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Fault textures in volcanic debris-avalanche depasit 1

1. Introduction

\olcanic debris avalanches are a large-scale vmichazard, which can have volumes of many cubic
kilometers and long run outs (up to 100m/s and @O-km; Siebert, 1984 To model such rapid mass
movements, analysis of internal fault structuresdsessary to explain how breccia textures havarded the
dynamic fragmentation during rheological variatidnem spreading to final avalanche emplacementhSuc
information can be found in the cataclastic brexai@ng fault zones of the volcanic debris-avalanéposits
(DAD), which are formed from the original volcaniaits and transformed as the volcanic landslidees@nd
finally comes to rest. During this transport, diéfiet parts of the gravitational mass-flow, oftenngeunits
inherited from the volcano, move with respect taheather separated by fault zones. In all aressires

reflect this emplacement history.

Thus structural and sedimentological analyses itig to the understanding of volcanic debris-avetie
emplacement, and help to distinguishing the diffeimllapse structures, to determining originahtsggraphic
and lithologic elements and their evolution. Ouderstanding of emplacement is improved by studying
features such as proximal tilted blocks showing ithigal lithostratigraphy, longitudinal ridges @dlel to
strike-slip faults, hummocky structures due to egiee spreading and disaggregation that produmekbland
mixed lithofacies €.g., Mt. St-Helens,Glicken, 1986 Socompayan Wyk de Vries et al., 200Mont-Dore,
Bernard et al., 20Q9riga, Paguican et al., 2012, 2Q1%utupaca,Valderama et al., 2016, 2018l Misti,
Bernard et al., 2037 Syn-emplacement structures have been studiectlation to granular segregation,
dynamic fragmentation, collisional and frictionalopesses(apra and Macias, 2002; Clavero et al., 2002;
Davies and Mc Savenney, 2006, 2009; Roverato ,2@l4. A granular disaggregation can appear with runout
distance showing decreasing megablocks and blebkhthofacies (<30% matrix) together with increasi
matrix-rich lithofacies Glicken, 1989, that is not always presert.d., ChimborazoBernard et al., 2008
Equally pseudotachylites with fault gouge foundhe base and at the frontal lobes of deposits iborér to
correlate the splitting conditions related to ookl response along the DAD fault sole during kiaéic
transition (egros et al., 2000; Bernard and van Wyk de Vi&84,7). The distal lithofacies contains evidence
of water concentration and the transformation ilatoar deposits. Thus, deposit morphology, structure
avalanche textures provide partial information terinal kinematic and dynamic processes, especeihyed

to the transformation and remobilization into lahand debris flows. Further systematic studienassled in
order to provide the necessary semi-quantitativayais that can aid the delineation of DAD-pronedrd

Zones.

To study structures and textures of a debris achnwe closely look at the voluminous DAD thrusibd
below the Pichu Pichu volcano in south Pdfig(1). At a distance of 28 km from the extinct compound
volcano, this deposit is the thrust frontal partaomajor avalanche. The DAD frontal thrust cametaiow
slopes of the Arequipa basin, where it compressed series of thrusts and then re-extended on grabe
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Fault textures in volcanic debris-avalanche depasit 2

structures. Previous work has described the basaldwtachylite generated during the kinematic itians
from long-runout spreading to deceleration and ewghent of DAD thrust lobe with“@r/*Ar age of~2.42
Ma (Legros et al.,, 2000 Sedimentary methods allow us to characterize tlagnientation and the
transformation of two defined structural units. Wéscribe the grain-size reduction, termed cataclgsadient
that has been produced and the granular segreghi@rhas sorted materials. The aim of this studyoi
conduct a semi-quantitative analysis of the sediolegical characteristics related to syn-emplacegmen
brecciation with matrix transformations in order (b) compare the well preserved structural uritg] to (2)
differentiate the in-avalanche structural contanisthe precursory stages of the transformationlaftars from
the syn-sedimentary emplacement features preseirvetthe matrix. Statistical results are subsequently
compared to other DADs worldwide such as those aoapol around Mt. St-Helens (Glicken, 1986), Nevaelo d
Colima (Capra and Macias, 2002Chimborazo Bernard, 2008 Mt. Ruapehu Keigler et al., 201}l and
Meager Guthrie et al., 2012 in order to correlate the sedimentological cbemastics of debris-avalanche

structural units with runout distance and matransformations into lahar deposits.

2. Terminology

The terminology used in this study concerns thdirgdison between DADs associated with the primary
pyroclastic and lahar deposits, the DAD hybriddfdcies and its transformation into lahar depositem the
textural and sedimentological characteristics & P&Ds from 210 volcanoes worldwid8&igébert et al., 1987,
Dufresne, 2000 we discriminate various categories of the de@vialanche lithofacies as follow$aple J).

(1) Syn-eruptive DADs with juvenile material, ofteermed the Bezymianny-type deposisepert et al., 1987,
Belousov et al., 2007 are interstratified with syn-eruptive deposigiich include lateral blast deposits,
pumiceous pyroclastic flows and tephra fallout ascdibed in the Mt. St-Helens, Shiveluch and Tutapa
volcano case studiesslicken, 1986; Belousov et al., 1999; Valderamalet2016, 2018 Slope failures for
such types are produced by deformations inducaddgma intrusions, dome collapse occurred duringgihr
eruptions followed by decompression of the colldpedifices. A thermal effect is likely to be presenith
temperature varying from 70 to 200°C during avat@enemplacementSfebert et al., 1987; Belousov et al.,
2007). The distal avalanche deposits are overtakenldst lpyroclastic deposits as observed on the Tatupa
DAD in south Peru%amaniego et al., 2015; Valderama et al., 20B&zymianny- and Bandai-type deposits
are commonly associated with lahars generated tw snelted by the blast and pyroclastic depositd, @ro
by dewatering and DAD transformatioresg(, at Mt. St-Helens and Mt. Rainiévtajor and Voight, 1986; Scott
et al., 1995

(2) The hybrid DADs Table ) are formed of water saturated, reworked and striaified primary edifice

deposits and are a transition between avalanchecibseand lahar deposits. Examples are at Nevado d
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Fault textures in volcanic debris-avalanche depasit 3

Colima (Capra and Macias, 2002and the middle unit of the Ruapehu depositsdler et al., 201}, showing
poorly sorted, cataclastic breccias with a coansgifscation and collisional textures. Inheriteccgaclasts are
observed with jigsaw-fractured breccias. (3) DAtREnsformed into lahar deposits show inheritedajgs
fractured breccias in finer-grained matribable 1;Citlaltepetl,Carrasco-Nurfez et al., 1994t. Rainier,Scott

et al., 1995; Scott et al., 200&! Misti, Bernard et al., 20)7The DAD dam-breakout deposits, transformed
into debris-flow deposits, are differentiated frother deposits bild <-1 &, <60% matrix, and variations of
the fine grain-size fractions (Mt. Shas@randell et al., 1984Mt. St-Helens, Major and Voight, 1986and
Nevado de ColimaCapra and Macias, 2002; Capra, 2007).

The DAD lithofacies have been distinguished alohgee zones according to the distance away from the
collapse scar as follows. (1) In the debris avdienproximal area (as far as 8 km from the sourtege
lithofacies encompass: (i) megablocks showing ideistratification; (ii) block-rich lithofacies i ~30 wt%

of matrix €2 mm); and (iii) cataclastic breccias with largegadasts (>1 m) are dispersed in the matrix. (2)
In the median area (between 8 and 15 km from thecs, two lithofacies appear: (i) a mixed matrix
lithofacies with polylithological distribution (siar to the B-type hummock described Bjicken in 198§.

(i) The sheared contacts show clastic and fludipeatrix injected along fault structures or bulkedh
bedrock, generating “bulldozer facieBglousov et al., 1999(3) In the distal area, at a distance of 28 km
from the extinct compound volcano, three lithofaciaclude (i) the matrix-rich lithofacies with ctas
fragments (clasts <1 m). The deposits showing fiagrix-rich lithofacies are overlain by thrust laseh
breccias. (ii) Along fault zones, the basal matrokh DAD shows secondary cataclastic gradient along
frictional faulted deposits such as lava shearguhasids, together with (iii) crushed clast-rich dfhcies
showing fault gouge and pseudotachylitedros et al., 2000; Bernard and van Wyk de Vri#xl7. An
increasing matrix with a bimodal distribution ioduced during syn-transport granular disaggrega(®nin

the distal zones and beyond the front of the DADelaleposits, we observe transformed deposits. Thes
deposits show two lithofacies. (i) The hybrid nmatiithofacies, portions with matrix and clast-richatrix
lithofacies Roverato et al., 20)4are generally overlain by coarse debris-flowas#s with reverse grading.
The matrix of hybrid lithofacies is mixed and treorened into lahar deposits. (ii) Lahar or volcadigbris-

flow deposits are associated with hyperconcentrid@ddeposits produced by dilution down valley.

2. Analytical methods

From field observations on the DAD units, we hawsatibed the textural variations of the lithofacies
assemblages and assessed their relationships @ovetisstructural features, such as fault zones pHagnof
the avalanche matrix contributed to a semi-quaitéa sedimentological analysis to determine gsare

distributions. This has enabled us to establishatactastic gradient along the transition from priyngo
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transformed volcanic avalanche deposits and a ssdotogical classification of a large number of lanahe
lithofacies.

2.1. Outcrop analysis

From field observations and Google Earth imagdrg, thapped DAD units were identified related to rthei
geomorphological context and thatio of the vertical drop with runout distandd/l(). The main outcrops
chosen for study are at the front of the Pichu Ritinust lobe at the eastern margin of the WNW-E®R€ding
pull-apart basin of Arequipa. The internal struesuand DAD lithofacies of the Pichu Pichu thrusteldhave
been studied at two sites: the Alto Jesus opeqymatry located ~5 km East of Arequipa, and ~3 knthef
SSW-NNE talus slope along the road section of PaBlamca Fig. 1). Textural and sedimentological
characteristics of lithostratigraphic units wereretated for each site, particularly the fracturpeagterns such
as eleven jigsaw-fractured lithofacies and two lsiveared sigmoids units.

Image analysis of outcrop faces was used to caketh@ grain-size distributions with the inertialantercepts
methods of the Shape Preferred Orientation 2008vacé (SPO,Launeau, 2004applied to quantify clast
shape parameters, such asdheratio (largest axis/ minor axis), and ellipse valgeerobin, 2002 Launeau,
2004 for mathematical definitions). The software wasoahpplied to analyze the preferred orientationthef
largest axis from as many as 9193 clasts in Alsudeoutcrops and 4134 clasts along the Pampa Blanc
sections in lava-rich breccias. Several statistiegtessions (Eqs. 1-16 kigs 7-14) were established in order

to determine the cataclastic gradient and to detera textural classification of faulted DADs.

2.2. Laboratory analysis

Eighteennon-cohesive samples from the DAD matrix were obdld and sieved at orinterval between the
>-5 and <5 size range. Six matrix samples from the shearea $&ymoids in the Alto Jesus pit quarry, five
samples from matrix collected in jigsaw-fractureddzias and seven samples from distal matrix-rgghodits
along a 7 m-long transect in the Pampa Blancanste analyzed.

Grain-size distributions were processed using treiStat v8 software in Excel (from decimeter-sifasts to
matrix <2 mm:; Blott and Pye, 2001to differentiate the cataclastic and transfornmetrix related to lava-rich
breccias in sheared sigmoids and jigsaw fractunezoEach grain-size fraction was compared withutative
curves to define where the granular segregatioethey with cataclasis occurred along sheared lgvacsd at
Alto Jesus and inside the transformed matrix diblacies within the Pampa Blanca graben. Frdatahlues
were calculated from exponehtof the power regressions of cumulative frequenoydouble-logarithmic
graphs Suzuki-Kamata et al., 20D% compare cataclastic processes acting on eah-gjze fraction. We
have computed the percentage of mati® (nm), the sand-sized matrix-gravel ratio and tbkoding
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statistical parameters¢lk and Ward, 1957such as: median diameter, sorting index, skewaadskurtosis.
These values were used to differentiate the prinfi@gturing of breccias related to transport preess the

secondary cataclastic lithofacies produced duringlacement, and the transformation into lahars.

2.3. Comparison of sedimentological results

Statistical and shape parameters were comparedtioge from other structural DAD units in the Cahtr
Andean Volcanic Zone (CAVZ) such as the thrust obEE| Misti deposits, and the Tutupaca ridge D@D
sieved samples, SPO from 6746 claktsjneau, 2004; Bernard, 2015; Valderrama et all62Bernard et al.,
2017. These sedimentological datasets were corretatether structural DAD units, such as lateral &svand
frontal thrust deposits of Mont-Dore in the Frendhssif Central, the debris-flow facies depositsesied in

the front of the Meager DAD in Canada (156 sieveatrim samples, SPO from 30,342 cla®synard, 201p
and other DADs such as Nevado de Colima in Mex@apfa and Macias, 200Zaapaca in Chile, Ticsani in
Peru and Chimborazo in Ecuad@&ernard, 2008 Fractalh andD values of 150 sieved samples of avalanche
matrix were calculatedSuzuki-Kamata et al., 2009; Bernard, 20Tbhis method contributes to defining the
in-motion controls related to the dynamic fragméataof clasts during the sedimentary emplacembkat t

generates the sheared matrix components withitraheformed and mixed matrix lithofaciéable J.

3. Geological context of the study area

3.1. El Misti and Pichu Pichu volcanoes and their debris-avalanche deposits

As many as 75% of Andean volcanoes have large sollpses due to fault systentsgncis, 1994; van Wyk
de Vries and Francis, 1997; McGuire, 2R0B southern Peru, Pleistocene volcanoes sucaepuna,
Ampato-Sabancaya, Misti, Ubinas, Huaynaputina,angsTutupaca and Yucamane are aligned along N130°E
strike-slip faults along the Western Cordillefdg; 1A, Table 2 Thouret et al., 2001 Recurrent avalanche
deposits have been studied and differentiated fassociated deposits, such as TicshliL (= 0.13,Bernard,
2008, Tutupaca with associated pyroclastic deposith & 0.12, Samaniego et al., 2015; Valderama et al.,
2016, 2013 and EIl Misti with transformation into lahar degeqH/L = 0.11-0.24 Bernard et al., 20)7The
Huanca N130°E strike-slip fault, together with aaygte normal, N25-N70°E faults form a transtensional
system in the Arequipa ignimbrite basin (13 Mapuret et al., 2001; Finizola et al., 2004; PagasgrLebti et
al., 2006, 2007, 2008

The WNW-ESE oriented Arequipa pull-apart basinilied by no fewer than five DADs ~100 KitFig. 1).
The subdued DAD coming from the eastern flank pskaof Misti 1~833-112 ka (DADO irFig. 1A; Thouret
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et al., 200} is incised along N20Enrust lobes in the Quebrada San Lazaro valleytantide NE of the city of
Arequipa withH/L ~0.24 (Table 2, Bernard et al., 2007The Ro Chili DAD blocks at Misti are tilted along
normal N20E faults wittH/L ~0.1 (DAD1 in Fig. 1A; Table 9 and overlain by Estribo lava-rich breccias
(0.908-0.694 MaAguilar et al., 2015)A thrust DAD coming from the extinct Pichu Picbompound volcano

at ~5510 m above sea level (a.s.l.) is well expasdte East of Arequipa withd/L ~0.1. Its age is about 2.42
+0.11 Ma based offAr/**Ar analysis [egros et al., 2000

Using Google Earth imagery, this western flank aygdle of the extinct Pichu Pichu volcano shows at th
summit, a composite scar about ~15 km in length séveral landsliding segments modified by glagiakion
around 5510 m a.s.l. Three DAD structures are obsewith H/L between 0.14 and 0.2Ei¢. 1A, Table 2;
Siebert, 1984; Bernard, 2008liding lava-flow lobes withH/L ~0.2 have been mapped from horseshoe-
shaped scar ~3 km in length around 5155 m als#.& km, no. 1 irFig. 1A). Lateral levee of channeled ash-
rich deposits wittH/L ~0.19 are distinguished from U-shaped scar ~8.14rklength at 5416 m a.s.L € 10

km, no. 3 inFig. 1A, Table 2. A DAD to the south witiH/L ~0.17 has developed from a horseshoe-shaped sce
~4.36 km in length at about 5371 m a.4d.1=(12.7 km; no. 2 irFig. 1A, Table 3. The south DAD presents
several transverse megablocks between 3325-3975.Im &ith extensional faults along the 10-km longout
distance at 3308 m a.s.l., and transformed depdswsstream. A north DAD withl/L ~0.22 extending from a

5 km-long U-shaped scar around 5247 m a.s.l. asadterized by a series of stretched loles {0 km, no. 5

in Fig. 1A; Table 3. The front lobes are thrust against the topogtapbstacle of El Misti lava flows along the
left bank of the b Andamayo valley.

3.2. Syn-emplacement avalanche structures

The largest Pichu Pichu DAD is associated with fiested scars forming an erosional amphitheatei8-Kird

in length around 5425 m a.s.l. It hashith. of ~0.09 with a lengtlh = 28 km (no. 4 irFig. 1A, 1 Ma), its area
is <100 knf, and its volume <10 ki{Legros et al., 2000; Thouret et al., 2D0Similar H/L ratios have been
computed for the DADs of Mt. St-Helen&l{cken, 1986)and Socompdvan Wyk de Vries et al., 2001,
Kelfoun et al., 2008 Asymmetric spreading structures on the southeargin of the deposits are observed to
the north of the granodiorite and ignimbritic bagetin paleo-valleysRaquereau-Lebti et al., 200& north-
northeast depression ~5.3 km in width between 328t m a.s.l.Kig. 1A) is characterized by an ablation
area located at a distance of ~8.1 km from theelaryl curved scar of the Pichu Pichu compound molcghe
Arequipa Airport Ignimbrite (AAl, 1.65 MaFig. 1A; Paquereau-Lebti et al., 2006, 2007, 2088s been
incorporated into lava-rich breccias in the nordrtpof the DAD thrust lobe. The distal front thrisdtows
inverted extensional faults with horst-graben gstreess and the transformation into lahar deposisiglthe
11.85 km-long runout distance. The matrix-rich DADthe south shows several N20E thrust lobes ag#ie

granodiorite horst, a 7.85 km-long topographic ablet along the N10OE valley (Molebaya, Chigu&ig, 1A)
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generating frictionite, injections dikes and tramefations into lahar depositsggros et al., 2000; Bernard,
2015.

At a distance of 28 km from Pichu Pichu, a DAD #irlobe on the east side of the WNW-ESE orientdd pu
apart basin has been filled by fluvial and volcdastic deposits as a result of streams obstrucyeDADS,
that became diverted to the north inside the Quisbi@Guarangal valley and to the south inside the R
Andamayo valleyKig. 1B). The distal DAD unit is channelized into lobateuctures, which are eroded on the
west front along N80-N110 lineaments with the delawalanche basal contact of the underlying basemen
Along the upstream upper part of the DAD lobeg) thiyered ignimbrite deposits in the N4OE outcrapl(in
Fig. 1B; Paquereau-Lebti et al., 2006, 2007, 208& overlain by thick ash-rich debris-flow dep®sAt ~5
km east of the city of Arequipa, lava block-rictciess (LB inFig. 1B; Thouret et al., 20Qlare thrust and
incised along N130-N160 lineaments, parallel togiméstral strike-slip fault named Huanca, withoéational
shear ~2 km downstream of the thrust front lobgchion structures and mixed lithofacies (MRiy. 1B) are
observed in inverted extensional faults of thediltront lobe. At 1 km NE of Arequipa, N30OE gralstructures
are filled by the mixed DAD matrix overlain by cear to medium-grained debris-flow deposits (DFig.
1B). The hyperconcentrated flow deposits (HFFig. 1B) are preserved in backward frontal thrusts. Lades
scars located in frontal lobes can be reactivajektvogressive erosion generating lahars of readrkaterial
forming deposits in the city of Arequipa during gaainfall episodes such as the 8 February 2016en
Quebrada Venezuela (124.5 mm within Ettinger et al., 2015

4. Results

4.1. Lithofacies assemblages with structural control

Lithostratigraphic and textural variations in thieH® Pichu thrust lobe help to distinguish theati#nt stages
of the cataclastic gradient in the avalanche bascaiVe first consider the Alto Jesus open-pit quéfig. 2A)
that shows the DAD thrust lobe, which is locatedhs confluence of the paleo-riverbeds. The distait
shows horst and graben fault blocks, equally distad along the ~8 km road section of Pampa Bléhca
2B). From SPO analysis, the quantitative sedimentamyparisons contribute to distinguish the litha#ac
variations with syn-emplacement structures, torgethe conditions generating the mixed and transfdr
deposits Table ) in an extensional context. The mixed unit witkine graben has enabled us to identify the

precursory stages of the cataclastic transformatodithe avalanche matrix into lahar deposits.

4.1.1. Sratigraphy of the thrust DAD in Alto Jesus
Eight lithostratigraphic sections in the Alto Jesp&n-pit quarry (sections 1-8 fg. 3A) have been described,
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and textural variations have been correlated towgaa segregations along the sheared contacts éetwe
lithofacies assemblages. The basal matrix-rich DIMID), overlain by lava block-rich facies (LB), isder-
thrust at the back front (section 1kig. 3A). Along the sheared contacts, the interlayerediganatrix (M2-3),
from 20 cm to 2 mm in thickness, consists of coleeand brecciated beds with muddy matrix (>3-5%-ciae
sediments), and contains few centimeter-sized feagsnof subrounded lava clasts and stretched psmice
(section 2 in Fig. 3A). Along the thrust front, theeccias are partially mixed (MD+LBgction 2 inFig. 3A.B)
within the matrix lithofacies (M1). The overlyinghbris-flow deposit (DF) is discontinuous (secti@S and 7

in Fig. 3A.B). These units are faulted by the frontal thrdetvnstream and mixed with the matrix (M) in the
basal lithofacies.

At the NBOE downstream thrust section, a condessedession (M and bC, section 6Hig. 3A.B) has been
reworked and is unconformably overlain by a steeglilgping matrix unit. The matrix (M) and mixed
lithofacies with lava breccias (LB+MZig. 3B) are interstratified and cataclased along thestecontacts.
The overlying ash-rich pumice laygis Fig. 3A.B) are discontinuous and interlayered betweemthagix and
mixed DAD lithofacies containing striations of fii@nal contact showing recrystallized of originainpiceous
material along slickensides. Along the SE horst graben structures, the upper lava-rich brecciastiied
(LB, sections 7-8 irFig. 3A.B) and partially mixed within the extruded avathe matrix (MD+LB, section 8
in Fig. 3A.B) along the N120 basal thrust contact. In the 8l direction, the clay and ash-rich layer€ (b
sections 1-6 irFig. 3A.B) are stretched and intercalated with lava-tbcaccias because shearing along the
cataclastic contacts.

More than eleven mesoscale structures have bedredtwith the SPO analysis fro812 clasts in the thrust
lobe Fig. ). Fractured lava block-rich facies (LB) show uathal clast distributions (sections 1-5rig. 3C)
with a/b values increasing from 1.48 to 1.74. A polymodaktdistribution includes basal blocks with jigsaw
fractures and sigmoidal jigsaw-breccias in gLBetllin mixed M matrix showing/b values decreasing from
1.48 to 1.16 (SPO from 93 clasts, sections 1 amal Big. 3C). Cataclastic shear bands of thrust lava-rich
breccias (LB, sections 1-2 fg. ) are associated with “flame structures” and boage of stretched and
mixed layers with dips ~14-33° towards the NE. Tnanular sorting decreases along sheared cor{td2ts
sections 1-2 ifFig. 3C). The tension cracks are filled by M2 matrix witimodal clast distributions (section 2
in Fig. ).

At the thrust section, lava breccias show injectiohM2 matrix in the extensional fractures (setibin Fig.
4A). Along the N80-N160E rotational shear, sevemthclastic shear bands occurred in the S1 and & ba
lava sigmoids (section 4 iRig. 4B; Bernard, 201p The sheared lava-rich breccias and the cataclasttrix
exhibit bimodal clast distributions with 67% of tlotast-size fractiongSPO from622 clasts). The mixed
matrix inside the jigsaw-fit breccias shows a pabgal clast distribution witla/b ratio decreasing from 1.47 to
1.36 (SPO fronR22 clasts) link with the clastic sorting. Alongetthrust lobe front, the avalanche units are
tilted in half-horsts bounded by inverted extenaldault (sections 5-8 ifig. 3C). Jigsaw-fractured clay clasts
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are stretched in the rotated matrix and in extrusdiix mixed with lava-rich breccias (sections @7ig.
4B).

4.1.2. Sructural evolution of the frontal DAD in inverted extensional faults

Along the ~8 km road section of Pampa Blanca, $ittasigraphy and textural correlations with struesu
reveal that the frontal lobe can be sub-divided iiur structural units (sections 9 to 16FRg. 5. (1) The
thrust lobe exposes the faulted lai@h breccias (LB, sections 9-10 kig. 5A), which are thrust between thin
and non-cohesivash-rich layers (Al-Z7ig. SA). These are overlain by brown clay-rich layer€)lwvith the
thrust ignimbrite (I,Fig. 5A). (2) The back-thrust lobe mainly exposes steeppping layers of lowermost
lava-rich breccias and the overlying mixed lithaésq(LB+A2, section 11 ifig. 5A). These are partly covered
by a fine-grained cohesive debris-flow deposit vatibrounded blocks reworked along the basal cofifdet
Fig. 5A). (3) The frontal lobe is tilted in horsts andigens (sections 12-14 king. 5A.B). Lava-rich breccias in
half-horst are cut out by NE-dipping normal faulikie grabens are filled by layered and transformettix,
and unconformably overlain by a debris-flow depgsittly mixed with ignimbrite | unitl¢ DF, Fig. 5A). The
initial lithofacies assemblage disappears at tbatél thrust due to the mixture between LB, A2, &@ |
deposits from bottom to top. (4) At the front lolibese mixed lithofacies (I+DF, Al+rLB, gLB+A2+bC,
sections 15-16 ifrig. 5A.B) are transformed into the laminar hyperconcaett flow deposits. Rafted, oriented
and subrounded blocks characterize the top eradéacs.

Outcrop-scale deformation structures are well pxeskin lava rich-breccias showing a basal thrasttfof the
DAD lobe. Lava rich-breccias have undulating andasbd contacts (sections 9-10HRig. 5C) and vertical
injection structures at the base of the graben gn#imular readjustments (sections 11-14&im 5C). The long
axes of 2445 clasts are sub-horizontdth a conjugate inclination of ~52-70°W to theultaplane Bernard,
2015. Along N105E fault contacts, a cataclastic gratie lava breccias is characterizlby increasinga/b
values from 1.2 to 1.55 within the polymodal cldstributions in the downstream thrust section (SR
422 clasts, sections 11-14 kig. 5C). We attribute this cataclastic gradient to atréasing brecciated matrix
and mixed lithofacies in which clasts have a lo{#08) a/b ratio. Fault breccias (sections 15-16Fig. 5C)
occur along faulting between horsts and grabenshdndownstream graben, the mixed unit presentrsev
graded beds with sub-horizontal long-axes of 1486ts in matrix deduced from SPO analysig)( 6A). This
matrix-rich DAD is unconformably overlain by coargeined debris-flow deposits. Inherited jigsaweftaed
breccias have been studied in the clastic makFig. (6B) for the quantitative sedimentary comparisonshwit
mixed and transformed lithofacies to define theditbons generating the precursory stages of théaache
transformations. Cataclastic mixing and longitadiisorting have been characterized in an exteniscamaext

over the distance of a few meters.

4.2. Sedimentological features and clast-shape evolution
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314

315 In the Alto Jesus open-pit quarry, six non-cohesiamples were collected from two lava sheared Sugrio
31€ define thestructurally controlled syn-emplacement processg®ting secondary cataclasis of matrix in lava
317 rich-breccias. Along the Pampa Blanca graben, $amnples of the matrix in jigsaw-fractured brecdiase
31€  been compared to seven samples of matrix from maxebtransformed deposits collected along a 10ng-lo
31€  transect (black and grey trianglesHig. GA).

32(

321 4.2.1. Cataclastic gradient

32z Each grain-size fraction was compared to distirtythe sandy-gravel textures of the bimoaalrix-supported
325 jigsaw brecciasMiz -2.52 @, Table 3, Fig. A), and the polymodal and mixed matri¥iZ -0.39 @), whichis
324 very poorly to poorly sorted in the graben. Fronn14 m along the transect, the coarse gravel trastof
325 mixed lithofacies decrease from 50 to 10%, while thedium gravel and sand fractions increase fronon49
32€  92% (seeSupplemental File )l The sandy-gravel textures become saiidlgm 5 to 7 m along transect, the
327 values of mixed lithofacies tend towards similaaigrsize distributions from 19 to 23% of sand amavgl
32€  fractions while the coarse sand fractions decrease.

32€  Along two lava sheared sigmoids of the Alto Jesusadt lobe, the texture is sandy gravdiz(-2.03-0.949,
33C  Table 3 with grain-size distributions similar to those dfet bimodal lava breccias and the polymodal
331 distributions of jigsaw-fractured breccias. The2-& gravel-size fractions decrease (from 41.6 to 17.14th
33z 1-3 @ sand-size fractions (from 16.9 to 7.4%) in the 4emg transect, while the 0-® sand-size fractions
332 increase (from 12 to 42.6%) together with the -86&ravel-size fractions (23.4%gupplemental File )l
334  Along the 8-m long transecTédble 3, fractal D-values converge around ~2.5-2.6. The mean fréxtadlues
335 range from 1.96 in the matrix-supported jigsaw-naed breccias, to 2.26 in lava sheared sigmoiu$ 2253 in
33¢  mixed and transformed lithofacies in the grabEab(e 3.

337 The percentage of matrixZ mm)vs. sand-sized matrix/gravel diagram shows a logaiithegression (Eqg. 1
33¢ in Fig. 7B), which correlates textural variations in mesosctlgctures including an initial dilation of jigsaw-f
33C€  texture with <22% matrix and 0.11 to 0.3 matrixigrla The primary fracturing with <40% matrix an@8®.to
34C  0.55 matrix/gravel is attributed to the 25-km rundistance with clastic matrix of lava sheared sgia along
341 thrust basal contacts (1 Fig. B). The secondary fracturing with 40-50% sgmplacement breccia matrix
34z and 0.82 to 1.48 matrix/gravel values is observedgfluidized cataclastic matrix of basal sheaseginoids
345 (2 in Fig. 7A). In the graben, the mixed units contain >50% riradnd sand-sized matrix-gravel ratio >1.5
344 associated to the matrix transformations into lalegosits (3 and 4 iRig. 7B, Table 3.

34€  4.2.2. Satistical grain-size parameters
347 Statistical grain-size parameters highlight thenglar differences between the syn-emplacement rextu
34€  observed along the Pichu Pichu DAD lobe. The sgrimlex ¢) vs. median diameterd) diagram helps to
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separate the matrix-supported jigsaw~@; Md = -6-3 @, Fig. 8A, Table 3 from the mixed lithofaciesMd >-
0.5 @). The values of lava sheared matrix are plotted io pones withy = 2.18-2.58 andMd = -3.13-0®
(Table 3, having values comparable with those of the sgapnand hybrid deposits, and the Tutupaca DAD
(Bernard, 201p

The skewness values of lava sheared sigmoids semediate(Folk and Ward, 1957Table 3 and increase
from -0.28 to 0.58 as the matrix percent and th&irigravel ratios decrease from 58.9 to 27.4% faooh 1.43

to 0.37, respectively, due to the granular segregstof the very poorly sorted, fine gravel fraogo We
compare these values to the very platykurtic andakrtic values of lava breccias sampled at thepada
ridges. The sorting index and the skewness valtigiseomixed matrix in graben decreagse=3.13 to 2.46;
K = -0.3 to 1.7) along the 2-m long transect, whilatrix/gravel increases from 0.55 to 1.3Mlfle 3,
Supplemental File )land to ~3.07 along the 4-m long transect. Théirgpindex and the skewness values
increase downstream (>4 m;~2.4-2.6;Ks ~-0.6-0.3), while matrix/gravel decreases down .#B81Kurtosis
values between 0.64-0.84 indicate a platykurtitrithgtion associated to the hybrid DADs and thesfarmed
DAD matrix into lahar depositgéble 3.

The diagram showing ellips®b vs. sand-sized matrix perceriif. 88) helps to distinguish textural variations
of avalanche lithofacies. (1) The primary fractgrimith <33% matrix is localized along avalancheltfzaones
with ellipsea/b >1.99 associated to fault cataclasis. In the grablee matrix-supported jigsaw shows <40%
matrix and ellips&/b <1.76, which are similar to values on the Tutupadge DAD, implying thermal
fracturing effect with dilation on subrounded laslasts during the first stage of mass flow. (2) d@heared
sigmoids present 40-50% secondary fractured matititx ellipsef/b >2 due to sheared cataclasis; and 50%
transformed matrix with ellipsalb between 1.4 and 2.15 related to fluidal transfaiona ig. 88). (3) Mixed
lithofacies in graben show cataclastic matrix tfamsations with >50% matrix and thermal fracturing
generating clast shapes with elligb/<2.1.

4.2.3. Clast shape parameters

The SPO analysis from 13,327 cladtgy( 9; Launeau, 2004n syn-emplacement breccias has enabled us tc
identify two categories of regressions betwa#nratio and the faulting distance (<10 m) of thrust loklteaa
distance of 28 km from the Pichu Pichu compoundammb. We have differentiated a logarithmic regssi
(Eq. 2 inFig. 9A) for the mixed lava breccias witlb >1.43, and a linear regression for the jigsawtsléisq.
3 in Fig. 9A) along the fault zone. The clast breakage andctagis are mor@mportant witha/b values
decreasing from 1.55 to 1.35. In comparison, theegsmof sheared matrix appear isolated \&ith>1.6 for the
abraded clasts.

The ellipsevs. travel distance diagram shows decreasing valuds faur regressions (Egs. 4-7 kig. 9B).
Three linear regressions (Egs. 4-@ig. B) have been calculated for the thrust lava-ricgktcbias (Eq. 4), the
cataclastic sheared matrix (Eg. 5), and the clasparted jigsaw-breccias in a mixed matrix (Eq.\8g have
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384 found a power regression (Eq. 7Hig. B) for the basal lava sheared sigmoids with casticlahear bands of
38E  dihedral lava-block. Blade-shaped clasts becomeeomith ellipse = 1 (Eq. 7 ifrig. 9B). Four points of
38€ intersection (A-D inFig. 9B) indicate similar values of ellipse between sympi&acement structures
387 characterized by different regressions: betweest-clapported jigsaw in a mixed matrix and lava stgta
386 sigmoids (A = 3.2, Egs. 6-7); between thrust lakecbias and lava sheared sigmoids (B = 2.6, Eqad47) or
38C  jigsaw-fractured clasts (C = 2.5, Egs. 4 and 6).digéinguish an inherited clast shape for oblonglblocks
39C  with a/b = 2.5 and ellipse = 4 (D, Egs. 5 and 7Hig. 9B), implying textural relationships between these
391 cataclastic lithofacies along fault zones.

30z Based on these regressions, a textural tree diagjnams the co-evolution between the lithofaciekweé-rich
395 breccias along the thrust lobe including inherjfigdaw-blocks witha/b = 2.5 and ellipse = 4 (D iRig. C).
394 Clast shape parameters help us to differentiatec#tt@clastic gradient in the matrix of the thrustal-rich
39t breccias (Eq. 4), the matrix along sheared cont@ays 5) and the basal lava sheared sigmoids (Eqrhe
30€ intersecting points imply a co-evolution betweerugh lava-rich breccias (Eq. 4) and the inheritigdgw-
307 clasts in the transformed and mixed matrix facieg. (6). These cataclastic relationships associteitie
39E  granular segregations in the graben may be theumery stages to the matrix transformations intwata
39€  deposits. The syn-emplacement lithofacies charaetéhe kinematic transition in avalanche strudturats
10C  such as jigsaw-fractured breccias and matrix akiveared contacts where it compressed in a serigsusts
101 and then re-extended in graben structures.

102

105 4.3. Emplacement results

104 Sedimentary features of Pichu Pichu thrust lobéolenas to differentiate structural segregationitbfofacies
10t along distal debris-avalanche fault zone with bésalkthrust and inverted extensional fault. Weedédhtiate
10€ (1) primary fracturing of clastic matrix with <40%atrix along thrust basal contact. Mesostructuteaga
107 sheared zones characterize syn-emplacement bienciaith decreasing granular sorting, cataclastieas
10€ bands along sigmoids structures. A co-evolutiofitbbfacies is inferred from features such as chastkage,
10¢ fault cataclasis, cataclastic gradient with granudagregation, and thermal fracturing dilation. (&) an
11C extensional sheared context, we observe fluidizgdatastic matrix in tension cracks and verticgations.
111 The initial lithofacies assemblage disappears witterited jigsaw-fits and matrix mixture in grabeviixed
11z and transformed matrix may be related to cataclasixing with longitudinal sorting, which may beeth
11Z precursory stages to the matrix transformatiorhefttybrid DAD into lahars.

114

115 5. Discussion

11¢€

117 Structures, lithofacies assemblages and sedimeragaayysis of syn-emplacement textures contribute to

11€ correlate the different stages of the cataclastiedignt in thrust avalanche breccias. Sedimentcébgi



125
124
12t
12€
127
12¢€
12¢
13C
131
132
13¢
134
13t
13¢€
137
13¢
13¢
14(
141
142
145
144
14
14¢€
147
14¢
14¢
15C
151
152
152

Fault textures in volcanic debris-avalanche depasit 13

parameters of the distal thrust lobe of the Piciethi® DAD are compared to a dataset from documented
worldwide debris avalanches and associated lahavsits. These have enabled the establishmenteoftaral

classification of volcanic debris-avalanche depositowing structural controls along internal faagibes.

5.1. Tectono-volcanic control of large-scale collapsesin Peru

The mapped DADs at Pichu Pichu show that there avasccession of destabilizations with each deposits
having anH/L between 0.14 and 0.22, similar to other volcaaiaklides including height, length, volume and
area ([able 2, Fig. 1; Legros et al., 2000Ye compare recurrent edifice collapses with langput distances at
other volcanoes such as twelve DADs at Nevado den@pevery 2.69 kyr on average, and eight DADM &t
Taranaki every 10 kyr on averagéapra and Macias, 2002; Zernack et al., 2008llapses have an average
runout distance of around ~10 kifaple 2)and are distinguished from the largest Pichu PIBAD collapses
with a ~28 km runout distance (<10 /L = 0.09,Fig. 1), similar to that of the Mt. St-Helens, block 3, a
~20 km in the Toutle River valleyVgight et al., 1988 These morphometric and sedimentological
characteristics of the Pichu Pichu thrust lobe rbaysimilar to Mt. St-Helens, St. Augustine, Shivélu
Colima, Taranaki, and Tutupaca volcano&selert, 1984; Glicken, 1986; Siebert et al., 19Béget and
Kienle, 1992; Belousov et al., 1999; Capra and B&cR002; Belousov et al., 2007; Zernack et al0920
Valderama et al., 2016, 2018implying the Bezymianny-type eruptive sequencehsas the associated
pyroclastic fragmentatiorBgrnard, 201p Destabilization and collapse have been attribtbedecompression
of the magma reservoir beneath the collapsed edffie -0.8-0.2, Mt. St-Helendylackamman et al., 20)4
that has been inferred to reflect a switch in magmehamber Ponomareva et al., 1998; Belousov et al.,
1999.

Excessive avalanche runout distances change adapwmgraphic obstacles (Socompelfoun et al., 2008)
and during channelization of the debris avalangjeegrating frictionites with distal dilution intaHars (Mont-
Dore, Bernard, 2008; Bernard and van Wyk de Vries, 2017n inverted extensional fault zones, the
asymmetric structures of the Pichu Pichu thrustesolshow the mixed lithofacies with syn-cataclastic
transformations against the granodiorite horshedouth, precursory to the progressive dilutiothefdebris
avalanche to form lahar deposits in the pull-apagin of Arequipa. Volcanic substratum heteroggraibng
the DAD basedg., Legendre, 1999; Thouret et al., 200dnd topographic obstacles of the Arequipa bétiol

to the south may contribute to avalanche frict®r{Pichu PichulLegros et al., 2000 DAD deflection is
observed for the front lobes of the northern PiEehu debris-avalanche deposits (no. &im 1A), along the
Rio Andamayo, against the topographic obstacle osdlueh EI Misti flank. A series of N130E strikepsfaults
are related to normal stress transfers in the Apagbasin such as the Mollebaya N100E fault, inmgyi
basement-tectonic controls on the channelized aght&a emplacement. A “bulldozer faciedid. 2B;
Belousov et al., 199%long the basal thrust contact with the igningdeposits is observed at the eastern
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DAD thrust lobe (no. 4 idrig. 1A) in the Arequipa basin. In contrast the northémrust lobe in the Arequipa
basin filled by the ignimbrite and block-and-asbwildepositshows horst and graben structures in extensional
spreading context. This area is where the transftbom into lahar flow occurs only in a few hundredters, a
process of transformation that is similar to thevidti deposits (DA1Bernard et al., 20)7Graben areas are
thus sites of water accumulation and transformatidnle compressed areas and bulldozing retainsidiveis
avalanche structure. This feature is similar toMwint Meager 2010 debris avalanche, where intenrhack

areas are the sites of in-transport water condgmirand debris flowRoberti et al., 2018).

5.2. Textural and sedimentological classification

5.2.1. Sedimentological dataset and comparison

Sedimentological characteristics of the Pichu Pittrust lobe are compared with other DADs and aatedt
lahar deposits in Peru and Canadlable 3, Fig. 18). The cumulative grain-size curves show the mgrain-
size fractions close to those of the lava brectwasing the ridges of the Tutupaca DAD with moraefi
grained fractions from ~2, which contribute to matrix of the lahar deposgsnilar to the Quebrada San
Lazaro valley deposits (El Misti, in Peru) and tardines reworked deposits in the French Massiftr@len
(Bernard, 2015). The polymodal grain-size distiidng vary between 45 and 65% matrix for lava beecaf
the Tutupaca ridge DAD, the Pichu Pichu thrust lalbe the debris-flow deposits observed in the Meage
frontal DAD in CanadaRernard, 201p

The ratio of matrix percens. sand-sized, matrix/gravel diagram shows a logaithegression (Eq. 9 iRig.
10B), which correlates the fractured DAD with <40%tmaof the transformed lithofacies, and lahar dgfso
with >60% matrix. The primary fractured matrix fine coarser fractions is observed in 78% of sampkade
the Tutupaca ridge DAD and in 61% of samples inNteager hybrid deposit8érnard, 201p In the hybrid
DAD lithofacies showing polymodal grain-size dibtrtions, there are similar ratios of the proposiaf the
fractured breccias with <50% matrix and the trammefad lithofacies with >70% matrix. Within the PicRichu
DAD, we distinguish the thrust deposits with 66%ctured matrix, lava breccias with 32% transformed
matrix. The cataclastic sorting of matrix lithofesiin graben may have contributed to the bimodahegize
distributions with 54.5% transformed matrix. Thdymeodal grain-size distributions of the reworkedddaes
deposits are associated with 41% primary fractumettix mixed with 47% transformed matrix, produdsd
the secondary fracturing generating the disappearah the fractions of median grain-sizes aroun8%$5
(Bernard, 2015) during matrix transformationanBdal grain-size distributions are found in trensformed
DADs into lahar deposits in the Quebrada San Lazaliey at Misti that have 45% transformed matnrda
54% primary fractured matrix, related to catactastorting of these median grain-size fractions royri
downstream spreadin@érnard et al., 2037
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5.2.2. Satistical dataset and comparison with debris-avalanches worldwide

We compare statistical grain-size parameters @ithatrix-rich lithofacies in the -5 to & size range from six
DADs to those of DADs in Peru, and their associdtdthr depositsHig. 11). The skewnesss. kurtosis
diagram helps to distinguish the proximal gravitasil collapse K¢ = 1-2.5;K <0.6; 1 inFig. 11A) such as
lava breccias of the Tutupaca DAD ridges, the r&éadPardines deposits and the Pichu Pichu thrbst [Bhe
hybrid DADs are differentiated from the transfornuposits K <0.5;K = 0.7-0.83; 2 irFig. 11A) observed

in the DADs of Nevado de Colim&épra and Macias, 200and at Taapacaérnard, 2008 as well asthe
thrust lobes of the Pichu Pichu and El Misti voloas Bernard et al., 20)7The intermediate skewness values
(-0.28 to +0.58;Folk and Ward, 19570f the lava sheared sigmoids characterize thaclkzstic matrix being
fluidized by shearing and stretching, similar te Bungarehu DADs(Roverato et al., 2034the non-cohesive
debris-flow deposits and the hyperconcentrated fileposits along the thrust lobes Il and Il of sfammed
DAD at El Misti (Table 3 Bernard et al., 2037 This dataset involves the stretching and shgasfndeposits,
the cataclastic transformation of lava sheared sidsn and inside the extruded, mixed matrix. These
transformations with mixed matrix lithofacies haesulted in higher kurtosis values around ~1 V@l = O-
0.55 (3 inFig. 11A; Bernard et al., 20)&uch afRuapehu, Meager, Chimborazo, and Ticsani DABerifard,
2008; Keigler et al., 2011; Bernard, 2015

The sorting indexd) vs. median Md) diagram helps to characterize the hybrid DADs(Eig. 11B) between -

2 and -1.50 with ¢ = 1.9-2.4. Examples are the Pichu Pichu distal ke the Pardines reworked deposits in
the French Massif CentraBérnard, 201p The values of the matrix transformed by diluteme shown in the
plot of the Pinatubo's lahar domain as well asghklisti deposits withMid >0.5@ (2 in Fig. 11B; Major et al.,
1995; Bernard et al., 20L7primary fractured matrix between -3 and®2vith ¢ <1.5 (3 inFig. 11B) in the
Meager hybrid deposits and the lava breccias ofifata fault ridges show similar values to the ineer
matrix inside the jigsaw-fit breccias in the trasrsfied deposits, as observed in the distal grabeheoPichu
Pichu thrust lobe.

FractalD-values of the 150 sieved samples of the debrissachke matrix from avalanche worldwidenge
between 2.3 and 2.M¢ble 3, Suzuki-Kamata et al., 2Q08imilar to the avalanche deposits of Flims (range
from 1.9 to 2.95;Dunning, 200% and Val Pola (range from 2.3 to 3.Crosta et al., 2007 Extensional
fracturing is 2-2.9 values Blekinsop and Fernandes, 2008ading to granular disaggregation with fra@al
values between 2.13 and 2.2Raftmann, 196P The primary and secondary fractures observedh@
reworked Pardines deposits increase the fraztahlues (2.59Kaminski and Jaupart, 1998; Bernard, 2015
Energy fragmentation/energy potentisl D values diagramHig. 11C; Crosta et al., 20Q7shows the most
frequent interval of computed values between tleakage models and modeling fracture toughnessginer
ratios ranging from 0.01 to 1.2 for the Pichu Pi&WD are between El Misti and Meager DAD valuese3é

values related to the channelized DAD units tramséal into debris-flow deposits are observed neagu@ha
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and Molebaya in the southern thrust lobe agairesgtanodiorite basemerkig. 1).

The energy of the gravitational flank collaps&dsta et al., 20Q7with initial dilation is differentiated from
inherited crushing along the volcano flank duringnsport. Dynamic fragmentation with structural tcols

characterizes the DAD fractal dimension, whichgsaeiated with the distal matrix transformation® ilahar

deposits.

5.2.3. Sedimentological classifications of volcanic avalanche breccias

Statistical comparisons of avalanche breccias g to establishing a sedimentological clasdiioca for
syn-emplacement processes of DAD structural uiablé 4. We discriminate faulted and hybrid DADs from
the transformed lithofacies into lahar depositshehited volcanic fragmentations (<22% matrix) of th
collapsed edifices are differentiated from the tneed breccias with <50% matrix associated withngtar
disaggregation during the syn-transport transfoilonatand the syn-sedimentary emplacement. Threar&x
classes of avalanche fault zones have been quahitifilava-rich breccias by the ellipg#y/values of ~2.14 for
the plane collapse, of 1.75 to 2 for the crushamgl <1.7 for the thermal effect of fragmentatidalile 4.
Sand-sized matrix percent and elliggle/values are compared with fault textur&sg( 12. The cataclastic
gradient of the Alto Jesus lava breccias charassrihe inherited jigsaw blocks with <20% matrodJdwed
by primary fractures with 30-40% matrix and ellifzgb = 3.43, then the transformed DAD matrix and mixed
matrix inside jigsaw breccias characterized by >50%trix and ellipselb = 1.15-1.4. This cataclastic
gradient along the DAD thrust lobe may be correlatethe Pichu Pichu frictionite generated along water
saturated ignimbritic basement in paleo-valldysgfos et al., 2000 These conditions, including a differential
cataclasis, may be the precursory stages to thestowam transformations into lahar deposits obseirvéhe
Quebrada San Lazaro valley. DAD fault zones suchn dse Mont-Dore volcanic massif show a lithofacie
evolution from basal sheared matrix along the fgolige (20-30% matrix, ellips#b = 2.92,Fig. 12, then
primary and secondary fractured matrix (30-50% matellipsea/b = 2.59), and finally the transformed
deposits (50-60% matrix, ellipsh = 1.16,Fig. 19. These volcanic avalanche fault zones, that lpavduced
cataclastic gradient and frictionites against topphic obstacles, imply different syn-emplacementesses
as those observed in the Arequipa basin of the BLINDAD and the DADs of the Limagne fault graben
(Bernard et al., 2017; Bernard and van Wyk de Vi284,7). The cataclastic gradients of the Alto Jesussthru
lobe are close to those of the lava breccias ddubtiethe Tutupaca fault ridge$i¢. 12; Bernard, 2015;
Valderama et al., 2016, 2018Ve describe the jigsaw-fractured lithofaciesQ%2matrix, ellipsed/b = 1.85),
followed by faulted and mixed breccias (20-40% iwatellipse&/b = 1.84-1.87), finally the transformed
matrix-breccias recorded the inherited fracture#0@ matrix, ellipsel/b = 1.63-1.73,Fig. 19. The textural
comparisons of Pichu Pichu thrust lobe with theupata fault ridges may suggest fault reactivatibfawa

domes fracturesBrnard, 201p
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5.3. Avalanche fault textures

5.3.1. Cataclastic gradient along vol canic avalanche fault zones

Lithofacies and textural variations along the Pi¢hahu thrust lobe are compared to other debrisaache
textures Fig. 13. As deduced from the SPO analysis, lava-rich dascpresent unimodal clast distributions
with increasinga/b values from 1.48 to 1.74, attributed to a laterad vertical cataclastic gradient along thrust
zones. We differentiate more than eleven syn-téctdéextures including jigsaw-fractured breccias hwit
polymodal clast distributions aralb values decreasing from 1.48 to 1.16 along avakariahlt zones. The
bimodal distribution of the lava clasts is charaettl by 2.26 fractal mead-values(Fig. 3C, Table 3 and a
power regression of ellipse values (Eq. Fig. 9B), probably due to secondary sheared cataclasis.

The ellipse#/b vs. matrix percent diagram shows two regressionsbatid to the differentiated cataclastic
gradients between the faulted DADs and <25-30%dmenatrix (Eqs. 10-11 iRig. 13. The linear regression
of lava-rich breccias (Eqg. 10 fg. 13 characterizes a cataclastic gradient of the dduttreccias with <20%
matrix and a mean fractll-value around ~2.46Téble 3. Along the Alto Jesus thrust lobe, the jigsawstda
with ellipsea/b = 2.08 are discriminated from the basal comminuidrthe lava sheared sigmoids with
ellipseé/b = 1.94 Fig. 13. These values are close to those obtained inbaeecias of Tutupaca ridge DAD
(<17% matrix,Fig. 13. The cataclastic gradient (Eq. 10) of lava-ricedeias is linked to the cataclasis and the
fluidal transformations with >37.8% matrix alongesgin zones such as those in the Mont-Dore DADs laad t
Rio Chili transformed deposits. The logarithmic regien (Eq. 11 inFig. 13 correlates the lithofacies of
faulted DADs, with brecciation and cataclasis waB0% matrix (Tutupaca and Pichu Pichu DAPgy. 13,
finally the transformed and fluidized lithofacied5% matrix and ellipsa/b = 3.01 such as thei® Chili
transformed deposit8érnard et al., 20)7An intersect point around ~37.8% matrix withpdea/b = 2.4-2.5
characterizes the frictionites and injection stues (Mont-DoreBernard, 201passociated to the cataclasis
and the fluidal matrix transformations. This suggélkat a cataclastic co-evolution is observed betwfaulted
DADs and breccia matrix (Egs. 10-11Fkig. 13 with >37.8% fluidized matrix, a precursor lithofas to the
distal avalanche transformations by dilution doweestn Bernard et al., 2037

5.3.2. Clast-shape comparison with worldwide DADs and lahar deposits

The mean ellipses. travel distance diagram for a DAD fault zone prése linear regression (Eq. 12Fkiyg.
14A). Three zones are correlated to the texturalati@ams with structures: (1) the proximal planarlaose
along faults (Cheix in Mont-Dore, i® Chili at Misti) with ellipse = 3.55-3.8; (2) therushed lithofacies in
rotational shear such as the jigsaw-fractured leeddted in a fluidized matrix along the Alto dissthrust lobe
and the Perrier pseudotachylite with ellipse = B3.and (3) the thermal effect of fractures in ldraccias

with ellipse <2.7 observed along the Tutupaca ridg® and in the Pichu Pichu mixed matrix.
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The ellipse#/b vs. matrix percent diagram shows four regressionsaf@anche breccias (Egs. 13-16Hig.
14B) compared to the faulted DADs and the transfortabdr matrix. A power regression (Eq. 13g. 14B)
characterizes the reworked DADs with the secondaagtured matrix around ~40%. These include Pichu
Pichu and EI Misti thrust lobes, and the Mont-Dtaelt zone with pseudotachylite and injection stuoes of
clastic and fluidized matrix. A linear regressiar fahar deposits such as the El Misti transforrdedosits
(EQ. 14 inFig. 14, Bernard et al., 20)7as the ellipse/b ranging from 1.32-3 around ~60-70% of fluidized
matrix. Two intersected regressions (in C1, Eqsl@5n Fig. 14B) characterize the transformed avalanche
deposits with a range of 42-60% of matrix: a lodpamic regression for the transformed and fluidinealrix
such as the Pichu Pichu DAD with ellipg/ranging from 1.7-2.59 (Eq. 15 fg. 14B); a linear regression
for the frictional faulted DADs and the associafsuloclastic deposits with ellipseb between 1.51 and 2.59
(EQ. 16 inFig. 14B).

Two points of intersection (A1 and A2 kig. 14) show similar values around ~35% matrix relatedhe
inherited clast-shapes with ellipa# ~3.4 between the reworked DADs and the frictidaalted deposits, and
ellipseé/b ~3 for the transformed DADs. These four regressintessect the faulted DAD regressions in B1 to
B4 (Egs. 12-16 inFig. 1) between 38-51% of matrix and ellipa#y ~2.5-3, implying that a cataclastic
primary texture in fault zone such as inheriteédgig-breccias recorded the initial dilation of tredlapsed
edifice.

The transformed DADs show a similar, cataclasta@ion linked with frictional faulted deposits {@Gnd C2

in Fig. 14B), such as the cataclastic gradient in tte &hili DAD (Bernard et al., 20)#vith a fluidized matrix
around 68% in C2 and ellips#th = 1.4 (El Misti, Pichu Pichu, Mont-Dore, Egs. 14)1%his convergent
evolution may be associated to the secondary fiagtialong shear faults with a partial decomprassb
fluids generating extensional syn-transport tramsédgions in the crushed deposits. Fractured makbween
20-58% is attributed to thermal effect with ellif@b <2 such as at the Tutupaca ridge DAD and the graben
Pichu Pichu DAD. This intersects faulted DADs witB0% matrix (C3, Egs. 9-10), reworked DADs around
~45% matrix (C4, Eq. 13and frictional faulted deposits between 55-58%rix4C5, Eq. 16).

From the primary inherited textures linked with tbalapsed edifice, a transitional stage of theadastic
transformations appears with a convergent evoluwfddAD lithofacies along shear fractures during thinout
process. Regressions of thermal eff¢Etg. 14)intersect equally the reworked DADs and the foicél faulted
deposits, such as the Tutupaca ridge DAD and thkeuPPichu thrust lobe. The vertical facies disttims
have recorded the initial decompression of theapskd edifice generating the fluid phases relaidtd syn-
eruptive DADs with the proximal associated depodite distal fault zones may contribute to prodclestic
matrix during decompression generating co-seishaidg with the localised frictional heating betwe&560%
matrix and a fluidization into lahar deposits witli0% matrix. The syn-emplacement cataclastic gradge
related to the fluidized sole of seismogenic thrashilar to the Perrier DAD fault zone (Mont-Doigrnard
and van Wyk de Vries, 201,73 precursory stage to syn-sedimentary transfeomsmtnto lahar deposits.
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5.3.3. Last stages of distal emplacement process

The Pichu Pichu thrust lobes compared to otherdmade debris-avalanche deposits define the studiistal
fault zone such as a channelized and faulted DADwsg the hybrid lithofacies in an extensional teom, a
precursory stage to syn-sedimentary transformatiots lahar deposits. The comparison of sedimentary
characteristics of DAD matrix implies a syn-trangpdeflection of the Pichu Pichu thrust lobe aghias
topographic obstacle in the Arequipa basin genggagirimary and secondary fracturing along N13ketslip
faults cutting the basement. Lava breccias witloseary fractures are thrust on the basal fluidizedrix.
Syn-emplacement brecciation is related to a couthl of lithofacies along the thrust lobe in ratatl shear
(Figs. 3-4) such as clast breakage, cataclastaiggraand granular segregations, similar to theifacta ridge
DAD, the Meager hybrid deposits and the Pardine®rieed deposits.

Basal sheared brecciation produced cataclasticflaittized matrix, similar to the Pungarehu DAD aBkd
Misti transformed depositfkpverato et al., 2014; Bernard et al., 20 typical lithofacies assemblage with
reverse gradingHfancis, 199Bdisappears in an extensional context with vdrtigactions and mixing. In the
graben, the clasts are sorted within the mixed poigmodal matrix. The distal hybrid DAD shows syn-
sedimentary cataclastic mixing with longitudinattswy such as the cataclastic gradient throughBh#isti
and Rio Chili deposits. Partial decompression ofsesmic fluids generates an extensional syn-ti@msp
transformation in the crushed deposits with frictibheating and fluidization. Secondary clastic rmanay

contribute to transformations into lahars.

6. Conclusions

Debris avalanche fault textures studied with quatite sedimentological analyses help us to chariaet the
internal structures of volcanic debris-avalanchpodés, at a distance of 28 km from the extinchRi€ichu
compound volcano. Along the thrust lobe, a catéiclagradient is established in more than eleven syn
emplacement breccia structures including two polyahdava sheared sigmoids, the bimodal matrix msid
jigsaw-fit breccias, and the polymodal matrix mixed the graben. The granular segregations and the
brecciation may be the precursory stages of thesegimentary transformations of the debris-avalamohtrix
into lahar deposits. A thermal effect of clastgfreentation with dilation may be correlated with thstal
transformed deposits.

From the statistical dataset of eleven DAD struadtunits, we compare the transformed and hybricbsiég
the reworked DADs into secondary hybrid lithofacesd transformations into lahar deposits. Sandisize
matrix percent and fract@l-values range between 2.3 and 2.7 contribute terdiftiate the primary cataclasis
from the secondary extensional fractures leadingramular disaggregation and matrix transformatidinsee
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textural classes of avalanche fault zones have bbaracterized by the ellipséd values of ~2.14 for the
planar collapse along faults, of 1.75 to 2 for ¢theshing, and <1.7 for the thermal effect of clastakage. An
inherited clast shape witlb = 2.5 and ellipse = 4 suggests a co-evolution afamche lithofacies.

Equations have been developed that imply a synaseplent cataclastic gradient along avalanche Zaui¢.
Tectono-volcanic controls of recurrent avalanchgodés in Peru are differentiated such as TicsakiDPH/L

= 0.13,Bernard, 2008 Tutupaca ridge DAD with pyroclastic deposit#/l{ = 0.12, Samaniego et al., 2015;
Valderama et al., 2016, 20{18Pichu Pichu and EI Misti DADsH{L = 0.11-0.24) transformed into lahar
deposits. These and the textural studies can lbtodeetter assess the avalanche runout modelsdmxtein
distal tectonic basins, such as the pull-apartrbatArequipa, which has acted as a sedimentamsptacle of
the DADs from three volcanic complexes with struaticontrol, namely Chachani, El Misti and PichgHi

volcanoes.
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Table

Table 1

Definitions and textures of the avalanche lithodgatompared to other lithofacies worldwide.

Table 2

Morphometric characteristics of eight debris-avalen deposits (DADs) mapped from Google Earth and
published data on six DAD4$.€égendre, 1999; Legros et al., 2000; Thouret et2801; Finizola et al., 2004;
Aguilar et al., 2015; Bernard, 2015; Bernard et2017. Collapse scar parameters: 1. Shape; 2. LehitB(
Altitude (m). Avalanche parameters: 4. Age (Ma)Rbinout distance. {; 6. H/L ratio; 7. Structures.

Table 3

Statistical grain-size parameters of the Pichu tPitinust lobe compared with other DAD characterss{after
Folk and Ward, 1957 1. Median diametemMd); 2. Matrix percent{ 2 mm); 3. Sand-sized matrix-gravel ratio;
4. Sorting indexd); 5. Skewnes$XKg); 6. Kurtosis K); 7-9. Fractal analysis with expondmbf the power
regression and fractaD-values (correlation coefficients between 0.9-0.9@zuki-Kamata et al., 20D9

correlated with range of clast sizes in millimetdi@. Traveldistance in meters.

Table 4
DAD sedimentological classification, including dlashape parameters correlated win-emplacement

avalanche structures.

Figure captions

Fig. 1. Setting of the debris-avalanche deposits (DADsEEloMisti and Pichu Pichu volcanoes in south Peru.
A. Landforms of the avalanche deposits in the Aigasin (~100 kR) from Google Earth. Insets top right
show location of Pleistocene volcanoes in the CAMh their tectonic context. The outlined areasrespnt
two DADs from Misti (DADO, DAD1,Thouret et al., 2001; Bernard et al., 2))ithree DAD structures and
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sliding lobes (nos. 1-5) coming from the Pichu Ridompound volcano with reference box for imageBB;
Structures and geology in the NE area of the citArequipa showing the DAD thrust lobe (nos. 1-8) i

inverted extensional faults (nos. 9-15) which hesrbtransformed into lahar deposits down valley.

Fig. 2. Volcanic avalanche lithofacies of the thrust l@tea distance of ~28 km from the extinct Pichu Rich
compound volcano in Peru. A. Structural variatiomgava-rich breccias of the Alto Jesus thrust DADNg
four sections (1-4): under-thrust and upper thagstes (1); conjugate thrust with boudinage of mileggbrs
(2); aggradation at the front of the DAD thrust dol§3); N3OE-trending rotational shear (4). The
lithostratigraphic section to the right shows tlasdd thrust contact of the matrix-rich DAD (MD)gthed lava
block-rich facies (rLB), the grey lava block-ricacies (gLB), the interlayered and mixed matrix éagiM1-5),
an unconsolidated brown clay-rich layer (bC), tieantinuous ash-rich pumice layers (1), layeredaiiow
breccias and debris-flow deposit (DF); B. Avalanttiefacies along the thrust lobe in the Arequii@ain. The
lithostratigraphic section to the left shows basaposits of thin, grey ash (Al), red lava blockiriacies
(rLB), grey lava block-rich facies (gLB), grey ash angular clasts (A2), the non-cohesive brown clely
layer (bC) with thrust ignimbrite (I), and layeré&/a breccias overlain by debris-flow deposits (DH)ese

nomenclature lithofacies are referred-igs. 3-5

Fig. 3. Lithofacies assemblage of the Alto Jesus thrust DAD km east of the city of Arequipa) showing
textural and structural variations. A. Sketch cresstion (N160E) of the thrust lobe: SSE side ofigshzone
with basal under-thrust of the MD matrix-rich DAD){ NE stretching of the M sandy matrix (2), ag@tazh

of the DAD lithofacies at the front and lateral reission (3-4), exhumation of lava-rich brecciashe East of
thrust lobe (5), condensed succession of reworlgabgits at the thrust front (6), N120 basal extmusof
mixed lithofacies (7), thrust lobe faulted in hoastd graben (8); B. Lithostratigraphic sections8)lof thrust
units; C. Cataclastic gradient of syn-emplacemenictires as observed in sections 1 to 8, withtclas
distributions in a double log diagram calculatedhwthe inertia method ilue compared to the intercept
method inpink from SPO analysid_Guneau, 2004and mean values afb ratio ande ellipse: jigsaw-fractured
blocks with a polymodal distribution in gLB (1);i&on crack filled by shear fine-grained facies (R)lwith a
bimodal distribution (2); sigmoidal shape of polytabjigsaw-breccias in gLB tilted in fluidized M2atmix at
the front (3-4); cataclastic gradient of sheare®@ lareccias in rLB with an unimodal grain-size wlsition (5);
jigsaw fracturing in clay clasts stretched in mixadtrix (gLB+M2) along basal shear thrust (6); figsclasts
stretched in MD+LB mixed matrix (7), sheared lavadrias between gLB and rLB in half-horst (8). Tnes

nomenclature lithofacies are referred-ig. 2

Fig. 4. Structures in lava-rich breccias along the Altsu¥eDAD lobe showing shearing at the base of the
thrust section. A. Tension cracks with mixed matrk Basal lava sheared sigmoids (S1 and S2) with
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cataclastic shear bands of dihedral lava-blocktedldo an antithetic rotational shear of 30° in xiala
deformation. These nomenclature lithofacies arerredl inFig. 2.

Fig. 5. Lithostratigraphy of the frontal thrust lobe aloimgerted extensional faults observed at Pampa Blanc
located inFigs. 1-2 A. Lithostratigraphic sections of thrust units-18) with mixed and transformed
lithofacies; B. Lithofacies distribution observed the thrust lobe (9-10) and under-thrust (11) witted
deposits in horsts and grabens (12-14), and tremsfib deposits at the frontal lobe (15-16); C. datdic
gradient of the lava-rich breccias into the frorttalust lobe with clast distributions, mean shapeameters

such as/b ratio and ellipse values(Launeau, 2004 These nomenclature lithofacies are referrefign 2

Fig. 6. Mixed and transformed units of the matrix-rich DADserved in the Pampa Blanca graben. A. Outcrop
picture with its interpreted section and SPO angalfrom 1490 clastsL@uneau, 2004 The reverse graded
matrix is unconformably overlain by debris-flow @sjt. Inset box in A shows inherited jigsaw-fraetdir
breccias in B; B. Enlarged area of jigsaw-fractubbeelccias with polymodal distribution and preferaintlast

dips at 80° in the cataclastic matrix.

Fig. 7. Sedimentological analysis of the debris-avalanchgodits in thrust lobe originated from the Pichu
Pichu compound volcano. A. Cumulative curves ofrtiarix between -5 and & of the DAD lobe; B. Sandy-

gravel matrix percents. matrix-gravel ratio as shown through several tettuariations in deposits.

Fig. 8. Statistical grain-size parametafsthe Pichu Pichu DAD lobe. A. Sorting index® ¢s. median diameter
(®). The outlined area represents the subpopulatidues of the matrix collected in jigsaw-fractureedzias
(thin lines,s <2.1;Md = -6-3®). The grey area represents the data obtained frerRittatubo’s lahar deposits
(Major et al., 1995 B. Ellipse&/b vs. sand-sized matrix percent. The grey area represkatdata points of
transformedDADs attributed to fluidized decompression. Theksh area represents the data points of

fractured matrix associated with thermal effect asslociated pyroclastic deposits.

Fig. 9. Clast shape analysis and co-evolution between aklttrofacies of lava-rich breccias observed along
the Alto Jesus thrust lobe. A. Diagram showing ibl@tionships betweea/b and travel distance, and two
categories of regressions (Egs. 2 and 3); B. HElyss travel distance showing decreasing values withr fou
regressions (Egs. 4 to 7); C. Textural tree diagphhava-rich breccias associated to structuralagi@mns along
the Alto Jesus thrust lobe. Inset sketch showsetkteiral tree diagram between lithofacies refetcenh Figure
3C.

Fig. 10. Sedimentological characteristics of the Pichu Piahalanche deposits compared with other DADs in
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Peru and Canadand transformed matrix into lahar deposits. A. GQlative %vs. grain-size distributiond®)

of Pichu Pichu thrust lobe with other DADs in Pand Canadaand transformed matrix towards lahar
depositsB. The matrix percents. sand-sized matrix-gravel ratio allows us to dggtiish four types of textural
variations in lithofacies and deposits. Other DADBslude Bernard, 2015 Pichu Pichu: A. Alto Jesus; Pp.
Pampa Blanca; Tr. Tutupaca ridges; Mont-Dore innElneMassif Central: P. Reworked Pardines deposits;
Transformed DAD deposits. M. Hybrid Meager DAD (@dn); Ndf. Transformed DADs in debris-flow
deposit in the Quebrada San Lazaro valley at EtiMisPeru Bernard et al., 2037

Fig. 11. Statistical grain-size parameters of the matrithm -5 to 5@ size range from six DADs compared to
those of other DADs in Peru and associated lahposits. Mean values: A. Skewness kurtosis; B. Sorting
index ©) vs. median diameterd) with different zones: 1. Hybrid DADs between -2afi.5® with ¢ = 1.9-
2.4; 2. Transformed DADs into lahar deposits in @heebrada San Lazaro valley whdd >0.5 @; 3. Primary
fractured matrix between -3 andd2with ¢ <1.5. The outlined area with dotted lines represtiredield of the
Pinatubo's lahar depositsigjor et al., 199h The grey area represents the data obtained tinendewatered
DADs; C. Energy for fragmentation/energy potentmlfractal D values Crosta et al., 2007 The DAD units
are referred irFigure 10with other DAD worldwide. Ch. Chimborazo; t. Taapad. Ticsani Bernard, 2008
Nevado de ColimaGapra and Macias, 20PD. DAD dam break-out; L. Lahar deposit; Transied DADSs. I.
Cohesive llliama lahar deposit¢/@ythomas et al., 2000Q). Osceola dewatering deposiBétt et al., 1995

Fig. 12. Textural comparison of Pichu Pichu avalanche ldloas with other DADs based on matrix percent

and ellipsed/b values.

Fig. 13. Lithofacies evolution along the avalanche thiosie at ~28 km from the Pichu Pichu compound
volcang compared to other DADs. Cataclastic lithofaciesthwstructural control associated to syn-
emplacement processes are characterized by theéxnpatrcent, ellipse values and ellipg® vs. matrix
percent. The diagram shows two categories of regnes for cataclastic avalanche matrix (1) andtéall
DADs (2).

Fig. 14. Clast shape parameters along the DAD fault zonate@lto emplacement process. A. Diagram
showing ellipsevs. travel distance; B. Ellipsalb vs. matrix percent diagram. Dotted lines represent two
regressions of lithofacies evolution along the Ri€hchu fault zone as shown in Figure 13. The gimkarea
represents the data points of fractured matrixedl#o thermal effect and associated pyroclastgosi¢s. The
nomenclature lithofacies are referred toFigure 1@ with other DAD lithofacies. Mont-Dore in the Fidn
Massif Central: C. Cheix lateral levee; G. Pergeuge; El Misti (Peru): Rc. B Chili DAD. The grey area
represents the data points of the proximal plamdlagse along faults. The outlined area with dotieds
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represents the field including crushed lava clakisg rotational sheaBérnard et al., 2037

Supplemental File 1

Statistical grain-size parameters distance as deduced from the mixed lithofacies graben of the Pichu
Pichu thrust lobe. A. Variations in segregationgha granular fractions along travel distance; BtiStical
grain-size parametesich as sorting index), fractal D-values, sand-sized matrix-gravel ratio, kurtosid an

skewnesgs. travel distance.
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Tablel

Lithofacies and textures from worldwide examples bs€ved deposits

Syn-eruptive
debris
avalanche
deposit,
(DAD)

Bezymianni and Banddipe DADs interstratified betwee
syn-eruptive associated deposits. Polymodal gsiie :
distributions with hydrothermal alteration: blodkh
facies with <30wt.% matrix <2 mm; Glicken, 1986,
matrix+ich lithofacies with a lithological compositic
similar to the DAD blockgGlicken, 1986) Mixed

lithofacies in the median zones with polylitholagi Tutupaca ridge DAD Eernrd,

composition. 2019

Reworked
hybrid DAD

Gravitational mass-flow deposit showingollisional
textures in cataclastic breccias with jigsf:‘metured
breccias due to granular interactions with dyn
fragmentation Capra and Macias, 2002; Daveesd Mc
Savenney, 2006, 20Pp9Coarsely stratified, gorly sortec
breccias with inherited megaclasts interstratifibetweel

DAD and lahar deposits (Nevado de Colin@gpra anc Pardines reworked deposits

Macias, 2002;middle unit of the Ruapehu deposit (Bemard, 2015

Keigler et al., 20111

Transformediigsaw-fractured breccias (Citlaltepe@arrascoNufiez e

DAD into
lahar
deposits

Volcanic debris facies up to 7@% of poorly sorted clas i
related to rapid flow dynamicsS¢hmidt, 1934; Vallanc '

and Scott., 1997showing cataclastic brecciagherited |

al., 1993 Mt. Rainier,Scott et al., 1995 Sandy fragon
(40-60%, e.g., Mt St-Helens,Glicken, 198¢ of
hyperconcentrated flow deposits due tdilution E! Misti hyperconcentrated flo
downstream. fansitional laminar flow to turbulendePosits Berard etal., 2037
(Pierson and Scott, 1985




Table 2

Collapse scars

Vol canic debris-avalanche deposits

1 2 3 4 5 6 7
Max.
L . Age L
Volcanoes  Shape (km) alt(lrtrllj)de (Ma) (km) H/L Structures
U-shaped Thrust lobes cut down by the
Bl Misi DAD1 car 42 3961 l112ka 12 0.24 Quebrada San L azaro
DADO Subdued 4000 830 ka o5 011 Tilted meggt_JI ocksin the Rio
Chili canyon
Estribo- 0.908- L avabreccias
Chachani 0.694
Horseshoe- .-
1 shaped scar 3 5155 8 0.2 Sliding lava-flow lobes
Horseshoe- Transverse megabl ocks with
2 shaped scar 436 5371 127 017 |ateral spreading
Pichu .
picu 3 USed g4 5416 10 019 L-aerdleveeand channelized
scar 1.2-16 deposits
4 Five nested Asymmetric thrust lobe due to
10.8 5425 28 0.09 dista spreading and showing
scars . i
inverted extensiona fault
5 U-shaped 5 5047 10 0.22 Stretched Ipb& against
scar topographic obstacles




Table3

1 2 3 4 5 6 7 8 9 10
Matrix Fractal values Travel
Md  Matrix Rangeof
gavel ¢ K¢ K clastsizes  distance
() % . h D
ratio (mm) (m)
Lavasheared -303 274 0376 239 048 084 0457 208 02516 1
sgmoids -313 318 0466 241 058 075 0451 209  0.13-16 2
251 309 0447 218 036 077 0449 2.1 3
Altodesus 134 45 082 236 011 078 0367 226 ... 4
DAD 079 5.7 107 258 -013 057 0242 251 5
0005 589 1433 22 -028 064 0229 254 6
Alto Jesus -0.2- -
30 2758 037-143 235 05 0508 0265 2469 0.5-8
mean values
Jgsaw- 53 146 017 202 098 088 038 224 1108
frectured 325 228 0.3 2 053 09 06 18 1
breccias  -405 21.8 028 213 095 088 053 193 02516
525 102 011 18 04 169 055 188  0.063-16
Marix inthe -+25 356 055 313 17 063 027 244 0253 1
gaen 04 568 131 246 03 086 024 25 0.25-16 2
06 545 12 259 -015 07 026 246 0.25-8 3
095 754 307 207 -043 092 015 268 02516 5
Pampa Blanca
035 684 216 209 -027 08l 0248 25 0.25-8 5
DAD 06 66 194 243 -068 076 0183 2.62 6
01 596 148 264 -053 066 0218 256 02516 7
PampaBlanca ¢4 19075 0113 231 %% o616 0314 233 058 ]
mean values 1.7
Tutupaca -
DADridges 305 2282 029 131 25 052 042 2158 0.5-8
Meager -
hybridDAD 223 2321 044 129 -004 107 028 243 0.5-16
El Misti
transformed .83 5393 117 185 028 075 0337 2325 0.5-4
DAD
Pardines -
reworked 167 4446 109 203 105 058 02 2599 0.5-2

deposits







Table4

Equations

Resulting lithofacies and deposits

Sand-sized
matrix %vs.

matrix/gravel

f(x) = 15.4In(x) + 48.67  (9)

in Fig. 10A

Lava domes, primary and secondary fractures
Hybrid debris-avalanche deposit

Transformed debris-avalanche deposit

Kurtosis &g )

Statistical 1-2.5
grain-size <0.5
parameters 0- 0.55

SkewnessK)

<0.6
0.7-0.83
1-1.07

Sorting indexvs. median diameter

Faulted DAD
Hybrid debris-avalanche deposits
Transformed DAD matrix into lahar deposits

Fracturation, hybrid DAD, lahar deposits

alb  Ellipse Ellipseé/b
166 3551 2146 Cheix lateral levee
' ' ' in Mont-Dore Massif  planar collapse in fault
1 ili trough
1743  3.74 01/02/15 Rio Chili DAD g
of El Misti volcano
Thrust lava breccias
15 3.12 2.08 ) !
Clast shape Pichu Pichu DAD  Collapse of lava flows
arameters i Crushin
p 1702 2988 1755 P(_errler DAD fault zon g
in Mont-Dore Massii
Transformed matrixnixed
in graben
1501 2.538 1691 pichu Pichu DADshowing ~ Thermal effect of
inverted extensional faults fragmentation
1.69 2.728 1.609 Tutupaca ridge DAD






