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Abstract

Explosive volcanic eruptions are commonly charaotelrbased on a thorough analysis of the generated
deposits. Amongst other characteristics in physioddanology, density and porosity of juvenile tiaare
some of the most frequently usegbracteristicto constrain eruptive dynamics. In this study, weleate the

sensitivity of density and porosity ddtastatistical methodand introduce a weighting parameter to correct

issues raised by the use of frequency analysisulResf textural investigation can be biased bgtla
selection. Using statistical tools as presented,itbe meaningfulness of a conclusion can be cloefckeany
dataset easily. This is necessary to define whetheot a sample has met the requirements fosttati
relevance, i.e. whether a dataset is large enaughaw for reproducible results. Graphical statstre used
to describe density and porosity distributions,ikinto those used for grain-size analysis. Thisrapch
helps with the interpretation of volcanic deposiis.illustrate this methodology we chose two ladgéasets:
1) directed blast deposits of the 3640-3510 BCtawnmf Chachimbiro volcano (Ecuador) and 2) blecid-
ash-flow deposits of the 1990-1995 eruption of Uneelcano (Japan). We proposed-the-duse-of-this
analysisfetthe incorporation of this analysis infisture investigations to check the objectivityre$ults

achieved by different working groups and guarattteeneaningfulness of the interpretation.
Keywords: explosive eruptions, pyroclast textures, poreginsity, statistical analysis
1. Introduction

Pyroclast density and porosity are commonly usa@donstruct eruptive dynamics and feed numerical

models. The pyroclast densjtyis defined as:
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The mass of a pyroclast; is easily measured using a precision balance nidesurement of its volumég is

a much greater task as pyroclasts have irreguigresh According to the Archimedes’ principle,can be

calculated usinghe volume of water displaced by the pyrocMgthat can be directly measured or calculated

using thethdollowing equation:

. (2).

Wwhere the water densipy, depends on the ambient temperaturerapdorresponds to theass oiwater

velume-weighidisplaced by the pyroclast.

If the densityDRE (Dense Rock EquivalefbRE, pa:ore) is known, either assumed using the rock

composition or measured laboratory [.e. rock powder density using water or helium pyostry), it can be

used along with the pyroclast density to calculéepyroclast porositypt):

pDRE (3)

It is important to note that measuring the denaitgt the porosity afregularly shapegyroclasts is net
straightforwarebnalysis In particular, the parametsn, is hareldifficult to constraimpreciselyaccurately-as it

water due to water infiltration in the pyroclashelimpact on the measurement increases for samijites
high porosity and permeabilityin any case, the properties of the pore netwarkh sishe-permeabiliby-or

the pore tortuosity, have to be taken into accbectuse they affect time,. Over the last decades several

methods have been developed to minimize the effdatruding water (Houghton and Wilson, 1989;
Schiffman and Mayfield, 1998; Polacci et al., 20B8gppers et al., 2005). It is worth indicatingttiieere are
many different technigues to obtain density andgity ethermethodsuch as water saturatiomycnometry
(water or helium), photogrammetmalipercallipertechniques, and X-ray tomographse-alse-used-{o
caleulate-density-and-peresi(Hanes, 1962; Manger, 1966; Giachetti et al., 2014} increasing use of
regularly shaped-eermampls (coreswithregularshape-inthelaberatory R i

allows for an easy way to derive average derisityprovides partial information on the bulk densind

porosity of thestartingpyroclasssdue to 3D effects such as heterogeneous vesiaeasd density

distribution. The purpose of this paper is notdampare the different methods used to obtain the

density/porosity data but to discuss how they sthbeltreated statistically.

Another important aspect density/porosity analysis that pyroclastic deposits commonly present gelar
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range of density values, so sample sets must cempsignificantlargenumber of clasts. Additionally, the
results must be checked for a lewount obiasduring-sample-selectiondue to preferential sampliming
field-werkfieldwork Then the density and porosity results are gelyerahted statistically using frequency

analysis including average and distribution hiséogs. These analyses are ofterd tdnterpretd-as
indieaters-efvolcanic structures or explosivity (Kueppers et 2005; Belousov et al., 2007; Kueppers et al.,
2009; Shea et al., 2010; Mueller et al., 2011). fitaén issue in this approach is that density andgity are
considered thermodynamically as intensive prope#tielthat are not additive unlike extensive propsrti

such as mass or volume (White, 2012). In conseaéiit cannot be added, it should not be posdible
average (sum divided by number of measurement)snte propertiederhomegeneousmaterialsueh as
i i —gold\Htis-hota-problapause-thePyroclast-drasityis will-be-the-same
independently of the sealesize dependent everafopkes with a homogeneous bubble distribution éase
in density for particles smaller than the averagietite size, e.q., Eycheneéaland Le Penne@0132). This

effect can be even stronger oFheterogeneousattersuch-asyroclastic materiathat commonly shows

bubble gradientsETherefore antheaverage density, can be estimated as the total mass of the pytecias

divided by their total volum¥/:

The non-additive property of density and porosispéerbidlimits the use of frequency histograms. For

statistical analysis on the density/porosity disition, the measurements must be weighted-cannot be
ated

statistically.adequately to be physically meanihgfu

The purpose of this paper is to present a simpkbdodeo obtain weightedveragesand-histogramsstatistics
in order toanalyszeanalysdensity and porosity data. We also propasgse-factea stability analysis that

description of grain-size distribution of sedimerisnan (1952) proposedset of graphical parameters

based on statistical analysis. The new parametetsas graphical standard deviation and graphkealisess

allowedteputputtingnumbers on descriptive terms. Few years later &otk\Ward (1957) proposed revised

parameters that better describe natural materiaditicular polymodal distributions. They also auucel the

kurtosis that allow$o-describedescribintdne shape of the mode. These parameters havaibedrever since

to characterize and distinguish volcanic depoS§italker, 1971). We propose to adapt those equatmns

describe density and porosity distributidiis methodology is incorporated in an open so&&eript

(http://www.r-project.org/). R is a high-functiomjrireeware with excellent statistical capacitiest ghrovide
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an optimal platform for such analysis. In ordeptomote this analysis we also provide-Fhose-thiegssare
: : : J y-usea similar MatLab nuimer
code. An Excespreadsheetspread shsetlso jointed but only with basic formulae asstnaf the
fermutaeprotocotannot be translate tcspreadsheetspread shiginat -Finally we illustrate and discuss

this method usingwo large datasetsom-different pyroclastic-depeosits

2. Methodology
2.1. Density and porosity datasets

We chose two large datasets from different pyrdidaeposits in order to assess the validity of approach.
The Chachimbiro dataset (Bernard et al., 2014)daderof 32 sample sets fraifferent outcrops othe 3640-

3510 BC directed blast from Chachimbiro volcanaj&ior (Appendix 1). Each sample set contains betwee
15 and 103 clasts of the 16-32 mm fraction measusety the methodology of Houghton and Wilson (989
The Unzen dataset (Kueppers et al., 2005) is ma8& sample sets from block-and-ash-flow deposamf

the 1990-1995 eruption of Unzen volcano, Japan éAdix 2). Each sample set contains 24-33 large
pyroclasts £86-56080-g>64 m)imeasured according to the methodology present&dieppers et al. (2005).

2.2. Weighting measurements

In order to perform a thorough statistical analysigensity and porosity data, each clast measureme

sample set with a number ‘@f-measurements must be weighted. Based on the Eq. (1) the dépsitysity

data can be weighted either by the volume or byrthss of the pyroclast as soon as the weightinanpeter,

here called the representativenBsss defined as follows:

P=X (Rixpi)
i=1 . (5)

Here we chose to present the weighting by volunighmisame resolution can be used to weight by mass

The Eq. (1) can be reformulate as follows:

m;=p; XV, 6)

Then the Eq. (6) can be inserted in the Eq. (4):

n

m, lZ:Imi Z (Vixpi) n [V xp

1
t Vt Vt

i i=1 , (8)
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122 On-the basiso g } pe A Ae-easeirtd be-weighted-b Ae-vortHhe-othe-pysd

123 Therefore-thereprthe reggentativenedsy volume-of theanypyroclastR,-whieh- is the-part-of-the
124 measurementinthe-whole sample setdefined asolbenetric portion of the pyroclast-is-ealeulated a
125 fellews in the whole sampie

V.
126 R=—. (9)
Vi
127
Vi
R=—
128 Thereforeifn=1, R =4 4 —©
129 —deiBhet oy ansseresin s [lai PR o) ne Lellens:
130 4 =)
131 4 )
132
133
134 5—(7%
135

136 2.3. Abundance histograms and cumulative plots

137 Abundance histograms and cumulative plots are &pjaphical representations of density and poyakita
138 (Fig. 1). The representativeness can be used &becveeighted graphs. For the abundance histograeadh
139 interval we sum th&.representativeneof the measurements instead of counting the nuwiber

140 measurements and dividing it hylt is important to note that density and porokistograms can have
141 different shapds due to the selected bid[ﬂz(&ig. 1A and C). Several studies have used mixstdgrams,
142 with the main axis for density and a secondary fdiporosity (Houghton and Wilson, 1989; Formeartd
143 Druitt, 2003; Belousov et al., 2007; Shea et &11® Komorowski et al., 2013). There is no conssrisuthe
144  histogram representation; nonetheless most studies bin sizes between 50 to 100 kdfar the density
145 (Cashman and McConnell, 2005; Kueppers et al., 2B8Eard et al., 2014). lpracticetheorythe bin size
146 should be selected depending on the number of merasats and the density or porosity rangevertheless

147 for comparison purpose we chose a constant bin(3@@kg m® and 5% porosity) that can be changed in the

148 numeric codeCumulative plots (Fig. 1B and D) are easier todpice and have a unique representaiioihe

149 data are used directly to produce the.plhie data are sorted by increasing density orgiigrand these

150 values are then plotted against the cumulative @uee that is the sum Bfthe representativeneskhe
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density and porosity cumulative plots should hdneedame shape dut rotated jur’
2.4, Stability analysis

One of the main questions when performing a demsityporosity analysis on pyroclastic depositaasy
many measurements are required to have a stafistiepresentative sample set? The samplsize, here
expressed as the number of measuremerigsprimarily dependant on the dispersion of theadDeposits
with alarge density range arrdarge standard deviation require a larger numbenedsurements. In order to
assess the quality of the sampling we proposebdistanalysis based on the comparison betweerfitia

density averagéncluding all the measuremen@and intermediate density averages|uding part of the

measurementsTo avoid analytical skew, due to intentional amiientional ordering of the samples during
the measurements, the data must be ordered randengyal timesthen-tThedensityintermediataverage
paint IS calculated after each measurementa@mdpared with the final average-theabsolute errofAE) is

calculated using as follows:

AE =

(Pa_Paint)|7 (10)
Pa -

-with-the-final-density-average-is-determined. Bachwith random orderindeads to a different AE after a
certain number of measurements. We chose to reyirétiie 99 quantile (2 sigma) of thebselute-errorAE

is-then-plettedagainst the number of measurements (Fig. 2). Wiedfdliat about D00 repetitive runs on one

sample set are required to achieve identical reskibally, the slope of the curve is calculatelblea 5%

threshold of the absolute error to avoid the langer associated to a very small number of measemésn

This slope is a direct indicator of the qualitytieé samplingvith low slopes associated to high quality

sampling The slope of the curve is also calculated belowof%E as an additional quality indicator but it

seemsappearwtaslessiseful in practice.

2.5. Graphical statistics

As the frequency analysis is not suitable for digremnd porosity data, some interesting statisfigabmeters,
such as the standard deviation, are difficult ttaivh Based othe work achieved to characterize better
studies-eigrain-sizedistribution(lnman, 1952; Folk and Ward, 1957), we proposehe first timea similar
approach to calculate the graphical statisticsenfsity and porosity using the cumulative plots (BigB and

D). The main difference between graphical statisticgjfain-size distribution or for density data @t the

equations but the data itself. Grain-size datainbththrough sieving are partial datalas grain-size
distributioninsideeach size class (1 phi, ¥2 phi or ¥ plge-cannet is uknown-the-grain-size-distribution
The density data, on the other hand, are contintifoosigh the whole sampget-Anr-other-difference-is-that

ati e-tataafre-Wetgeaoy-1a whereas-glialisti-are-weighted-by-volunateor informational

purposeHerave present the equations for the density, whiehigentical to the equations for the porosity.

2.5.1. Inman graphical statistics



185 Inman (1952) defined three parameters:

186 +——Fhe theGraphical Median Mds a proxy of the average

187 - -EMBED-Microseft-Equation-38 P

-~
Qo
=

188 Pma=Pso _ (10)

189 Wwherepsg corresponds to the value @at 50% of cumulative abundance. Same notatioses for the

190 following equations

191 +——TFhetheGraphical Standard Deviatiendescribe the dispersion of the dataset

o, = Pgs~ Pis
192 _EMBED- Microsoft Equation-39 2

~

193 = (11)

194 -——TFhetheGraphical Skewness Skcharacterize the asymmetry of the data distidouti

_ PsstP s~ 2Ps

SkGP
195 - _EMBED Microsoft Equation 38 2(Poa=Pis) (a0
p _ PgatPis— 2P
Sk
196 2(pau= ) (12)

197 2.5.2. Folk and Ward graphical statistics

198 Folk and Ward (1957) proposed different parametersare-considered-by-some-authors{Folk,
199 1966)supposed to lraore representative of natural distributions, antigular for bimodal or polymodal

200 distributions The main difference with Inman parameters isinlickision of a 1-sigma parameter for the mean

201 and a 2-sigma parameter for standard deviatiorskewness. In addition Folk and Ward (1957) inclutihed

202 Kurtosis, a statistical parameter that alldasharacterizecharacterizinige shape of the distribution peak

203 »——The theGraphical Mean Mz:

+p_ +
Mz,= P16 "P50 "Pgy

204 -EMBED Microsoft Equation-39 3 1)

_ P16 P50 Py
Mz 3
205 = (13)
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~— The thelnclusive Standard Deviatiosi:

OIPZ Pgs— p16+p95_ Ps

. . . 4 6.6 (12)
E v BEE ViHEroS0o E EqHate 3@ \+=)

_ Pga™ P1g  Pos™ Ps
Pa=""4 " 656

i (14)

= The thelnclusive Skewness Ski:

:p84+p16_ 2p50+p95+p5— 2pso

SkI
; ; g 2(p84_ Ple) 2(P95‘ p5)
. -EMBED Microsoft Equation-39 —3)
po = Pgs P16~ 2p50+ Pos tPs~ 2 Ps

=

° 2(p84_ plG) 2(p95— p5) (15)
«——The theGraphical Kurtosis I:

— Pgs~ Ps
. _ o ! 2.44(ps5- pys) s
.= Pos~ Ps
K 2,44(p75— p25) (16)

It is important to note that the values of GraphMadian and Mean should be relatively close to the
weighted average. Nevertheless, as the weightedgeés physically the most accurate value, we gsefo
use it for graphical representaticitandard deviation, skewness and kurtessimpertantparameters-that

have never been used vet to characterize densitpamsity distributiondut they are useful

2.6. R code

An open access R code has been creategrgifyautomatethe calculations presented above. Additionally it
facilitates the automatic creation of abundancebimms, cumulative plots, and stability curvese Triput

file must be in the formatsv (field separated by comma) and structured asvictlo
1) first column: pyroclast mass (in kg or g);

2) second column: pyroclast volume (if ar cn¥);

3) third column: pyroclast density (in kg¥hor g cm?);

4) fourth column: pyroclast porosity (in decimadrn O to 1).

The columns should have a header. All the valuest tmave the decimal point separator for the R ¢odan
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properly. The name of the file should corresponthtoname of the sample set to avoid confusion when
compiling large datasets. The R code is providdtiénsupplementary material (Appendix 3) and tothen

code only:wethreecommands are required in R:

1) set the Working Directory where the R code dredinput file are located: setwd(“~/");

12) load the codesource(“stats.R”)

23) run the coderesults<-stats(“Input file name.csv”)

For large datasets it is possible to create afistv files and treat them with a loop:

34) create the listi<-list.files(path=".",pattern="csv")}

45) run the code for the listor (i in 1:length(l)){a<-stats(l[i],plot=FALSE)}.

The R code generates a text file with the statiktiesults and the figures in pdf format. Compilthg
Chachimbiro (33 sample sets, 1492 clasts) and U(@2sample sets, 922 clasts) datasets with thedR ¢
with 1000 runs for the stability analysis of eaeimgple set take respectively 36 and 22 seconds4oBlaram

computer (~42 clasts/s in both casés)ranslation of the R code in MatLab format iscatgovided in the

Appendix 3 as well as a basic spreadsheet inclutli@dormulae required to obtain weighted average.

3. Contribution of the renewed methodology
3.1. Frequency versus weighted analysis

The absolute difference between frequency and wesigthensity/porosity averages for Chachimbiro and

Unzen datasets is up to 4% and 2% respectifety 3A, Appendix 4}hat is close to the analytical error
(<5%}HFig—3A-Appendix4)This difference is not as important as the retatlifference between individual
sample sets per volcano. To highlight this we chagesample sets from the Chachimbiro, 021-B ar2tA8
These samples have almost the exact same freqdensity average (1961 and 1960 kg)rout a distinct
weighted density averages (2039 and 1892 #) in contrast, two other sample sets from Chaclrionb
(018-C and 095-A) show similar weighted densityrages (2246 and 2242 kg3rbut distinct frequency
density averages (2284 and 2154 k& nibundance histograms can also be biased bys@eifrequency
analysis. We observed significant modificationhs histogram shape such as fluctuation of the
density/porosity modes (Fig. 3B), variation of thede fraction, or change of the general densitygity

distribution (unimodal or plurimodal}:or both of our study cases, the number of meesemes and the

number of sampeper deposit is large enough for the effect of mmethod compared to the other to be




260 minimum (few percent of deviationftven though, laboratory experiments have showngbatisity is one of

261 the main parameters that consgffigmentation durindecempressionexplosive eruptions under the presence

262 of bubbles with gas overpressurdidibirov and Dingwell, 1996; Spieler et al., @4). tTherefore a change of

263 only few percent of porosity might induce a largeeon the calculation of pre-eruptive conditicueh as

264 overpressure and fragmentation depth-Fhereforayshaffrequency-analysis-alone-cantead to
265 misinterpretations. It is difficult to assess tlfilee of the statistical method based on literatsenost of the

266 publications only provide the final density and ggity datasets and not the raw data (mass and edlum

267 3.2. Sample size

268 The stability analysis (c.f. 2.3) can be used 8eas the quality of the sampling and also to estirthee

269 minimum number of measurements required to obtaanimgful results. When comparing the slope of the
270 stability curve below the 5% threshold and the nermdf measurements from the Chachimbiro dataset, it
271 appears that sample sets with more than 40 clastsdhigh stability (Fig. 4, Appendix 4). Below 40

272 measurements there is scattering in the resutim(figh to low stability) probably associatedhe

273 differences ef-in thestandard deviation. The Unzen dataset exhibits érsmaller spread with a high

274  stability for most of the sample sets. This differe indicates that natural heterogeneity of pysisland

275 eruption, transport and deposition dynamics recaideposit-adapted sampling strategy. Houghton and
276 Wilson (1989) propose a minimum of 30 clasts pen@a set. Our analysis shows that the minimum numbe
277 of measured clasts per sample set must be estdblésttording to the characteristics of the defiisgif-and
278 therefore-based-on-@pso-facteapproach\When more raw data are available on different depo

279 thestability analysisesultsfrem-this-appreachould alsebeuseusedo suggest a minimum number of

280 measurements for future investigatioMoreover, the stability analysis might be useddtect only high

281 stability, ergo more representatisamples for further analys such as laboratory experimentation or

282 permeability measuremer(gig. 5).

283 3.3. Distinguishing deposits

284  Graphical statistics for grain-size analysis haserbcommonly used to identify the nature of volcani
285 deposits (Walker, 1971). The same might be apjitiedensity analysis. Figure 5 highlights the difieces
286 between the Chachimbiro and Unzen datasets. Foevalf similar density/porosity averages the

287 Chachimbiro dataset shows almost systematicaliglaeh standard deviation than the Unzen dataset
288 (Appendix 4). The two datasets also display a sdawdkee of overlap when looking at skewness antb&isr
289 parameters. The Unzen deposits have principaliyraretric porosity distribution (SkG and Skl arou)d
290 while the Chachimbiro deposits have a clear asymondistribution (SkG and Skl mostly positive anal to
291 0.4). The porosity distribution for Unzen depositsypically mesokurtic (KG ~ 1) while it is gendyahighly
292 leptokurtic (KG > 1) for Chachimbiro depositaostly associategbwith a larger tail of data and wider

293 porosity modesThis might be interpreted as an expression obtligassing processes in both corgexhe

294 dome collapses, associated to Unzen deposits, lsoatfiected theuteruppempart of the lava dome that has
295 beenhemegeneeuslyfairlputgassed while the directed blast, associat€haxhimbiro deposit, removed
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most of the dom@n one eventineludingthe-highly-eutgassed-earapacebut alsonmasigom the plumbing
system—and-the-nternal-magmih stil-a-higher volatile contentThere is no major difference between the
Inman (1952) ane-t-appears-tithé Folk and Ward1957)parametersor the Unzen dataset while the
Chachimbiro dataset behave differently. In particthe Inclusive Skewness (Fig. 5allows for a better
distinctionthan-the-lrman-parametersbetween the Unzen anchidiitzico datasetsAs indicated by Folk
(1966), the Folk and Ward parameters generallyessnt polymodal distribution better than do thednm

parameters. Consequently, the bimodal distributfomost samples from the Chachimbiro deposit erglai

why they-are-better- deseribed-by-theformerthe fornetieb describes thethan the latter-Fhis-is-prebably

‘aVaWalMlaals' aalallaWiinisal a¥al a allaalallidaWa ' a¥a aree\A N =.l!

Savioaas S O O aH o E—HtEdS cl oH-O0—od o

coenclusions-madeforgrain-size-analylifs possible that the distinction made thank&h&graphical

parameters is related to the origin of the depdditected blast vs block-and-ash-flow) but moreadeom

different deposits are required to support thisatlygpsis.
4. Conclusion

This study presents a new methodology to treatitjeasd porosity measurements from pyroclastic dépo
It presents weighting equations that alloware robuspreperstatistical analysis. The evaluation of
Chachimbiro and Unzetiensity/porosit\datasets indicate that frequency analysis alondezghto
misinterpretations and that weighted analysis shbelused to avoid analytical bias. The stabilitglgsis
provides a tool to assess the quality of the sargplihile the graphical parameters allow for a lvette

characterization of the depositsan the classical approach using only averagg$mstogramsThe results

obtained show that for small numbers of measuresrtbiet Chachimbirelataset sample sets is fess stable
than the Unzen oseThis can be interpreted as being due to eitreséimpling method or due to the deposit
density/porosity distribution. Finally we propasgheuseof graphical statistics tgerepresenthe
density/porosity data. The differences observed/éen the two datasets indicate that such repragarga

can be useful to distinguish pyroclastic deposits.
5. Author contribution

BB developed the methodology with contribution fralhco-authors and prepared the Chachimbiro datase

UK prepared the Unzen dataset. HO developed thedBand its translation to MatLab form#@B processed

the data and prepared the manuscript with contdbstfrom all co-authors.
6. Acknowledgement

The authors thank J Anzieta and S Hidalgo for usfcussions on the methodology and E. Gaunt for
English proof reading. UK acknowledges funding frDfG grant KU2689/2-1 that allowed for personal
discussion durindield-werkfieldworkin Ecuador. This research as been completed ifrdheework of the
Laboratoire Mixte International “Séismes et Volcalasns les Andes du Nord” which link the IGEPN and
three research entities in France including theokatioire Magmas et Volcans (Blaise Pascal Univgrsit

Clermont-Ferrand)The authors thank Jamie Farquharson and Thomas&itafor their reviews that helped




331

332

333
334

improving the original manuscript.

7. References

Alidibirov M, Dingwell DB (1996) High temperaturefgmentation of magma by rapid decompression.
Nature 380, 146-149.

Belousov A, Voight B, Belousova M (2007) Directdddis and blast-generated pyroclastic density otsre
a comparison of the Bezymianny 1956, Mount St HetE980, and Soufriere Hills, Montserrat 1997
eruptions and deposits. Bull Volcanol 69:701-740.

Bernard B, Hidalgo S, Robin C, Beate B, Quijoza¢2014) The 3640-3510 BC rhyodacite eruption of
Chachimbiro compound volcano, Ecuador: a violergaled blast produced by a satellite dome. Bull
Volcanol 76:1-20. doi: 10.1007/s00445-014-0849-z

Cashman K, McConnell S (2005) Multiple levels ofgmea storage during the 1980 summer eruptions of
Mount St. Helens, WA. Bull Volcanol 68:57-75.

Eychenne J, Le Pennec J-L (2012) Sigmoidal Paifielesity Distribution in a Subplinian Scoria Fall
Deposit. Bull Volcanol 74(10): 2243-49. doi:10.10§00445-012-0671-4.

Eyehenne

Folk R (1966) A review of grain-size parametersdiBentology 6:73-93.

Folk RL, Ward WC (1957) Brazos river bar: a studiyte significance of grainsize parameters. J Sedim
Petrol 27:3-26.

Formenti Y, Druitt TH (2003) Vesicle connectivity pyroclasts and implications for the fluidisatioi
fountain-collapse pyroclastic flows, Montserrat (W/Bdies). Earth Planet Sci Lett 214:561-574.
doi: 10.1016/S0012-821X(03)00386-8

Giachetti T, Burgisser A, Arbaret L, Druitt TH, Kelin K (2011) Quantitative textural analysis of wahian
pyroclasts (Montserrat) using multi-scale X-ray @aed microtomography: comparison with
results from 2D image analysis. Bull Volcanol 72%21309. doi: 10.1007/s00445-011-0472-1

Hanes F (1962) Determination of porosity, spedifiavity, absorption and permeability, and detdils o
sample preparation for various other rock stud82-358.

Houghton BF, Wilson CJN (1989) A vesicularity index pyroclastic deposits. Bull Volcanol 51:451-462
Inman DL (1952) Measures for describing the siatriliution of sediments. J Sediment Petrol 22:125-1

Komorowski J-C, Jenkins S, Baxter PJ, Picquout &signe F, Charbonnier S, Gertisser R, Preece KlikCho
N, Budi-Santoso A, Surono (2013) Paroxysmal donpdossion during the Merapi 2010 eruption:
Processes and facies relationships of associageedniergy pyroclastic density currents. J Volcanol
Geotherm Res 261:260-294. doi: 10.1016/j.jvolge@s4s3.01.007

Kueppers U, Scheu B, Spieler O, Dingwell DB (20B®Id-based density measurements as tool to igentif
preeruption dome structure: set-up and first reduttm Unzen volcano, Japan. J Volcanol Geotherm
Res 141:65-75.

Kueppers U, Varley NR, Alatorre-lbargiiengoitia M4gvallée Y, Becker S, Berninger N, Goldstein F,
Hanson JB, Kolzenburg S, Dingwell DB (2009) 250@qgjast puzzle: probing eruptive scenarios at



335
336

337
338

339
340
341
342
343

344
345
346

347
348
349

Volcan de Colima, Mexico. EOS Trans. AGU. San Fisttw; p V23C-2072

Manger G (1966) Method dependent values of bulkingand pore volume as related to observed porosity
US Geol Surv Bull 1203:20.

Mueller S, Scheu B, Kueppers U, Spieler O, RicHar®ingwell DB (2011) The porosity of pyroclastsas
indicator of volcanic explosivity. J Volcanol Geetm Res 203:168-174. doi:
10.1016/j.jvolgeores.2011.04.006

Polacci M, Pioli L, Rosi M (2003) The Plinian phasfehe Campanian Ignimbrite eruption (Phlegreaeids,
Italy): evidence from density measurements anditektharacterization of pumice. Bull Volcanol
65:418-432.

Schiffman P, Mayfield JD (1998) Measuring the Dgnsf Porous Volcanic Rocks in the Field Using ac®a
Coating. J Geosci Educ 46:460-464.

Shea T, Gurioli L, Larsen JF, Houghton BF, HamnterQashman KV (2010) Linking experimental and
natural vesicle textures in Vesuvius 79 AD whiterce. J Volcanol Geotherm Res 192:69-84. doi:
10.1016/j.jvolgeores.2010.02.013

Spieler O, Kennedy B, Kueppers U, Dingwell DB, S¢iBe Taddeucci J (2004) The fragmentation threshold
of pyroclastic rocks. Earth Planet Sci Lett 226:3B48. doi: 10.1016/|.epsl.2004.07.016

Walker GPL (1971) Grain-size characteristics ofggjastic deposits. J Geol 79:696—-714.

White MW (2012)ABBD-HEREGeochemistry. Wiley-Blackwell eds., 6688BN-13: 978-0470656686

Figure captions

Figure 1. Abundance histograr®s and C)and cumulative ploté8 and D)for pyroclast density and porosity
data. Sample CHA-201-A (n = 103) from Chachimbinected blast deposit.

Figure 2. Stability curves obtained afte®dO runs for two samples from Chachimbiro and Urdagiasets.

Note the constant slope below the 5% threshold.

Figure 3. Comparison between frequency and weightedse. A: weighted vs frequency density average
for Chachimbiro and Unzen datasets, note the laigdive differences highlighted by thecblaekredarrows
(see paragraph 3.1 for explanatioB) Porosity abundance histogram for one sample fihe Chachimbiro
dataset, note the lardfectuationdifferencg10%) of the main porosity mode between the tvatistical

methods represented by theblackredarrow.

Figure 4. Results of the stability anahsfor the Chachimbiro and Unzen datasets. Notetliesé is a large
scattering for Chachimbiro dataset below 40 measents while the Unzen dataset has much less degpers

values.

Figure 5. Graphical parameters for the Chachiméim® Unzen datasets. Only high stability (slope524).

sample sets are used in this figure. Note thaivthelatasets:re-better show lower superposition with the

Folk and Ward parameters than with the Inman patensien particular when using the Skewness (5D).
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