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INTRODUCTION

Pyroclastic fl ows (PFs) are ground-hugging, dense, gas-particle mixtures generated during volcanic eruptions [START_REF] Sparks | Grain size variations in ignimbrites and implications for the transport of pyroclastic fl ows[END_REF][START_REF] Druitt | Pyroclastic density currents[END_REF][START_REF] Freundt | Ignimbrites and block-and-ash fl ow deposits[END_REF]. They may be fl uidized at various degrees and thus have negligible to high interstitial pore fl uid pressure. High pore pressure greatly reduces internal friction and permits fl ow for distances up to tens of kilometers even on almost fl at topography, rendering PFs highly hazardous. PF dynamics are diffi cult to directly measure in nature because the fl ows are unpredictable, dangerous, and often obscured by overriding ash clouds; even simple video recordings are relatively rare [START_REF] Hoblitt | Observations of the eruptions of July 22 and[END_REF][START_REF] Cole | Deposits from dome-collapse and fountain-collapse pyroclastic fl ows at Soufrière Hills Volcano, Montserrat[END_REF][START_REF] Loughlin | Pyroclastic fl ows and surges generated by the 25 June 1997 dome collapse, Sonfi ère Hills[END_REF]. Much of our understanding of PFs is inferred from their deposits, but quantifi cation of dynamics based upon deposit characteristics remains elusive because many processes may be involved. PFs often erode granular substrates over which they propagate [START_REF] Suzuki-Kamata | The ground layer of Ata pyroclastic fl ow deposit, southwestern Japan-Evidence for the capture of lithic fragments[END_REF][START_REF] Buesch | The fl ow dynamics of an extremely large volume pyroclastic fl ow, the 2.08-Ma Cerro Galán Ignimbrite, NW Argentina, and comparison with other fl ow types[END_REF][START_REF] Le Pennec | Neogene ignimbrites of the Nevsehir plateau (central Turkey): Stratigraphy, distribution and source constraints[END_REF][START_REF] Sparks | Erosion by pyroclastic fl ows on Lascar Volcano[END_REF][START_REF] Cole | Deposits from dome-collapse and fountain-collapse pyroclastic fl ows at Soufrière Hills Volcano, Montserrat[END_REF][START_REF] Pittari | Instantaneous dynamic pressure effects on the behaviour of lithic boulders in pyroclastic fl ows: The Abrigo Ignimbrite, Tenerife, Canary Islands[END_REF]Cas et al., 2011;[START_REF] Pollock | Investigation into the erosive capacity of pyroclastic density currents at Mount Saint Helens, Washington (USA)[END_REF], similar to other types of geophysical fl ows though the latter may be less concentrated in particles and have different dynamics [START_REF] Parker | Conditions for the ignition of catastrophically erosive turbidity currents[END_REF][START_REF] Sovilla | Field experiments and numerical modeling of mass entrainment in snow avalanches[END_REF][START_REF] Mangeney | Erosion and mobility in granular collapse over sloping beds[END_REF][START_REF] Iverson | Positive feedback and momentum growth during debris-fl ow entrainment of wet bed sediment[END_REF][START_REF] Louge | Role of pore pressure gradients in sustaining frontal particle entrainment in eruption currents-The case of powder snow avalanches[END_REF][START_REF] Mccoy | Sediment entrainment by debris fl ows: In situ measurements from the headwaters of a steep catchment[END_REF]. In this context, the characteristics of the entrained particles are likely to provide fundamental information on the physical processes involved [START_REF] Pittari | Instantaneous dynamic pressure effects on the behaviour of lithic boulders in pyroclastic fl ows: The Abrigo Ignimbrite, Tenerife, Canary Islands[END_REF].

FIELD DATA

Field observations often reveal counterintuitive modes of interaction between PFs and their substrates that depend on the substrate particle size (Fig. 1; details on methods are provided in the GSA Data Repository1 ). Meter-sized, dense blocks entrained by PFs are found mixed within the ash matrix of the deposits downstream from the site of erosion as individual clasts or concentrated horizons [START_REF] Buesch | The fl ow dynamics of an extremely large volume pyroclastic fl ow, the 2.08-Ma Cerro Galán Ignimbrite, NW Argentina, and comparison with other fl ow types[END_REF][START_REF] Le Pennec | Neogene ignimbrites of the Nevsehir plateau (central Turkey): Stratigraphy, distribution and source constraints[END_REF][START_REF] Pittari | Instantaneous dynamic pressure effects on the behaviour of lithic boulders in pyroclastic fl ows: The Abrigo Ignimbrite, Tenerife, Canary Islands[END_REF]Cas et al., 2011;[START_REF] Pollock | Investigation into the erosive capacity of pyroclastic density currents at Mount Saint Helens, Washington (USA)[END_REF]. The blocks' chemical compositions confi rm entrainment from the underlying substrate tens to hundreds of meters upstream from their fi nal location in the PF deposits [START_REF] Buesch | The fl ow dynamics of an extremely large volume pyroclastic fl ow, the 2.08-Ma Cerro Galán Ignimbrite, NW Argentina, and comparison with other fl ow types[END_REF][START_REF] Pollock | Investigation into the erosive capacity of pyroclastic density currents at Mount Saint Helens, Washington (USA)[END_REF]. For example, PFs produced during the 18 May 1980 eruption of Mount St. Helens (Washington State, USA) entrained blocks from the shattered surface of debris avalanche deposits and transported them tens of meters downstream (Figs. 1A and 1B;Figs. DR1 and DR2 in the Data Repository;[START_REF] Pollock | Investigation into the erosive capacity of pyroclastic density currents at Mount Saint Helens, Washington (USA)[END_REF].

Evidence for plucking of the blocks is found up to 7.3 km from the source of the PFs along subhorizontal slopes (<4°-5°). A second example includes the voluminous (>640 km 3 ) rhyolitic Miocene Peach Spring Tuff (Arizona, USA) [START_REF] Buesch | The fl ow dynamics of an extremely large volume pyroclastic fl ow, the 2.08-Ma Cerro Galán Ignimbrite, NW Argentina, and comparison with other fl ow types[END_REF][START_REF] Valentine | Basal layered deposits of the Peach Springs Tuff, northwestern Arizona[END_REF], which contains horizons of substrate-derived blocks (granite, basalt) at distances of ~30-90 km from the vent (Fig. 1C). Rounded basalt blocks derived from local fl uvial sediments and older lava surfaces demonstrate unequivocally that the PFs eroded their substrate. Although the exact source location for each boulder is not known, they were derived from within hundreds of meters of their fi nal resting places. In contrast, the Peach Springs Tuff overlies relatively undisturbed deposits of fi ne, low-density particles (ash) produced by an earlier dry surge or/and fallout [START_REF] Valentine | Basal layered deposits of the Peach Springs Tuff, northwestern Arizona[END_REF], suggesting the same fl ow was surprisingly less able to erode fi ne-grained substrates (Fig. 1C). A similar example was reported for the Cerro Galan ignimbrite (northwest Argentina;Cas et al., 2011).

EXPERIMENTAL METHODS

We report the results of 110 laboratory experiments carried out to elucidate the emplacement mechanisms of PFs onto a granular substrate (Tables DR1 andDR2 in the Data Repository). A column of fi ne (diameter d = 80 µm) particles was released by a lock-exchange system from a reservoir, generating a gravitational fl ow that propagated along a horizontal substrate in a channel (Fig. 2; for details on our methods, see the Data Repository). After brief acceleration, the fl ow maintained a nearly constant front velocity U ∼ (gH) 1/2 , where H was the initial column height and g is the gravitational acceleration, until fi nally decelerating and rapidly stopping [START_REF] Roche | Experimental observations of waterlike behavior of initially fl uidized, unsteady dense granular fl ows and their relevance for the propagation of pyroclastic fl ows[END_REF]. The granular fl ow consisted of a sliding head, which generated a basal underpressure relative to the atmospheric pressure, and of a body with an aggrading basal deposit [START_REF] Roche | Pore fl uid pressure and internal kinematics of gravitational laboratory air-particle fl ows: Insights into the emplacement dynamics of pyroclastic fl ows[END_REF][START_REF] Roche | Depositional processes and gas pore pressure in pyroclastic fl ows: An experimental perspective[END_REF]. For cases where the initial granular column was fl uidized, each fl ow consisted of a dense air-particle mixture with high internal pore fl uid pressure and propagated as an inertial fl uid gravity *E-mail: o.roche@opgc.univ-bpclermont.fr.

Dynamic pore-pressure variations induce substrate erosion by pyroclastic fl ows current for most of its emplacement [START_REF] Roche | Experimental observations of waterlike behavior of initially fl uidized, unsteady dense granular fl ows and their relevance for the propagation of pyroclastic fl ows[END_REF](Roche et al., , 2010)). Scaling considerations were discussed in [START_REF] Roche | Depositional processes and gas pore pressure in pyroclastic fl ows: An experimental perspective[END_REF].

EXPERIMENTAL RESULTS

Experiments revealed two modes of substrate entrainment by the sliding fl ow head, depending on the substrate particle size (Fig. 3; Movies DR1-DR3 in the Data Repository). Small wavelike instabilities formed at the interface of the fl ow and an initially smooth substrate of fi ne particles (d = 80 µm). The wavelength and amplitude of these features, which were independent on the fl ow height, velocity, and state of fl uidization, were ~10-15 mm and ~1 mm, respectively. These structures stretched considerably with time so that any evidence of shearing was barely visible in the fi nal deposit. In contrast, coarse beads (d = 1500 or 1590 µm) were entrained individually under the same initial conditions but with a rough substrate possibly subjected to high basal shear stress; entrainment occurred in a zone extending from ~1-3 cm behind the fl ow front. The uppermost beads were extracted from their neighbors as fi ne fl ow particles surrounded them, and were dragged horizontally along the fl ow base at a velocity U b ≈ 0.07U, resembling a bedload (e.g., [START_REF] Frey | Bedload: A granular phenomenon: Earth Surface Processes and Landforms[END_REF], while the fi ne fl ow particles continued to percolate downward into substrate pore space. At suffi ciently high fl ow velocity, many of the dragged beads were lifted well above their initial position and transported downstream. They then settled and mixed with the fi ne fl ow particles at the basal part of the deposit, and most of them stopped motion above the original top of the substrate at a height up to 2-4 times their diameter.

Sensors were used to investigate pore pressure at the top of the substrate. We fi rst measured the maximum relative underpressure caused by the fl ow head sliding on a rigid substrate, ΔP r , and we assumed that this had the dimension of a dynamic pressure of the form:

Δ = αρ P U r 2 , ( 1 
)
where α is an empirical constant and ρ is the bulk fl ow density (Fig. 4A). For initially fl uidized fl ows, α = 0.067-0.071, and for non-fl uidized fl ows, α = 0.031 (Fig. DR3; note that α might depend on the grain size of the fl ow particles). Identical experimental conditions with a granular substrate were conducted next. Experiments revealed different types of pressure signals because substrate particles were entrained (individually or as wavelike instabilities), which displaced the fl ow-substrate interface above the sensors (Fig. DR4 and Movies DR1-DR3). The slowly dragged substrate particles (at velocity <<U) caused very small underpressures, typically ~0.03ΔP r , as they passed over the sensors. This demonstrates that interstitial pore pressure below the fl ow-substrate interface remained almost equal to the atmospheric pressure during entrainment while the underpressure evidenced with a rigid substrate occurred only at the fl owsubstrate interface, resulting in an upward pressure gradient.

Our fi ndings suggest that fi ne particles of a smooth substrate were not entrained individually because the fl ow particles could not penetrate into substrate pore space. However, an upward air fl ux resulting from the pore-pressure gradient likely fl uidized the substrate (see the Data Repository). Hence, the relative fl ow-substrate velocity generated the observed sheared wavelike structures, which were similar to Kelvin-Helmholtz instabilities [START_REF] Rowley | Shear-derived mixing in dense granular fl ows[END_REF][START_REF] Farin | Erosion processes in granular fl ows: Insights from laboratory experiments[END_REF]. In contrast, a substrate of coarse particles could not be fl uidized for the size and weight of particles in these experiments. Instead, the coarse beads were surrounded by the fi ne fl ow particles and were fi rst dragged individually along the fl ow base. The height of subsequent uplift was a function of pressure conditions at the fl ow-substrate interface (i.e., top of dragged beads), which was in turn controlled by the fl ow velocity (Fig. 4B). Underpressure at the top of the beads was estimated from Equation 1 taking into account the relative fl ow-substrate velocity such that

Δ = αρ - P U U ( ) top b 2 . ( 2 
)
Considering U b ≈ 0.07U (see above), the pressure just above the beads was P 1 ≈ P a -ΔP top , or P 1 ≈ P a -0.86ΔP r , where P a is the atmospheric pressure. Considering the actual pore pressure in the substrate P 2 ≈ P a -0.03ΔP r (see above), dragged beads were subjected to a pressure difference:

Δ = -= λΔ = λαρ P P P P U r 2 1 2 , (3) 
with λ = 0.83. Bead uplift could occur at a critical pressure difference ΔP c = mg/S, where m is the particle mass and S is the effective area to which the upward force due to the pressure gradient was applied. For spherical beads of diameter d, S = πd 2 /4, so that:

Δ = ρ P gd 2 3 c,sphere p , ( 4 
)
where ρ p is the particle density. Experiments showed that below ΔP c,sphere , horizontally dragged beads rose gently (<~0.5 mm) as they bounced on their static counterparts (Fig. 4B).

Onset of signifi cant uplift (>~1 mm) occurred approximately at the respective ΔP c,sphere for glass or steel beads having about the same size, showing that it was primarily mass dependent. Note that the maximum height of uplift (up to ~6-7.5 mm) did not depend on fl ow velocity, because the same amount of uplift was observed at a given pressure gradient generated by initially fl uidized or non-fl uidized fl ows, whose velocity differed by a factor of about two. Hence, maximum uplift may have resulted from higher initial momentum as ΔP increased. Complementary experiments demonstrated that fi rst evidence of uplift occurred shortly after ΔP c,sphere was attained and that severe reduction of the effective substrate roughness (caused by fi ne particles fi lling the network of coarse beads up to the bed top) inhibited individual entrainment of the coarse particles and instead promoted small shear structures as in monodisperse smooth substrates of fi nes (Fig. DR5 and Movies DR4-DR5).

APPLICATION TO PYROCLASTIC FLOWS

We now apply our model to the Mount St. Helens 18 May 1980 PF deposits in order to infer fl ow velocities from the properties of entrained blocks. We measured the size of the fi ve largest blocks at sites 1 and 2 in Figure 1, considering them as parallelepipeds with sides of length x > y > z (Fig. DR1). Assuming the blocks were uplifted with their largest face (xy) horizontal and their short axis (z) vertical (i.e., condition of minimum energy), then according to our analysis the critical pressure difference for a parallelepiped is:

Δ = ρ P gz c,parall p . (5) 
Combining Equations 3 and 5, we obtain the critical fl ow velocity for uplift:

= ρ λαρ U gz p . (6) 
The largest blocks are andesites (ρ p ~2600 kg m -3 ) with mean z = 0.35 m and 0.25 m, at site 1 (~5.6 km from vent) and site 2 (~7.2 km from vent), respectively (Table DR3). For calculation we assumed that (1) λ = 0.83 and α = 0.069 (mean value), as in experiments involving fl uidized fl ows and substrates of coarse particles, and (2) pyroclastic fl ows had a maximum bulk density ρ ≈ 1400 kg m -3 , equal to that of the deposit matrix, or a minimum value ρ ≈ 875 kg m -3 corresponding to a maximum expansion of ~60% as shown by laboratory studies [START_REF] Druitt | Gas retention in fi ne-grained pyroclastic fl ow materials at high temperatures[END_REF][START_REF] Girolami | Velocity fi elds and depositional processes in laboratory ash fl ows[END_REF]. Equation 6gives U = 10.5-13.3 m s -1 at site 1 and U = 8.9-11.2 m s -1 at site 2 (note that Equation 4 for spherical blocks gives velocities of ~0.82U). These values are meant to be actual fl ow velocities, rather than minimum values, because potentially larger blocks than those entrained were not moved and still reside on the substrate upstream. They are close to velocities reported from video recordings for PFs (1) of 7 August 1980 at Mount St. Helens at the same distance from the vent (U ≈ 7-10 m s -1 at ~5-5.5 km; [START_REF] Hoblitt | Observations of the eruptions of July 22 and[END_REF], his fi gure 13) and (2) at Soufrière Hills, Montserrat (U ≈ 10-20 m s -1 , distance and topography similar to that at Mount St. Helens; [START_REF] Cole | Deposits from dome-collapse and fountain-collapse pyroclastic fl ows at Soufrière Hills Volcano, Montserrat[END_REF][START_REF] Loughlin | Pyroclastic fl ows and surges generated by the 25 June 1997 dome collapse, Sonfi ère Hills[END_REF]. Our model applied to the Peach Springs Tuff containing basaltic blocks (ρ p ≈ 2900 kg m -3 ) of size up to z ≈ 0.5 m [START_REF] Buesch | The fl ow dynamics of an extremely large volume pyroclastic fl ow, the 2.08-Ma Cerro Galán Ignimbrite, NW Argentina, and comparison with other fl ow types[END_REF] gives minimum velocities of ~13.2-16.7 m s -1 . From the data of [START_REF] Pittari | Instantaneous dynamic pressure effects on the behaviour of lithic boulders in pyroclastic fl ows: The Abrigo Ignimbrite, Tenerife, Canary Islands[END_REF]Cas et al. (2011), Equation 6gives minimum velocities that are 2.5-3.1 times larger than those previously calculated (~2.5-4.5 m s -1 at ρ ≈ 1400 kg m -3 ) for the Abrigo (Canary Islands) and Cerro Galan ignimbrites based upon the hypothesis of block displacement at fl ow base through aerodynamic drag. Furthermore, the uplift mechanism we report can explain why entrained blocks are often found in deposits well above the top of the substrate.

CONCLUSIONS

Our experiments demonstrate that basal underpressure at the head of granular fl ows, as also reported for snow avalanches, for instance (e.g., [START_REF] Mcelwaine | Air pressure data from the Vallée de la Sionne avalanches of[END_REF], is a dynamic phenomenon as it varies with the square of the fl ow velocity. The entrainment mechanism of a relatively rough substrate of coarse particles by a granular fl ow revealed by our study shares similarities with that of single-phase fl uid fl ows for which erosion obeys the Shield's criterion and produces particle saltation [START_REF] Niño | Threshold for particle entrainment into suspension[END_REF], but the shear stress and vertical forces over the substrate particles are of different nature. This mechanism not only explains the apparent dichotomy that geophysical granular fl ows such as PFs are able to entrain decimetersized blocks while often leaving fi nely grained substrates relatively undisturbed (Fig. 1C), but it also provides a method to invert data from PF deposits by constraining fl ow velocities based on the size and density of entrained blocks (e.g., [START_REF] Pittari | Instantaneous dynamic pressure effects on the behaviour of lithic boulders in pyroclastic fl ows: The Abrigo Ignimbrite, Tenerife, Canary Islands[END_REF]. The method we propose may be applicable to other types of geophysical fl ows, to explain and quantify conditions that promote substrate entrainment as shown by our experiments.

Figure 2 .

 2 Figure 2. Granular fl ow resulting from rapid release of column of fi ne glass particles (diameter d = 80 µm; particle density ρ p = 2500 kg m -3 ) of height H from reservoir (dashed line). Initially fl uidized fl ows are generated by injecting an air fl ux at column base. Flow head slides on substrate, which is either rigid or a granular layer leveled by a horizontally translated vertical plate (p). Granular substrate consists of glass (d = 80 µm or 1500 µm, ρ p = 2500 kg m -3 ) or steel (d = 1590 µm, ρ p = 7850 kg m -3 ) beads. Pore fl uid pressure is measured with sensors at top of substrate (s).

  Figure 1. A: Northern sector of Mount St. Helens (MSH; Washington State, USA) with approximate primary paths of pyroclastic fl ows (arrows). Location of 18 May 1980 debris avalanche deposit and pre-existing obstacles are represented by dark gray areas with white contours. Black dot represents site shown in B; white dots with the numbers 1 and 2 represent outcrops in Figures DR1A and DR1B, respectively (see footnote 1). P-pumice plain. B: MSH pyroclastic fl ow deposit with large lithic blocks entrained from underlying debris avalanche deposit (5.9 km from vent, local slope <4°-5°). Dashed line is contact between fl ow units. C: Peach Springs Tuff, Arizona (USA), ~80 km from vent. b-basalt blocks derived from fl uvial sediments located upstream; a-unreworked bed of 1-2 mm ash; f-fi ne fl uvial sediments.

Figure 3 .

 3 Figure 3. Initially fl uidized fl ows of fi ne glass beads (diameter d = 80 µm), with original top of substrate indicated by a dashed line on photos. A: General view of fl ow on substrate of coarse steel beads (d = 1590 µm), with substrate entrainment zone at base of sliding head indicated by double arrow (see Movie DR1 [see footnote 1]). B: Flow on substrate of fi ne black glass beads (d = 80 µm). i-sketch showing small shearing wavelike instabilities at top of substrate (indicated by arrows in photos below); ii-fl ow front velocity U = 1.46 m s -1 ; iii-U = 2.60 m s -1 (see Movie DR2). C: Flow on substrate of coarse steel beads (d = 1590 µm). isketch showing static beads (gray) and those dragged and then uplifted (black; respectively below and above the dashed line, the latter indicated by arrows in photos below); ii-U = 1.63 m s -1 ; iii-U = 2.55 m s -1 (see Movie DR3).

Figure 4 .

 4 Figure 4. A: Maximum relative underpressure on rigid substrate, ΔP r (in pascals, see inset), as function of fl ow front velocity, U, for initially fl uidized and slightly expanded (~4%-5%, α = 0.067, ρ ≈ 1380 kg m -3 ) or non-expanded (α = 0.071, ρ ≈ 1450 kg m -3 ) fl ows, and for nonfl uidized fl ows (α = 0.031, ρ ≈ 1450 kg m -3 ). B: Maximum height of uplift of coarse substrate particles (h) as function of pressure difference (ΔP, in pascals) between fl ow base and substrate. Squares and circles are glass (diameter d = 1500 µm) and steel (d = 1590 µm) beads, respectively. Plain and open symbols are fl uidized and non-fl uidized fl ows, respectively. Inset: Flow of velocity U dragging substrate bead at velocity U b ≈ 0.07U above its static counterparts (see text). P a -atmospheric pressure, ΔP c -critical pressure difference at onset of uplift (at F = mg, where F is force, m is particle mass, and g is gravitational acceleration).
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2013307, methods, and supplemental fi gures, tables, and videos, is available online at www.geosociety.org/pubs/ft2013.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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