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Abstract

We address emplacement mechanisms of pyroclastic density currents (PDCs) through relationships between their
runout distance and mass discharge rate of their parent eruptions. Assuming axisymmetric propagation typical of
dilute currents that are little controlled by topography, we apply a simple method to estimate the runout distance
of concentrated PDCs channelized in valleys. With these data the runout distance of concentrated currents varies,
as for their dilute counterparts, with the discharge rate to the power ~0.5, the latter being the consequence of radial
propagation of the currents. This simple dependence between runout distance and discharge rate is both surprising
and remarkable considering the fundamentally different natures of dilute or concentrated PDCs, which are
governed by complex physics involving many parameters. This dependence further suggests that particle settling
velocity, which controls the rate of decrease of the flow mass, has a second-order effect on the runout distance.
We argue that the hindered settling model established for particle suspensions in a static fluid is relevant for
estimating the settling velocity of particles in concentrated PDCs. Settling velocities of ~0.1-10 cm/s calculated
for some natural examples correspond to deposit aggradation rates of same order. These rates imply timescales of
deposit formation significantly shorter than flow durations in some cases, suggesting that onset of deposition
occurs at late stages of emplacement.
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1. Introduction

Complex physics control emplacement of pyroclastic density currents (PDCs) due to the multiphase
nature of these mixtures, ranges of particle concentrations and related gas-particle and particle-particle
interactions. In this regard, a better understanding of particle transport and deposition mechanisms is essential for
establishing models of PDC emplacement to predict inundated areas in context of volcanic hazard assessment (e.g.,
Kelfoun et al. 2009; Charbonnier et al. 2013; Ogburn and Calder 2017; de’ Michieli Vitturi et al. 2019; Esposti
Ongaro et al. 2020; Gueugneau et al. 2021; Tadini et al. 2021; Aravena et al. 2020; Bevilacqua et al. 2022). The
particle concentration in PDCs has long been thought to increase vertically downward and vary over several orders
of magnitude (e.g., Fisher 1979; Valentine 1987; Ort et al. 2003; Druitt 1998), causing distinct particle transport
mechanisms at different levels in the flows (Dufek 2016; Kelfoun 2017; Lube et al. 2020; Charbonnier et al. 2023).
Many studies from the physics and engineering communities show that turbulent gas-particle mixtures are
commonly heterogenous and that at bulk concentrations as low as 0.01-1 vol.% interparticle collisions and fluid
drag related effects cause the formation of clusters of particles, which are regions of higher concentrations (Chen
et al. 2016, Gustavsson and Mehlig 2016; Brandt and Coletti 2022). At larger bulk concentrations, the turbulence
and the ability of the gas to transport solid particles are significantly damped. The densest mixtures with
concentrations of ~40-50 vol.% are granular flows whose physics is controlled by particles interactions (Ort, 1993;



Sulpizio et al. 2016) and within which pore fluid pressure can be generated if the drag of the interstitial gas on the
particles is high enough (Roche et al. 2010; Lube et al. 2019).

The present study addresses in particular PDCs generated by eruptive fountain collapse. Recent advances
have shown that two types of PDCs can arise in the impact zone of a fountain depending on the eruptive conditions
and the particle transport mechanisms described above (Sweeney and Valentine 2017; Valentine 2020) (Fig. 1).
Collapsing pyroclastic mixtures that contain particles at concentrations <~1 vol.% and well-coupled to the gas
remain dilute and turbulent upon impact. A PDC formed in this manner is characterized by a suspended load with
clusters (Brosch and Lube 2020), above a bedload that results from the interaction of the current with the substrate
(Dufek and Bergantz 2007; Andrews and Manga 2012; Douillet et al. 2013; Dellino et al. 2021). In contrast,
mixtures that are more concentrated in particles and/or composed of a majority of particles poorly coupled to the
gas accumulate in the impact zone to form a concentrated basal flow (Penlou et al. 2023b) overridden by a dilute
suspension in which clusters emerge and feed the underlying flow (Breard et al. 2016), hence forming a two-layer
current (Doyle et al. 2011; Shimizu et al. 2019, 2023). For convenience we use hereafter the terms dilute or
concentrated to designate the currents described above.

Though dilute and concentrated PDCs are fundamentally different in nature, they share the same principle
of progressive mass loss by settling of particles that accumulate to form an aggrading deposit (Fig. 1; Branney and
Kokelaar 2002; Doronzo and Dellino 2013), except for dilute hot buoyant parts that lift off (Andrews 2014; Benage
et al. 2016) or when basal flow conditions cause transient erosion of the deposit (Brown and Branney 2004;
LaBerge et al. 2006; Fauria et al. 2016). In this context, the runout distance of a PDC is set as the flowing mixture
runs out of mass and therefore it depends primarily on the balance between particle advection and particle settling
(Dade and Huppert 1995). The particle settling velocity in dilute suspensions can be estimated from well-
established theoretical laws (e.g., Dellino et al. 2008) but the formation of clusters can promote and intermediate
flow regime (cf. Lube et al. 2020) and cause settling velocities that are significantly different than that of individual
particles (Breard et al. 2016, Penlou et al. 2023a). In contrast, the particle settling velocity in concentrated flows,
which controls the aggradation rate of the so-called static-mobile interface (or flow-boundary zone), remains
poorly understood (Delannay et al. 2017; Trinh et al. 2017).

The objective of the present contribution is to discuss the runout of PDCs, with a specific focus on
concentrated currents for which we provide estimates of particle settling velocities. In order for the reader to
appreciate the context of our study, we first present recent work on factors that control runout of PDCs.
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Fig. 1. Schematic representation of particle transport and deposition mechanisms in (a) dilute and (b) concentrated
pyroclastic density currents. Horizontal and vertical white arrows indicate respectively flow direction and mass
transfers in the stratified currents. Particles settle at typical velocity w and accumulate to form a deposit whose
surface aggrades at velocity U.

2. Earlier works on runout distance of pyroclastic density currents

We summarize the study of Roche et al. (2021) whose statistical analysis shows that the eruption mass
discharge rate is the main control parameter on the runout distance of PDCs (Fig. 2). In the framework defined by
these authors, the mass discharge rate and the runout distance for a given eruption are mean values determined
from published works respectively for the pyroclastic fountain phase (caused by partial to complete collapse of an
eruptive column) and from the extent of PDC deposits in several directions from the vent(s). The mass discharge
rate of the PDC phase is in most cases inferred from the discharge rate of the initial Plinian phase, which is
calculated from plume height determined from isopleths of fall deposits. From data of well-documented eruptions
for which estimates for both eruption phases are available, Roche et al. (2021, their Fig. 2) found that the discharge
rate of the PDC phase is on average 13.6 times higher than that of the Plinian phase. This increase in discharge
rate during eruptions is consistent with column collapse and onset of PDC generation, and it can be explained by
conduit widening and opening of ring-fractures at onset of caldera collapse. Note that a decrease in volatile content
in magmas also favors column collapse (Carazzo et al. 2008).



For dilute currents, the runout distance is

Rd:11x10»4 QO.468, (1)
with Q the mass discharge rate (Fig. 2), and considering a typical particle settling velocity deduced from the mean
particle size, wg, then

R¢=12x10"* (Q/wig)248, 2
The power law relationships given above are very close. This can be explained by the fact that Q varies over five
orders of magnitude and is the main control parameter on the runout distance while wy varies at most by a factor
~5 and has a second order effect. Interestingly, Eq. (2) is in agreement with the findings of Dade and Huppert
(1995) who showed that the runout of axisymmetric dilute turbulent particle-laden flows depends on the balance
between advection and settling of particles, so that Ry scales with (Q’/wg)%®, with Q’ the volumetric flow rate.
Assuming a constant magma density p=Q/Q’ in the context of PDCs, Rq scales also with (Q/wg)°®. Therefore, Eq.
(2) suggests that the emplacement of dilute PDCs, which propagate radially with little influence of topography,
obeys the principle defined by Dade and Huppert (1995).
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Fig. 2. Power law relationships between runout distance of dilute or concentrated PDCs, R, and mass discharge
rate of parent eruptions, Q. The best fit line for dilute currents is given by Eq. (1) (blue line). For concentrated
currents, the dashed red line is the best fit given by Eq. (5) for raw data of runout distance represented by red and
white dots. Red dots with black contours stand for recalculated runout data for channelized currents (see text for
explanation) and they are considered with raw data (red dots) to determine the best fit red line given by Eq. (6)
and the associated 90-99% prediction intervals shown by black (dashed) lines. Recalculated runouts are those of
the following eruptions: Ca (Calbuco), EC (El Chichon), Ka (Katmai), Ke (Kelud), M (Mount St Helens), Pi
(Pinatubo), Qu (Quizapu), Re (Reventador), SH (Soufriére Hills), S (Spurr). The data for Quizapu and those
represented by grey dots for lower Bandelier tuff (B), Pozzolane Rosse (P), Rattlesnake tuff (Ra) and Kidnappers
(Ki) are not considered in our analysis (see text for explanation).

For concentrated PDCs, Roche et al. (2021) found that the runout distance is
Rc=55x104 Q0373 (3)
The exponent in this power law relationship is significantly smaller than that in Eq. (1) for dilute PDCs. Assuming
that the power law relationships that include the particle settling velocity for both dilute (Eq. 2) and concentrated
currents have the same exponent, which is unknown a priori, the authors deduced from penalized regression
methods that the runout of concentrated PDCs is
Re=17x10" (Q/wc)245¢ 4)

with w, the calculated particle settling velocity equal to ~1-10 m/s and which increases with runout distance. The
exponent in Eq. (4) is close to that in Eq. (2) and the theoretical value of 0.5 for dilute currents.

In principle, the PDC travel distance increases during the waxing phase of an eruption while successive
flow pulses form units separated by depositional isochrons (Branney and Kokelaar 2002). The leading edge of the
current reaches the runout distance at the maximum discharge rate and it eventually moves backward during the
waning phase (Fig. 3a) (Williams et al. 2014; Scarpati et al. 2020). The runout of both dilute and concentrated
PDCs increases also with the volume of the parent eruptions, which can be explained as the volume correlates
positively with the eruption rate (Giordano and Cas 2021, Roche et al. 2021). Therefore, at a given eruption rate
that sets the flow runout, larger volumes of erupted material result in greater thicknesses and higher aspect-ratios
of PDC deposits as flow units stack up (Fig. 3b). Note that the runout of dilute PDCs also depends on the initial
temperature of the mixture (Andrews and Manga 2012).
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Fig. 3. Schematic cross-sections of PDC deposits, with dashed lines representing interfaces of stacked flow units.
(a) The distance travelled by a current increases with the discharge rate (Qa) during the waxing phase, the maximum
discharge rate (Qp) sets the runout distance (R), and the travel distance decreases during the waning phase (Qc<Qs).
Flow units 1 to 4 are shown. (b) Runout as function of hypothetical constant eruption discharge rates (Q1<Q2),
which control runout distances (R1<R>), and eruption volumes (V<V’), which control deposit thicknesses.

In this study, we address the fact that the exponent in Eq. (3) is significantly less than 0.5. In fact,
concentrated PDCs are channelized in topographic lows. Therefore, at given eruption rate, a channelized current
has a longer runout than a current that propagates radially. In this regard, Roche et al. (2022) showed that large-
volume caldera-forming eruptions (>~500 km® DRE) with mass discharge rates >10° kg/s can generate PDCs with
runouts greater than 300 km when the flows travel in large regional valleys. Here, we discuss PDCs produced by
smaller magnitude eruptions with mass discharge rates <10° kg/s, which propagate in valleys of volcanic edifices
in proximal areas and over distances typically <20 km, and for which we recalculate the runout distance assuming
radial propagation as discussed below.

To conduct our analysis, we use a slightly revised version of the database of Roche et al. (2021), taking
into account that uncertainties exist for a few cases of concentrated PDCs, as discussed by Roche et al. (2022).
The revised database is available at https://doi.org/10.25519/Z1KW-NO75. We consider for the Peach Spring tuff
a mean runout distance calculated from measurements in four sub-perpendicular directions. More importantly, we
neglect the data for four eruptions, namely the lower Bandelier, Kidnappers, Pozzolane Rosse (also called
Tuscalano Artemisio) and Rattlesnake ignimbrites, because their mass discharge rates are determined from models
of turbulent dilute current (Bursik and Woods 1991; Dade 2003; Calabro et al. 2022) while the parent PDCs are
interpreted by authors of the original studies as being dominantly concentrated. For the sake of consistency, we
prefer not to take these data into account. Furthermore, the runout for these cases is poorly constrained, except for
the lower Bandelier tuff (Cook et al. 2016). For instance, for the Pozzolane Rosse ignimbrite a mean runout of 24
km from the topographic boundary of the caldera (and a corresponding mass discharge rate of 2.7x10%° kg/s
according to Fig. 6 of Calabro et al. 2022) is probably a minimum estimate because the parent currents were
strongly affected by orthogonal mountain ridges to the east and they reached the coastline to the west. With these
modifications, the runout of concentrated PDCs is (dashed red line in Fig. 2)

Rc=72x10 Q0358 (5)
which is very close to Eq. (3) given by Roche et al. (2021) for the original data set. This may be explained by the
small number of excluded cases compared with the 24 remaining data defining the power-law relationship. We
emphasize that the power law relationship including the data from the four neglected large volume eruptions
discussed above is Rc=71x10* Q%% and almost identical to Eq. (5).

3. Further analysis for concentrated currents
3.1. Recalculated runout distances

Characteristics of deposits of concentrated PDCs in the database of Roche et al. (2021), with Q<10° kg/s
and R¢<20 km and which propagated partly (e.g., Mount St-Helens; Brand et al. 2014) or entirely (e.g., Soufriere
Hills; Druitt et al. 2002) from the vents in valleys of volcanic edifices, are given in Table 1. All concentrated PDCs
are channelized, but we distinguish here between the currents mentioned above and currents with long runouts,
typical of caldera-forming eruptions, whose propagation is moderately controlled by regional topography and
whose deposits are subcircular in map view. For the cases of strong topographic control, we recalculate runouts
following Walker et al. (1980) and Giordano and Cas (2021). We measured with Image J® (Schneider et al. 2012)
the areas of the PDC deposits represented in published maps, then we defined circles of equivalent areas and
centered on the vents, and we considered the radii of these circles to be equivalent runouts over unconfined
topography (Fig. 4). Note that this method was not applied to the 1992 Spurr eruption, because the deposits area
can hardly be determined from the map of Miller et al. (1995), and channeling of some PDCs at Vesuvius cannot
be excluded (Gurioli et al. 2010). Table 1 shows that the recalculated runouts are on average 0.37+0.19 times the
observed runouts.



The data for the concentrated PDCs including the recalculated runouts discussed above and shown in Fig.
2 give R¢=2.1x10"* Q%%%7, Note that the data point for Quizapu is outside the 99% prediction interval (possibly due
to different physics from other concentrated currents as assumed for this study or incomplete mapping of the
deposits described by Hildreth and Drake, 1992) and it was not taken into account for our analysis. The choice of
a 99% prediction interval itself reflects a conservative approach, aiming to include as much of the data as possible
within the bounds of ‘expected’ behaviour according to the model. Observations falling outside this range are
extremely rare under the model's assumptions, reinforcing the argument that the Quizapu case is fundamentally
different or not adequately represented by the available data. Consequently, the power law relationship including
recalculated runout distances in Fig. 2 is almost identical to the one given above and is equal to

R¢=2.2x10"* QU508 (6)

A notable outcome is that the exponent in Eq. (6) is very close to 0.5, as for dilute currents characterized by
axisymmetrical propagation.

2 km
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Fig. 4. Simplified maps of deposits of channelized concentrated PDCs. Dashed circles have areas equivalent to
that of the deposits and are centered on vents indicated by crosses, and respective radii correspond to recalculated
runout distances. The maps were redrawn from Fierstein and Hildreth (1992) for Katmai, Brand et al. (2014) for
Mount St-Helens, Druitt et al. (2002) for Soufriére Hills, and Castruccio et al. (2016) for Calbuco.

Table 1. Characteristics of deposits of channelized PDCs.

Eruption Age, date Mean Recalculated Area  Volume?  Reference

runout  runout (km)  (km?) (kmd)

(km)
Calbuco AD 2015 6 1.3 5.65 0.015 Castruccio et al. (2016)
El Chichon (B-F2) 04/04/1982 5.8 2.0 125 0.0077 Macias et al. (1997)
Katmai AD 1912 19 7.6 180 11 Fierstein and Hildreth (1992)
Kelud 13/02/2014 4.9 11 3.85 0.014 Maeno et al. (2019)
Mt St-Helens (V) 18/05/1980 7.8 2.6 20.6 0.14 Brand et al. (2014)
Pinatubo 15/06/1991 145 7.8 193 55 Scott et al. (1996)
Quizapu 10-11/04/1932 8.6 1.6 7.6 0.01 Hildreth and Drake (1992)
Reventador 03/11/2002 6.5 2.0 125 0.05 Samaniego et al. (2008)
Soufriére Hills Aug-Oct 1995 35 1.6 7.6 0.00037°  Druitt et al. (2002)

aBulk Volume. ® Average volume of individual PDCs.

3.2. Estimation of particle settling velocity in concentrated PDCs

We now estimate particle settling velocity in concentrated PDCs from two different methods and discuss
implications for power law relationships that characterize the runout of the currents. For each natural case, we
consider a typical settling velocity corresponding to an average particle size and that accounts for the runout of the
polydisperse mixture. This is an important limitation of our study which must be taken into account when
interpreting the results presented below.

3.2.1. Regression-selection statistical model
We follow the same approach as Roche et al. (2021) and assess the regression optimization problem to

estimate both model parameters and missing data of particle settling velocities for concentrated currents, we.
However, we consider recalculated runout distances of PDCs as discussed above. We assume that the power law



relationships for both concentrated and dilute currents have a common exponent that is unknown a priori. For the
concentrated PDCs, the log-scale data are given by
Q
log(R,) = alog (W—Z) +u.+e¢ (7
where o and p. are the slope (i.e. exponent) and the intercept of the regression line, respectively, and ¢ is an
unknown error. Note that the line intercept . is not necessarily the same as for dilute PDCs, pg. The missing data
o, Mg, He and we are obtained by minimizing a penalized cost-function
2
Q
C(a,ud_c,wc) = Z?:l {log(Rd,c) -—a log <sz> - .ud,c} + Pen(a! Ha,cr Wc) (8)
where Ry and Qq are for a given eruption the known runout and mass eruption rate for a dilute or concentrated
current, and wy is the known particle settling velocity for a dilute current. Penalization Pen(a, pq4 ., w,) is used to
avoid overfitting when there are too many predictors or too few observations. We considered that the power law
exponents were either free parameters or that they were equal to the theoretical value of 0.5 for dilute currents,
and we found that both approaches yielded very close results. Below we discuss only the case of free exponents.
The typical particle settling velocities in concentrated PDCs we obtain through the regression model are
~2-10 m/s (Table 2). These estimates permit us to determine that the runout of concentrated currents is
characterized by

Re=3.6x10* (Qfwq)®5%8 9)
which is close to the power law relationship for dilute PDCs given by Eq. (2) (Fig. 5).

109 ,

Concentrated
Dilute Regression - Eq. 9
R.=3.6x10"(Qw,)"*** (Cd=0.984)
Eq. 2 L
R,=12x10™(Q/wq)*** (Cd=0.947)

2" Hindered settling - Eq. 12
R,=1.0x10*(Q/w,)*** (Cd=0.713)

102 ;

€
i‘/ L I
14

101 4

Hindered ;éming -Eq. 13
100 % R,=1.1%10™(Qiw,)**"" (Cd=0.651)
109 107 108 10° 10" 10" 10" 10"
Q/w (kg/m)

Fig. 5. Runout distance of PDCs as function of mass discharge rate, Q, over particle settling velocity, w. For
concentrated currents (red) the particle settling velocity is that obtained from penalized regression method (circles)
or hindered settling model (squares) and it is considered to determine power law relationships given by Eqg. (9)
and Egs. (12-13), respectively. Cd stands for coefficient of determination. Data calculated from hindered settling
model are shown for current particle concentration ¢.=0.4 (Eq. 12). The dashed red line corresponds to Eq. (13)
for ¢.=0.5 (data points are not shown for clarity). Symbols with black contours stand for recalculated runout
distances as discussed in the main text.

3.2.2. Hindered settling model

Concentrated non-sheared suspensions of particles in a less dense fluid are known to undergo hindered
settling, meaning that the particle settling velocity decreases as the solid concentration increases because of
enhanced drag of the interstitial fluid moving upwards as a consequence of the downward motion of particles.
Hindered settling is widely studied in engineering and was examined by Druitt (1995) and Girolami et al. (2010)
in the context of PDCs. Here we assume that the hindered settling model for monodisperse suspensions is suitable
to determine the settling velocity of particles in a polydisperse flowing mixture with internal shear. We calculate
hindered settling velocities from the empirical relation of Richardson and Zaki (1954) for monodisperse granular
suspensions,

we = we(1— )" (10)
where w is the terminal settling velocity of an individual particle in an infinite fluid (here estimated from the
method of Rhodes, 2008), ¢ is the particle concentration in the suspension, and n depends on the particle Reynolds
number, Rep, so that n=4.65 at Re,<0.2 while n=4.346xRe, %% at Re,>0.2 according to Table 6 of Richardson and
Zaki (1954). Note that n varies very little with the particle shape. In order to assess the suitability of the hindered

6



settling model, we consider data of experiments of Girolami et al. (2010) on analogue PDCs with ignimbritic
material at various particle concentrations. The particle settling velocity could not be measured in these
experiments, but it can be inferred from the deposit aggradation rate determined from video analysis. Theoretically,
the upper surface of the deposit migrates upwards at velocity
Ue = we (¢d¢—c¢c) (1)

with ¢q the particle concentration in the deposit (Guazelli and Morris 2012, chapter 6.6). We calculated aggradation
rates from Egs. (10-11) by considering two characteristic particle sizes for the ignimbritic material: the mean grain
size (Inman parameter) and the Sauter diameter (see Breard et al. 2019 for relevance to PDCs). Fig. 6 shows that
the theoretical aggradation velocity increases with the particle concentration as observed in experiments
(conversely, the particle settling velocity decreases at increasing concentration). The velocity calculated with the
Sauter diameter is much closer to the experimental data, although about twice as small, than in the case where the
mean grain size is considered.
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Fig. 6. Deposit aggradation velocity, Ue, calculated from Egs. (10-11) and observed in experiments of Girolami et
al. (2010) as a function of flow particle concentration, ¢c. In experiments, Uc=[2.44(da/dc)-2.15]/[(da/dc)-1], with
dq the particle concentration of the deposit assumed to be equal to 0.6. In order to calculate the hindered settling
velocity w. from Eq. (10) and shown in inset, we consider two characteristic sizes of particles of the experimental
material (ash) whose average density is 1807 kg/m®: the mean grain size M¢=144 pm (W:=0.72 m/s, Re,=6.9, and
n=3.61) and the Sauter diameter D3,=40 pm (w=0.087 m/s, Re,=0.2, and n=4.65), with w; and Re,, calculated from
the method of Rhodes (1998) and n given by Richardson and Zaki (1954).

The above analysis suggests that the hindered settling model for monodisperse non-sheared suspensions
predicts reasonably well the particle settling velocity in concentrated polydisperse flows provided the Sauter
diameter is taken into account. Accordingly, we have estimated particle settling velocities in concentrated PDCs
by considering published grain size data summarized in the database of Roche et al. (2021). For this purpose, we
neglected the ~2-fold difference between model results and experimental data shown in Fig. 6 because it is
negligible for the power law relationships we discuss hereafter in view of uncertainties about PDCs particle
concentrations and grain sizes. When the latter are available in literature, they are given either for one outcrop
(whose granulometry does not necessarily reflect that of the erupted material) or at several locations, often at
different distances from the vent, and the question then arises of the representative size to be taken into account
for the calculations. In the present case, we considered for a given eruption an average value of the published grain
sizes. In general, the authors give only mean grain sizes (Mgq). However, it is possible to infer Sauter diameters
(Ds2) when detailed grain size data are available (e.g., Sigurdson and Carey 1989; Burgisser 2005; Breard et al.
2016) and in this regard we could determine that the Sauter diameter is about 3 to 8 times smaller than the mean
grain size. Taking into account that Mq/D3,=3-8, we calculated mean Sauter diameters for PDCs, which are
typically in the range 50-500 um (Table 2). These Sauter diameters then enabled us to calculate hindered settling
velocities from Egs. (10-11). Assuming PDCs with particle concentrations of 0.4-0.5, the hindered settling
velocities are ~0.1-10 cm/s (Table 2). These velocities permitted us to determine that the runout of concentrated
currents is characterized by

Rc=1.0x10"* (Q/w)0444 (12)

Rc=1.1x10"* (Q/w)o4Y7 (13)
for ¢.=0.4 and 0.5, respectively (Fig. 5). These power law relationships are similar to that defined for dilute PDCs
but their exponents are less close to the theoretical value 0.5, their prefactors are an order of magnitude smaller,
and the data defining them are more scattered due to greater variability in estimated particle settling velocities.



4. Discussion
4.1. Power law relationships

In order to discuss the power law relationships we present above, we revisit the work of Dade and Huppert
(1995) on axisymmetric dilute currents with constant volume flow rate or constant volume. The constant volume
flow rate is (Eq. 22 in Dade and Huppert 1995)

Q' = 2nrhu (14)

with r the distance travelled from the origin, and h and u the current height and current speed at r, respectively.
Considering the runout distance R, the current mean speed is Ur=Rq/ts, with t;=hr/w the particle settling time
where hg is the current mean height and w is the particle settling velocity. Eq. (14) can be rewritten as Q' =
2mR g, hrug SO that

Ry = ( o )0.5 | (15)

2nw
Note that if the current is unidirectional, a similar analysis shows that Rq> scales with Q’/w. Therefore, it appears

that the exponent 0.5 in Eq. (15) expresses essentially radial propagation of the current.
In case of a current with constant volume V, the runout distance is (Eg. 7 in Dade and Huppert 1995)
73\ 1/8
Ry =¢ (gw_vz) (16)

with ¢;~1.1-1.2 a constant that depends on the Froude number and g’=(pp-p1)/pa the reduced gravity with pp, pi and
pa the density of the particles, of the interstitial fluid and of the ambient medium, respectively. Let’s consider
V=Qn’te, with Qn’ the mean volume flow rate and t. the time of current emplacement given by Eq. (11) of Dade
and Huppert (1995),

v \1/4
te=c; (W) (17)
with ¢, a constant ~1, and which is equal to
Qm' 1/3
t, = c, (g,wz) . (18)

Eq. (16) can be rewritten

grw?

Qm' 1/313 /8
Ry =c {g’ |on'e: (22)7| / wz} (19)
which simplifies to
N 0.5
RV = C1C21/8 (Q%) (20)
with cicoY8~c.
The above analysis shows that, whatever the initial conditions (constant flow rate or constant volume),

the runout of axisymmetric dilute currents varies with the ratio of the flow rate over the particle settling velocity
to the power 0.5, the latter being the consequence of radial propagation of the currents.

4.2. Internal dynamics of concentrated currents

We now discuss the particle settling velocities in concentrated PDCs we obtained from the regression
method or the hindered settling model and which differ by two to three orders of magnitude. Assuming particle
concentrations of 0.4-0.5 and 0.6 in PDCs and in their deposits, respectively, the settling velocities of ~200-1000
cm/s (regression method) and ~0.1-10 cm/s (hindered settling model) given in Table 2 correspond to aggradation
velocities of ~400-5000 cm/s and ~0.2-50 cm/s, respectively. These estimates of aggradation velocities are
conservative due to uncertainties about particle sizes and concentrations, in particular.

The aggradation velocities obtained from the hindered settling model are consistent with the data from
ash flow experiments by Girolami et al. (2010), as discussed above, and by Breard et al. (2016, with U=45-55
cm/s and ¢.=0.45-0.50). They are also of the same order as the estimates of Pollock et al. (2019) from analysis of
structure of PDC deposits at Mount St-Helens (Uc.=4-32 cm/s). This suggests that the hindered settling model
yields realistic particle settling velocities for concentrated PDCs. The fact that the hindered settling velocities we
calculated are about two times smaller than those of Girolami et al. (2010) may be due to the polydispersity of the
ignimbritic material, the full effects of which are probably not taken into account by the Sauter diameter (another
possible cause is internal shear, which favors particle interactions and interstitial fluid motion, but these
phenomena are more likely to delay particle fall). This discrepancy, however, is negligible for the power law
relationships given by Egs. (12-13), which suggest that the emplacement of concentrated PDCs obey the same
principle as dilute ones. We acknowledge that the difference in the exponents of these relationships from the
theoretical value of 0.5 may be significant and may have various causes, in particular more complex physics than
those presented in Fig. 1 as well as uncertainties on recalculated runout distances and on estimates of typical



particle settling velocities for the polydisperse mixtures. It appears that the regression method fails in predicting
reliable estimates of particle settling velocities, contrary to what Roche et al. (2021) proposed. It is essential to
note that the parameters estimated for the unobserved settling velocities in concentrated currents are derived from
observed covariates and data from dilute currents. This methodology inherently introduces a bias associated with
the different settling mechanisms in both types of flows. To address this limitation, it may be necessary to make
additional assumptions based on the fundamental physics. However, this adjustment could compromise the data-
driven characteristic of the approach, which ideally should rely exclusively on observed data to accurately model
the phenomena. Although the statistical approach does not yield relevant results in the case we have studied, we
believe it may be useful in other volcanic contexts and that it is worth presenting the principles here.

Deposit aggradation velocities of ~0.2-50 cm/s discussed above give, for concentrated PDCs of typical
thicknesses of 1-10 m, timescales of deposition of the order of a second to an hour. The long timescales are similar
to those of emplacement of some PDCs and suggest early onset of deposition. In this case, possible variations in
chemical composition in magmatic systems cause temporal fluctuation in the composition of currents emitted at
vents, and deposit aggradation leads to vertical compositional zonation in deposits. (Carrasco-Nufiez and Branney
2005; Williams et al. 2014). Short time scales, on the other hand, suggest that deposition does not occur for a
significant duration of PDC propagation. Pollock et al. (2019) concluded on stepwise aggradation, likely caused
by successive events of deposition, non-deposition and possibly erosion as supported by field observation (Brown
and Branney 2004) and analogue experiments (Rowley et al. 2011; Chédeville and Roche 2015). Another possible
explanation is that PDCs first slide on and erode their substrate as shown by many field examples (e.g., Buesch
1992; Allen and Cas 1998; Brown et al. 2003; LaBerge et al. 2006; Pittari et al. 2007; Brand et al. 2016). In this
case, onset of particle deposition occurs at late stages of emplacement once flow velocity and basal shear have
decreased below a given threshold which is unknown yet.

5. Conclusion

Our simple analysis shows that, assuming axisymmetric propagation, the runout of concentrated PDCs
varies with the discharge rate to the power ~0.5 as for dilute currents. Although this power law relationship may
seem surprising, because of the many uncertainties about the flow mechanisms and the approximations we made
to recalculate the runout of concentrated channelized PDCs, it is supported by the analysis of Dade and Huppert
(1995) which shows that the power 0.5 has a geometric origin due to the radial propagation of the currents. It
appears that the runout of PDCs of fundamentally different natures and governed by complex physics can be
described to first order in relatively simple terms and depends primarily on the discharge rate (cf. Bursik and
Woods, 1996; Shimizu et al. 2019; Giordano and Cas, 2021; Roche et al. 2021; Calabro et al. 2022). In this regard,
the power law relationships and their prediction intervals defined from natural data represent simple tools that can
be used to estimate mass discharge rates of eruptions during the PDC phase from observed runout distances. These
relationships are similar to those relating plume height to discharge rate during the initial pre-collapse phase (e.g.,
Mastin et al. 2009).

The particle settling velocity controls the runout of PDCs to second order. One possible explanation is
that the range of the settling velocities is small compared to that of the discharge rates. For concentrated PDCs, we
argue that the hindered settling model defined for monodisperse suspensions in a static fluid is relevant for
estimating the particle settling velocity provided the Sauter diameter of the polydisperse mixture is taken into
account. In this regard, settling velocities are ~0.1-10 cm/s, and corresponding aggradation rates of same order
indicate timescales of deposition that are close to or significantly shorter than typical durations of PDCs
propagation. Short timescales suggest either stepwise aggradation (Pollock et al. 2019) or that onset of particle
deposition occurs at late stage of emplacement. The latter is consistent with the fact that concentrated PDCs often
erode the substrate on which they propagate.
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