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Abstract. Deb

atErosion and entrainment exchange mass

and momentum across the f

eroston-while-others-deeelerateare-flow—bed interface and can strongly modify debris-flow mobility. However, the material
WW&WWIMRMW under-
Here, we conducted dry granular flow
mmmmwmg mass and fheffeérb*&bed—%gge%ﬁﬁg

imposed-inertial-contrastsbyreleasing-a-an erodible bed affect erosion, flow evolution, and deposition, using surface measurements

of the evolving flow and final deposit. A quar’[z slide of constant solid density-over-erodible-particle density was released over
beds with lower, equal, and higher solid denst

alengside-particle densities and compared with a reference case without erosion. Each scenario was repeated forfinesand-and-a

using finer
W@W&ﬂwwbwmmy beds exhibithigherapparent mean-erosionrates;
faster-flow-fronts-before-depesitionproduced deeper erosion, higher average flow-front velocities, and longer runoutlengths;
whereas-flows-over-, By contrast, the equal- and high-density beds evolve-similarlyproduced nearly identical results, with shal-
lower erosion sstowerflow-fronts;-and-shorter;-depths, lower average flow-front velocities, and more compact deposits, despite

their substantially different solid particle densities. The same relative patterns were observed for both particle-size fractions
although coarse-particle flows generally formed longer and flatter deposits. Relative-to-theneutral-scenariothe-entrainment
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also-contribute—Whereas-the-shows that mobility cannot be explained by solid particle density alone. Instead, the enhanced
0 0 i beds

mobility over the low-density be
is more consistently explained by coupled effects of lower internal friction, rounded particle shape, greater bed deformation
and more efficient entrainment. The similar response of the equal- and hlgh -density beds eeﬂﬂskefﬂﬂgﬂl—afpafﬂe}es—wﬁh

However,resolvingteflects their comparable and higher frictional resistance and angular particle shape, which appear to
outweigh the contrast in solid particle density under the tested conditions. Yet, surface-based measurements alone cannot
resolve whether more subtle differences persist between-the-inertial-seenarios-withrequire-direetin basal slip, shear localization,
and the incorporation of mobilized bed material. Depth-resolved observations at the flow—bed interface to-capture-grain-seale
i s and Lvariabilit sionintensity.

are therefore needed to directly relate erosion and entrainment to mass and momentum exchange.

1 Introduction

Debrisflowsare-highly-dynamienatoral-hazards-that-Gravity-driven mass movements in steep terrain, including dry granular

flows, rock avalanches, and debris flows, shape mountain landscapes through erosion, entrainment, transport, and deposition.

Understanding-their flow—dynamies—is-By entraining bed sediment, especially on metastable slopes (Mangeney et al., 2010;
Mangeney, 2011; Aaron and McDougall, 2019), such flows can rapidly increase in volume and mobility (Hungr and Evans,

2004). Understanding flow—bed interactions is therefore essential for predicting future-debris-flow-activity-in-achangingelimate

mass-flow dynamics and hazards under changing climatic conditions and for reconstructing long-term landscape evolution
(e.g., Rickenmann, 1999; Reid et al., 2011; Roelofs et al., 2023). YetDespite their importance, the physical mechanisms behind

e-governing mobility
in erosive flows remain incompletely understood (e.g., De Haas and Van Woerkom, 2016; Pudasaini and Fischer, 2020; Jiang

et al., 2023), In general, entrainment alters mobility through mass and momentum transfer, changes in basal resistance, and
bed weakening (e.g., Hungr et al., 2005; Mangeney et al., 2007; Santi et al., 2008; Iverson et al., 201 1) Hewwm
responses are not uniform:- i i
through-entrainment. Some erosive flows become more mobile as bed material is entrained, whereas others decelerate despite

eroding—Proeesses-oferosion-locally during erosion without necessarily exhibiting lower overall mobility (e.g., Hungr et al.,
2005; Mangeney et al., 2007; Farin et al., 2014; Zhang et al., 2026).

Erosion and entrainment are increasingly incorporated into

mechanical mass flow models. Existing approaches account for flow-volume growth (e.g., McDougall and Hungr, 2005; Med-
ina et al., 2008; Iverson, 2012; Frank et al., 2015) and i HH i AP ton ever-the

unified-erosion-theory-and-the-mechanteal-complexity-ef-mechanical effects on the momentum balance, including basal shear
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and-reproducible-eonditions-momentum exchange over erodible beds (e.g., Takahashi, 1991; Iverson, 2012; Takahashi, 2014;
Iverson and Ouyang, 2015; Pudasaini and Fischer, 2020). However, numerical models differently represent entrainment.
Depth-averaged simulations commonly prescribe erosion through entrainment laws based on basal shear stress, whereas
alternative formulations consider slope-normal or tangential momentum jumps and frontal ploughing (Issler, 2014, 2020).
By contrast, depth-resolved simulations represent both the moving mass and the erodible bed through constitutive laws.
Erosion and entrainment can therefore emerge from the evolving stress and deformation fields rather than from separate closure
assumptions for entrainment fluxes and boundary stresses (e.g., Crosta et al., 2009). Fully three-dimensional depth-resolved
simulations have become increasingly feasible at slope scale (Cicoira et al., 2022; Kyburz et al., 2025; Zhu et al., 2025). Across

these modeling approaches, there is a growing need for controlled experimental datasets against which predictions of erosion
entrainment, and mobility can be evaluated (Iverson et al., 2011; De Haas et al., 2020).

flow-related and bed-related controls on erosion and entrainment. Dry granular flow experiments using broadly similar flow

and bed materials show that erodible layers can either enhance or reduce mobility depending on boundary conditions (Crosta
et al., 2009; Mangeney et al., 2010). Among the investigated flow-related controls, greater released mass intensifies bed erosion

and entrainment (Lu et al., 2016) and enlarges the eroded zone, resulting-in-highermobility-andJonger-with associated increases
in mobility and runout (Liu et al., 2023). Two-phase debris-flow experiments further reveal-indicate that water- or gravel-rich
flows are more erosive than clay-rich flows (De Haas and Van Woerkom, 2016; Roelofs et al., 2022),—with-ereston-targely

eontrolled-by—. In these experiments, erosion has been related to both basal shear stress (De Haas and Van Woerkom, 2016)

produeing-and collisional stresses (De Haas et al., 2022; Zheng et al., 2025). Increasing the water content of the movin
material may additionally increase entrainment volumes and produce flatter, wider, and longer deposits (Pandey and Satyam,

2025). Instead;—varying—the-bed-charaete demonstrates-also-therole-of-the-mechanical-and-hydraulic properties—o

Among the investigated bed-related controls
erosion rates decrease with increasing bed grain size (Egashira et al., 2001; Papa et al., 2004). Small-seale-andlarge-seale
experiments—show-that-inereasing-Increasing bed water contentfaeilitates—bed-, by contrast, facilitates entrainment through

elevated pore-pore-water pressures and reduced effeetive-basal-friction; promoting-higherflow-veloeities; mass-and-momentu

rrinternal friction,

g ry v S a v S S 2535 g g

as observed in both small-scale (Roelofs et al., 2023) and large-scale experiments (Reid et al., 2011; Iverson et al., 2011).
Field observations support the experimentally observed role of bed saturation. High bed pore-water pressures—within-the-bed
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eoineide-with-sediment-entrainment-phases-pressures coincide with phases of sediment entrainment (Berger et al., 2011)and
that-debris—, and flows over saturated beds grow faster and attain mere—vel&m&jggg@ArA\AiglAllAlgeAsNthan those over drier beds

(McCoy et al., 2012). Besides,

recent experiments
further indicate that dry granular flow—bed m{effaee—whiekretmfefmﬂaeefeﬁeahmdels—eﬂﬁmaﬂye&ptuf&

may also_vary spatially along the erodible bed (Zhang et al., 2026). Whereas impact-induced ploughing and compression
mim%wmm:rmependmg on the meehamea%pfepefﬁe%eﬁheeﬂff&meérbedﬁeehmeﬂ%

Among the experimentally investigated flow and bed properties, the role of contrasts in solid particle density between the
moving skde-flow and the erodible bed —

Temains poorly constrained. Such
contrasts may arise from lithological differences and can be particularly pronounced during interactions between rock-rich
masses and snow or glacier ice (Mergili et al., 2020; Feng et al., 2023; Munch et al., 2024; Yang et al., 2025; Peng et al.,
2025). In many natural settings, however, contrasts in solid particle density may be modest. They also commonly coincide
with differences in particle-size distribution, particle shape, porosity, packing, water or ice content, bed strength, and frictional
resistance. This covariance makes the isolated mechanical contribution of solid particle density difficult to determine. Still, solid
particle density is mechanically relevant because it determines bulk density together with porosity or solid volume fraction.
Bulk density, in turn, governs mass and momentum balances, normal and shear stresses, and flow—bed momentum exchange
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in mechanical models (e.g., Takahashi, 1991; Iverson, 2012; Takahashi, 2014; Iverson and Ouyang, 2015). Previous flume

experiments show_that bed bulk density can influence erosion and mobility when altered through compaction and porosity.
(Farin et al., 2014). Yet, these experiments did not isolate the contribution of solid particle density itself. The theoretical
mobility model of Pudasaini and Krautblatter (2021) likewise considered density contrast as a potential control and motivated
the present experimental design. Subsequent discussion addressed mainly the specific kinematic assumptions of the model,
particularly the velocity assigned to erodible bed material (Issler et al., 2024), rather than the potential mechanical role of
density contrasts. Controlled experiments are therefore needed in which other material properties are kept as similar as possible
while the contrast in solid particle density is sufficiently large to produce a measurable response.

To address this gap, we designed a series of dry granular flow experiments in which a constant quartz slide was released
over erodible beds with lower, equal, and higher solid particle density relative to the slide. These three erosive scenarios that

performed-for-a-were compared to a non-erosive reference scenario with rigid bed and investigated for both finer (sand-sized)
and a-coarser (sand-to-gravel-sized) fraction-to-assess-potential-grain-size-dependenteffects—We-combineparticles. Within each
particle-size fraction, particle-size distributions were kept comparable across scenarios to minimize accompanying variations
in porosity. Although solid-particle-density contrast was the primary design variable, accompanying sediment properties such
as particle shape and frictional resistance could not be controlled fully independently in all cases. We therefore interpret the

experiments as controlled density contrast scenarios in which accompanying material properties are explicitly considered.
By combining high-resolution measurements of flow surface and deposit surface-topography with qualitative analyses of the

N _ I . . q

internal deposit structure, we assess how contrasting
bed materials affect erosion, average flow-front velocity, deposit morphology, and internal sorting. These experiments provide
benchmark data for testing whether numerical models can reproduce material-dependent erosion, mobility, and deposition of
dry granular flows.

2 Material and Methods

2.1 Targeted inertial-density contrast scenarios and materials
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s < Stss sityThe experiments were designed as controlled density contrast
scenarios between a dry granular slide and a dry granular erodible bed. Aecordingly,materials-with-higher density-are-considered

ne machan oRoe haras dan m = o on<deraed ne meachan aalea A cthic

Instead;alt-anatyses-are-condueted-Unconsolidated quartz grains were used as the released slide material in all experiments,
whereas the erosive bed material had systematically lower, equal, or higher solid particle density. Particle-size distribution,
initial bed geometry, and packing were kept comparable across experiments to minimize systematic differences in porosity.
Consequently, differences in dry bulk density primarily reflect differences in solid particle density rather than intentionally
varied bed structure. The experiments were performed at a consistent laboratory scale -and-ourinterpretations-are-based-on

P 1+ N N < 10Q B o A alino oy 1 6”
not intended as dynamically scaled reproductions of natural flows. Accordingly, the imposed solid-particle-density contrasts
were deliberately larger than those typically expected in natural torrent or hillslope materials in order to produce measurable
differences in flow response.

Four slide-bed configurationsea

varying-the-bed-material, hereafter referred to as scenarios, were tested: (i) an-inertiatty-weak-a low-density scenario, where a
quartz slide overrode a lew-density-bed made of expanded glass with a lower solid particle density (pg1ass = 400-600 kg m—3;

Fig. 1a)-; (ii) an inertialy-neutral-equal-density scenario, where both slide and bed consisted of quartz with equal solid particle
density (pqt, = 2700 kg m~3; Fig. 1b)-; (iii) an-inertialtystrong-a high-density scenario, where a quartz slide overrode a
high-density-bed made of magnetite with a higher solid particle density (pyag = 4800 kg m~3; Fig. 1¢); and (iv) a referenee
seenarto-without-erosionnon-erosive reference scenario, where the quartz slide moved over a rigid, reugh-coated-plywood
surface«rough plywood plate (equivalent sand roughness k¢ = 0.27 mm; Fig. 1d). In the three erosive scenarios (i-iii), the
quartz thus served as the-inertial-solid-particle-density reference relative to the erodible bed material (Table 1). Its initially
released volume-mass was identical in all experiments and consisted of 130 kg dry quartz sand-(Fig. 1b). In-addition;—te

Each of the four scenarios were-each-was conducted in two experimental series using—afine—fraction—<differing in particle

size (Fig. 1). In a fine series ("/f"), both the initially released slide and the erodible bed consisted of a finer 0.25-2 mm +
“Heomposed-of-fraction, comprising 100%-sand;-and-a-coarse-fraction{% sand-sized particles. In a coarse series ("/c"), slide
and bed consisted of a coarser 0.25-8 mm s—/e*)eomposed-of-fraction, comprising 50% sand-sand-sized and 50% gravel
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Figure 1. Materials used to study the influence of solid-particle-density contrasts in the dry granular flow experiments. (a-c) Erodible bed
materials with (a) expanded glass (Glass) for the low-density scenario, (b) quartz (Qtz) for the equal-density scenario, and (c) magnetite (Ma;
for the high-density scenario. (d) Rough plywood used as rigid bed for a non-erosive reference. () Cumulative particle-size distributions.
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200 ina-water-bath—gravel-sized particles. To ensure comparable particle-size distributions, quartz, expanded-glass, and magnetite
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were each sieved into the previously-defined-fine-and-eoarsecorresponding fine- and coarse-particle fractions (Fig. le). Petailed
1 . Fisted-in Fable_

From here on, we refer to the materials as “Glass”, “Qtz”, and “Mag”. In the fine series, “Glass/f”, “Qtz/f”, “Mag/f” denote the

erosive scenarios and "reference” the non-erosive scenario. In the coarse series, the corresponding experiments are denoted as
“Glass/c”, “Qtz/c”, “Mag/c”, and “reference”. Moreover, we use the term “slide” to refer specifically to the initially released

tz—slide before its interaction with the erodible bed or to distinguish the overrunning from the erodible material.

Table 1. Characteristics of the erodible-materials used to simulate the different nertiat-bed-density contrast scenarios. /f: fine particles; /c:
coarse particles.

ErodbleheaScenario Relative erfiaBed material Particle size Sohd parfide  Dry bulk
materist ofbed-tostide density density
(mm) (kgm~?) (kgm~?)
Fxpanded Glass ek Ol 0252 0 300
Glassle 025-8 440 260
Quartr nestistynenteat QuIE 0252 2710 1360
Quiet T oss 2740 1530
Magneite nertalysronsMagh 0252 4760 2620
Magie 025-8 4830 2150

 Due 1o the low fiction angles, Glass was mixed with 4-5% water by mass to prevent sel-induced failure on the 37° inclined flume.

mixtures had to be efficiently separable after the experiments to enable complete material reuse. Qtz and Mag were chosen as
natural sediments with angular particles and significantly contrasting solid particle densities. Their similar particle shape and
frictional properties made them suitable for comparing equal- and “reference™for-the-coarse-particle-experiments—Moreover;

distinguish-the-overrunningfrom-the-erodible-material-high-density scenarios while minimizing differences in other particle

Table 1, Fig. 1b, ¢). In addition, the deposited mixtures of Qtz and the ferromagnetic Mag could be efficient]

separated magnetically after each experiment. The Glass (PORAVER®), in contrast, is an artificial material composed of nearl

spherical particles (Table 1, Fi

characteristics

. 1a). It was selected because no natural sediment with a distinctly lower solid particle densit

relative to Qtz was available that could be efficiently separated for reuse. The buoyancy of the light Glass enabled complete
separation of Qtz—Glass mixtures by their density contrast in a water bath. In-al-etherecases—we-use—debris-flow—We-further

flews-Accordingly, w

the low-density scenario provides the intended solid-particle-density contrast relative to the equal-density scenario. However.
the two scenarios also differ in particle shape and frictional properties. These material properties are quantified in Table 1 and
are explicitly considered in the interpretation of the experimental results.

2.2 Experimental flume
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Figure 2. Experimental flume setup. (a) Side- and (b) top-view schematic. (c) Flume with planar erodible bed and filled reservoir before the
experiment. (d) Deposit after the experiment. Flume sections and measurement positions are indicated. Photographs are from Exp5 (Glass/f).
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Debris-flow-Dry granular flow experiments were conducted at the Hydraulic Laboratory of the University of the Bundeswehr
Munich, Germany, in a newly designed experimental debris-flew-flume (Fig. 2). This flume consisted of a 5 m long and 0.26 m
wide straight channel with 0.5 m high vertical sidewalls, forming a rectangular cross-section. Upstream of the channel, a
funnel-shaped reservoir stored the 130 kg initial sliding material. +This mass corresponded to a calculated release volume
of ~96 L for the fine- and ~85 L for the coarse-particle experiments. The reservoir was filled by releasing Qtz vertically from
a bag into the reservoir witheut-avoiding pre-mixing to preserve natural variability and internal sorting;-as-these-conditions

etter represent-natural-debris-flow-initiation—where-material israrely-homegeneous. A flap operated by a pneumatic cylinder
opened in-a-splitsecondinstantaneously, releasing the Qtzinitial Qtz—slide into the channel. The 5 m long channel was divided
into four distinct sections: (i) an upper rigid bed (2 m) made of rough-eoated-rough plywood, to allow the slide to develop
and accelerate; (ii) a transitional bed (~1 m) containing a rigid lattice ;-shaped like a I:eg&LAIjZVGmOberick, which was overfilled
with erodible bed material to gradually adapt the slide to the erodible bed and prevent immediate scouring at its upstream
edge (e.g., De Haas and Van Woerkom, 2016); (iii) an erodible bed (~1 m) with a thickness of 0.1 m; and (iv) a lower
rigid bed (1 m) made of reugh-coated-rough plywood, to avoid extensive head erosion and sudden failure of the erodible
bed section. Downstream of the channel, the slide-bed mixture entered a 3.4 m long and 2 m wide runout area;-, This area
was inclined by 10° to facilitate material outflow and reduce in-channel deposition restlting-from-caused by the abrupt slope
break and associated reduction of-in flow momentum. Except for the channel beds, all flume elements in contact with the flow
were made of smooth materials with similarly low roughness (equivalent-sand-reughness+s<-0-045)-to minimize frictional
resistance. Acrylic glass (ks < 0.01 mm) was used for the reservoir and transparent front sidewall, PVC (k¢ < 0.01 mm) for
the back sidewall, and smooth plywood (ks = 0.04 mm) for the runout area. In contrast, the rigid bed sections were made of
rough plywood (ks ~ 0.27 mm; Fig. 1d). Surface roughness was measured using a Keyence VK-X3000 3D laser scanning
microscope based on focus variation (<3 um accuracy). The peak-to-valley roughness /2. was determined along a circle on the
respective surface and is reported here because it closely approximates the equivalent sand roughness ks (Adams et al., 2012).

A-steep-A flume inclination of 37° was used for all dry granular flow experiments to ensure sufficiently high sliding velocities
and —therefore—a—high-erosive potential (e.g., De Haas and Van Woerkom, 2016; Lanzoni et al., 2017b). This slepe—was
inclination was required to mobilize the dry material solely by gravity and to prevent early deposition before or on the erodible
bed. The chosen angle was close to the internal friction angle of the eredible-Qtz and Mag beds (Table 1), representing
the steepest angle at which these beds remained stable without spontaneous failure. However, due to the comparatively low
internal friction angle of Glass, the Glass beds had-to-be-were stabilized with 4-5% water and-were-uniformly-by mass and

surficially compacted to increase particle cohesion (Table 1). The selected angle therefore represents a compromise between

ensuring sufficient mobility and erosion, initially stable and reproducible bed conditions, and save flume operation. After each
experiment, the flume was returned to a horizontal position for post-experimental measurements.

10
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2.3 Instrumentation, measurements, and data processing

Flow height and average flow-front velocity were derived from seven ultrasonic sensors (WayCon UFP-400; 30—400 mm range,
60 ms sampling interval, £1 mm accuracy) installed normal to the bed along the channel centerline (usl-us7; Fig. 2). The
sensors were positioned in systematic intervals to capture both the temporal evolution of the flow at specific locations and its
spatial development downslope. To-prevent-potential-data-gapsfrom-signal-Hoss;-mest-Most sensors were installed in pairs:
usl—us?2 at the end of the upper rigid bed, us3 above the transitional bed, us4—us5 above the erodible bed, and us6—us7 at the
end of the lower rigid bed. Data recording was synchronized with the reservoir opening, as the sensor trigger was coupled to the
flap-release mechanism. Postprocessing of the records was performed in MATLAB@% For each sensor, flow height was
derived by subtracting the mean value of the first-second measurements (representing the initial bed level at flow height 0 cm)
from every subsequent data point in the time series. The signals were then smoothed using a moving-average filter over 0.1 s
intervals. At the rigid bed sections, the resulting flow height corresponds directly to the actual slide thickness, as the bed surface
remained fixed at O cm. At the erodible bed, hewever-ongoing erosion lowered the surface;so-recordsbed surface. The records
from us4—us5 therefore represent an apparent flow height that refleets-a-mixed-signal-of-both-combines temporal variations in
slide thickness and bed-level change. Flow-height values can thus even become negative when erosion becomes deeper than
slide thickness. Flow-front arrival was defined as the moment when the flow height first exceeded a 1 mm threshold. Flow-tail
passage was defined as the first time after flow-front arrival that the decreasing flow height crossed the mean height calculated
over the last 1.5 s of the ultrasonic record, after the flow had completely passed the sensor. Flow-frent-Average flow-front
velocity was calculated from the ratio-of-the-traveled distance from the-reservoir flap to each sensor (Fig. 2a) and-therespeetive

timeof-divided by the corresponding flow-front arrival time. Cumulative average velocities were preferred over section-wise
velocities between adjacent sensors. Over the short inter-sensor distances, small uncertainties in detecting flow-front arrival

would strongly affect the calculated section-wise velocities, particularly when individual particles saltated ahead of the flow
front.

We also derived an apparent mean erosion rate at sensor us4;—, It was calculated as the ratio between the final erosion-depth
slope-normal erosion depth inferred from the flow-height record and the duration of debris-flow-flow passage at us4. We refer
to this rate as "apparent” because it does not capture the temporal variability of the erosion process but represents an average
over the entire flow duration at this single location. In reality, however, the flow tail likely exerts insufficient shear stress to
sustain erosion and instead promotes material deposition onto the erodible bed (e.g., De Haas et al., 2015);eading-. This leads
to an underestimation of the final erosion depth that reflects the bed surface after tail-complete flow-tail passage.

Deposit morphology was mapped using a 3D-surface scanner (MotionCam-3D L Blue LC3R; 2.5 x 2.1 m scan area, 2 Mpx
resolution, <1.25 mm accuracy) mounted above the runout area with perpendicular view to the 10°-inclined surface (Fig. 2).
The scanner was positioned along the centerline, and x,y, z coordinates were referenced with a marker board fixed to one
lateral rim of the scan area. For deposits extending beyond the scan area, the scanner was repositioned downstream by a

guide rail system to capture the whole runout area. A second scan overlapping the first at the marker board position was

11
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acquired and merged with the first by exact alignment at the marker board, establishing a shared coordinate system (Fig. 2a,b).
Scans were performed with the flume in a horizontal position to prevent signal reflection from the channel outlet, which
protruded into the scan cone when the flume was inclined (Fig. 2a). Therefore, the morphologies presented below represent
only material deposited on the runout area but do not account for in-channel deposition. Postprocessing of the obtained 3D
point clouds was carried out in MATLAB®v2023b. Deposits were first isolated by subtracting a reference scan of the planar,
empty runout area. fn-a-subsequent Only the coherent deposit bodies were retained and disconnected particles were excluded,
using a cluster analysis based on a minimum Euclidean distance of 5 mm;-only-the-coherent-depesit-bodies—wereretained
and-diseonnected-particles—were-excluded. Finally, the remaining point clouds were converted into 3D-volume models using

triangulation-based natural neighbor interpolation with a grid resolution of 3 mm. From the 3D-volume models, geometric and
volumetric parameters of the mixed slide—bed deposits on the runout area were determined, including the deposit’s length (L),
width (W), maximum height, extent ratio (L /W), covered area, volume, center of volume, as well as the travel angle, which
is defined here as the inclination between the deposit’s center of volume and the lower edge of the reservoir outlet (Fig. 2a).
Note that the center of volume should not be interpreted as the center of mass, since the mixed slide—bed deposits can contain

materials of varying densities.

The internal structure of the Qtz—Glass and Qtz—Mag deposits on the runout area was examined qualitatively by slicing the
deposits laterally into regular cross sections. Each profile was created by inserting a 2 mm thin glass plate vertically into
the deposit and capturing the exposed section with a camera, after the material in front of the glass plate had been removed.
This qualitative approach was not applied to Qtz—Qtz deposits, as the Qtz bed was not colored to preserve its natural surface

properties and ensure identical conditions and material reusability, making particles from slide and bed indistinguishable.
2.4 Experimental reproducibility

To evaluate reproducibility, a total of 24 debris-flow-dry granular flow experiments (Exp1-Exp24) were performed, 12 for each
matertal-size-particle-size fraction. Both fine-and-coarse-fine- and coarse-particle experiments comprised all four scenarios
(weak;neutralstrong-and-low density, equal density, high density, or reference), with every scenario repeated three times. To
maintain consistent conditions, all experiments followed the same sequence of preparation and operation steps. The full set of
debris-flow-dry granular flow experiments is summarized in Table 2 and frontal photographs of all experiments are provided in
the Supplement in Figures S1 and S2.

From the three repetitions per scenario, one representative run was selected for detailed presentation and illustration: fine-particle
experiments — Glass/f (Exp5), Qtz/f (Expl), Mag/f (Exp7), reference (Exp12); coarse-particle experiments — Glass/c (Exp18)
tz/c (Expl4), Mag/c (Exp20), reference (Exp22). The selection is based on the best overall agreement in flow-front arrival

time and early-stage flow-height evolution across the four scenarios recorded at sensor us2 (see Sect. 3.1.1). This sensor served

as a control for consistent initial flow behavior, as the flow at this location consisted solely of the released Qtz—slide, which

was identical in all runs within a particle-size fraction. Unless stated otherwise, the data presented hereafter refer to these
representative runs.
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Table 2. Experimental-debris-flow—eonditions—Conducted dry granular flow experiments as well as

measures of the respective deposit

charaeteristieson the runout area.
Experiment Deposit measures
Exp ID Scenario Slide  Bed(seenario) Rep Length Width Height Area Volume EA¥::CoV" Travel angle*“angle’
(cm)  (em)  (em) (m®) (L) (cm) ©)
ExprExpl® fine Qtzequal density  Qu/f  Q ff1 97 92 22 0.7 53 342
Exp2 fine Qizequal density  Quf  Q £2 85 94 2 07 56 342
Exp3 fine Qtzequal densit Wi Q £03 85 88 21 0.6 49 343
Exp4 fine Quzequ ity Quf Glasséwesky/f 1 157 94 16 13 74 327
ExpS“Exp5' fine Quf  Glasséwesky/f 2 157 92 15 13 75 325
Exp6 fine QU Glasséweakr/f 3 159 90 15 12 68 325
Exp7-ExpT’ fine Quf  Maglstrongr/f 1 90 89 21 07 51 343
Exp8 fine Quf  Magsongr/f 2 96 84 19 07 48 343
Exp9 fine Quf  Magtstronerf 3 96 85 19 07 46 343
Expl0 fine ce  Quif - 1 135 82 16 1.0 60 335
Expll fine Qtreference 1/t - 2 140 83 16 1.0 67 333
Expi2:Bxpl2' fine Qtzreference w/f - 3 146 83 15 L1 71 33.1
Expl3 coarse Quzequal density Qe Qi e 1 127 78 17 0.9 46 339
Expi4=Expl4’ coarse Quzequal density Qi Q e 2 127 82 18 0.9 49 339
Expl5 coarse Qurequal density  Qufe G e 3 132 82 18 09 51 339
Expl6 coarse ©trlow densi Quc_ Glasstwesirle 1 316 129 11 3.1 91 292
Expl7 coarse Qizloy Qulc  Glasstweskrlc 2 336 135 10 36 91 29.1
Expt8<Expl§" coarse Qtzlo Qe Glasstweskrlc 3 303 125 1 29 89 300
Expl9 coarse Qerhigh density  Quzfc Magtstrongifc 1 128 83 17 0.9 51 337
Exp20=Exp20" coarse Qtzhighdensity  Qu/c  Magtstrongr/e 2 129 79 17 0.9 50 338
Exp2l coarse Qizhigh density Qe Magtswongile 3 121 79 17 038 47 339
Exp22% Exp22" coarse Qzreference - 1 245 114 12 1.9 83 278
Exp23 coarse Quereference  Quzfe - 2 242 104 1 17 81 279
Exp24 coarse Quereference  Quzlc_ - 3 228 100 13 L6 81 28.6
= “ Runs selected for detailed anatysis-presentation and illustration in this study (see Sect. 2.4).
- " Center of volume as longitudi

i fength-to-width-ratio

3 Results

between the deposit’s center of volume and the lower edge of the reservoir outlet.

The results are presented in two parts. The first part describes the spatiotemporal evolution of the dry granular flows in the

channel, including flow height, bed erosion, and average flow-front arrival-time-and-early-stageflow-heightevelution-aeross

velocity.

The second part analyses the resulting deposits on the runout area, including deposit morphology, and the internal structure of
selected mixed slide—bed deposits. Within each subsection, the observations are followed by a brief mechanistic interpretation
of the key findings. The discussion then integrates these individual mechanistic interpretations into a broader process-based

framework.
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4 Results

3.1 Spatiotemporal debris-flow-flow evolution and bed erosion

The flow-height hydrographs from the ultrasonic sensors illustrate the spatiotemporal evolution of fine-and-coarse-debris-flow

passage-aleng-theflume-the dry granular flows along the channel (Fig. 3). We present below the data from us2, us4, and us6,
which capture the key stages of debris-flow-flow progression: pre, during, and post erosion. The remaining sensors recorded

equlvalent trends and are shown in the Supplement feﬂvetéfedﬂﬂdmiey—esﬁpp}emeﬂ%ﬁgﬁgfvlgggevg S3 and S4)-—Flow-height
-, along with the repeated experiments that

demonstrate high reproducibility of the flow-height signals.

3.1.1 Flow heights upstream the erodible bed

Before reaching the erodible bed (us2 in Fig. 3), flow heights show a nearly identical temporal evolution across all scenarios.
The early Qtz—slides are characterized by a rapid rise and a more gradual subsequent decay in flow height —Fhe-timing-of-with

well-defined and consistent flow-front arrival and flow-tail passageis-well-defined-and-consistent—In-the-fine-experiments;-, The
fine-particle flow fronts reach us2 about 1.3 s after slide release and the slides pass within 5 s. They thicken up to 5 cm, with

peak height occurring near the flow head. Tn-the-coarse-experiments;The coarse-particle flow fronts arrive at the same time but

the slides pass within 4 s. Peak heights remain thinner at 3.5 cm and the association between peak height and flow front is less

distinct.

The close agreement among all scenarios within each particle-size fraction at us2 thus confirms comparable initial flow
conditions at the entrance to the erodible bed. Differences observed farther downslope can therefore be attributed primaril
to subsequent flow—bed interactions rather than to systematic differences in release time or upstream flow conditions.

3.1.2 Flow heights on the erodible bed and local bed erosion

At the erodible bed ;—(us4 in Fig. 3), flow fronts still arrive almost simultaneously across all scenarios—Yet—the-temporal

In-the-reference-experiments—without-erosion, but subsequent flow evolution differs markedly. In the non-erosive reference
scenarios, flow evolution at us4 resembles that observed at us2 but with a flatter and more elongated passage. The fine

debris-fine-particle flow passes within 5.0 s at maximum-a maximum thickness of 4 cmthiekness, while the eearse-debris
coarse-particle flow passes within 4.5 s reaching-and reaches a peak height of 3 cm.

In the erosive experimentsscenarios, by contrast, flow fronts steepen immediately upon arrival, and the duration of debris-flow
flow passage increases compared to us2. Fine-debris-Fine-particle flows pass the sensor in about 7 s, whereas eoarse-debris

14
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Figure 3. Spatiotemporal debris-flow-flow evolution of (a) fine- and (b) coarse-particle experiments. From top to bottom: evolution of flow
height over time at us2 (before the erodible bed), us4 (on feroding-the erodible bed), and us6 (before the runout area), as well as average
flow-front velocity from reservoir flap to sensor over downslope distance, and over time. Representative runs are shown (see Sect. 2.4). Note
that in (b), no data point is shown at us3 for the Glass/c experiment in the two lower panels due to a brief ultrasonic signal loss during
flow-front passage. /f: fine particles; /c: coarse particles; us: ultrasonic sensor.
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coarse-particle flows pass within 6 s -developing-and develop slightly steeper fronts. Yet-the-magnitude-and-manner-of-bed
. Leurface] o i

The non-erosive reference scenarios provide the baseline for interpreting the changes observed in the erosive scenarios at
us4; Their evolution is consistent with continuous acceleration downslope and longitudinal stretching of the slide over the
rigid bed. Over the erodible beds instead, the steeper flow fronts and longer passage durations are consistent with an abrupt
increase in basal resistance and with momentum transfer from the moving slide to the initially resting bed. The resulting
reduction in average flow-front velocity may cause following material to accumulate behind the flow front and produce local
flow-front steepening and thickening. Ongoing entrainment of bed material further prolongs the passage of the mixed flow. The
slightly longer passage of the fine-particle flows suggests higher dispersive stresses in a more compact flow body, whereas the
coarse-particle flows appear to move in a lower dispersed state with a sharper, faster passing front.

After flow-front passage, the flow heights reveal different erosion behavior among the erosive scenarios at us4. In the Glass
experiments, flow-height evolution follows a distinet-three-step-pattern—a-steep-instantaneous-stepwise pattern. A steep flow
front coincides with peak-flow-peak flow height, followed by an abrupt first decline around 2 s after slide release, during which

the debris-flow—flow surface drops below the original bed level;-and-a-. A second, more pronounced decline occurs toward
the end of the event, around 6.5 s after slide release. After debris-flow-passage;nearly-flow passage, the entire 10 cm thick
bed is eroded. In the fine-fine-particle experiment (Glass/f), the successive drops reach -2.5 and -8.7 cm below the original
bed surface, resuliing-in-corresponding to an apparent mean erosion rate of about +:61.2 cms™!. In the eearse-coarse-particle
experiment (Glass/c), the two successive drops reach about -1.0 and -8.9 cm, yielding-corresponding to an apparent mean
erosion rate of about +:21.5 cms™!. In the Qtz and Mag experiments, flow heights evolve more gradually and behave-atmost
congruently- remain nearly identical for both materials. The debris-flows thicken initially toward peak flow and then decrease
continuously, falling only slightly below the original bed level. In the fine-fine-particle experiments (Qtz/f and Mag/f), flow
heights reach an early peak ;-before declining to final erosion depths of approximately -2.9 and -3.1 cm, corresponding to
apparent mean erosion rates of 8:3-ard-0.4 and 0.5 cms™!, respectively. In the eoarse-coarse-particle experiments (Qtz/c and
Mag/c), peak height occurs earlier and the subsequent decline begins sooner. Final erosion depths ef-are slightly larger with
about -3.6 and -3.7 cmeerrespond-, corresponding to apparent mean erosion rates of 6:50.6 cm s—h.

The contrasting erosion patterns reflect fundamentally different flow—bed interactions at us4. In the Glass experiments, the
initial drop in flow height suggests rapid erosion of the upper Glass bed. Due to the low solid particle density of Glass,
the Qtz:slide transfers less momentum to accelerate a given eroded bed volume than it would for a denser bed, resulting
in_comparatively limited momentum loss within the moving flow. In addition, the rounded particle shape reduces grain
interlocking and internal frictional resistance, providing only limited resistance against the erosive shear exerted by the denser
Qtz:slide. The stepwise lowering may reflect localized impact-induced ploughing (Zhang et al., 2026), although the underlying

mechanism cannot be resolved from the present measurements. By contrast, the gradual and nearly identical lowering of the
tz and Mag beds indicates higher resistance against erosion and entrainment. For a given eroded bed volume, the Qtz-slide

has to transfer more momentum to accelerate the denser Qtz or Mag. This effect is likely reinforced by their angular particle
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shape, which promotes grain interlocking and internal frictional resistance. Yet, the close agreement between the lighter Qtz
and heavier Mag indicates that the higher solid particle density of Mag did not produce a distinct erosion signal at us4.

3.1.3 Flow heights downstream the erodible bed

After erosion and before depositing on the runout area (us6 in Fig. 3), the timing of flow-front arrival appears-to-differ-differs
among the four scenarios by a few tenths of a second. The referenees-arrivefirst-non-erosive reference flows arrive first at,
followed by Glass, while Qtz and Mag reach the-sensor-us6 last and simultaneously. Ftﬁedebﬂ&”llhvevﬁgg\pvavrgglg flows arrive

a few milliseconds later than

flows.

The morphologic changes that developed on the erodible bed were thus propagated downstream and are reflected in the
flow-front arrival times at us6 and before the runout area. In the erosive scenarios, flow heights show a distinct late rise 5
whereas-the reference-experiments-display-nonethat is absent in the non-erosive reference scenarios. This late rise results from

the debris-flow backing up into the channel instead of being fully released onto the runout area, leading to in-channel deposi-
tion. Fhe-resutting- This backlog obscures the timing of the flow tail and is more pronounced for fine-debris-fine-particle flows,
which develop an earlier and stronger material accumulation than eearse-debris-coarse-particle flows.

3.1.4 Flew-frent-Average flow-front velocitiesdownslope

fine-and-eoarse-Average flow-front velocities from reservoir flap to each sensor overall increase downslope in both fine- and
coarse-particle experiments (Fig. 3). Veloeities inerease-consistentty-As expected for gravity-driven acceleration from rest,
velocities increase steeply along the upper rigid bed, reaching about 1.5 ms~! at us2. On the erodible bed at us4, velocity
trends begin to diverge among the four scenarios. In the reference-experiments;—veloeities-continue-to-inerease-approximately
me reaching the highest
final vatues-velocities of about 2.4 ms™! in the fine-fine- and 2.6 ms™! in the coarse-debris-flowcoarse-particle flows. In the
erosive scenarios, acceleration begins to decrease once the Qtz—slides encounter the erodible bed. In the Glass experiments,

flow-front-velocities-also-inerease-flow fronts continue to accelerate along the erodible bedbut, although with a slightly reduced
gradient. Both fine-and-coarse-debrisfine- and coarse-particle flows reach about 2.2 ms~! at us7, shortly before deposition. In

the Qtz and Mag experiments, Ve}eexﬂes—femam—ﬁeaﬂyeeﬁstaﬂ%ﬂﬂee—ﬂaeﬂebﬂs—ﬂew&eﬂeetm{eﬁhe flows no longer accelerate
once encountering the erodible bed -with-fi and the velocities of both

fine- and coarse-particle flows remain nearly constantly at 2.0 m s~ ! befere-theruneutuntil reaching the runout area.
T—heﬂme-depemdeﬁeve%uﬁma—eﬁThe evolution of average flow-front velocities ;
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The continued, although reduced, acceleration over the Glass beds is the minor consequence of enhanced erosion and basal
friction. By contrast, the velocity plateau over the Qtz and Magb%%m&gmm
at us4, where the debri “larger momentum transfer required to erode
and accelerate denser bed material counteracts further downslope acceleration.

3.2 Runout characteristics

The 3D surface scans and lateral cross sections of the final deposits characterize deposition in the runout area and provide

additional information on transport and entrainment processes in the channel. We first present the deposit geometry and runout

metrics for all scenarios, and then describe the internal material distribution of the mixed Qtz—Glass and Qtz—Mag deposits.

3.2.1 Deposit morphology

The deposits are largely symmetric along the central downslope axis. Deposit geometries differ elearly-among the four sce-
narios and con51stent1y in both ﬁ%e»p\aNrgAcAlgAsi&eNfractlons (Flgs 4 and 5). deewﬁeﬂge%w&e&ﬁ}%gﬁeeeﬁfm%

yielded highly consistent deposit morphologies, resulting in comparable metrics (Table 2) and near-congruent shapes (Table 5
across the three repetitions (Fable2Fig—5:-—see Supplement Figs. S6 and S7 for all deposit contour plots). Runout lengths

vary by less than +4% from the mean of the three repeated runs for most scenarios and by a maximum of ~8% (Supplement

Table S1). Note, however that the deposit topographies show an artificial slope toward the channel outlet at (0]0). This drop
in thickness results from lowering the flume into the horizontal position after the experiment (see Sect. 2.3 and Supplement
Fig. 83). The rear part of the deposit adjusts then to the sediment-specific angle of repose, causing a small amount of material
to slide backward out of the runout area before scanning. This artifact, however, does not affect the overall depositional pattern.

Fhe-reference—experiments—The non-erosive reference deposits form elongated, well-confined lobes. The fine-fine-particle
deposit (L/W = 1.7; Figs. 4a and 5a) tapers gradually downslope, reaching a runout length of 146 cm and covering an area of

1.1 m? with a volume of 71 L. The eearse-coarse-particle deposit (L/W a2 2.2; Figs. 4b and 5b) is isolated on the runout area,
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Figure 4. Deposit morphology of (a) fine- and (b) coarse-particle experiments. From top to bottom: contours of deposit height for the
non-erosive referenceease-witheuterosion, the glass bed, the quartz bed, and the magnetite bed. Representative runs are shown (see Sect. 2.4).
Note that the flume was repositioned to the horizontal before deposit scanning;-therefore. Therefore, only material deposited beyond the flume
outlet was analyzed, and the apparent thickness drop towards (0]|0) is a systematic artifact (see Supplement Fig. S5). /f: fine particles; /c:
coarse particles.
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as all material was released from the channel, extending to a maximum runout of 245 cm, an area of 1.9 m?, and a volume of

83 L. In both size-particle-size fractions, the centers of volume are located near the top-view midpoint of the deposit.

The-Glass-experiments-produce-
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Figure 5. and experimental reproducibility for (a) fine- and (b) coarse-particle experiments. From top to bottom: deposit

outlines, downslope runout height along the central deposit line, as well as travel angle and L /W for all repetitions. Bold lines and filled

symbols indicate the representative runs (see Sect. 2.4); thin lines or open symbols show their repetitions. /f: fine particles; /c: coarse particles;

L /W length-to-width ratio.

The Glass deposits form elongated lobes with undulating surfaces, but their shape differs markedly between-thefine-and-coarse
debris-floew—Thefinefor the two particle-size fractions. The fine-particle deposit (Glass/f; Figs. 4a and Sa) forms a well-confined
lobe (L /W =~ 1.7) with clear lateral margins and decreases gradually in height downslope. ¥’s-Runout length of 157 cm, area

of 1.3 m2, and volume of 75 L resemble the fine-reference-experimentcorresponding non-erosive reference deposit. The center
of volume lies near the plan-view midpoint. The eearse-coarse-particle deposit (Glass/c; Figs. 4b and 5b) is distinctly more
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stretched (L/W =~ 2.4) reaching with 303 cm almost twice the length and covering with 2.9 m? an area roughly double in size.
The volume of 89 L is only by <20% larger. The deposit consists of two parts: a compact main body extending over the first
2 m, gradually decreasing in height, and a 1 m long, flat (< 1 cm) frontal fringe composed of loosely dispersed particles. The

center of volume is located approximately halfway along the main body.

The Qtz and Mag experiments-yield-almeostidentical-deposit-deposits show almost identical shapes and contour patterns within
each size-particle-size fraction. The fine-fine-particle deposits (Qtz/f and Mag/f; Figs. 4a and 5a) are compact --with-and runout

lengths and widths being-nearly equal (L/W = 1.0). Along the centerline, runout height shows an initial steep decrease that
transitions to a gentler gradient beyond a distinct break in slope (at ~55 cm length). Runout lengths are short with 90-97 cm,
and cover a small area of 0.7 m? with volumes of ~52 L. The eearse-coarse-particle deposits (Qtz/c and Mag/c; Figs. 4b and 5b)
are more elongated (L/W =2 1.5) and show two breaks in slope in their downslope height profiles (at ~25 and 75 cm length).
Their runouts are both nearly 130 cm long, covering an area of 0.9 m? and a volume of ~50 L. In both size-particle-size

fractions, the centers of volume remain close to the channel outlet.

The final runout morphology reflects the material-dependent flow and erosion patterns already observed in the channel.
Whereas the non-erosive reference deposits reflect only the spreading and deceleration of the initially released Qtz-slide
on the runout area, the mixed slide-bed deposits additionally record the effects of bed erosion and entrainment. The Glass
deposits exhibit enhanced longitudinal spreading, with runout length and area increasing disproportionately relative to deposit
volume, indicating more efficient spreading of the Qtz—Glass mixture across the runout area. In contrast, the Qtz and Ma

deposits remain compact and proximal, mirroring their nearly identical erosion behavior and average flow-front velocities
and indicating stronger deceleration during erosion and deposition. Despite its substantially higher solid particle density, Mag.

roduces deposits that are nearly indistinguishable from those of Qtz, indicating that the higher solid particle density of Ma

did not translate into a distinct deposit morphology under the tested conditions.

3.2.2 Internal deposit structure

Lateral cross sections through the mixed Qtz—Glass and Qtz—Mag deposits reveal distinct internal sorting and spatial patterns in

both fine-(Supplementcoarse- (Fig. ¢ ars i 5-€6) and fine-particle experiments (Supplement Fig. 6S8). The

mixed slide-bed deposits show a finer-grained core that coarsens toward the deposit surface (cross-checks of the Qtz—Qtz and

reference deposits confirmed comparable sorting). The sorting is particularly evident in the eearse-coarse-particle experiments,

where the particle-size spectrum is wider.

This vertical coarsening is consistent with well-known grain-size segregation in dense granular flows, where smaller particles
ercolate downward through voids while larger particles are displaced upward by kinetic sieving and squeeze expulsion (e.g.,
Savage and Lun, 1988; Gray and Thornton, 2005; Gray, 2018). In geophysical mass flows, such vertical segregation can be

coupled to preferential transport of coarse particles toward the flow surface, front, and margins, thereby influencing deposit
architecture and levee formation (e.g., Johnson et al., 2012; Gray, 2018; Baselt et al., 2022).
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Figure 6. Internal structure and spatial distribution of a-the (a) Qtz—Glass and (b) Qtz-Mag deposit from coarse-particle experiments.
Positions of lateral cross sections and surface views are indicated on the contoured surface scan. Contour lines are spaced at 1 cm intervals.
Note that thicknesses in the cross sections may appear slightly reduced compared to the corresponding contour-plot position, as inserting the
glass plate for vertical cutting could drag material downward at the front. Photographs are from Exp18 (Glass/c) and Exp19 (Mag/c).
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In-the-Glass-experiments-Beyond this general grain-size sorting, the cross sections also reveal material-specific patterns related

to the contrasting beds. In the Qtz—Glass deposits (Fig. 6a and Supplement Fig. S8a), a sharp boundary occurs between the
two materials. Qtz—shide-Qtz particles are concentrated in the interior of the main body, while Glass-bed-Glass particles form

the lateral edges. With increasing runout distance, the lateral Glass edges widen and the central Qtz core narrows. In the
intermediate sections, Glass particles appear laterally shouldered onto a thin Qtz layer and the central Qtz core becomes
disrupted by distinct Glass ridges. Toward the distal-end-of-the-main-bodyfront, the deposits consist almost entirely of Glass. In
the fine-fine-particle deposit (Glass/f; Supplement Fig. S8a), Glass also appears centrally along the deposit base. In the eearse
coarse-particle deposit (Glass/c; Fig. 6a), the frontal meter consists of a fringe mainly composed of loosely dispersed coarse
Glass with only a-few Qtz particles.

In-the Mag-experiments-In the Qtz—Mag deposits (Figs. 6b and Supplement Fig. S8b), material separation is less distinet-due
to-the-similar-material-eolorsvisible and distinct. The deposits appear to be dominated by Qtz—slide-Qtz particles, whereas

Mag-bed-Mag particles occur rather as localized clusters. In the fine-fine-particle deposit (Mag/f; Supplement Fig. S8b), Mag
particles are concentrated at the edges and within thin basal layers. In the eearse-coarse-particle deposit (Mag/c; Fig. 6b), Mag

particles form lateral lenses and individual cluster along the deposit base and become largely absent toward the deposit front.

The contrasting material distributions suggest density- and shape-controlled material segregation during runout and deposition.
In the Qtz—Glass deposits, the rounded Glass particles were more readily displaced within the mixture as they were less
interlocked than the angular Qtz particles and required less momentum transfer to remain mobile. As a result, they could be
lifted and transported laterally downslope, whereas the denser and angular Qtz particles came to rest earlier. In the Qtz—Mag.
deposits, Mag particles were entrained only locally and neither excavated nor transported as efficiently as the ligther Glass.
The higher solid particle density required greater momentum transfer for acceleration, and the angular particle shape promoted
interlocking and basal retention. Consequently, entrained Mag particles remained in proximal, small basal clusters.

4 Discussion

Across the four scenarios (low density, equal density, high density, or reference), the dry granular flow experiments reveal

distinct material-dependent patterns of erosion, flow evolution, and deposit geometry. The clearest contrast occurs between
the Glass beds and the similarly behaving Qtz and Mag beds, and is consistent across both particle-size fractions. The close
agreement between repeated runs (Supplement Figs.S+-54 S1-S4, S6, S7) ssupperting-supports the use of a single represen-

tative run per scenario and demenstrating-demonstrates the reproducibility of the trends underlying the flow—bed interactions

discussed below.
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4.1 Flew—bed-inertiaMaterial controls on erosion, entrainment, and its-expression-in-debris-flew-mobilityand-runout

The observed mobility and runout patterns reflect several coupled material and process controls. Because solid particle densit
was the primary design variable, we first evaluate its contribution before considering bed internal friction, particle shape, bed
reparation, segregation, effective entrainment, and particle-size effects.

4.1.1 Solid particle density and flow-volume growth

The clearest experimental contrast occurs between the low- and equal-density scenarios and is reflected in both particle-size
fractions. On the low-density Glass beds, greater-erosion-depths-deeper erosion and higher apparent mean erosion rates are
accompanied-by—inereasing-coincide with continued increases in average flow-front veleeitiesvelocity, whereas erosion on
the equal-density Qtz beds is le%&pfeﬂetmeeéﬁﬂéﬁmmﬂow -front velocities remain nearly constant once
erosion begins (Fig. 3). Thi
mﬂmmmwmmmmm@um&m

Glass beds and suggest more effective bed mobilization. The same contrast is expressed in deposit geometry. The main
bodies of the QtZ—Glass dep051ts are approx1mately 1.6 times longer %hafrfh&Qtz—Q&depeﬁt%and cover nearly twice the

arca w

he-of
the corresponding Qtz—Qtz deposits. Including the dispersed frontal fringeinereases—total-runout-even—to—, Glass/c reaches

even more than twice that-the runout of Qtz/c and

seenartos—Insteadcovers more than three times the area (Fig. 4). The greater Glass runout may partly reflect the larger volume

of mobilized bed material. The associated flow-volume growth may increase flow depth and modify longitudinal pressure
gradients during spreading, contributing to runout independently of any direct density-related effect (e.g., Mangeney et al.,
2007, 2010). Within mass- and momentum-conserving entrainment frameworks, bed bulk density determines the mass added
for a given eroded volume, while the resulting momentum exchange also depends on bed resistance and on how mobilized
material is accelerated and incorporated into the flow (Iverson, 2012). Solid particle density is thus mechanically relevant,
but its expression in mobility cannot be isolated from the associated erosion volume and flow—bed interaction. By contrast,
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from—the—velocities, and deposit geometries are comparable despite an almost twofold difference in solid particle densit
Figs. 3-5; Table 1).

This asymmetric response only partly agrees with previous findings. The enhanced mobility, deeper erosion, and longer runout
observed for the low-density i inert ' i iert '

seenartos—under-the-experimental-conditionsconsidered-hereGlass beds are consistent with the experiments of Farin et al.
(2014). They found that dry granular flows became more mobile, traveled farther, and eroded more deeply as bed porosity
increased and, consequently, bulk density decreased. Likewise, the enhanced mobility over Glass is also qualitatively consistent
with the mobility increase proposed by Pudasaini and Krautblatter (2021) for entrainment of mechanically weaker bed material.
However, the absence of a corresponding mobility reduction over the high-density Mag beds shows that solid-particle-density

loss—during—bed-the results support a broader interpretation in which erosion-induced mobility reflects coupled effects of

flow-volume growth, bed resistance, bed deformation, and entrainment efficiency (e.g., Iverson, 2012; Farin et al., 2014; Zhang
etal., 2026).

4.1.2 Bed internal friction and stabilit

Among the accompanying material properties, bed internal friction provides the most plausible explanation for the contrastin
erosion and entrainment i i ideri

are 29-31° and substantially lower than the 37° flume inclination (Table 1). Glass beds consequently required stabilization
with 4-5% water by mass and slight surficial compaction to remain initially stable. Once disturbed by the overriding flow,
their comparatively low frictional resistance facilitated bed deformation and particle mobilization. Also bed failure facilitated
volume growth and mobility. By contrast, the internal friction angles of Qtz and Mag span 35-39° and are close to the flume
inclination. Their similar and higher internal friction angles are consistent with their comparable resistance to erosion despite
their contrasting solid particle densities. Previous granular-flow experiments likewise show that the influence of erosion on
mobility depends strongly on bed friction and slope relative to the material’s stability threshold (Mangeney et al., 2010).

The-erosive-scenarios-therefore-consistently-exhibit-travel angles provide a complementary bulk measure of this contrastin,
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resistance. They are systematically lower for the Glass beds than for Qtz and Mag beds (Table 2, Fig. 5). Particularly in the
coarse-particle experiments, Glass/c yields values of 29-30° compared with approximately 34° for Qtz/c and Mag/c. Although
the travel angle integrates several processes and should not be interpreted as a direct measurement of basal friction, the lower

Glass values are consistent with lower apparent resistance and greater mobility during runout (e.g., Parez and Aharonov, 2015;
Taylor-Noonan et al., 2022).

Compared to the non-erosive reference scenario, the erosive scenarios show reduced frontal acceleration and lower average

flow-front velocities

Q@M (Fig. 3) TFhis-behavior-Under the dry conditions considered in this study, this response is consistent with previeus

associated with bed deformation and the acceleration of initially resting bed material (e.g., Tian et al., 2014; Li et al., 2022).
However, erosion does not necessarily reduce mobility. Entrainment from mechanically weakened or saturated beds can instead
promote flow acceleration and momentum growth (Iverson et al., 2011). In the present experiments, the additional resistance
is reflected in the shorter Qtz and Mag deposits, whereas the main bodies of the Glass deposits attain lengths comparable to

those of the non-erosive reference (Fig. 4).

Btsﬁﬂekgggtvrggg%\eroswn and entrainment modes are evident from the temporal evelution-of-flow-heights-over-the-erodible
flow-height records. The stepwise lowerin

of the Glass beds is consistent with episodic bed failure, whereas the gradual Qtz and Mag bed&e*hfbiﬁﬂef&pfegfesme

ea&amme&t—fhreugkrm nals are more consistent with progressive shear-driven erosion (Fig. 3) Similar contrasts between local-
ized en-masse fai e-mobilization and progressive

grain-by-grain entrainment as

‘have been reported in
previous flume experiments (De Haas and Van Woerkom, 2016; Roelofs et al., 2023; Zhang et al., 2026). The Glass response

Apparent mean erosion rates span 0:30.4-1-2.5 cms~' (Table 2). These values overlap with the lower end of erosion rates

1

reported from debris-flow flume experiments over partially saturated beds, including 0.3-1.8 cm s™* reported by Zheng et al.

(2021), but remain below the higher experimental ranges (e.g., 5-10 cms™! in Iverson et al. (2011) and Reid et al. (2011);

1.9-4.3 cms~! in Li et al. (2018)). They alse-compare-wel-are also substantially lower than the average erosion rates of
42-54 cms™! observed in dry granular flow experiments (Barbolini et al., 2005). In comparison with field observations, where
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our rate estimates fall within the range of average entrainment rates reported for natural debris-flow events entrain-at-average
rates-of +-1—14-oversaturated-beds—and-at Chalk Cliffs, Colorado, USA, which are 0.2-0.5 cms™! over dry beds and

1.1-14 cm s~ over saturated beds (McCoy et al., 2012).

ferfeﬂeu&The are, however, well below the maximum local erosion rates of up to 80 cms™' measured during debris-

energy-morerapidly-and-comes-to-restearlier—should, however, be interpreted in the context of the contrasting stepwise and
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rogressive mobilization modes identified above. Frontally concentrated mobilization, for example, can produce short-lived
but pronounced increases in apparent erosion rate (Zhang et al., 2026). Consequently, our rate estimates represent temporal
averages but do not represent a single, uniform entrainment mechanism.

roundnessreducesrolling resistanee-and-Particle shape further modifies bed resistance and particle transport. Greater roundness

facilitates particle rotation (Estrada et al., 2011), whereas angular particles exhibit stronger interlocking and higher shear

stfeﬁgfh—feduelﬁg%he—magmmdeef—fe&t&eﬁremstance (Alietal., 2023) Tn-eurexperiments;-the low-density-Glass-beds-consist

vThe nearly spherical Glass particles therefore
differ mechanically from the angular Qtz and Mag particles (Fig. 1). %&geemefﬂc—ahﬂateﬂa%eefﬁf&s%suggest&&r&t—a&fhe

This-interpretation-is-supported-by-the-Their greater rolling mobility likely facilitates both initial mobilization from the bed and
subsequent transport, contributing to the higher apparent mean erosion rates and higherfinal-average flow-front velocities in

for the Glass beds. This interpretation is consistent with previous experiments in which greater bed-particle roundness reduced
flow resistance and enhanced entrainment (Li et al., 2022).

The influence of particle shape appears-is particularly evident in the-farruneut-ef-Glass/c, where a dispersed frontal fringe
composed almost-entirely-predominantly of coarse spherlcal Glass particles fermed-forms ahead of the main deposit body
(Figs. 4b and 6a). In-econtrast,-Glass/f i
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a more confined lobe without a comparable fringe. This contrast suggests an additional interaction between particle shape and
size. The more dispersed coarse-particle deposits may also reflect stronger collisional stresses and stress fluctuations generated
as larger grains interact with the rigid runout surface, enhancing particle agitation and spreading (Choi and Goodwin, 2021).

4.1.2 Bed preparation and compaction

Bed preparation may exert an additional control. Compaction reduces bed porosity and generally increases resistance to
deformation and erosion (Farin et al., 2014; Bahmanpouri et al., 2021). Whereas the Qtz and Mag beds were prepared b
simple infilling, the Glass beds had to be mixed with 4-5% water by mass and superficially compacted to maintain the impesed

eontrast-imposed slope. Small spatial variations in this compaction or between repeated runs may have affected the onset and
spatial pattern of erosion. The partly greater variation in runout length and symmetry among the Glass/c repetitions may reflect

such differences (Supplement Fig. S7b). However, since bed compaction was not measured directly, its influence cannot be

quantified.

4.1.3 Segregation and effective entrainment

contrasting internal deposit structures. Densit
differences can drive relative particle migration even when particle sizes are comparable (Tripathi and Khakhar, 2013; Gray
and Ancey, 2015). In the Qtz—Glass deposits, the lighter Glass particles preferentially occur toward the deposit surface, front

and lateral margins, whereas the denser Qtz particles remain concentrated in the central deposit body (Fig. 6a). This pattern is

consistent with density-driven segregation in a mixture initially formed by a denser Qtz-slide overriding a lighter Glass bed.

The rounded shape and lower frictional resistance of Glass may further enhance its relative mobility and distal transport.
Material separation is less pronounced in the Qtz—Mag deposits. Mag occurs mainly in sparse basal clusters and lateral lenses

and is largely absent from the deposit front (Fig. 6b). This distribution suggests that the denser Mag particles remained
referentially near the flow base after shear-driven erosion and only partly became effectively incorporated into the flow.
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This distinction between erosion and effective entrainment is important because mobilized bed material does not necessaril
become fully integrated into the moving mass (Zhang et al., 2026). Consequently, less high-density material may be accelerated
with the flow, potentially explaining why the Mag experiments show no systematic differences from the Qtz experiments.

The observed density segregation must be distinguished from the grain-size segregation that occurs simultaneously within each

experiment. This particle sorting is characterized by coarsening toward the deposit surface and front, with a finer deposit core.
It is also present in the non-erosive reference deposits (see Sect. 3.2.2) and thus independent of material-density contrasts.

4.14  Particle-size effects

Fine- and coarse-particle experiments preserve the same relative material-dependent patterns in erosion and flow evolution.
Within each scenario, final erosion depths, apparent mean erosion rates, and flow-front velocities differ only slightly between
the two particle-size fractions (Fig. 3). Within the investigated particle-size fractions, particle size therefore has only a limited
influence on the relative response to the different bed materials.

By contrast, deposit morphology depends strongly on particle size. The coarse-particle flows form longer, flatter, and more
elongated lobes, whereas the fine-particle flows produce shorter and thicker deposits (Figs. 3:4—4 and 5). Interface-tests

plausibility-of the-observed-values—The non-erosive references support the interpretation that this difference develops mainly.
during runout and deposition. Under identical basal conditions along the entire channel, the coarse-particle flows eventually
accelerate more strongly on the rigid bed and attain higher final average flow-front velocities than the fine-particle flows. The
greater coarse-particle runout suggests lower effective resistance during deposition, where enhanced collisional agitation may.
additionally lead to the partly more dispersed deposit geometry. Thus, particle size modifies the final expression of mobility.
more strongly than the relative erosion response does.

4.2 Collision- and friction-dominated flow regimes
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The evaluation of flow regimes using dimensionless numbers facilitates the comparison of different processes across experimental
760 and natural scales. Because our experiments involve dry granular material without an interstitial fluid phase, most dimensionless

numbers commonly applied to particle—fluid mixtures are not applicable here. The Savage number (Savage and Hutter, 1989;
Parsons et al., 2001)

2272
Psolid” dmean

Ngaw =
“v (psolid - pwater) ghtaH¢C089

(1

provides a suitable measure for distinguishing between collision-dominated and Coulomb-frictional flow regimes. It represents
765 the ratio of grain-collision stresses to gravitational grain-contact stresses (Iverson and Denlinger, 2001). Following Savage and

Hutter (1989), grain collisions significantly affect flow dynamics at values above the threshold Nsq, = 0.1. Following Baselt

et al. (2021), the shear rate is approximated assuming a linear velocity profile, § = u/h, the representative grain diameter

dpean i3 used, and the Savage number is calculated for the flow front based on the mean velocity and maximum flow depth at

each sensor position. For the present dry granular flows, pyater = 0, reducing the density term to unity. Consequently, Neaq, is
770 mainly controlled by particle size, flow velocity, basal friction angle, and, in particular, flow depth.

The calculated Savage numbers show that Coulomb friction dominates almost all experiments at every sensor position. All
fine-particle experiments yield 0.0015 < N, < 0.0269, whereas the erosive coarse-particle experiments remain within 0.0068 <
N < 0.0575. The non-erosive coarse-particle reference yields values between 0.023 and 0.25. These values fall within the

broad range reported for other laboratory experiments and field observations (e.g. Iverson and Denlinger, 2001; Zhou and
775 Ng, 2010; De Haas et al., 2015; Sanvitale and Bowman, 2017; Lanzoni et al., 2017a; Baselt et al., 2021). Along the upper

channel, the lew-density-Glass-bedsrequired-slight-surficial- compaction-to-maintain-the-impesed-37flume-inclination—Ameong

780
Savage number generally increases as the
flow accelerates. Upon entering the erodible bed, however, Ng,, decreases because average flow-front velocity decreases, flow
depth increases, and the dis i H 3 g £ % 51
785 basal friction angle becomes larger.

After leaving the erodible bed, Nsq, generally increases again, but remains below the threshold of 0.1 in most experiments.
Only the non-erosive coarse-particle reference transitions into the collision-influenced regime. Here, N, increases progressively
along the channel, crosses into the collision-influenced regime along the lower channel, and reaches a maximum of approximately
0.25. This increase results from the combination of the larger grain diameter, increasing average flow-front velocity, lower basal
790  friction angle, and comparatively small flow depth. This predominantly frictional regime contrasts with the more energetic,
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coarse-grained experiments of Zhang et al. (2026), in which localized high shear rates and pronounced collisional fluctuations
developed during flow-bed interaction. This difference is consistent with their substantially larger particles, higher flow
velocities, and more impact-dominated experimental geometry. Accordingly, collisional dissipation appears to played a minor
role in the present experiments, where N, remains below the collision-influenced threshold at nearly all sensor positions and
Coulomb friction dominates the bulk flow response._

4.3 Deposit geometry and mobility scalin

Laboratory experiments are inherently affected by scale effects and complete geometric and dynamic similarity with natural
events is generally unattainable (Iverson and LaHusen, 1993; Iverson, 2015). Cross-scale comparison nevertheless helps to
lace laboratory results within the broader spectrum of gravitational mass flows. Integral measures such as inundated area

and the

difference provide a useful basis for this cross-scale comparison (Baselt et al., 2022).

ratio of travel distance to elevation

To complement the flow-regime classification (see Sect. 4.2), the deposit-scale mobility of the present experiments is compared

with the compilation of laboratory experiments and natural events by Baselt et al. (2022), based on the above mentioned integral
measures (Fig. 7). In this study, the inundated area A represents the sum of the planimetric channel area traversed by the flow
and the planimetric deposit area on the runout surface. The total travel distance L is the projected horizontal distance from
the reservoir outlet to the deposit s center of volume, while H denotes the corresponding elevation difference. The ratio L/H
expresses the bulk flow mobility and is inversely related to the travel angle, arctan(H/L) (Baselt et al., 2022).

segregation;7a), the present experiments occupy the upper end of the small-scale laboratory range and extend the existing
compilation toward larger initial yolumes and inundated areas. Although the initial release volume differ only slightly among.
the experiments, inundated areas vary to some extent. The Glass experiments occupy the uppermost positions within the present
dataset because their larger erosion volumes and more extensive deposits increase the inundated area, whereas the Qtz and Ma

experiments remain closely grouped. Because the abscissa represents only the initially released volume, the positions of the
erosive experiments also reflect volume growth through entrainment, particularly for Glass. Nevertheless, the present data agree
well with the volume-—area relation of Pudasaini and Miller (2013) for a volume—area slope of S = 25. This relation provides

a consistent trend linking small-scale with denser-Qtzpa es-migrating downward to form-a basal-- momentum-dominated
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Figure 7. Evaluation of deposit geometry and mobility in comparison with other experiments and natural events. (a) Inundated area as a
function of the initial debris volume and in comparison with the volume-area model by Pudasaini and Miller (2013) (volume-area slope

S=25); (b) Mobility expressed as elevation difference over total travel distance. The mobility reference lines represent typical values for

natural events (figure modified and extended from Baselt et al. (2022)).

resent experiments occupy the lower-mobility end of the compilation. Nevertheless, the flow-enee-entrained—This-promotes
i i iheati i i i i i anetlarity-of-L /H values from this stud

range between 1 and 5 and therefore overlap with the mobility range of many large-scale experiments and natural events. Their
comparatively low position within this range is consistent with the predominantly Coulomb-frictional flow regime identified
from the Savage numbers and with the dry experimental conditions. Within the present dataset, the Glass experiments attain the
largest L/ H values, whereas the Qtz and Mag parti 5 i rieti i i i

—experiments remain closely grouped. Their similar
bulk mobility, despite their large solid-particle-density contrast, further indicates that density contrast alone does not determine

runout,
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4.4 Limitations and future steps

Our newly developed debris-flew—experimental flume produced highly reproducible flow and deposition signals and robust
patterns across repeated runs (Supplement Fig. S1). This provides a solid basis for testing theoretical debris-flow-meodels-as
wel-as-mass-flow models and for future experimental analyses of erosion and entrainment processes at the stide—bed-interface:
Neverthelessflow—bed interface. Yet, certain experimental boundary conditions need to be considered when interpreting the

presented results and point toward directions for future refinement and research.

The selection of the-artificial expanded Glass as low-density material for-the-inertially-weak-seenario-was constrained by the
need for efficient post experlment separation from Qtz and reusabﬂlty‘}eadmg—te—theﬂseef—afﬂﬁexa}expaﬂded—%ss However,

its lower internal frictional

(z
and Mag enhanced mobility beyond the intended density-related effects (see Sect. 4:24.1.2, 4.1.1). Future experiments could
explore natural alternatives with an intermediate low density, such as limestone (~1700 kg m~3), with comparable particle

angularity and frictional behavior;-theugh;-. Though, post-experiment separation remains challenging.

-In-channel backlog and deposition
%mwbﬂ&%m&&wwwmwmmwmm&g}hat might otherwise be-
come apparent under full release onto the runout area. Sinee-the-flowfronts-Both flows entered the runout area with similar
average flow-front velocities (Fig. 3) and-were-dominantly composed of Qtz particles (Fig. 6b and Supplement Fig. S8b);-beth

seenarios-initialty-experience comparable frietionat resistance-. They therefore experienced comparable frictional conditions
and rapid deceleration on the 10° inclined runout surface-As-a-result-thefrontal-material-deposited-quickly limiting-, causing
Wrmmwwwwmme visibility of poss1b1e differences at later flow stages—As-a-result-the
tght-, as these may instead be
expressed in the in-channel @MﬁWMWMMSD surface scanning.

Yet, the
near-congruent flow-height evolution, similar excavation history and erosion depths (Fig. 3) suggest that the-overaliintensity
of-entrainment in both scenarios is-was broadly comparable. Likewise-the-nearly-identical-final-erosion-depths-indicatethat

any-differencesbetween-the-Qtz-and-Mag-experimentsAny remaining differences, if present at all, are therefore likely to be
small and may-be-difficult to distinguish from the scattering that such large experimental setups naturally hold.

Our-The derived erosion rates represent apparent mean estimates derived-from-based on the final erosion depth at a single loca-

thHfFig%}——?hes&meﬂi%fa{eS—fhefefef&Mdo not resolve temporal changes in erosion intensity —Although-the
at(Fig. 3). Moreover, the ultrasonic measurements de-not-allow-to-distinguish
tempeoral-cannot distinguish changes in the elevation of the slide—bed-flow—bed interface from changes in the thickness of the
evef}ymgQ&—%hdeoN\@vrgv@ggV@ggv as both contribute to L@ngg(i flow height. Consequently, the inertialty—neutral-and
Qtz and Mag experiments may have
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differed in their basal entrainment dynamics while still producing similar flow-height eurvesrecords, final erosion depths, and
deposit morphologies. For example, one scenario might-undergo-may have undergone shorter but more intense erosion beneath
a thicker slide, whereas the other eredes-eroded more gradually beneath a thinner slide. Yet;-beth-could-yicld-comparable

Similar surface responses resulting from different
combinations of basal slip, shear localization, substrate deformation, and entrainment have recently been demonstrated by
Zhang et al. (2026). Comparable final erosion depths therefore do not necessarily imply identical grain-scale dynamics. Instead,
differences in interface processes may compensate for each other and produce similar bulk mobility and deposit geometry, but

remain inaccessible within this study.

To resolve grain-scale processes hidden beneath the measured surface responses, future experiments should directly quantif
article motion and deformation across the flow—bed interface. Depth-resolved imaging methods such as Particle Trackin
Velocimetry and Particle Image Velocimetry can distinguish basal sliding, localized shear, plug-like motion, and deformation

from vertical velocity profiles €

ochHcatn—a14d OViE €O ara GOy 1O0W-Snca a+ta at1argery-—€o O ohRout:

PTV-offers-a-means-to-analyze-individual particle-trajectories-and-derive-across the interface (e.g., La
Noonan et al., 2022; Zhang et al., 2026). Applied to the present experimental design, these methods would directly resolve the

kinematics of the flow—bed interface, allowing effective entrainment to be quantified. This is particularly relevant for the

)

nzoni et al., 2017b; Taylor-

bed lowering could clarify whether their comparable bulk response reflects similar entrainment dynamics or compensatin
interface processes. Such measurements would also directly relate entrainment rates to the velocity of mobilized particles
entering the flow, providing a stronger basis for evaluating mass and momentum exchange across the flow—bed interface.

Finally, the-present-this study focused on dry granular-single-phase debris-flow-experiments to isolate the influence of inertial

solid-particle-density contrasts between the moving mass and the erodible bed. The experimental design was motivated by Pu-
dasaini and Krautblatter (2021), who considered density contrast as a potential control on erosion-induced mobility changes.
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Although their framework addresses landslide mobility more broadly, the present dry granular flow experiments represent its
limiting case without a fluid phase and with solid volume fraction approaching unity. Natural debris flows, and-its-presenee
medfﬁe%efeﬁm&dynaﬂﬂes—ﬂw#ﬂmmeﬂmﬁhowever usually contain a fluid phase which can strongly influence erosion,

momentum transfer, and mobility ;

(e.g., Iverson et al., 2011; De Haas and Van Woerkom, 2016; Roelofs et al., 2023) Extending the present density-contrast

senearios to two-phase

MW@&MW&W
is therefore a logical next step. As previous studies commonly report higher erosion rates under wet or saturated conditions
(Iverson et al., 2011; Reid et al., 2011; McCoy et al., 2012), such experiments could clarify whether the material-dependent
trends observed here persist, weaken, or intensify in the presence of a fluid phase. Moreover, previous studies-indicate-that

5 Conclusions

eonstant-selid-density-over-an-—erodible-bed-ef-investigated the influence of solid-particle-density contrasts between a movin,
dry granular flow and an erodible bed on erosion, mobility, and deposition. A constant quartz slide was released over beds

with lower, equal,

eand higher solid

article density. Accompanying differences in internal friction, particle shape, and bed preparation were explicitly considered
when interpreting the results. Our analyses lead us-to the following main findings:

Solid particle density affects mass and
momentum exchange across the flow-bed interface but is not the dominant control on mobility. Low-density glass beds

roduced stronger erosion, larger flow-volume increase, higher average flow-front velocities, and longer runoutfhamﬂemaﬂy
neutral-seenarios—with—, By contrast, equal-density b

mebﬂ%h&wﬁ%&s&ﬁeﬁﬁ&ys&m&g—seemm&%%w@%&@»hgh dens1ty bed&deﬂe%e*hrbi%fheﬁfedteteéﬁebﬁﬁy

magnetite beds showed similarly low erosion, comparable flow evolution, and nearly identical deposit geometry despite the
substantially denser-bedhigher solid particle density of magnetite.

The observed patterns appear to be governed primarily by coupled material controls, particularly internal friction. Whereas the
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945

950

955

960

angular-shape-and-similar-and rounded particle shape of glass facilitated bed failure, particle mobilization, and incorporation
into the moving flow, the similarl h1gh internal friction a

ityand angular particle shape of quartz
and magnetite promoted stronger interlocking and comparable resistance to erosion and entrainment.

(iii) Density and grain-size segregation influence where entrained material is transported and deposited and thereby modify
the apparent mobility of the mixed flow. The lighter glass particles were preferentially transported to the deposit front and
lateral margins, whereas the heavier magnetite particles remained concentrated in sparse basal clusters. Grain-size segregation
occurred within all materials, with coarser particles concentrated toward the surface and front.

(iv) Repeating the experiments with

finer sand-sized and coarser sand-to-gravel-sized particles did not change the relative patterns ameng-the-inertial-scenarios-but

between the different bed materials. Particle

size mainly affected basal resistance, collisional contributions, depositional spreading, and the internal structure of the deposits.

Consequenthy;-a-Overall, our experiments demonstrate that contrasts in solid particle density alone cannot explain the mobility
of erosive dry granular flows. Instead, mobility emerges from the interaction of multiple material properties and flow processes
that control both the amount of material mobilized and the efficiency with which it is incorporated into the moving flow.
However, surface-based WW%MWWM@

interface. Depth-resolved velocity profiles and €

deformation are therefore needed to distinguish basal slip, localized shear, progressive entrainment, and deeper substrate failure
and to directly relate entrainment to mass and momentum exchange.

Data availability. The experimental datasets of this study will be made freely available in an accompanying data publication via Open Data
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