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ABSTRACT 17 
For decades scaled analog experiments have improved the understanding of a broad range of 18 
multiphase volcanological processes in controlled laboratory environments. Successfully modeled 19 
processes include magma flow through magma reservoirs, conduits and sheets, associated crustal 20 
deformation, lava flow, volcanic plume dynamics, ash cloud dispersion, pyroclast sedimentation, 21 
pyroclastic density currents and debris flows. Prior to the advent of computational modeling in 22 
volcanology, analog experiments were the primary method used to test newly developed concepts. 23 
Over the past two decades, technological advances have led to increased quantification of model 24 
observables, including deformation fields, lava flow rheologies, bubble and particle suspension 25 
compositions, runout distances, plume geometries, and rates of ash cloud spreading and 26 
sedimentation. For experimental results to yield further insights in volcanic processes and observables 27 
directly useful to volcano monitoring efforts, we expect future progress to focus on three major fronts: 28 
1) improved multimethod measurements in experiments; 2) upscaling to near-natural-scale 29 
experiments conducted by multidisciplinary teams at internationally shared facilities; and 3) 30 
integration with computational models that will guide future geophysical observations and predictions 31 
of volcanic activity. This way, analog experiments will bridge gaps between other techniques in 32 
volcanology and improve our understanding and forecasting of volcanic activity from the Earth’s 33 
mantle to the surface and into the atmosphere. 34 
 35 
INTRODUCTION 36 
Observing magmatic and volcanic processes is limited to indirect observations of subsurface magma 37 
movements using complex geophysical methods, challenging remote sensing techniques, incomplete 38 
monitoring networks that produce incompatible data sets, and hazardous field conditions (Loughlin et 39 
al. 2015; Fernández et al. 2017). In addition, incomplete preservation and exposure of intrusive, 40 
extrusive and pyroclastic deposits permits inferences of dynamic volcanic processes only through a 41 
series of assumptions (Alfano et al. 2016; Bertelsen et al. 2021). 42 
Scaled analog experiments overcome some of the above in situ measurement challenges, computer 43 
processing power limitations and associated spatial and temporal resolution constraints. Experiments 44 
provide insights into dynamic volcanic processes by systematically investigating sets of physical 45 
parameters that are critical to interpreting volcano monitoring data and forecasting eruptions and 46 
associated hazards (Appendix Table 1; e.g. Leever et al. 2014, Merle 2015, Kavanagh et al. 2018a). 47 
In this contribution, we review the technological progress in the past two decades that has expanded 48 
options for quantitative analyses of multidimensional analog experiments modeling volcanic flows and 49 
deformation. We then identify three major fronts of progress that will expand the unique role of analog 50 
experiments in multidisciplinary volcanological research: improved measurements using multiple 51 
methods and instruments (multimethod), upscaling and multimethod integration. Table 1 (Appendix) 52 
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facilitates directly comparing scaled parameters with volcano monitoring data and testing of 53 
conceptual and numerical models. Readers can find more comprehensive reviews of analog 54 
experimental studies in volcanology, including magma chamber processes that we omit, in Mader et 55 
al. (2004, 2013), Acocella (2007), Galland et al. (2018), Kavanagh et al. (2018a) and Roche and Carazzo 56 
(2019), and Rivalta et al. (2015). 57 
 58 
ADVANCEMENTS IN ANALOG  MODELING IN THE PAST TWO DECADES 59 
Sub-surface magma migration and structural deformation 60 
Magma is channelled from source regions in the Earth’s mantle through volcanic and igneous plumbing 61 
systems (VIPS) towards eruption at the surface (Burchardt 2018). VIPS were previously seen as melt-62 
dominated simple cylindrical pipes and ball-shaped “chambers”. Analog experiments have helped form 63 
the current consensual model of intricate networks of geometrically complex reservoirs, conduits and 64 
sheets, filled with heterogeneous mixtures of magmatic melt, crystals and exsolved volatiles, that 65 
produce seismicity, degassing and ground deformation (Cashman and Sparks 2013; Galland et al. 66 
2018). The use of crustal rock analogs of contrasting rheologies, such as brittle-elastic gelatin vs. plastic 67 
granular materials, has underscored the control of magma and host rock properties on the three-68 
dimensional (3D) growth of intrusions and reservoirs and associated deformation (Kavanagh et al. 69 
2018b; Bertelsen et al. 2021). Furthermore, the introduction of faulting, gravitational and far-field 70 
forces to analog experiments has helped better understand complex stress interactions between 71 
propagating magma, topographic (un)loading and tectonic forces causing acute caldera and flank 72 
collapse, or chronic gravitational deformation (e.g. Merle and Borgia 1996; Acocella 2007; Delcamp et 73 
al. 2018).  74 
Modern high-speed cameras, photogrammetry, digital image analysis software and even X-ray 75 
Computed Tomography and digital volume analysis have driven a methodological evolution from 76 
qualitative descriptions to temporal quantitative monitoring of deformation fields in two dimensions 77 
(2D) against vertical cross-sections, and in 3D on experiment surfaces (e.g. Acocella 2007; Ruch et al. 78 
2012; Galland et al. 2016) and in the experiment interior (Fig. 1C; Kervyn et al. 2010; Poppe et al. 2019). 79 
More realistic physical scaling has been obtained by increasingly detailed analog material 80 
characterisation (see Table 1 of Appendix; Kavanagh et al. 2013; Reber et al. 2020; Poppe et al. 2021). 81 
Nevertheless, experiments have mostly focused on limited interactions between parameters, and 82 
experiments are rarely coupled with numerical methods. 83 
 84 
Conduit and surface viscous flow 85 
Shallow conduit flow encompasses a variety of interrelated processes, including volatile exsolution, 86 
decompression, multiphase flow dynamics (gas-liquid, solid-fluid, gas-liquid-solid, or two liquids of 87 
contrasting viscosity), fragmentation, lava lake dynamics, as well as lava dome extrusions and lava 88 
flows (Fig. 1). A focused study of a fundamental process minimizes complexity and dictates 89 
experimental design, which branches into three categories: depressurization, magma rheology, 90 
volumetric flux and solidification experiments. 91 
Depressurization experiments load rock fragments or viscous liquids into pressurized shock tubes 92 
sealed by a releasable diaphragm. The pressure loss allows for modeling of volatile exsolution, bubble 93 
growth and fragmentation dynamics (Anilkumar et al. 1993; Spina et al. 2016). Volumetric flux 94 
experiments focus on the transport of one or more fluids through a narrow conduit, sometimes with 95 
reservoirs fixed to the ends. This allows for the study of one-, two-, and even three-phase flow 96 
dynamics, including bidirectional flow and bubble flow regimes (Seyfried and Freundt 2000; 97 
Oppenheimer et al. 2020). When a reservoir is fixed to the upper end, surface level fluctuations, funnel 98 
geometry and general flow dynamics can act as an analog for lava lakes (Witham et al. 2006; Qin et al. 99 
2018). The physics governing Strombolian eruptions have been modeled in experiments on air bubble 100 
rise through relative viscous glucose or syrup, such as the ascent and potential break up of gas slugs, 101 
the effect of conduit geometry, the very long period deformation signal, and transitions from churn to 102 
annular flow (e.g. Kueppers et al. 2006; Perugini and Kueppers 2012; Pioli et al. 2012; Azzopardi et al. 103 
2014).  104 
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Figure 1. Magma migration takes place primarily through sheet intrusions (depicted below) and conduits (above). 105 
Individual processes illustrated in circular insets: (A) magma dynamics within a dike, (B) dike flow localization, (C) 106 
host rock deformation, (D) volatile exsolution, (E) slug ascent, (F) bubbly flow, (G) fragmentation, (H) lava flows, 107 
(l) (far field) surface deformation, (J) fault formation. Photo examples in square insets correspond to: (A) Pansino 108 
et al. (in prep); (B) Pansino et al. (2019a, b); (C) Poppe et al. (2019), stress sensors in Seropian and Stix (2018), 109 
fluid pressure sensor in Bertelsen et al. (2021); (E) Manta et al. (2019); (F)  Pansino et al. (2019a, b); (G) Salvatore 110 
et al. (2020) reproduced with permission; (J) Dietterich et al. (2017) reproduced with permission. 111 

 112 
Finally, solidification experiments omit the conduit and instead model effusive activity, like lava flows, 113 
dome extrusion and fragmentation involving external water (e.g. Fink and Griffiths 1990; Cashman et 114 
al. 2006; Sonder et al., 2018). Whereas models can use single phase liquid or granular materials to 115 
simulate lava flow and dome dynamics (Dietterich et al. 2015; Zorn et al. 2020), solidification 116 
experiments rely on materials which cool and undergo heterogeneous solidification (Soule and 117 
Cashman 2004), but also have incorporated near-real-scale furnace-heated basalt (e.g. Lev et al. 2012; 118 
Edwards et al. 2013; Rumpf et al. 2018). Depending on the source geometry, influx, temperature and 119 
substrate roughness, it is thus possible to investigate the velocity and geometry of such features, which 120 
strongly resemble natural examples. 121 
 122 
 123 
 124 
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Sub-aerial tephra dispersal and ground-hugging flows 125 
Above the surface, the past decade of analog experiments modeling volcanic plumes (Fig. 2a, b), 126 
explosive excavation and ballistic ejection (Fig. 2d), debris flows and pyroclastic density currents (PDCs; 127 
Fig. 2a, b) have ranged from “small-scale” benchtop flume (e.g., Roche 2012; Sher and Woods 2017; 128 
Smith et al. 2020) and tank experiments (Fig. 2b; e.g., Carazzo and Jellinek, 2012; Chojnicki et al. 2015; 129 
Gilchrist and Jelinek 2021) to “large-scale” laboratory  (e.g., Lube et al. 2015; Breard and Lube 2017; 130 
Brosch and Lube 2020), and outdoor experiments (Fig. 2c, d; e.g., Graettinger et al. 2014; Sulpizio et 131 
al. 2016; Dellino et al., 2019). These experiments have established new links between micro-scale 132 
(particle scale) processes and bulk multiphase flow behavior (Fig. 2a). Two-way particle-fluid coupling 133 
processes (e.g., preferential concentration in eddies; Fig. 2a) exert controls on the mass partitioning 134 
between collapsing flows, which feed PDCs, or buoyantly rising and spreading flows, which generate 135 
plumes and ash clouds (e.g., Jessop and Jellinek 2014; Lherm and Jellinek 2019; Gilchrist and Jellinek 136 
2021). Four-way coupling (e.g., mesoscale clustering) controls the exchange of mass between dilute 137 
and dense flow regions in PDCs (e.g., Breard et al. 2016; Brosch and Lube 2020; Weit et al. 2020) and 138 
induces triboelectrification in volcanic jets that creates detectable lightning (e.g., Cimarelli et al. 2014; 139 
Van Eaton et al. 2016; Méndez Harper et al. 2021). In their densest form, volcanic flows become 140 
granular flows dominated by frictional stresses with unexpectedly high mobility and interactions with 141 
erodible substrates that can significantly affect their runout (e.g., Iverson et al. 2011; Roche et al. 2013; 142 
Bernard et al. 2014). Large-scale experiments show the expulsion of fine particle-gas mixtures from 143 
collapsing volcanic flows and have inspired improved numerical simulations and comparison to natural 144 
deposits (Graettinger et al. 2014; Valentine 2020). Due to the wide range of particle size distributions 145 
in volcanic flows, one-way and two-way particle-fluid coupling can co-exist with four-way coupling in 146 
a single system (Fig. 2e, f; e.g., Breard et al. 2016, 2017; Lube et al. 2020). 147 
 148 
THREE FRONTS OF PROGRESS  149 
We identify three fronts through which analog experiments can be improved to achieve the ultimate 150 
goals of volcano science (Fig. 3): understanding volcanic processes, forecasting volcanic hazards and 151 
mitigating these hazards to society. 152 
First, continued progress in multimethod quantification of model parameters that govern the dynamics 153 
of volcanic flows and deformation will address key knowledge gaps. Currently, distinct subsets of 154 
methods have been deployed at separate laboratories. With recent advancements in microcomputer 155 
technology and materials science (Zhu et al. 2020), the variety of available instruments, instrument 156 
synchronization and choice of analog materials should greatly improve. By equipping experimental 157 
setups with multisensor arrays, these improvements should aim to produce quantitative analyses of 158 
the combined effects of several modeled parameters simultaneously, including those parameters 159 
listed in Table 1 (Appendix). For example, measuring bulk flow scale properties should be combined 160 
with measuring strains and stresses of the carrying fluid or host material at the particle scale. Use of 161 
materials that achieve mechanical and thermal dynamic similarity with magma and volcanic mixtures 162 
will permit experiments to simultaneously investigate poorly understood mechanical and thermal 163 
effects (e.g., Moitra et al. 2018; Seropian and Stix 2018; Gilchrist and Jellinek 2021). Inclusive 164 
community benchmark exercises should highlight methodological uncertainties and limitations across 165 
laboratories, similar to past efforts in tectonic modeling (Klinkmüller et al. 2016). Broadening and 166 
diversifying experimental methods, incorporating more multidisciplinary teams, and replacing esoteric 167 
jargon with more widely accessible language, will foster a deeper, richer understanding of volcanic 168 
processes and encourage experimental innovation, assisted by Table 1 (Appendix). 169 
Second, upscaling experimental setups from laboratory scale to near-real scale in dedicated warehouse 170 
or outdoor laboratories will facilitate simultaneous measurements of several parameters of volcanic 171 
processes that interact over a wide range of scales, by using a diverse and synchronized array of 172 
sensors. Building larger experiments requires a large budget and multi-year commitment, that may not 173 
be pragmatic for individual research groups.  174 
 175 
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 176 
 177 
Figure 2: a) Conceptual model of an explosive eruption showing key processes affecting mass transport, hazards 178 
and deposition. Exploded circles show particle-scale interactions with fluid phase that affect bulk flow dynamics. 179 
b) Key investigated processes in a tank-scale experiment modeling Plinian eruptions. c) Large-scale outdoor hot 180 
ash plume experiment in a quarry, Bari, Italy modeling the fluid mechanics of Vulcanian eruption plumes. 181 
Reprinted from Dellino et al. (2010) with permission from John Wiley and Sons. d) Large-scale outdoor explosion 182 
excavation cratering experiment at the U. Buffalo Geohazards Field Station modeling the mechanics of maar-183 
diatreme eruptions. Reprinted from Graettinger et al. (2014) with permission from John Wiley and Sons. e-f) 184 
Warehouse and outdoor PDC flow mechanics experiment at the pyroclastic flow eruption large-scale 185 
experimental facility (PELE) at Massey U.. Reprinted from Breard et al. (2016) with permission from Springer. g) 186 
Large-scale outdoor debris flow flume experiments at the U.S. Geological Survey’s H. J. Andrews Experimental 187 
Forest in Blue River, OR testing suites of monitoring instruments. Reprinted from Iverson et al. (2010) with 188 
permission from John Wiley and Sons.  189 

 190 
 191 
 192 
 193 
 194 
 195 
 196 
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 197 
Figure 3. Visual representation of the many ways that analog experiments across a range of scales should 198 
integrate with other techniques in volcano science. Experiments are inspired by observations of natural 199 
phenomena, used to test and inform the interpretation of the geologic record, and can be coupled with numerical 200 
models to improve volcanic hazard models and crisis mitigation plans. Experiments should also be used to test 201 
equipment and techniques for future use during eruptions, facilitate discussions at community workshops and 202 
engage the wider public.  203 
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Multisensor arrays should be deployed during future large-scale explosion, lava flow, column collapse 204 
and PDC, lahar and debris flow experiments during community workshops or consortium projects 205 
supported by national and international funding bodies at existing large-scale experimental facilities 206 
(Iverson et al. 2010; Graettinger et al. 2014; Taddeucci et al. 2015; Breard et al. 2016; Allstadt et al. 207 
2020). The resulting synchronized multiparameter datasets can be used to: 208 
1) Compare to existing multiparameter eruption datasets to better constrain governing volcanic flow 209 
parameters; 210 
2) Inform volcano monitoring network design, so that new multisensor arrays are set up to acquire the 211 
maximum amount of information for the allotted budget. 212 
The opportunity of inviting the public to attend experiments at outdoor facilities or broadly distribute 213 
experiment media on social media and to schools should be exploited more to increase public 214 
awareness of volcanic processes. 215 
Third, progress in understanding volcanic processes will come from an increased integration of 216 
laboratory experiments with numerical models. Whereas experiments have demonstrated capability 217 
to model fundamental volcanic processes, knowledge gaps remain due to issues of scale or complexity. 218 
The first and second fronts will resolve scaling and upscaling, expose experimental limitations and 219 
increase compatibility of experimental data sets with geophysical monitoring data from active 220 
volcanoes. Complexity instead calls for careful planning to ensure that each component (e.g., 221 
geometry, flow dynamics, and thermodynamics of each material) is properly scaled. Analog 222 
experiments are rarely used to guide, calibrate and validate analytical and numerical models, but have 223 
shown tremendous capability in this regard (e.g., Maccaferri et al. 2019; Esposti Ongaro et al. 2020; 224 
Mantiloni et al., 2021). Extensive and multiparameter experimental data sets can be produced that 225 
avoid the limitations of in-situ volcano monitoring data, such as a scarcity of natural events, poorly 226 
constrained source and boundary conditions, logistical and technological challenges, or slow processes 227 
that occur over a long time frame. Such synthetic data sets will support further testing and 228 
development of existing and newly-developed numerical methods, data assimilation, machine learning 229 
and artificial intelligence (AI) algorithms (e.g., Albino et al. 2020; Valentine 2020; Watson 2020). 230 
In conclusion, small- to large-scale analog experiments continue to advance into sophisticated, 231 
multimethod approaches with increased measurement precision and scaling accuracy for 232 
characterizing complex multiphase volcanic processes in space and time. The three identified fronts of 233 
progress will help analog experiments continue to improve: 234 
1) Multimethod quantification of multiphase processes; 235 
2) Testing of multisensor volcano monitoring arrays by upscaling experiments to near-natural scales; 236 
3) Increased integration of laboratory experiments with numerical models, machine learning and other 237 
AI algorithms. 238 
These efforts will require the mobilization of an increasingly diverse and multidisciplinary community 239 
of researchers spanning all career stages, ethnic and national backgrounds in community-wide 240 
workshops and consortia supported by scientific associations and funding bodies. In this way, we 241 
foresee analog experiments as continuing to contribute uniquely to advances in our ability to model, 242 
understand and forecast volcanic hazards and to create opportunities to engage the public over the 243 
coming decade. 244 
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Table 1 Key parameter ranges for analog experiments versus their natural counterparts

Parameter [Units] Physical description Experiments Nature References

h [m] overburden height 0.06−0.10 101 −104 Mathieu et al., 2008; Galland et al., 2014; Poppe et al., 2019
B [m] dike transverse breadth < 0.4 102 −104 Kavanagh et al. 2018a, b; Pansino et al. 2019a, b
C [kg m−1 s−2] solid cohesion 1−700 105 −107 Galland et al. 2006, 2014; Abdelmalak et al. 2016;

Schmiedel et al. 2019; Poppe et al. 2019, 2021
E [kg m−1 s−2] Young’s modulus 103 −104 30×109 Kavanagh et al. 2013; Pansino & Taisne 2019
G [kg m−1 s−2] shear modulus 103 −104 30×109 Rivalta et al. 2005
H [m] dike thickness 10−3 −10−2 10−2 −10 Pansino et al. 2019a, b
Kc [kg m−0.5 s−2] critical fracture toughness 40−170 106 Meredith & Atkinson 1985; Kavanagh et al. 2013
L [m] dike axial length < 0.4 102 −104 Kavanagh et al. 2018a, b; Pansino et al. 2019a, b
Q [m3 s−1] volumetric flow rate 10−8 −10−5 10−2 −102 Pansino et al. 2019a, b
T [°C] tempreature 30−70 700−1400 Taisne & Tait 2011; Pansino et al. 2019a, b
T0 solid tensile strength 5−200 105 −107 Abdelmalak et al., 2016; Poppe et al., 2021
α [m2 s−1] thermal diffusivity 10−7 † 10−7 −10−6 Hartlieb et al. 2016; Pansino et al. 2019a, b
ρs [kg m−3] solid crust density 1000−1050 1600−3000 Gailler et al. 2009; Kavanagh et al. 2013; Guldstrand et al.

2017
ρl [kg m−3] liquid magma density ∼ 0−1440 ∼ 40−2700 Rivalta et al. 2005; Galland et al. 2006; Mathieu et al. 2008;

Taisne & Tait 2009; Schepp et al. 2020
∆ρ [kg m−3] crust-fluid density contrast 370−1000 400−3000 Rivalta et al. 2005; Taisne & Jaupart 2009
γ [kg s−2] surface energy 1 1 Kavanagh et al. 2013
µ [kg m−1 s−1] fluid dynamic viscosity 10−5 −10−1 1−1012 ‡ Rivalta et al. 2005; Gonnerman 2015; Kavanagh et al.

2018a, b; Pansino & Taisne 2019
φ [degrees] solid internal friction angle 21−35 25−45 Galland et al. 2006; Galland et al. 2014; Abdelmalak et al.

2016; Schmiedel et al. 2019; Poppe et al. 2019, 2021
ν Poisson’s ratio 0.5 0.25 Rivalta et al. 2005
A/C activation/cooling time ratio 0.2 0.1−0.2 Derrien and Taisne 2019
L* dimensionless length < 10 10−1 −102 Taisne & Tait 2009
Re Reynolds number < 102 10 Lister & Kerr 1991; Touvet et al. 2011; Galland et al. 2014
Θ dimensionless temperature 0.76−1 0.9−0.95 Taisne & Tait 2011; Pansino et al. 2019a, b
Φ dimensionless thermal flux 10−2 −10 10−3 −102 Taisne & Tait 2011; Pansino et al. 2019a, b
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Table 1: Continued

Parameter [Units] Physical description Experiments Nature References

g [m s−2] gravitational acceleration 9.81 3.70 (Mercury)
8.87 (Venus)
9.81 (Earth)
3.69 (Mars)

Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.
2010; Byrne et al. 2013

B [m] brittle layer thickness 10−2 −10−1 103 −105 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.
2010; Byrne et al. 2013

D [m] ductile layer thickness 10−1 103 −105 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.
2010; Byrne et al. 2013

E [Pa] Young’s modulus 5×106 7.5×1010 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.
2010; Byrne et al. 2013

H [m] Cone height 10−2 103 −105 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.
2010; Byrne et al. 2013

P [m] decollement thickness 10−4 1−103 Byrne et al. 2013
Q [m] decollement depth 10−3 0−103 Byrne et al. 2013
R [m] cone radius 10−1 103 −105 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
S [m s−1] velocity of deformation 10−6 −10−5 10−12 −10−10 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
T [s] time span of spreading 3×105 1012 −1013 Kervyn et al. 2010
T0 [Pa] brittle cohesion 102 106 −108 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
µ [Pa s] ductile material viscosity 103 −104 1020 −1022 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
ρb [kg m−3] brittle material density 103 −104 103 −105 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
ρd [kg m−3] ductile material density 103 3.3−3.5×103 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
v Poission’s ratio 0.2 0.3 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
Θ brittle friction coefficient 0.63 0.65 Merle & Borgia 1996; Delcamp et al. 2008; Kervyn et al.

2010; Byrne et al. 2013
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Table 1: Continued

Parameter [Units] Physical description Experiments Nature References

Cm [Pa] brittle cohesion 0−3×102 105 −108 Holohan et al. 2008; Ruch et al. 2012; Poppe et al. 2015
Gr [km3 ka−1] cone growth rate 10−11 10−2 −10 Grosse et al. 2020
L [m] length 10−2 −10−1 10−2 −104 Roche et al. 2000; Holohan et al. 2008; Ruch et al. 2012;

Poppe et al. 2015
Tmr [s] chamber residence time 103 −104 1012 −1014 Holohan et al. 2008
Vmc [m s−1] caldera collapse velocity 10−7 −10−6 10−2 −10−1 Holohan et al., 2008; Ruch et al., 2012; Poppe et al., 2015
Vmr [m s−1] strike-slipe velocity 10−6 −10−4 10−10 −10−8 Holohan et al., 2008; Grosse et al. 2020
µm [Pa s] magma viscosity 50−104 104 −1012 Roche et al. 2000; Holohan et al. 2008; Ruch et al. 2012;

Poppe et al. 2015
φm [°] angle of internal friction 22−37 30−45 Roche et al. 2000; Holohan et al. 2008; Ruch et al. 2012;

Poppe et al. 2015
ρm [kg m−3] brittle material density 1400 2600−3000 Roche et al. 2000; Holohan et al. 2008; Ruch et al. 2012;

Poppe et al. 2015
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Cp [J kg−1 K−1] heat capacity 1200 1200 Rumpf et al. 2018
RH [m] resurgent dome height 10−2 1−103 Brothelande et al. 2016
RL [m] resurgent dome length 3×10−1 103 −104 Brothelande et al. 2016
RW [m] resurgent dome width 10−1 103 −104 Brothelande et al. 2016
T [C◦] temperature 900−1473 700−1600 Griffiths 2000; Rumpf et al. 2018 and references therein;

Sonder et al. 2018; Soldati et al. 2021
α [m2 s−1] thermal diffusivity 10−7 −10−6 10−7 −10−6 Romine et al. 2012; Rumpf et al. 2018
ρ [kg m3] density 890−2700 900−2500 Kavanagh et al. 2018a, b; Rumpf et al. 2018; Sonder et al.

2018
µ [Pa s] dynamic viscosity 10−5 −1014 10−1011 Huppert et al. 1982; Stevenson et al. 1998; Kavanagh et al.

2018a, b; Rumpf et al. 2018; Sonder et al. 2018
Φg gas volume fraction 0.10−0.80 0−0.95 Rust and Cashman 2004, 2011; Oppenheimer et al. 2015;

Gonnerman 2015; Gonnerman et al. 2017; Fauria and
Manga 2018

Ψ flow regime parameter 2.24−2060 33−118 Fink and Griffiths 1990; Gregg and Fink 2000; Rumpf et al.
2018

Pe Péclet number 104 −105 102 −108 Griffiths 2000; Rumpf et al. 2018
Re Reynolds number 7.4×10−3 −24 10−10 −106 Huppert et al. 1984; Huppert and Sparks 1985; Griffiths

2000; Rumpf et al. 2018
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Table 1: Continued

Parameter [Units] Physical description Experiments Nature References

d [m] depth of explosion 0−1 10−102 Graettinger et al. 2014; Sonder et al. 2015
dp [m] particle diameter 0.1−5 10−2 −103 Graettinger et al. 2014; Graettinger and Valentine 2017
h [m] jet height 0.1−20 10−103 Graettinger et al. 2014; Ort et al. 2018
kg [kg] mass of ejecta 102 −103 102 −108 Ripepe et al. 1993; Kilgour et al. 2010; Graettinger et al.

2014; Lube et al. 2014
m [m] max ballistic ejecta distance 0.5−50 10−103 Graettinger et al. 2014; Ort et al. 2018
tpulse [seconds] eruption explosion interval 10−3 −104 > 10−1 Dürig et al. 2015; Graettinger et al. 2018; Neilsen et al.

2019; Gilchrist et al. 2020; Rowell et al. 2020
dc [m] crater depth (-0.1)−(-0.5) 10−102 Sonder et al. 2015; Graettinger 2018
Dsc [m J−1/3] scaled depth 10−3 −10−2 10−3 −10−2 Sonder et al. 2015; Valentine et al. 2015
E [J] explosion energy 105 −107 109 −1015 Graettinger et al. 2014; Sonder et al. 2015
Wc [m] crater diameter 0.3−6 10−103 Graettinger et al. 2014; Sonder et al. 2015

C
ra

te
ri

ng

dp [m] particle diameter 10−5 −10−3 10−6 −10−2 Dellino et al. 2010; Carazzo & Jellinek 2012
f f tn [s−1] fountain frequency 10−2 −10−1 10−4 −1 Gilchrist & Jellinek 2021
r0 [m] source radius 10−3 −1 10−102 Dellino et al. 2010; Carazzo & Jellinek 2012
tpulse [seconds] eruption explosion interval 10−2 −102 > 10−1 Dürig et al. 2015; Gilchrist et al. 2020; Rowell et al. 2020
u0 [m/s] source speed 10−3 −103 10−103 Kieffer and Sturtevant 1984; Dellino et al. 2010; Carazzo &

Jellinek 2012; Gilchrist & Jellinek 2021
up [m/s] particle settling speed 0.1−1 10−1 −102 Carazzo & Jellinek 2012; Saxby et al. 2018; Gilchrist &

Jellinek 2021
H f tn [m] fountain/jet height 0.1 103 −104 Gilchrist & Jellinek 2021
Hpl [m] plume height 0.1 103 −104 Gilchrist & Jellinek 2021
HOS [m] overshoot height 10−2 −10−1 103 −104 Gilchrist & Jellinek 2021
N [s−1] buoyancy frequency 10−1 10−2 Carazzo & Jellinek 2012
µ [kg m−1 s−1] fluid dynamic viscosity 10−3 10−5 Carazzo & Jellinek 2012
ρa [kg m−3] ambient fluid density 998−1040 10−3 −1 Carazzo & Jellinek 2012; Gilchrist and Jellinek 2021
ρ f [kg m−3] interstitial fluid density 998−1050 0.1−1 Carazzo & Jellinek 2012; Gilchrist and Jellinek 2021
ρs [kg m−3] solid (particle) density 42−3210 750−2500 Carey et al. 1988; Carazzo & Jellinek 2012; Carazzo et al.

2015; Gilchrist and Jellinek 2021
φ0 particle volume fraction 10−3 −10−2 10−4 −10−1 Carazzo & Jellinek 2012; Jessop et al. 2016; Gilchrist &

Jellinek 2021
e restitution coefficient 0−0.85 0−0.85 Cagnoli and Manga 2003; Dufek et al. 2009
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Ma source Mach number < 3.8 < 1.7 Kieffer and Sturtevant 1984; Orescanin et al. 2014; Schmid
et al. 2020



Table 1: Continued

Parameter [Units] Physical description Experiments Nature References

Re0 source Reynolds number 3000−12000 107 −109 Carazzo & Jellinek 2012
Rep particle Reynolds number 1.3−6.5 10−4 −106 Carazzo & Jellinek 2012; Gilchrist and Jellinek 2021
Ri0 source Richardson number 10−7 −1 10−3 −10 Carazzo & Jellinek 2012; Carazzo et al. 2014; Carazzo et

al. 2015; Jessop et al. 2016; Gilchrist and Jellinek 2021
St0 source Stokes number 0.2−6.0 10−2 −102 Carazzo & Jellinek 2012; Jessop et al. 2016; Gilchrist &

Jellinek 2021
Σ0 source stability number 10−3 −10−2 10−3 −1 Carazzo & Jellinek 2012; Jessop et al. 2016; Gilchrist &

Jellinek 2021

dp [m] particle diameter 10−6 −10−2 10−6 −1 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

u [m s−1] bulk speed 0.1−10 5−200 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

H [m] flow height 0.01−5 10−1000 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

KE [J m−3] kinetic energy density 10−2-103 10−2-104 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

TEb [J m−3] buoyant thermal energy 101-103 103-104 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

µ [kg m−1 s−1] interstitial fluid dynamic viscosity 1.8-4×10−5 1.8-3.5×10−5 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

µpp internal friction coefficient 26−40 35−40 Roche et al. 2012; Lube et al. 2015
µb [degrees] basal friction coefficient 35−40 35−40 Lube et al. 2015
ρa [kg m−3] ambient fluid density 1.2−1.3 1.1−1.3 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;

Lube et al. 2015; Brosch & Lube 2019
ρ f [kg m−3] interstitial fluid density 0.6−1.2 0.6−1.2 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;

Lube et al. 2015; Brosch & Lube 2019
ρs [kg m−3] solid density 350−2900 350−2900 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;

Lube et al. 2015; Brosch & Lube 2019
e restitution coefficient 0−0.85 0−0.85 Cagnoli and Manga 2003; Dufek et al. 2009
C source particle concentration 10−5 −0.7 10−5 −0.7 Andrews and Manga, 2012; Lube et al. 2015;
Fr densimetric Froude number 0.5−5 0.5−5 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;

Lube et al. 2015; Brosch & Lube 2019
I inertial number 10−6 −10 10−6 −10 Breard et al. 2020
N pore pressure 0−> 1 0−> 1 Druitt et al. 2007; Roche 2012; Breard et al. 2019
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Table 1: Continued

Parameter [Units] Physical description Experiments Nature References

Re Reynolds number 101-103 106-1010 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

Ri Richardson number 0.01−10 0−10 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

Rit thermal Richardson number 0.02−4.5 0−5 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

Pn Rouse number 0.7−10 10−3-10−1 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;
Lube et al. 2015; Brosch & Lube 2019

Ψ grain sphericity 0.4−1 0.4−1 Dellino et al. 2005
Σ stability number 10−2-10 10−6-105 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;

Lube et al. 2015; Brosch & Lube 2019
St Stokes number 10−6-10 10−6-10 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;

Lube et al. 2015; Brosch & Lube 2019
Str Strouhal number 0.3 0.3 Dellino et al. 2007; Andrews & Manga, 2012; Roche, 2012;

Lube et al. 2015; Brosch & Lube 2019

dp [m] particle diameter 10−6 −10−1 10−6 −1 Iverson et al. 2010; Iverson 2012
k [m2] hydraulic permeability 10−12 −5×10−10 10−13 −10−10 Iverson et al. 2010; Iverson 2012
u [m s−1] bulk speed 1−10 1−50 Iverson et al. 2010; Iverson 2012
D [m2] hydraulic diffusivity 1−5×10−2 10−2 Iverson et al. 2010; Iverson 2012
H [m] flow height 0.1−1 0.1−100 Iverson et al. 2010; Iverson 2012
ρs [kg m−3] solid density 2000−2500 350−2900 Iverson et al. 2010; Iverson 2012
ρ f [kg m−3] interstitial fluid density 2000−2500 350−2900 Iverson et al. 2010; Iverson 2012
µ [kg m−1 s−1] interstitial fluid dynamic viscosity 10−3 −10−1 10−3 −10−1 Iverson et al. 2010; Iverson 2012
µb [degrees] basal friction coefficient 39−40 ∼ 40 Iverson et al. 2010; Iverson 2012
µpp [degrees] internal friction coefficient ∼ 39 ∼ 40 Iverson et al. 2010; Iverson 2012
Np pore pressure number 10−4 −10−3 10−8 −10−6 Iverson et al. 2010; Iverson 2012
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