer that is reworked (incised and infilled) over multiple
steady-state time steps. This is also similar to the concept of
the active layer described in Toby et al. (2022). To illustrate
this point, in Fig. 6 we show cross-sections in the y direc-
tion of the surface topography predicted by GravelScape for
an arbitrary model run and time step. We see that at all three
locations, the surface topography fluctuates by tens of me-
tres, with the lows corresponding to channels and the highs
to interfluves.

3.2.3 Links between ∆D and dv, η, and S

We now proceed to further analyse the model runs we have
performed with GravelScape using a wide range of model
parameters (as shown in Fig. 7) by searching for relationships
that may exist among the grain size deviation, 1D, or the

https://doi.org/10.5194/esurf-13-889-2025 Earth Surf. Dynam., 13, 889–905, 2025



896 A. L. Wild et al: Grain size dynamics using a new planform model

Figure 5. (a) Example of variations in deposition and erosion rate across the basin at steady state computed by GravelScape. (b) Comparison
between the subsidence rate and the computed steady-state deposition/erosion rate averaged in the y direction for different values of the
model parameters F and G. (c) Corresponding values of the depositional divergence, ḋv.

Figure 6. (a) Example of a GravelScape predicted topography. Pan-
els (b), (c), and (d) are topographic profiles at three locations (x)
distant from the mountain front by 10, 50, and 150 km, respectively.
The across-basin distance is the y direction in the model.

depositional divergence, ḋv, and the surface rugosity, η, the
slope, S, or K across all model setups. Here, the slope, S,
is the derivative of the surface topography in the x direction
averaged over the x and y directions and over time, at steady
state. The results are shown in Fig. 7.

In each of the diagrams shown in Fig. 7, each model ex-
periment is summarized by a single point, averaged across
the entire basin (for the slope) or at the basin outlet (for the
grain size). The range of model parameters (F ,G, β, andK)

we consider are the same as those used in Figs. 2 and 3 and
not considering the models affected by local minima.

We see that there exists a strong correlation (r2 > 0.75)
between the depositional divergence and the grain size devi-
ation (Fig. 7a). This is a direct consequence of the assump-
tion made in the model of Duller et al. (2010) for grain size
fining that fining is in proportion to deposition rate relative
to sediment flux. This, indeed, implies that where the de-
position rate diverges most from the subsidence rate (large
values of ḋv), the departure from the single-channel model
of Duller et al. (2010) is largest. In other words, grain size
fining exceeds what is expected from a one-to-one relation-
ship with subsidence in regions of enhanced deposition that
is caused by the heterogeneity in deposition rate inherent to a
system that transports and deposits sediment in distinct, mul-
tiple channels.

In Fig. 7b we see that the depositional divergence is, in
turn, related to the product of the rugosity by the erodibility.
This product, ηK , has units of m yr−1 (in cases where n in
the slope exponent in the SPL is 1) and can be regarded as
a measure of the rate at which the rugosity or the side of a
channel is eroded away and is therefore a proxy for the rate
of the across-system (or interfluve) reworking. Depositional
divergence, at steady state, describes the amplitude of ero-
sion and deposition around the mean rate due to local ero-
sion followed by subsequent local infilling during the next
depositional event. When the basin experiences local ero-
sion (e.g. especially under high bypass), depositional diver-
gence therefore controls the rate at which channels change
their shape and direction and can subsequently impact chan-
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nel avulsion and mobility. The correlation showed on Fig. 7b
demonstrates that the autogenic processes leading to the de-
positional divergence are physical (and not random or nu-
merical in nature) as they are directly related to the rate of
change of channel geometry, as shown through rugosity, pre-
dicted by the basic equation (the modified SPL) at the core
of the sediment transport model of GravelScape.

Interestingly, the rugosity itself appears to be strongly cor-
related with the slope (Fig. 7c). This is easily explained when
considering that it is the ratio between the slopes along and
across a channel that determines the stability of any given
channel. If the across-channel slope becomes smaller than
the along-channel slope, an avulsion takes place. As the ru-
gosity controls the across-slope and the slope in the x di-
rection is approximately equal to the along-channel slope,
the two should therefore be correlated. This is further proof
that the deviation in grain size fining predicted by Grav-
elScape with fluvial channel dynamics results from determin-
istic, physical reasons and not random (or numerical) arte-
facts.

Finally, in Fig. 7d we show a relationship between grain
size deviation and the product of slope andK . This is a direct
consequence of the relationship between depositional diver-
gence and the product of rugosity by K and the strong cor-
relation between rugosity and slope. This demonstrates that,
although the correlation of the grain size deviation is much
higher when directly related to the autogenic depositional de-
viation parameter, higher autogenic grain size deviation tends
to occur under landscapes with steeper slopes.

In summary, we have seen that under certain circum-
stances, namely high-bypass efficiency (F values), low oro-
gen discharge efficiency (β values), or high depositional ef-
ficiency (G values), the grain size fining predicted by Grav-
elScape deviates markedly from predictions made assuming
a single channel and a deposition controlled by subsidence
only (we refer to this difference as the grain size deviation,
1D). We have shown (see Fig. 7) that grain size deviation is
proportional to the contribution to sedimentation from auto-
genic processes, which we quantified by introducing a depo-
sitional divergence factor, ḋv. Furthermore, we have shown
that the magnitude of these autogenic processes, especially
under high bypass, is correlated to surface rugosity, η, and
slope, S.

4 Model synthesis and discussion

4.1 A new generalized framework to interpret grain size
fining data

To further synthesize our results and facilitate their use for
the interpretation of grain size fining data, we have devel-
oped a generalized framework to determine under which
basin-wide configurations grain size fining is dominantly
controlled by subsidence (i.e. mean deposition rate) or by au-
togenic dynamics (i.e. depositional divergence). The frame-

work is based on two maps shown in Fig. 8a and b, one of
the grain size fining (Fig. 8a) and one of the grain size fin-
ing deviation (Fig. 8b) as a function of two variables, F and
β. These maps are obtained by averaging the results shown
in Figs. 3 and 2 over G and K , respectively. This averaging
is justified by the low dependence of these results on K and
the fact that the value of G is difficult to assess but likely to
be relatively close to 1 as many alluvial, continental sedimen-
tary systems are predominately, moderately transport-limited
(Guerit et al., 2019). In Appendix B and Fig. B1, we show
maps similar to those shown in Fig. 8 but using the slope, S,
along the vertical axis.

In these maps (Fig. 8a and b), we define three main
regimes for grain size fining based on the grain size
divergence computed by GravelScape: (1) a subsidence-
dominated regime, where grain size deviation is insignificant
(under 5 %); (2) an autogenic-dominated regime (including
transient and steady-state systems), where grain size devia-
tion is larger than the fining induced from subsidence (i.e.
that predicted from Duller); and (3) a mixed regime, where
grain size divergence is non-negligible (over 5 %) but not
greater than the subsidence-induced fining. Note that the top-
left region in both panels (a) and (b) of Fig. 8 corresponds to
model parameter values that lead to unrealistically flat to-
pographies such that the solution is dominated by the pres-
ence of numerous local minima. We do not include modelling
results in this region in our framework as it represents situa-
tions that are inadequate for measuring grain size.

We see that where total fining is larger than 30 % (bottom-
left corner), the system is consistently in the subsidence-
dominated regime. In other words, autogenic grain size fin-
ing alone cannot explain fining above 25 %–30 %. These
subsidence-dominated systems are in low-bypass and steep
slopes (low β values). At the diagonally opposite side of
the map, i.e. in systems characterized by high bypass and
low slopes (high β), there is little to no fining (less than
2.5 %, top-right corner) as neither subsidence nor auto-
genic processes can produce fining. In our new framework,
the subsidence-based interpretation for grain size fining of
Duller et al. (2010) is equivalent to a trajectory in the
subsidence-dominated regime from these two locations, i.e.
from the bottom left to the top right. This means that in order
for grain size to be interpreted as a function of subsidence
only, increasing values of F must be accompanied by de-
creasing values of slopes or increasing β.

The presence of an autogenic-dominated regime in the
bottom-right corner of the Fig. 8 map, corresponding to high
bypass and low β (high slopes), has two implications. Firstly,
the one-to-one relationship between grain size fining and
F breaks down in systems that are characterized by high
slopes. In other words, following a horizontal trajectory in
our framework at constant, high slope values, we do not ob-
serve the decrease in grain size fining with increasing F due
to the importance of autogenic processes. Secondly, high-
bypass systems may experience substantial fining in propor-
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Figure 7. Correlations between grain size deviation, depositional divergence, surface rugosity, and slope for all model experiments performed
in this study obtained by varying model parameters F ,K ,G, and β. Model runs affected by local minima have been neglected. (a) Grain size
deviation,1D, against depositional divergence, ḋv; (b) depositional divergence, ḋv, against the product of surface rugosity, η, and erodibility,
K; (c) surface rugosity, η, against surface slope, S; and (d) grain size deviation, 1D, against the product of slope, S, by K . In each panel,
the red line shows the trend of the least-squares regression in log space, and the resulting coefficient of variation is given in the inset.

tion to their slope. This situation corresponds to a trajectory
along a vertical path in our framework in the high-bypass
regime, where progressive fining corresponds to increasing
slopes or an increasing importance of autogenic processes,
in systems that are all characterized by high bypass.

These findings have important implications for the inter-
pretation of grain size fining. Firstly, there is a danger to in-
terpret grain size fining trends only as a direct measure of
present-day or past subsidence only, whereas some of the
fining may be due to autogenic processes. To avoid this over-
interpretation of data, one should compare the subsidence de-
rived from the grain size fining trend to preserved sedimen-
tary thickness, where possible. Another option suggested by
our work is to consider the topography and, in particular, the
surface slope. Secondly, we postulate that in a high-slope,
high-bypass system, grain size fining is likely to be dom-
inated by autogenic processes and should therefore not be
used to constrain subsidence patterns.

4.2 Illustrating our framework with natural examples in
modern systems

To illustrate the use of the framework, we have compared our
modelled sedimentary systems to the natural systems (Fig. 8
c) according to their bypass characteristics and their surface
slope and confinement, which we assume to be indicative
of β.

Extension in the Basin and Range area (Norton, 2011)
has led to a high subsidence and accommodation rate in the
Death Valley graben (Hammond et al., 2012), resulting in
an under-filled sedimentary basin with an active depositional
surface that presently lies 86 m below sea-level (Burchfiel
and Stewart, 1966) and where large lakes frequently form
(Blackwelder, 1933; Grasso, 1996). This indicates low F

conditions. The relatively large size of the catchment, espe-
cially along the western side of Death Valley, compared to the
extent of the fans, as well as the relatively linear slopes of the
fans, is indicative of a β/α value near or just above 1, which
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Figure 8. Proposed framework to interpret grain size fining trends. Maps of (a) total grain size fining and (b) grain size deviation as a
function of F and β and (c) select natural examples from the literature that we have located in our framework. Red (star) areas in plot (b)
indicate conditions where autogenic (β)-driven grain size fining is indistinguishable from (see plot a) or exceeds any subsidence (F )-driven
fining. Darker blue (square) areas in plot (b) indicate that subsidence dominated fining is distinguishable with limited autogenic (β) influence.
Map imagery sourced from ©Google Earth 2024.

positions the Death Valley fans in the subsidence-dominated
regime (the square in Fig. 8b). This is consistent with the
fining observed by D’Arcy et al. (2017) and interpreted as
reflecting the spatial distribution of subsidence suggested by
the underlying stratigraphy (D’Arcy et al., 2017).

Megafans exiting the Himalayas (e.g. the Kosi megafan)
are of similar extent than the flexure wavelength of the un-
derlying crust resulting in a large β values with low slopes.
This is confirmed by their convex or linear surface topogra-
phy (Chakraborty et al., 2010). The resulting low slopes and
high β are likely to minimize autogenic deviation and posi-
tions them in the upper portions of the framework, where
there is little fining unless there is subsidence. This is in
agreement with the findings by Dingle et al. (2016) of fining
trends limited to parts of the Kosi fan characterized by higher
subsidence. However, Dingle et al. (2017) attribute some of
the fining observed to abrasion, a process not yet included in
our model setup.

The Iglesia basin is a piggy-back basin fed by crustal
shortening and uplift in the Argentine Frontal Cordillera
(Beer et al., 1990). The basin is in moderate to high bypass
(Harries et al., 2019). The flexurally controlled subsidence is
likely to be much greater than the fan extent leading to small
values of β. This is confirmed by the fan concave up topog-
raphy (Harries et al., 2019). This should position the system
in the mixed to autogenic-controlled regime (the triangle in
Fig. 8b). This is consistent with the internal reworking de-
scribed by Harries et al. (2019).

High-bypass systems can also be found near mature oro-
genic settings such as the Alberta Basin of southern Canada,
where subsidence and in-filling rate has greatly decreased
since the onset of collision in the Jurassic and again in the
Cretaceous (Mossop and Shetsen, 1994). The sedimentary
fans that form adjacent to the Canadian Cordillera have much
smaller extent than the flexural wavelength of the underly-
ing old cratonic lithosphere (Koohzare et al., 2008), imply-
ing a small β value and high slope. These systems are likely
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to be in the autogenic-dominated fining (the star in Fig.8b)
regime as suggested by the well-documented importance of
autogenic processes within the post-glacial fans of southern
Alberta Campbell (1998).

For completeness, we also positioned the Kenyan rift
as a lake-dominated, under-filled system where deposition
is dominated by lacustrine processes in the local minima-
dominated regime (the circle in Fig. 8b), where the self-
similar grain size fining model of Duller et al. (2010) does
not apply.

4.3 Implications for the stratigraphic record

Past studies (D’Arcy et al., 2017; Whittaker et al., 2011) have
used grain size fining trends extracted from the stratigraphic
record as a tool to estimate past histories of subsidence in
sedimentary basins. This can be effective in situations where
topography is low (high β) or the basin is filling (low F ),
but we have also shown that this can lead to overestimat-
ing the subsidence rate in transient basins or systems where
autogenic processes contribute significantly to grain size fin-
ing. Thus, there is a need to identify when autogenic induced
grain size fining is most likely dominating the record.

The general relationship we have evidenced between de-
positional divergence, rugosity, and slope (Fig. 7b and c) is
useful for this, as it could be used by field geologists to es-
timate the magnitude of the autogenic processes controlling
the depositional divergence by measuring rugosity (or chan-
nel depth). In turn, because we have shown that, in most sit-
uations, grain size deviation is proportional to depositional
divergence (Fig. 7a), a measure of rugosity can be used to
estimate whether grain size fining is affected by autogenic
processes and/or whether a grain size fining trend can be used
to constrain basement subsidence.

A combined approach of estimating stratigraphic thick-
ness (F ), while also considering paleoslope, assessing re-
working, or measuring maximum channel to interfluve depth
(rugosity), would be most ideal to indicate the general rel-
evance of autogenic induced fining within the system (be-
cause slope and rugosity correlate with grain size deviation
as shown in Fig. 7b). This means that if a system has high
paleochannel depths and slopes, combined with evidence for
reworking, it is likely to be strongly influenced by auto-
genic processes, and grain size fining estimates may over-
estimate the subsidence rate. Conversely, paleo systems with
thick stratigraphic packages characterized by low paleochan-
nel depths and slopes with relatively uniform infilling would
have grain size fining rates more closely controlled by base-
ment subsidence.

Further consideration should be taken specific to grain size
and its response and recovery to perturbations. Whipple and
Meade (2006) have described how sediment flux returns back
to the value set by the tectonic forcing after a climate pertur-
bation and that tectonics therefore determine the underlying
sedimentary record over long enough timescales and con-

stant conditions. The same trend is predicted for grain size
signals (Armitage et al., 2011), with subsidence rate control-
ling the long-term trend and climate-driven perturbation pro-
ducing only relatively short-lived deviations from that trend.
Our new findings show that, firstly, in high-bypass systems,
long-term grain size fining can be set by the autogenic dy-
namics, especially in systems characterized by steep surface
topography (low β) and in a transport-dominated state (high
G). Secondly, we have also shown that, under high bypass,
grain size fining becomes a function of β, which, in turn,
is related to the size of the source catchment (or the sed-
imentary fan) relative to the subsidence pattern (or flexure
wavelength), weighted by the relative precipitation rate in the
source and basin areas. This implies that variations in precip-
itation between the basin and catchment (in space or time)
could impact the long-term sediment recorded through grain
size fining trends beyond a short-lived perturbation.

5 Conclusions

Our main findings can be summarized as follows:

– Deviations from a subsidence-based interpretation of
grain size fining trends are controlled by the intensity
of autogenic processes.

– The magnitude of those autogenic processes, measured
by introducing the depositional divergence, ḋv, is pro-
portional to surface slope and rugosity and is therefore
the result of a physical process at play within the model
and not the result of numerical instabilities.

– Different model parameters, namely the shape parame-
ter β, the bypass parameter F , the erodibility parameter
K , and the depositional parameterG, impact basin grain
size fining, and only select combinations promote either
subsidence- or autogenic-dominated grain size fining.

– We proposed an averaged framework (Fig. 8) to help in-
terpret grain size fining data that maps grain size fining
and deviations from a subsidence-based interpretation
of grain size fining as a function of bypass (or F ) and
slope (or β).

– The framework helps define the conditions for using
grain size fining trends to infer subsidence patterns, as
well as the conditions where autogenic processes dom-
inate grain size fining, i.e. high bypass (high F ) and
steep slopes (low β).

– We have demonstrated its usefulness by positioning var-
ious natural systems into the framework and shown how
this can help determine whether, for each of them, sub-
sidence or autogenic processes dominate grain size fin-
ing.
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In the third paper (Wild et al., 2025c) of this series of three,
we propose using the framework and what we have learned
from the theoretical work presented in the first two to in-
terpret stratigraphic transects in a synthetic foreland basin.
For this, we will couple GravelScape to a simple model of
the isostatic flexure of the crust/lithosphere. In doing so, we
will produce a system where subsidence is in proportion to
the weight of the evolving orogen and is therefore in con-
stant transient evolution towards steady state. The next step
will consist of studying, in a source-to-sink approach, the re-
sponse of such a coupled system to imposed perturbations in
climate or tectonic activity, as was done previously without
considering the effect of autogenic processes on grain size
fining (e.g. Armitage et al., 2011).

Another obvious extension of our theoretical work will be
to use it to interpret grain size data from well-documented
sites such as Death Valley, the Himalayan Foreland, or the
Iglesia basin of Argentina. The work presented here sug-
gests that a joint inversion of the grain size data and topog-
raphy (slope and extent of the fan) could yield constraints on
the value of model parameters (such as G or K) and subse-
quently allow us to better assess the contribution of autogenic
processes to grain size fining before using such data to infer
subsidence patterns.

Finally, additional developmental work could involve fur-
ther exploring sand fining allowing, for example, for bimodal
distributions; adding an abrasion component to fining; or
incorporating a feedback between grain size and the trans-
port/erodibility parameters of the LEM component of Grav-
elScape.
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Appendix A: Input parameters

Table A1. Reference GravelScape model parameters. Note that we often tested a range of values. Unless stated on the figures, the model had
the following inputs used.

Validation setup
Parameters (1-cell orogen and imposed subsidence)

K (all assuming mean 6.5× 10−6 (reference) m1−2 m yr−1

annual precip. of 1 m yr−1)
m 0.4
n 1
G 1 (reference)
Diffusion 0.1
LM 1000 m (simplified single-cell orogen)
LB 200 000 m
y 100 000 m (GravelScapeMCH)
1x 1000 m
1y 1000 m
1t 10 000 years∑

time 25× 106 years (steady state)
U 0.01 m yr−1

D0 1
φ0 0.75
CV;C1 0.75
νM 20 (reference)
νB 1
(νMLM)/(νBLB) 0.1 (reference)
Imposed σ0 −1.36× 10−5 (reference) m yr−1

Imposed α 2.5
Imposed F 10 (reference)

Appendix B: Alternate framework of slope vs F

The framework maps in Fig. B1 are similar to those shown
in Fig. 8 but with slope, S, replacing β along the vertical
axis. In Fig. B1a and b, we used the slope averaged over the
entire basin LB. In Fig. 8c and d, we used the slope averaged
over, Lf, the theoretical size of the fan according to Braun
(2022), i.e. the size of the upstream mountain catchment LM,
weighted by the ratio of precipitation rates in the mountain
and in the basin, i.e. νM/νB. Grain size fining and grain size
fining deviation are measured over the same distances, i.e.
LB for panels a and b and Lf for panels c and d.

We considered slope a general alternative to β, since there
was a similar pattern of grain size deviation in the frame-
work and a general high correlation between slope and grain
size deviation. Within the main text, we prioritized β config-
urations as one approach to inducing higher slopes and more
autogenically dominated conditions, due to β’s measurability
at the landscape scale. However, our results also showed how
transient conditions (lower K) and higher G can increase
slope and autogenic dynamics. With limited subsidence, any
initial topography present within the basin could perpetuate
increased slope, rugosity, and autogenic fining conditions.
However, under high subsidence conditions, impacts of ini-
tial topography in a basin would likely be rapidly buried,
leading to flatter slopes, low across-basin topographic vari-
ability, and subsidence-dominated fining conditions. There
are many more scenarios that could impact slope and subse-
quent autogenic fining conditions that warrant further study.
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Figure B1. Proposed framework to interpret grain size fining trends. Maps of (a) total grain size fining and (b) grain size deviation as a
function of F and S. Panels (c) and (d) are the same as panels (a) and (b) but averaging slope and computing total fining and deviation at the
end of the fan, i.e. at x = Lf.

Code availability. The GravelScape source code
and example Python applications are available at
https://doi.org/10.5281/zenodo.15641112 (Wild et al.,
2025a). GravelScape code also depends on LEM repos-
itories: Bovy and Lange (2023) Fastscape v0.10, avail-
able at https://doi.org/10.5281/zenodo.8375653, and
Bovy et al. (2023) Fastscape-fortran v2.8, available at
https://doi.org/10.5281/zenodo.8392416.

Data availability. Numerical modelling results and example note-
books are available at https://doi.org/10.5281/zenodo.15641112
(Wild et al., 2025a). No further data sets were used in this article.

Video supplement. A video demonstration of the GravelScape
grain size fining model with an uplifting orogen and a subsiding
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