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ARTICLE INFO ABSTRACT

Keywords: The Arequipa volcanic landslide deposit to the east of Arequipa (Peru) originated from the Pichu Pichu volcanic
Sector collapse complex, covering an area ~200 km?. The debris avalanche deposit exhibits internal flow structures and basal
Pseudotachylyte

pseudotachylytes. We present field, microstructural and chemical observations from slip surfaces below and
within the deposit which show varying degrees of strain localisation. At one locality the basal shear zone is
localised to a 1-2 cm thick, extremely sheared layer of mixed ultracataclasite and pseudotachylyte containing
fragments of earlier frictional melts. Rheological modelling indicates brittle fragmentation of the melt may have
occurred due to high strain rates, at velocities of >31 m s~ ! and that frictional melting is unlikely to provide a
mechanism for basal lubrication. Elsewhere, we observe a ~40 cm thick basal shear zone, overprinted by sub-
parallel faults that truncate topological asperities to localise strain. We also observe shear zones within the
avalanche deposit, suggesting that strain was partitioned. In conclusion, we find that deformation mechanisms
fluctuated between cataclasis and frictional melting during emplacement of the volcanic debris avalanche;
exhibiting strain partitioning and variable shear localisation, which, along with underlying topography, changed

Strain partitioning
Shear localisation
Cataclasis

the resistance to flow and impacted runout distance.

1. Introduction

Volcanic edifices are inherently unstable structures formed by the
superimposition of layers of varying volcanic materials on relatively
rapid geological timescales (Voight, 2000; Acocella and Puglisi, 2010).
Structural instability of volcanoes and other orogenic landforms can be
prompted by a range of factors such as: magma intrusion (e.g., Mount St.
Helens; Lipman and Mullineaux, 1981); overloading of flanks (Swanson
et al., 1976), tectonic stresses (Lagmay et al., 2000), ground motion
during earthquakes (Voight and Elsworth, 1997), hydrothermal activity
(Day, 1996; Voight and Elsworth, 1997), alteration (Reid, 2004), pre-
cipitation (McGuire, 1996), freeze-thaw (Kawamura and Miura, 2013),
and erosion (McGuire, 1996). This is combined with a natural variability
in coherency, porosity, crystallinity and glass content of materials,
which affects the strength and primary deformation mode (e.g., brittle
vs ductile) of the edifice-forming rocks (e.g. Heap et al., 2010; Benson
et al., 2012). Collapses of unstable volcanic structures occur at a wide
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range of scales, the smallest examples form from shallow slope insta-
bility events (Cecchi et al., 2004) and rockfalls (Calder et al., 2002),
whereas larger scale instabilities can produce deep-seated slip events
that may subject magmatic systems to decompression that triggers un-
rest and even eruptions (e.g. Hunt et al., 2018).

Large-scale collapse landslides pose significant hazards to life and
property within the spatial range of the event (e.g. Siebert, 1992).
Quantifying the potential distance these collapses may travel, the rate at
which onset occurs and the speed of the avalanche itself as it propagates
from the source area is therefore paramount in hazard risk assessments.
Large landslide volumes can exceed 10° m® (Siebert, 1984) and travel at
speeds up to 100 m s1 (Siebert et al., 1987; Shea and van Wyk de Vries,
2008) and those with volumes in excess of 10® m® often exhibit anom-
alously high mobility (Scheidegger, 1973). Mobility considers a com-
bination of velocity and runout distance from source (Iverson et al.,
2015), which can often be greater than ten times the height of fall (the
elevation change from source to final position of the mass of material) in
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these instances (Legros, 2002). Analysis of the ratio of height of fall to
runout distance against volume of landslides highlights that landslides
with larger volumes travel longer distances, suggesting the importance
of a mechanism that acts to lower frictional coefficients, allowing them
to be more mobile than predicted by simple frictional sliding models
(Shea and van Wyk de Vries, 2008). Such behaviour has been identified
in events developing in all rock types (Legros, 2002 and references
therein), suggesting a commonality of the process. Several mechanisms
to reduce frictional coefficients during frictional sliding of landslides
have been put forth, including: mechanical fluidisation (Davies, 1982;
Campbell et al., 1995), the lubricating effects of basal groundwater or
ice (Lucchitta, 1987; Legros, 2002; De Blasio, 2011), trapped air
(Shreve, 1968), salt (De Blasio, 2011), acoustic fluidisation (Melosh,
1979, 1986; Johnson et al., 2016), mechanical and thermal fluid pres-
surisation (e.g. Ferri et al., 2011) elastohydrodynamic lubrication
(Brodsky and Kanamori, 2001), frictional velocity weakening (e.g. Wang
et al., 2017) and the formation of a lubricating frictional melt layer
(Legros et al., 2000; De Blasio and Elverhgi, 2008; Wang et al., 2017).

The production of frictional melts is the result of frictional heating
due to strain localisation onto a discrete, thin slipping layer (Sibson,
1975). These frictional melts are then preserved in the geological record
as pseudotachylytes, often resulting from seismogenic fault activity
(Sibson, 1975, 1977; Spray, 1992; Shimamoto and Lin, 1994; Di Toro
et al., 2006; Nielsen et al., 2008), shear localisation in volcanic conduits
(e.g. Kendrick et al., 2012), and at the basal contacts of some mass
movements (Erismann, 1979; Masch et al., 1985; Legros et al., 2000; Lin
et al., 2001; Hacker et al., 2014; Bernard and van Wyk de Vries, 2017).
The presence of frictional melts along fault slip zones has often been
suggested to act as a lubricant (Di Toro et al., 2006); yet, they may
conversely act as a viscous brake (Fialko and Khazan, 2005), especially
in intermediate and felsic volcanic rocks sheared at low (<10 MPa)
normal stresses or low lithostatic loads (Lavallée et al., 2012; Kendrick
et al., 2014; Hornby et al, 2015). Importantly, the transient
physico-chemical evolution of frictional melt during slip impacts rheo-
logical evolution (Lin and Shimamoto, 1998; Wallace et al., 2019),
which controls slip velocity, shear resistance and any
thermo-mechanical feedback due to viscous energy dissipation (Nielsen
et al., 2010) that, in the case of mass movements, may ultimately
regulate the runout distance.

Careful examination of the internal structures of mass movement
deposits, such as large landslides (including debris avalanches), suggests
a spectrum of behaviour; from those which disaggregate during trans-
port to those transported over long distances whilst maintaining their
coherence, exhibited by undisturbed structures such as discrete litho-
logical units and intrusions (Glicken, 1998; Erismann and Abele, 2001;
Hacker et al., 2014). Some evidence suggests that larger events have
preserved their internal structures (Erismann and Abele, 2001; De Blasio
and Elverhgi, 2008). In order to preserve these features, shear must have
been localised to a relatively narrow layer to prevent wholescale
deformation. Shear localisation is an integral part of flow segregation
and means that the basal mechanisms of debris avalanches and volcanic
collapses largely control emplacement. On this layer, shear rates (and
thus frictional heating) may be extremely high as a result of the high
velocity of the mass movement (De Blasio and Elverhgi, 2008). Pseu-
dotachylytes have only been identified at the base of a few landslides,
including: Kofels, Austria (Erismann, 1979); Langtang, Nepal (Masch
et al., 1985); Tsaoling, Taiwan (Lin et al., 2001); Markagunt slide, Utah
(Hacker et al., 2014), Sevier slide, Utah (Biek et al., 2019), French Massif
Central (Bernard and van Wyk de Vries, 2017) and Arequipa, Peru
(Legros et al., 2000). The Arequipa volcanic landslide deposit displays a
rare example of preserved pseudotachylyte at the base of a landslide
originating from a volcanic source, namely Pichu Pichu volcano. The
internal structure of the deposit is exposed owing to multiple incisions
by rivers since emplacement >1 Ma ago (Legros et al., 2000). Here we
present new observations from an extensive geological survey of the
Arequipa volcanic landslide deposit, including re-examination of the
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original outcrops investigated in Legros et al. (2000) as well as newly
identified shear exposures.

2. Geological background

Pichu Pichu is part of the modern Central Andean Volcanic Zone and
is located along the NE margin of the Arequipa basin, 30 km to the east
of the city of Arequipa (Fig. 1). The volcanic arc trends approximately
NW-SE, associated with major regional sinistral strike-slip faults trend-
ing NW-SE (de Silva and Francis, 1990; Lavallée et al., 2009). The
Arequipa basin is filled with four distinct, high-K calc-alkaline ignim-
brites commonly referred to as the “Sillar” (Lebti et al., 2006). These
range in age from the 13.19 + 0.09 Ma Rio Chili Ignimbrite to the 1.03
+ 0.09 Ma Yura Tuff (Lebti et al., 2006). The source of these ignimbrites
has been inferred to evidence a relict volcanic caldera now buried by the
construction of Chachani volcanic complex during the quaternary (in
the last 1 Ma to 642 ka; Aguilar Contreras et al., 2016). Similarly, the
ignimbrites underlie the younger Arequipa volcanic landslide deposit
(Legros et al., 2000; Lebti et al., 2006) estimated to have occurred at ~1
Ma (Lebti et al., 2006).

Pichu Pichu itself is an extinct volcanic complex with andesitic lava
flows dated to 6.71 + 0.57 Ma using K-Ar dating (Kaneoka and Guevara,
1984) with no evidence of younger activity. The collapse of a significant
portion of the volcanic flank resulted in the formation of an open arcuate
ridge morphology, facing the large volcanic debris avalanche deposit
found to the east of Arequipa (Fig. 1). Initially the deposit was mapped
to extend to the NE of Arequipa, however further investigation of those
deposits found that the chemistry of entrained lava blocks and flow
package characteristics more closely correlate to lava flows from an
earlier cone of El Misti that underwent collapse before the formation of
the modern day cone (Thouret et al., 2001). These more recent flows
partially overlie and obscure the older collapse deposits now interpreted
to originate from Pichu Pichu. More recently the northern boundary of
the debris flow deposit was re-mapped in the area of Chiguata to follow
the break in slope between the flank of El Misti and the irregular
topography identified as the Pichu Pichu collapse formation (Thouret
et al., 2001). The debris avalanche deposit has been stated to evidence
both mixed and block facies using nomenclature of Glicken (1991), and
has a basal pseudotachylyte (Legros et al., 2000), but has not been
mapped in detail (Thouret et al., 2001).

3. Methods

The debris avalanche deposit was surveyed in 2017. Topographic
maps were used to identify valleys and gullies that would be potential
sites for basal exposures using the relative altitudes from the previously
identified basal contact (Legros et al., 2000) at 2600 m above sea level.
Where basal contacts were located, we also examined the debris
avalanche deposit above for internal flow features.

Samples were collected from several localities; for basal contacts
samples were generally taken from above, below and within the shear
zone. For all samples, flow direction was noted (determined from the
position from source, clast imbrication and striations if present) in the
field and ascribed to each specimen to enable structural analysis.
Orientated, polished thin sections were used for both microtextural and
geochemical analyses. Backscattered electron images (BSE) used for
microtextural analysis were taken on a Phillips XL30 scanning electron
microscope (SEM) at the University of Liverpool with 20 kV accelerating
voltage and 10 pm working distance.

Bulk chemistry was determined by X-ray fluorescence (XRF) at the
University of Leicester using a PANalytical Axios Advanced XRF Spec-
trometer. Major element analyses were determined from glass beads
fused from ignited powders and trace elements on pressed powder pel-
lets. Relative precision and accuracy were better than 1.5% for major
elements and 5% for trace elements based on a series of repeat analyses
on reference materials (Bardon Hill granodiorite and Whin Sill dolerite;
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Fig. 1. Locality map and field photos to illustrate debris avalanche deposit and source location. a) Map of southern Peru (red box marks area in b) with inset of South
America (red box shows the map area). b) Topographic map of the Arequipa basin, Pichu Pichu, the debris avalanche deposit (blue outline) and field localities for this
study (Loc. 1-3). ¢) Photo of dissected Pichu Pichu arcuate ridge and the debris avalanche deposit showing raised humocky topography, view is SE from Chiguata.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

see supplementary materials).

The geochemical compositions of phases in the underlying ignim-
brite, pseudotachylytes, cataclasites and lithic clasts from within the
debris avalanche were measured using a Cameca SX100 electron probe
micro-analyser (EPMA) at the University of Manchester, using wave-
length dispersive spectroscopy (WDS). Calibration of the detectors were
conducted on a range of standards (albite for Si and Na, wollastonite for
Ca, fayalite for Fe, corundum for Al, ilmenite for Ti, periclase for Mg,
tephrite for Mn and potassium feldspar for K). These standards were
revisited at the start of each working day, although the albite standard
and the VG568 rhyolite glass standard (Yellowstone National Park,
Wyoming) were revisited regularly during analyses and before and after
each sample to ensure there was no drift. Measurements on crystals were
conducted with a focused ~1 pm beam with 20 nA current and 15 kV
accelerating voltage. Analyses conducted on pseudotachylyte and
interstitial glass in lithic clasts were conducted using a defocused 10 pm
beam with 5 nA current and 15 kV accelerating voltage. Additionally, a
defocused beam was also used to sample the bulk chemistry of areas of
ultracataclasite. All tests with both focused and defocused beam had
peak count times of 20 s and background (off peak) of 10 s.

In an attempt to obtain accurate and precise glass chemistries and
minimise potential contamination from common restites (surviving
crystals) in the pseudotachylyte glass, a 5 pm beam was also used for 6

analyses; they were found to return similar totals and chemistries to
analyses done with the 10 pm beam.

In order to perform a rheological analysis of the frictional melt, the
chemical composition obtained by EPMA was used as input in the GRD
viscosity calculator (Giordano et al., 2008). ImageJ (Schneider et al.,
2012) was employed to analyse phases in BSE images and estimate the
crystal fraction as well as a maximum packing fraction, calculated
following Mueller et al. (2010) and Klein et al. (2017). This data was
input into the empirical relative viscosity calculator of Costa et al.
(2009) to compute the rheology of the frictional melt suspensions.

4. Results
4.1. Field observations

During our field campaign, we surveyed the Arequipa volcanic
landslide deposit and closely examined key structures. The deposit is
characterised by a heavily eroded area of high topography extending 26
km west from Pichu Pichu in a broad, fan-like shape (Fig. 1). The upper
surface of the deposit is draped by fall deposits of more recent volcanic
activity in the area. Legros et al. (2000) originally estimated the volume
of the deposit to be >10 km®, however, with the deposit covering around
200 km? and thicknesses observed at >100 m even at distances >20 km
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from the source, the volume could exceed even 20 km?. Outcrops of the
basal contact suggest a gentle 5° average slope of the original underlying
topography. Current topography indicates that the central section of the
deposit exceeds 300 m in thickness. An accurate estimation of the vol-
ume in this case is impossible due to the unknown basal topography,
erosion of the deposit, poor mapping of the distal extent and a number of
overlying fall deposits.

The deposit is cut by multiple rivers and their tributaries, including
the Rio Socabaya in which localities 2 and 3 are found (Fig. 1). Locality 1
is situated in a different river-cutting near the Characato District. These
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incisions expose some of the internal flow structures developed during
the debris avalanche. Here, we describe observations of key structures
from three localities with extensive exposure. These include basal con-
tacts, defining the paleotopography, as well as mid-body shear zones
and clastic dykes.

4.1.1. Locadlity 1 — basal pseudotachylyte

Originally, the base of the debris avalanche deposit was observed in a
river-cutting near Characato District to the SE of Arequipa (Legros et al.,
2000), approximately 24 km from Pichu Pichu (Loc.1 see Fig. 1). Here,
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the exposure presented by the river-cut is approximately 75 m long and
10 m high approximately parallel to the expected transport direction
(Fig. 2a-b). Although the deposit extends further in all directions,
vegetation covers most of the rocks on shallow topography. In this lo-
cality, the debris avalanche deposit is rather massive, made of a
white-grey, granular medium consisting primarily of ash- and lapilli-size
clasts of andesite lithics and individual crystals (Fig. 2a-b). The andesite
blocks are porphyritic, containing 20% plagioclase (up to 2.2 mm),
15.3% amphibole phenocrysts (up to 2 mm), rarer pyroxene phenocrysts
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and a microlite-rich groundmass. The andesite blocks occasionally reach
30 cm in size within the deposit and often display jigsaw brecciation
fracture patterns.

The underlying ignimbrite is exposed as a poorly consolidated and
highly weathered rock of pale grey colour consisting of ash-sized grains
without large lapilli. Crystals of both biotite and plagioclase are iden-
tifiable alongside dark lithic fragments but all are rarely larger than 1
mm in size. The rock is highly fractured and contains non-continuous
veins of silicic hydrothermal material up to 1 cm thick (Fig. 2c—d).
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Fig. 3. Field photos and sketches from Locality 2. a-b) Debris avalanche deposit with large clasts and 40 cm thick diffuse basal contact. c-d) Closer view showing
intense fracturing and cataclasis along the slip zone, multiple fractures cutting andesitic blocks in the fractured zone marked and striations on the lower slip surface.
e-f) Basal contact 140 m west (downstream) showing how rough topology of the original contact (blue) is superseded by a secondary through-cutting contact (red)
that also bisects a clast. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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These veins all follow a similar orientation, striking in a 014-020 di-
rection with high dip angles of 80-90° to the east, following the orien-
tation of regional tectonic features (Lebti et al., 2006).

The contact between the debris deposit and the underlying basal
ignimbrite is sharp, consisting of a thin, dark grey, vitreous layer
approximately 1-1.5 cm thick (Fig. 2c—d). The contact is observed at an
elevation of 2610-2620 m in the northern face of the river-cutting and is
dipping away from the outcrop face towards the north (strike 090 and
091) at variable angles, but generally around 35°(Fig. 2a-b). The con-
tact visibly extends over a length of ca. 60 m and is curvilinear,
increasing in elevation by approximately 4-5 m over a distance of
approximately 10 m away from Pichu Pichu at this locality. Over-
hanging areas of the upper slip surface at the base of the deposit
exhibit striations trending 286° which deviates approximately 25° north
from the expected flow direction. The material either side of the contact
is highly brecciated, containing no fragments larger than 4 cm within 50
cm of the contact.

4.1.2. Locality 1 — intra-body shear zone

Strain localisation was not restricted to the basal contact at Loc. 1. An
additional shear zone was identified within the deposit, some 20 m
above the basal contact at 2636 m elevation and 30 m due NE from the
basal contact previously described. Here, a change in colour is noted
above and below the shear zone. The lower unit is a pale grey colour,
fine-grained breccia, similar to that described directly above the basal
contact but with rare larger (>20 cm) andesitic blocks. Above is a
breccia with red-coloured matrix, rich in andesitic blocks (Fig. 2e-f).
The clasts in this upper lithology are larger, up to 50 cm, with less jigsaw
brecciation and more angular shapes. These two units are separated by a
layer of light brown material with no large clasts that varies from 2 to 10
cm thick and which is seen to inject into the lithology above. Within this,
there is a thin layer of dark, microcrystalline material, approximately
3-4 mm thick (Fig. 2e-f). The shear zone is observed to extend laterally
for approximately 45 m and runs sub-parallel to the basal contact below
at a strike of 108° dipping to the north by ~20°.

4.1.3. Locality 2 — cataclastic basal contact

A new exposure of the deposit base was found to the northeast of the
original locality in a different river valley, approximately 17.5 km from
Pichu Pichu (Loc. 2 see Fig. 1). Here, the materials forming the debris
avalanche deposit and the underlying ignimbrite remain the same as in
Loc. 1, yet the upper surface of the ignimbrite is, in some laterally
discontinuous sections, draped by a 1-2 m thick layer of more clay rich,
lahar deposit material with some imbrication of small clasts. The nature
of the contact is however different and varies laterally within the
outcrop, which totals approximately 300 m along a river-cutting (Fig. 3).
The contact, observed at an elevation of 2854-2858 m, is seen in the
north face of the river-cutting, near-parallel to the flow direction and is
generally linear and almost horizontal (Fig. 3a-b). It is largely visible as
a sharp boundary between the two units (with either the thin lahar layer
or ignimbrite as the lower unit). A large clast is preserved near the base
of the debris avalanche, cut by multiple well-defined fractures parallel to
the primary contact (Fig. 3c-d). In this locality, no vitreous layer is
present, but the shear zone contains extremely fragmented, fine, angular
material and displays red iron oxide stains and 303° trending striations
on the lower contact surface with the lahar (Fig. 3c—d). This is a more
northerly direction of flow, due to the fanning of the deposit across the
land surface.

140 m to the west, separated from the previously described outcrop
by an area of vegetation, an undulating contact is visible between the
debris flow and the ignimbrite material where troughs were present in
the paleotopography (i.e., the upper surface of the ignimbrite; Fig. 3ef).
The deposit filled the depression and exhibits diffusely distributed
alignment of material (akin to inclined sub-parallel laminations) up to a
sharp slip surface that crosscuts the debris avalanche deposit (Fig. 3e-f).
Here, the base of a >2 m large andesitic clast is flat and parallel to the
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primary slip surface, showing signs of a throughgoing, bisecting rupture.
No vitreous layer is present in the shear zone at this locality.

4.1.4. Locdlity 3 - intra-body shear zone and clastic dykes

In the Rio Socabaya gorge (Loc. 3 see Fig. 1), river incision exposes a
>800 m long, up to 100 m high section of the debris avalanche deposit
on both sides of the river valley. Here, the deposit is made of a massive,
white-grey, granular medium consisting primarily of ash- and lapilli-size
clasts of andesite lithics and crystals. However, in this locality, rare
larger blocks of andesite were observed in the deposit up to 3-4 m in
size. There is no visible basal contact between the facies identified,
though the ignimbrite is exposed approximately 200 m to the west.
Instead, the main rock mass exhibits multiple clastic dykes as well as
intra-body shear zones some 5-10 m above the river bottom. The
structurally-lowest shear zone, identified at the western end of the
southern bank, developed within the main body of rock and does not
separate disparate units within the debris avalanche deposit (Fig. 4). The
shear zone appears as a linear feature marked by a thin, microcrystalline
layer some 0.5 cm thick and extending over a length of approximately 5
m. The layer is not straight, but rather undulose. There is no discernible
variation in clast shape or size in relation to the shear zone, though it is
often obscured by vegetation. A few metres to the west of the end of the
visible shear zone there is a clastic dyke, 2 m thick and >10 m high
intruding sub-vertically into the deposit.

Multiple clastic dykes have been injected into the debris deposit from
below, though the source of the material is not observed in the field.
These structures range in size from 10 cm to 2-3 m in thickness and
reach up to several tens of metres in length (Fig. 5a-b). The thickness of
the larger clastic dykes changes along their length, generally tapering
towards their tips. Most of the dykes are sub-vertical, but there are
several occurrences of sections of dykes, locally projecting horizontally
around large, metre-scale clasts. The edges are sharp with the deposit,
and material entrained in the clastic dykes varies in size and prevalence.
The majority of the dykes contain predominantly fine-grained clastic
material with small lithic clasts (mostly andesitic) and crystal fragments.
In one case, a dyke contained over 50% mass of clasts (in a fine-grained
groundmass), varying in composition and 1-30 c¢m in size. The margins
of this dyke are devoid of large clasts, are fine-grained and show evi-
dence of laminar shear banding (Fig. 5¢c-d). In other cases, the dykes do
not show evidence of internal strain localisation or gradational deposi-
tion. The dykes are intact and do not exhibit any offset, anticipated from
post-emplacement shear within the bulk of the avalanche, indicative of
their late stage occurrence.

A second site observed in the same river valley is a shear zone con-
sisting of a near-planar feature through the deposit exposed on the inside
bend of the southern bank. This shear zone is approximately 25 m in
length, with no discernible variation in lithology on either side. There is
an observed reduction of the number of clasts above 3 cm in a layer 20
cm in thickness above the planar feature (Fig. 6), though intermittent
large clasts up to 50 cm in size are present. At this shear zone the planar
feature is additionally highlighted by its interaction with the clastic
dykes. A dyke propagating from below terminates at the shear zone,
increasing in width from 1 m to 3 m at the intersection, visible in the
outcrop and extending several metres along the shear plane, gradually
pinching out. 3 m to the west of the large clastic dyke, another dyke, 30
cm in width cuts across the planar shear zone into the unit above (Fig. 6).

4.2. Microstructural analysis

Thin sections of sheared samples were made perpendicular to shear
and parallel to the slip vector. Micro-textural analysis was performed
using optical microscopy and BSE imagery.

4.2.1. Locality 1 — pseudotachylyte basal contact
Microtextural analysis of the basal contact at Loc. 1 reveals that the
dark layer observed at outcrop scale comprises a 12 mm thick vitreous
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Fig. 4. Field photo and sketch of a secondary shear surface within the debris avalanche at Locality 3 bounded by a thin layer of very fine cataclasite. The outcrop is
oblique to vertical, revealing the top surface of the cataclastic vein. Moderately large clasts and blocks are present either side of the boundary, with shear indicators
largely absent.
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Fig. 5. Field photos and sketches of Locality 3. a-b) Clastic dykes with variable thickness (0.05-1.5 m) injected up to 20 m sub-vertically into the debris avalanche
deposit with sharp, undulating boundaries. c-d) Clast rich (primarily andesitic) clastic dyke located 80 m east of that shown in a-b, with larger clasts in the centre and
a fine grained boundary. The direction of injection is upwards.
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Fig. 6. Stitched panoramic field photo and sketch of secondary shear surface interaction with clastic dyking at Locality 3. A large clastic dyke initiated from the
primary basal slip surface below (not shown) terminating at the linear secondary shear surface feature in the outcrop. A second clastic dyke to the right of the image
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cataclasite and separates andesitic debris avalanche deposit above and the ignimbrite below (not shown here). A dark, glass bearing central layer contains sheared
glass filaments (black areas, annotated with red lines in sketch), ultracataclasite (brown areas) and survivor clasts. The bounding cataclasite contains coarser crystal,
lithic and relict melt fragments (thin section PPA1_1.1). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

layer with ~3 mm thick undulose, and diffuse boundaries at the top and
bottom to cataclasites, which contain lithic clasts of bounding lithol-
ogies up to 2 mm in size (Fig. 7).

Visual observation of the central dark vitreous layer shows that it is
made of a mix of tortuous (fluidal) black isotropic filaments (in plane-
polarised light), up to 0.7 mm thick and 5 mm long, and a large frac-
tion (around 40%) of a dark brown material consisting of identifiable
small rock fragments and crystals (Fig. 7). SEM image analysis reveals
the black isotropic filaments to be bubble-bearing material with no
identifiable crystal structure (Fig. 8). Later EPMA analysis produced
consistent chemistry, ruling out the presence of small crystals. There-
fore, as identified in Legros et al. (2000), the isotropic black material is

interpreted to be glass, with interspersed ultracataclastic, crystal-rich
dark brown material. The glass filaments contain varying fractions of
vesicles (Fig. 8a-b) which are up to 8 pm in size and occasionally
elongated in the direction of en-echelon alignment of the melt filaments.
Where preserved around large clasts, elongate vesicles form trails
following the direction of shearing. Within the filaments, small, rounded
patches of silica (5 pm) are observed.

In the brown material the crystals are predominantly plagioclase
feldspar up to 0.6 mm in size with a modal size <0.4 mm. They show as
equant fragments with multiple fractures. Additionally, smaller pyrox-
ene crystals and occasional hornblende (<0.1 mm) are observed but are
concentrated on the outer edges of the dark, vitreous layer. SEM image
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analysis reveals that the larger clasts have extensive cracking (Fig. 8d)
but remain together forming a brecciated texture. The fractured and
sheared plagioclase crystals (Fig. 8a and c) form elongate layers of
plagioclase-dominated fragments.

The layering between pseudotachylyte glass and ultracataclasite
follows Riedel shear bands concordant with the shear in the flow di-
rection (Fig. 7). The darker, glass-rich filaments are more predominant
in the centre of the layer and are absent from the bounding cataclasite.
In these marginal cataclastic zones (separating glass layer from the
andesite above and ignimbrite below), we observed large clasts con-
sisting of fragments of mixed vesicular pseudotachylyte-ultracataclasite
banded materials (pst in Fig. 8e—f), similar in texture to the intact vit-
reous layer. The fragments are further fractured (showing trivial offset)
and the margins are sub-angular.

4.2.2. Locality 1 — intra-body shear surface

The intra-body shear plane approximately 20 m above the basal
contact at Loc. 1 is dominated by the presence of clasts and microcrys-
talline material. The visibly pale layer in the outcrop is a poorly sorted
clast rich cataclasite, the dark vitreous layer is denser ultracataclasite
welded with small amounts of amorphous material between grain con-
tacts (Fig. 9a). The largest clasts observed here are andesitic, 5-6 mm in
size and semi-rounded, which are larger than the clasts near to the basal
contact hosting frictional melt (section 4.2.1). Smaller crystal fragments,
primarily of plagioclase are also present (Fig. 9b). In addition, the
contact between the cataclasite and the thin, denser ultracataclasite
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Fig. 8. BSE images of the vitreous basal layer from
Loc. 1 (also shown in Fig. 7). a) A sheared and frac-
tured plagioclase clast within the glass-bearing layer.
b) Vesicular glass in the primary slip surface with
stretched bubbles along the lower boundary indi-
cating shear. ¢) Sheared and vesicular glass and
ultracataclasite, following Riedel shear directions. d)
Fractured plagioclase survivor clast within the pre-
served glass bearing layer. e) Glass-bearing pseudo-
tachylyte fragment within the cataclasite (box shows
position of f). f) The rounded margin of the pseudo-
tachylyte fragment with intermixed layers of ultra-
cataclasite and glass, within the granular cataclasite.
pl = plagioclase, g = glass, ox = oxides, opx =
orthopyroxene, Li = lithic clast, pst = pseudotachy-
lyte clast (thin section PPA1_1.1).

layer is sharp (Fig. 9b—c).

4.2.3. Locality 1 — basal ignimbrite

Analysis of the ignimbrite below the contact at Loc. 1 found that the
formation is rich in similar sized anhedral plagioclase and sanidine
crystals, commonly 1-2 mm in size and up to 3 mm with occasional
smaller quartz and biotite crystals up to a maximum of 1 mm in size
(Fig. 10a). The plagioclase and sanidine crystals occasionally form
glomerocrysts containing a combination of the two most abundant
phenocryst types. These crystals are hosted in a matrix of small needle-
shaped glass shards, (<0.5 mm). In the sample collected there is no
evident welding of the material, which has high porosity. The crystal
assemblage matches that described for the La Joya Ignimbrite formation
mapped within the Arequipa basin infill, which is thought to extend
across the whole area below the debris avalanche deposit (Lebti et al.,
2006).

4.2.4. Locality 2 — cataclastic basal contact

From the basal contact at Locality 2, there is no evidence of the
localisation of shear onto a single zone. Instead, the material across a
band of approximately 40 cm thickness is formed of highly fractured
lithic and crystalline fragments and clasts hosted in a matrix of clay
(Fig. 10c) with no evidence of glass. Larger lithic fragments, ranging in
size from <1 mm up to 7-10 mm in size, are identifiable as andesitic in
composition with similar crystal content as clasts from Loc. 1, with
abundant sub-euhedral plagioclase (<1 mm) and subhedral amphibole
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Fig. 9. Thin section from secondary slip surface at Loc. 1. a) A PPL photomi-
crograph showing cataclastic textures (clasts >0.5 mm) with darker brown
ultracataclasite making up the primary shear layer at the base (red box shows
area in b). b) BSE image of the granular cataclasite above the denser ultra-
cataclasite (red box shows area in c). ¢) The cataclasite and ultracataclasite
show similar components (crystal and lithic clasts) but are distinguished by an
abrupt porosity contrast (thin section PPA1.5.3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

phenocrysts (<0.8 mm). Plagioclase forms the largest of the crystalline
fragments in the shear zone, though small, subangular, amphibole and
biotite crystals around 1 mm in size are also observed in the cataclasite.
Several large pumiceous clasts up to ~4 cm in size are also preserved
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within the shear zone with only minor fracturing. These pumiceous
clasts contain plagioclase, sanidine and biotite. Small fragments are
often monocrystalline, commonly plagioclase up to 2 mm in size. The
orientation of these fragments shows no evidence of Riedel shearing and
there are no pervasive shear fabrics observed within the cataclasite.

4.2.5. Locadlity 3 - clastic dyke

A sample of a large clastic dyke in the northern face exposure at Loc.
3 is observed to contain considerable fractured glassy pumice fragments,
andesite clasts (up to 7 mm in thin section though field observations
indicate larger clasts are present), individual crystals of plagioclase and
a high clay content (Fig. 10b). Additionally, some biotite (tabular, up to
1 mm) is present, which is not observed in the lithologies of the debris
avalanche but is observed in the ignimbrite and cataclastic basal shear
zone.

4.3. Geochemical analysis

Geochemical analysis was performed to reconcile physico-chemical
processes associated with the evolution of shear and frictional
melting. XRF analysis was used to constrain the chemical composition of
the host rocks, confirming the andesitic nature of the avalanche deposit
and the rhyolitic chemistry of the ignimbrite (Fig. 11, see supplementary
data).

EPMA was conducted on several mineral phases from host rocks and
crystal fragments and amorphous areas from the basal layer at Loc. 1 to
constrain the development of frictional melting (with respect to the host
lithologies). The plagioclase crystals in the vitreous layer as well as in
andesite lithics within the ultracataclasite and ignimbrite host wall rock
are compositionally grouped (Fig. 11), with CaO ranging from 6 to 9 wt
% and NaO from 6 to 8 wt% (see supplementary data). Amphibole
crystals in lithic fragments as well as rare individual crystals in the
ultracataclasite at Loc. 1 were found to be compositionally similar and
were absent in the vitreous layer (Fig. 11, see supplementary data). The
two types of pyroxene present in the andesite, cataclasite and vitreous
layer, were identified as augite (clinopyroxene; Ca-rich) and enstatite
(orthopyroxene; Mg-Fe rich).

Glasses in both the preserved vitreous layer and in a fragment of
glass-bearing material found in the cataclasite were analysed (Fig. 8).
The EPMA chemical composition of glass from the basal pseudotachy-
lyte plots between the XRF bulk chemistry of the underlying ignimbrite
and the andesitic blocks from the debris avalanche deposit (Fig. 11). The
glass however tends to be enriched in SiO,, plotting closer to the
composition of the ignimbrite than that of the andesite. In contrast, the
glass fragments preserved in the marginal cataclasite of the basal shear
zone spans a wider range in chemistry that is notably more mafic in
composition. The glass in these pseudotachylyte fragments has less CaO
wt% and SiO; wt% than either the andesite or the ignimbrite (Fig. 11b).
Analyses on the ultracataclasite within the layer returned poor totals
with highly varying chemistries, suggesting sampling of mixed lithology
fragments.

5. Interpretation

The field, microstructural and geochemical data can be used to make
several interpretations about the mechanics of shearing within the
debris avalanche.

5.1. Intergranular forces and fragmentation

The contrasting nature of the different basal shear zone exposures
provide clues as to the emplacement mechanisms. At the basal contact at
Loc. 1, we do not observe large andesitic clasts within 5 m of the contact
and there is evidence of intense brecciation (Fig. 2). In comparison, at
Loc. 2 we observe a number of large andesitic clasts, up to metre scale in
close proximity to the basal shear localisation zone (Fig. 3). This
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Fig. 10. PPL photomicrographs illustrating mineralogy of a) Porous ignimbrite from Loc. 1 with sanidine (S), plagioclase (pl) and biotite (bt) crystals in a glass shard
matrix (thin section PPA1_1.1). b) Clastic dyke from Loc. 3 with sanidine, plagioclase, biotite and pumice (pu) shards with high clay content in the matrix (thin
section PPA2_2.1). ¢) The cataclastic basal shear zone at Loc. 2 hosts a range of clasts of different size and composition (thin section PPA3_2.1).
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Fig. 11. Chemical analyses by XRF (triangles) of an andesite clast from the debris avalanche and ignimbrite from Loc. 1, and chemical analyses by EPMA of the glass
within the pseudotachylyte layer from Loc. 1, as well as plagioclase, amphibole, pyroxene and the groundmass from 3 andesite clasts and plagioclase and biotite from
the ignimbrite, plotted as: a) Mafic (FeO + MgO + TiO,) wt% against silicon dioxide (SiO5) wt% showing relation of frictional melt (glass) to bulk chemistry and
individual minerals; and b) Calcium oxide (CaO) wt% against SiO, wt%, with low CaO wt% suggesting involvement of andesitic enstatite (Mg-Fe pyroxene) in
generation of the fragmented glass. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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suggests greater intergranular forces may have occurred near the base of
the flow at Loc. 1 compared to Loc. 2 that exceed the elastic limit of the
clasts (Davies and McSaveney, 2009), resulting in intense fracturing and
reduction in clast and particle sizes (Arabnia and Sklar, 2016). This
qualitative observation can also be made at a smaller scale within the
shear localisation zone itself, where centimetre-scale clasts at Loc. 2
have survived (in comparison to the smaller fragments in the
glass-bearing layer at Loc. 1). Some of these fragments are pumiceous
(Fig. 10c) material that, due to their highly vesicular nature, would be
mechanically weaker than other crystalline and lithic fragments. Their
survival means that there was less cataclastic damage associated with
this shear zone. The inferred greater intergranular forces at Loc. 1 also
enhances the ability for frictional heating (Carslaw and Jaeger, 1959)
that can lead to melting. In support of this, biotite and amphibole
fragments present in the cataclasite (Figs. 9 & 10c) are absent in the
vitreous pseudotachylyte (Figs. 7 and 8), suggestive of selective melting
of the mineral assemblage due to the lower fracture toughness and
melting temperature of these phases (Spray, 2010).

5.2. Transient nature of slip zones and slip zone morphology

Despite the deposit only preserving the cumulative history and final
state of the debris avalanche, there is evidence to suggest the temporal
evolution of the basal shear zones during the flow of the debris
avalanche. At Loc. 1, the presence of glassy fragments in the cataclasite
bounding the glass-bearing pseudotachylyte layer (Figs. 7 & 8e-f) sug-
gests that there were at least two melting events. The “glass in layer” and
“glass in fragments” have different textures and chemistry (Figs. 8 and
11) so either formed from different mixtures of material in the basal
shear zone or under different temperatures, timescales and slip condi-
tions. The original layer became fractured and subsequently a new layer
comprising ultracataclasite and pseudotachylyte was formed. This pro-
cess may have occurred multiple times throughout deposition. The
development of a secondary slip layer at this locality was likely a late
stage development, potentially induced by the slowing of the lower
portion of the flow by loss of momentum and interaction with
topography.

Similarly, at Loc. 2, the initially rough topography of the basal
contact is cut through by a secondary linear contact (Fig. 3e-f) sug-
gesting gradational shifts in slip rate or overburden to localise slip to
different surfaces at different times. Additionally, multiple fractures
splay from these surfaces and cross-cut within the shear zone (Fig. 3c-d)
suggesting distinct ruptures.

Within the body of the avalanche deposit at Loc. 3, clastic dykes
interact with a linear localised shear plane (Fig. 6). The dyke is wider
and contains evidence of shear at the contact with the shear plane,
indicating it may have terminated at the shear zone during active slip on
that contact. In contrast a second clastic dyke at this locality injects
through the preserved linear shear plane and is not subjected to any
displacement along the shear plane. Therefore, this dyke must have
occurred after shearing on this secondary shear plane ceased. This
interaction of dykes and shear surfaces is additional evidence supporting
the transient nature of active shear surfaces both at the base and within
the flow.

5.3. Melt chemistry and source rocks

The chemical analyses for the frictional melt glass at Loc. 1 plot
between the two bulk rock chemistries of the lower ignimbrite and
andesitic upper plate material (Fig. 11). This suggests that a combina-
tion of both materials, initially incorporated and sheared in the basal
zone, melted to form the glass preserved in the intact basal shear zone.

The more mafic composition of the analysed frictional melt glass
fragments within the cataclasite (Fig. 11a), interpreted as remnants of a
previous melt-producing shear zone, is likely due to early melting of
amphibole and biotite (present in the host rocks and cataclasites). This is
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also supported by the highly vesicular nature of these fragments, as
melting of hydrous phases releases water (e.g. Magloughlin, 2011).
Primitive or partial frictional melts are frequently more mafic than more
mature melts (Wallace et al., 2019 and references therein) and leave
suspended survivor clasts of minerals with higher fracture toughness
and/or melting temperature (Spray, 2010). Further melting of the more
resistant minerals brings the melt chemistry back towards the bulk
chemistry, as seen here with the chemistry of the intact basal pseudo-
tachylyte composition which plots between the andesite and ignimbrite.

5.4. Frictional melt rheology evolution

Understanding the development and impact of frictional melting on
the debris avalanche requires consideration of its rheology. Here the
observations that slip caused frictional melting as well as fragmentation
of frictional melt are used to constrain conditions in the debris avalanche
during runout. We used the geochemical compositions of the glass (from
the preserved layer and the fragment of glass-bearing earlier melt
identified within the bounding cataclasite, both from the basal contact
at Loc. 1) as input parameters in the GRD viscosity calculator of Gior-
dano et al. (2008) to constrain the temperature (T in Kelvin) dependence
of the viscosity (7 in Pa s) of the early frictional melt present in fragments
(17¢) and late frictional melt forming the main basal pseudotachylyte ()):

/! =A 1
ogn.=A+ = (€8]

B
(K)-c¢C

Table 1 provides the values of A, B and C (where B and C are
adjustable parameters controlled by composition and A is a constant
independent of composition related to the viscosity at infinite temper-
ature, see Giordano et al. (2008)) to model both melts (Fig. 12a). The
chemical compositions vary significantly locally due to the presence of
small unhomogenised melt filaments (schlieren), which would have
contrasting rheologies. However, the chemical compositions input do
not include the water concentrations which would have likely been
transiently present in the frictional melts owing to the presence of
amphibole in the host rock (e.g. Wallace et al., 2019). Here, we assume
the melt phase contained a nominal 0.1 wt% water concentration in this
low-pressure environment.

The frictional melts described here contain variable fractions of
suspended crystals and bubbles, known to impact the rheology and
contribute to a non-Newtonian behaviour (Caricchi et al., 2007; Lavallée
etal., 2007; Truby et al., 2015; Coats et al., 2018). Here we consider the
influence of crystals (i.e., fraction, shape and maximum packing) using
the two-phase rheology calculator from Costa et al. (2009). We first
constrained the solid fraction present in the pseudotachylyte (i.e., sur-
viving crystals and lithics) via SEM image analysis using the ImageJ
online toolbox (Schneider et al., 2012). We estimated the solid fraction
in the early pseudotachylyte at 0.25 and late pseudotachylyte at 0.43
and the aspect ratio of the particles as 1.761 in the early and 1.684 in the
late pseudotachylyte. Then, following guidelines from Mueller et al.
(2010), we used the aspect ratio of the solid fraction to define a critical
maximum packing of a monodisperse distribution (¢,,,,) for both sus-
pensions at 0.57. However, due to the polydispersivity (5) of the solid
fraction, the true maximum packing is higher. We used the method of
Phan et al. (1998) to define the polydispersivity where § = ’7“ where rggq
is the standard deviation of the fragment radii (3.00 and 2.71 for the
fragment and layer respectively) and r is the mean of the fragment radii
(3.66 and 3.67 for the fragment and layer respectively). This is based on
measurements from 205 particles from the glass bearing fragment and
417 particles in the preserved layer over an analysis area of 200 and 100
pm? respectively (see supplementary data). Subsequently, the poly-
dispersivity in the fragment (&.) and later preserved layer (&;) pseudo-
tachylytes were input into the fitting equation from Klein et al. (2017)
substituting the monodisperse maximum packing of spheres (¢,,,) for
our previously defined monodisperse packing of the solid fraction’s
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Values for variables A, B and C used to determine melt viscosity with Egs. (1) and (2). Min and max represent compositional ranges from low to high (respectively) SiOy
concentration of the glass-bearing layer and fragment. The values of A, B and C are used to constrain the viscosity of each frictional melt () and apparent viscosity of

each suspension (at a strain rate of 10® s™!) at a nominal temperature of 1250 °C.

Sample A B C logn at 1250 °C L0gHqpp
Min Max Min Max Min Max Min Max Min Max
Layer —4.55 —4.55 9126.4 11264.3 406.7 304.8 3.62 4.69 4.34 5.42
Fragment —4.55 —4.55 8681.8 10666.0 421.2 332.4 3.33 4.41 3.67 4.75
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Fig. 12. Modelling the generation and rheology of the frictional melts. a) Temperature-viscosity relationships of the glass in the preserved layer (blue) and fragment
(orange), using Egs. (1)-(2). b) Temperature-viscosity relationships of the preserved layer and fragment considering the suspended solid fraction and bubbles, using
Eq. (9). ¢) Slip distance required to produce heating of a given magnitude (contours) for different slip velocities, using Eq. (3), showing the estimated maximum
temperature, 1250 °C (green). d) Maximum possible velocity experienced by the modelled suspensions avoiding brittle failure. Presence of fragments suggests
velocity exceeded 31 ms™! at 1250 °C and melting persisted to form the preserved layer. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

aspect ratio (¢, ,, = 0.57). This defines the true maximum packing of the
solid fraction of the early fragment (¢,, .) and late preserved layer (¢,,;)
such that:

Ge= (1= ) el 2 ) )

These geometrical parameters were then used in the Costa et al.
(2009) model to define the apparent viscosity of the frictional melt
suspensions; here, considering the mass movements’ runout speeds of
>10 m s ! (Legros, 2002 and references therein) and the preserved
frictional melt thickness of 12 mm, we estimated the maximum fric-
tional melt strain rate at 10% s~! for use in our calculations (Fig. 12b;
Table 1). [Whilst we posit that melt generation and thus melt thickness
varied temporally and spatially, we used the preserved frictional melt
layer thickness to define strain rate here to illustrate the impact of
particles on suspension viscosity.] We observe that the presence of solid
particles in the frictional melt significantly increase the range of prob-
able viscosities which impact slip during the debris avalanche. Yet,
further constraints of suspension viscosity are difficult without knowl-
edge of temperature conditions in the melt.

Frictional melting has commonly been described to be a disequilib-
rium process occurring via selective melting of mineral phases (Spray,
1992, 2010; Shimamoto and Lin, 1994; Lin and Shimamoto, 1998;

Wallace et al., 2019). This provides a framework to evaluate frictional
melt temperature based on mineral breakdown temperature. Consid-
ering that the frictional melting likely involved both wall rocks and that
the pyroxenes, some plagioclase and few amphiboles survived implies
that most of the amphiboles, any biotite inherited from the ignimbrite,
the interstitial glass and some of the plagioclase likely underwent
melting. This analysis suggests that the frictional melt may have reached
temperatures of approximately 1200-1300 °C. At such temperatures,
the viscosity of the frictional melt preserved in the basal layer would
have been 10! -10*2 Pa s (for the highest silica melt chemistry) and the
apparent viscosity of the suspensions at a strain rate of 10> s (Mapp)
approximately 1058-10%! Pa s (assuming a nominal 0.1 wt% water
dissolved in the melt).

The theory of heat conduction detailed by Carslaw and Jaeger (1959)
can be used to estimate slip conditions required to generate temperature
change (AT):

_po VI
pC,/7k
Considering a friction coefficient (4) of 0.85 (at static conditions;

Byerlee, 1978), a normal stress (cy,) of 2.6 MPa [based on an overburden
of 100 m and a bulk rock density (p) of 2656.6 kg m 2 (as determined by

AT 3
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He-pycnometry)], a specific heat capacity (Cp) of 900 J kg 'K, anda
thermal diffusivity (k) of 107% m? s_l, we can bracket slip velocity (V)
and duration (t) along the basal contact. Given that distance (d) is pro-
portional to the products of slip rate and duration, d = Vt, the above
analysis suggests that frictional melting (reaching a nominal tempera-
ture of 1250 °C), would have occurred in <2 m if the slip velocity was
greater than 5 m s~ 1. Fig. 12c shows that for more rapid slip rates, the
distance of slip required for melting would have been shorter. This does
not agree with the observation that only a thin pseudotachylyte was
observed at much greater runout distances of 24 km. Yet, considering
that the basal contact did not generate (or preserve) a pseudotachylyte
at a slip distance of 17.5 km, it suggests that the slip conditions must
have locally evolved rapidly during the avalanche, highlighting the
transient nature of slip during debris avalanches, including the potential
reduction of y during dynamic slip. Thus, we must turn to other proxies
to define local slip rate conditions that led to frictional melting.

The early occurrence of frictional melt fragmentation, as witnessed
by the presence of pseudotachylyte fragments (with different chemistry
to the main pseudotachylyte) in the marginal cataclastic region of the
shear zone, demands further appraisal. Silicate melts are viscoelastic
bodies which abide by Maxwell’s structural relaxation concept (Ding-
well and Webb, 1989), where the timescale of relaxation (r) is propor-
tional to the ratio between the melt’s shear viscosity (1) and the elastic
modulus at infinite frequency (G, approximated at 10'° Pa for silicate
melts at relevant conditions; Webb and Dingwell, 1990):

(€3]

6.

In rheological analysis, if the timescale of observation (t.) ap-
proaches the relaxation timescale, the material exhibits increasingly
elastic behaviour and may rupture if the accumulated stress is
sufficient. This can be accessed via the dimensionless Deborah number
(De), whereby Deo = *-. It has been found that silicate melts tend to
rupture at strain rates two orders of magnitude lower than that predicted
by viscoelasticity theory; that is, at a critical Deborah limit, De. o = 102
(Webb and Dingwell, 1990). Thus, the critical timescale for rupture has
commonly been simplified to 7. = ﬁ (Lavallée et al., 2015). Given

that the inverse of the relaxation timescale corresponds to the structural
relaxation timescale ¢ =1/z, Lavallée et al. (2015) coined the following
expression to define the strain rate at which a frictional melt would
undergo rupture (émgy):

Dec.o Goo
n

Emax = ()

Assuming that shear is distributed across the entire thickness of the
frictional melt layer (z = 12 mm), they suggest that we can estimate
the maximum slip rate (V) using

D
Vi = e.0G w2 6)
n
Considering an early frictional melt viscosity (7,) estimate of 10%4

Pa s, Eq. (5) would suggest that the melt phase underwent a strain rate
greater than 10%%s L and Eq. (6) would constrain the local slip velocity
at 46.9 m s~. However, the presence of the solid fragments and bubbles
in the melt layer would have also modified the rheological conditions
leading to rupture (e.g. Coats et al., 2018); thus any modelling of fric-
tional melt rheology should account for the complexity borne by sus-
pended particles. Here we detail how to implement this analysis.
Cordonnier et al. (2012) suggested that the fraction of crystals in sus-
pension (¢, ) would lower the critical Deborah number (De, ) following:

where ¢, , is the maximum packing value estimated for the frictional
melt at 0.73 for the early fragmented pseudotachylyte and 0.71 for the

)
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later preserved layer. The fraction of bubbles (¢,) in the suspension
would have similarly lowered the critical Deborah limit of the suspen-
sion (De. ), which according to Coats et al. (2018) would follow:

De.,=1.7 x 10 *¢, + De., (8)
which can be rewritten as

_ 4 (/)x
De.,=1.7x 107, + Deco( 1 — 3 9)

So, considering this failure criterion in our previous analysis of
maximum strain rate and slip velocity experienced by the frictional
melt, we can rewrite Egs. (5) and (6), by considering De,; instead of
De, , obtaining:

ému = (17 X 1074¢b + 10*2 <1 _ ¢¢x )) % (10)
And

respectively. As the fragmented pseudotachylyte has interstitial melt
with a viscosity of 10** Pa s and contains ¢, = 0.25 and ¢, = 0.14, we
estimate rupture occurred when the strain rate exceeded ~10%% 57!
which would have occurred when the slip velocity exceeded at least 31
m s~ ! during debris avalanche (Fig. 12d); this critical slip velocity (for
fragmentation) may have been higher for less evolved schlieren present
in this early frictional melt. The same calculation for the later formed
preserved layer using interstitial melt viscosity (1;) of 10*7 Pas, Oy =
0.43, ¢, = 0.15 and ¢,,;; = 0.71 gives a lower maximum velocity of 9.6
m s~ ! for the most evolved schlieren within the late frictional melt (but
higher values for the less evolved melt filaments). So, these rheological
constraints provide a view that the slip velocity varied during the debris
avalanche.

Finally, in order to assess the rheological impact of frictional melt on
debris avalanches, we compare the shear resistance (o;) of the modelled
melt layers to the shear resistance that would occur in a purely frictional,
rock-rock slip environment (i.e., without melt). To do this, we use the
viscosity equation:

05 = ’/Iappé 12)
where the strain rate for the layer modelled is calculated by:
\4
E=— 13)
z

Frictional melt suspension viscosity (1,,,) previously calculated (see
Table 1) following Costa et al. (2009) constrains the range of shear
resistance imposed by the frictional melt onto slip at 4.7-56.1 MPa,
evolving to 22.1-260.4 MPa with further slip (under the same condi-
tions). In contrast, the frictional resistance of rock-rock slip at the base of
the deposit may be estimated using Byerlee’s frictional law of o, = uo,
(Byerlee, 1978); assuming a friction coefficient of 0.85 and a normal
stress, 0, = pgD = 2.6 MPa, we estimate the shear resistance during
rock-rock sliding at 2.2 MPa. Comparing the shear resistances offered by
rock-rock friction versus frictional melt, we find that the shear resistance
calculated for the melt layer at 10° s strain rate exceeds that predicted
by Byerlee’s frictional law. Yet, we surmise that the rate weakening
tendency of rock-rock friction (Fialko and Khazan, 2005) would likely
promote even lower shear resistances at the slip rates of meters/seconds
described in this section. However, local variations in chemistry, solid
fraction and temperature would have promoted strain localisation
which may have drastically impacted the resultant shear resistance
during slip. It must be noted here, that the modelled apparent viscosities
of the frictional melts may have been overestimated as they are
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constrained at a strain rate (10° s!) exceeding the empirically validated
strain rate limit (10_l s_l) of the Costa et al. (2009) model. Beyond that
limit, the model assumes (hence predicts) that the apparent viscosity no
longer decreases as a function of strain rate (i.e., that slip with frictional
melt no longer undergoes rate weakening at such extreme rates); thus
the shear resistance (calculated for a given viscosity) increases with
strain rate, though this remains untested. Further rheological experi-
ments at such extreme rates are required to improve our ability to model
the rapid shear regime extant in sector collapse events.

6. Discussion
6.1. Emplacement style

The palaeotopography of the original land surface included ridges
and gullies as evidenced by the preserved palaeotopography and lahar
deposits which are restricted to narrow channels in the ignimbrite.
Clastic dyking may have resulted from the avalanche crossing fluid rich
areas of palaeotopography such as riverbeds, or simply saturated regions
of the porous ignimbrite. Local flow directions at Loc. 1 (Fig. 2) indicate
that the debris avalanche was at least partially directed by local
topography, which may be especially relevant near the thinned margins.

In each locality investigated there appears to be very little range in
lithic composition. Although little literature exists on the composition of
eruptive and intrusive products from Pichu Pichu, the observations
made here suggest that the volcanic edifice-forming rocks are consistent
with intermediate volcanic products typical of a compound volcano
present in the Andes. The homogeneity of the surviving clasts within the
flow in the areas studied therefore suggests there was limited internal
shear that would have enhanced mixing of different lithologies during
the debris avalanche. This is supported by the sharp contact between
compositionally different flow packages at Loc. 1 (see Fig. 2e—f). Such
separation of flow packages suggests that overall, the flow mostly moved
as discrete bodies, though without knowledge of the volcanic units
incorporated this interpretation is speculative. Higher up in the flow at
Loc. 3 away from high shear at the basal contact, large clasts have been
transported intact. In this survey, as the studied shear structures were all
in distal localities, it is difficult to convey any constraint about coher-
ence within the core of the flow. Several field mapping studies of
collapse deposits have previously noted that mixed-matrix supported
facies are rare in deposit cores, but were more common in marginal
regions (Glicken, 1998; Belousov et al., 1999). These studies have
highlighted that the centre of deposits and proximal areas consist of
larger blocks in block-supported facies.

6.2. Evolving degree of strain localisation

The basal sliding surface or shear zone of a mass movement is sub-
jected to extreme shear conditions (Erismann and Abele, 2001). As noted
at Loc. 1 there is evidence for intense shearing in the lower 2-3 m of the
flow, causing the destruction of large clasts, forming a
matrix-dominated, well-sorted granular layer. The presence of a
matrix-supported basal layer has previously been observed at other
avalanche deposits worldwide, such as at Parinacota (Chile) where
structureless sedimentary layers occur at the base of each deposit and
are interpreted to originate from the localisation of shear during
emplacement (Clavero et al., 2002). Similarly, the small grain sizes in
the lower 1 m at the base of multiple debris avalanche deposits from
Shiveluch (Kamchatka peninsula, Russia), has also been interpreted as
the result of shear localisation at the base of a debris flow (Belousov
et al., 1999). Although none are associated with a basal pseudotachy-
lyte, it is an indicator of the common occurrence of basal shear local-
isation and comminution in volcanic debris avalanches. The extreme
localisation to produce frictional melting, as seen at Loc. 1 in this study,
is still rarely reported. However, earlier studies on this phenomenon at
field sites such as Langtang (Nepal: Masch et al., 1985) and Kofels
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(Austria; Erismann, 1979) have been joined by more recent studies on
Markagunt gravity slide in Utah (Hacker et al., 2014), Heart Mountain in
Wyoming (Goren et al., 2010), Mont Dore volcanic massif (France;
Bernard and van Wyk de Vries, 2017) and a rockslide near Kan-
chenjunga (Nepal; Weidinger and Korup, 2009) where further landslide
generated pseudotachylytes have been identified.

Observations made in Loc. 2 suggest that basal granular zones may
be subjected to a high degree of strain localisation, as observed by an
area of pervasive cataclastic shear crosscut by a fault surface, showing
slip transfer upon enhanced localisation. Such cross-cutting behaviour,
indicative of an increased degree of strain localisation, was further
observed in the intra-body shear zones, suggesting that these switches in
the degree of strain localisation may not necessarily be restricted to the
basal shear zone, but may affect the development of the avalanche as a
whole. This may be likely if shear occurs in an unfavourable region as in
cases where a contact is uneven with asperities (see Loc. 2) or if local
topography slopes against the deposit flow direction or during acceler-
ation or deceleration phases. Rough surface topology across all scales
would locally induce higher normal stresses which would respectively
promote higher shear stresses (and intergranular forces) in this region of
the flow, as illustrated by a sketch diagram in Fig. 13. This concentration
of stress at the asperities may have promoted the rupture in the granular
medium of a new, smoother surface and facilitate flow with lower fric-
tional resistance. This would either act to shift shear to above the
asperity (Fig. 13c) and/or remove some or all of the basal asperity
(Fig. 13d), incorporating the fragmented materials in the flow, and
promoting shear on a smooth surface as seen at Loc. 2 (Fig. 3e—f). Evi-
dence for both mechanisms are seen, first by the generation of secondary
slip surfaces and second by incorporation of ignimbrite material into the
flow deposit. The Koefels landslide in Austria underwent a similar pro-
cess but at a larger scale, forming new internal slip surfaces upon
encountering a topographic barrier (in this case a valley wall) (Eris-
mann, 1979). This is somewhat similar to the decoupling process in
pyroclastic density currents and block-and-ash flows, where the dilute
upper portion of the flow can detach from the lower flow and override a
topographic barrier and even travel in a different direction to the lower
flow (Fisher, 1995; Douillet et al., 2013). Here, the outcrops at Loc. 1
show 2 distinct zones of shear localisation at different levels within the
flow body, similar to the suggestion of De Blasio and Elverhgi (2008).

6.3. Frictional melting

As pseudotachylytes were not ubiquitous along the basal contact, we
advance that the generation of frictional melt at the base of debris av-
alanches may be considered to be both spatially and temporally
discontinuous. The occurrence of a fluidised basal layer with enhanced
injection and mixing, seen at Loc. 3 and in other landslides (Anders
et al., 2010; Craddock et al., 2012) can prevent the strain localisation
necessary for frictional melting. Melt formation in volcanic collapses is
highly dependent on the conditions (including normal stress from
overburden and pore pressure) (Legros, 2002; Nielsen et al., 2008;
Violay et al., 2014), extent and rate of shear localisation (Magloughlin
and Spray, 1992; De Blasio and Elverhgi, 2008), heat generation versus
diffusion away from slip surface (Carslaw and Jaeger, 1959), any re-
sidual heat from volcanism, surface topography and roughness (Nielsen
et al., 2010), and the melting points and shear strength of the materials
(Spray, 1992), many of which would vary and evolve during transport.
This may in part explain the common absence of pseudotachylyte at the
basal contacts of debris avalanche deposits worldwide, which may also
be a result of alteration or destruction (Kirkpatrick and Rowe, 2013). As
modelled in section 5.4, debris avalanches flowing at high rates (along
one or several thin shear zones) may promote shear rates likely to exceed
the structural relaxation of frictional melts to induce brittle failure,
preventing preservation.

The maximum strain rates that may be accommodated by the
thickness of the inhomogeneous melt layer observed indicates that the
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Fig. 13. Sketch diagrams illustrating successive shear localisation by rupture or asperity ploughing (may occur at a range of scales). a) A rough surface with velocity
profile (indicated by arrow size). b) A rough surface influencing normal, compressive force (Fy) induced by topography. c) Scenario 1, faster moving upper flow
propagates along a newly formed shear surface. d) Scenario 2, an asperity is removed by fracturing and is incorporated into the flow.

flow exceeded ~31 m s~ to fragment it. However, the higher modelled
viscosity of the preserved layer suggests that it would have fragmented
at slip velocities exceeding 9.6 m s~ (at the estimated temperatures). As
the layer has remained intact, this suggests that the flow slowed between
the fragmentation of the early melt-bearing layer and the formation of
the preserved melt-bearing layer. This may also imply that the shear was
localised elsewhere, a hypothesis supported by the occurrence of a
secondary slip surface above the basal contact at this locality, or the
layer preserved in the outcrop was a late stage feature formed as the flow
slowed. Thus, slip velocity may dynamically vary during transport, as a
function of distance, palaeotopography and strain partitioning onto
different fault surfaces; such contrasting slip conditions may promote
compressional and extensional regimes in the flow, which could induce
secondary shear zones and intrusion of clastic dykes.

Although frictional melts are commonly regarded as potential
lubricating layers promoting increased runout distances (Erismann,
1979; De Blasio and Elverhgi, 2008), the rheological comparison of the
apparent viscosity to Byerlee (1978) friction indicates that frictional
melting is unlikely to have lessened the basal shear resistance at the high
shear rates expected; even though the early frictional melt (prior to
fragmentation) exhibited a relatively low apparent viscosity. Addition-
ally, variation in melt layer thickness, temperature, and the incorpora-
tion of both exsolved and dissolved water from the breakdown of
amphiboles could have rheologically impacted the development of
frictional melts and promoted lubrication through time. If the formation
of pseudotachylyte is a cyclic process in which melting may be followed
by fragmentation (if strain rate is too high) and slip re-localisation onto a
new fault plane, then the lubricating or viscous braking effects of fric-
tional melts may equally be cyclic. It must be noted that variability in
chemistry and, importantly, crystallinity during selective melting and
melt homogenisation controls the rheological evolution of frictional
melt (Spray, 2010; Wallace et al., 2019) and whether lubrication or
viscous brake locally develops with slip.

7. Concluding remarks

The Arequipa volcanic landslide deposit originated from the sector
collapse of Pichu Pichu volcano and forms an area of elevated hum-
mocky topography approximately 300 m thick at its maxima, which
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extends 26 km west from the dissected volcanic complex in a broad, fan-
like shape that covers ~200 km?. The andesitic debris avalanche, which
likely exceeded 20 km? in volume, ramped up over a palaeotopography
of ignimbrite during runout.

The subsequent deposition of eruption products of other proximal
volcanoes and the incision of rivers into the deposit obscures the original
topography. However, river valleys reveal the basal contact and struc-
tures within the lower portion of the flow. Field examination, chemical
analyses and microstructural observations highlight the complex nature
of shear during the debris avalanche. We observed evidence of a variety
of shear deformation mechanisms (cataclasis and frictional melting),
degrees of strain localisation, and strain partitioning across the body of
the flow (summarised in Fig. 14).

The basal contacts show varying degrees of shear localisation. The
first example evidences a high level of shear with near total fragmen-
tation of clasts near the basal contact and extreme localisation of shear
to form a thin layer of pseudotachylyte. Fragments of pseudotachylyte
within the cataclasite at the base suggests multiple generations of melt.
Geochemical results combined with rheology modelling are used to
suggest that the fragmentation of melt layers could be attributed to high
strain rates that forced the melt into brittle rupture, thus limiting the
chance of a persisting melt layer. Contrastingly, the second locality
studied has a more diffuse basal shear zone, less fragmentation of clasts,
multiple fracture sets and crosscutting slip surfaces that show slip zone
evolution and indicate more distributed shear.

Within the lower portion of the debris avalanche body, at several
localities, secondary shear zones are observed in the deposit. This
highlights the propensity to delocalise shear from the basal plane to be
accommodated on other discrete planes. Additionally, we note the
presence of clastic dyking which likely originates from the basal plane
and suggests the presence of a pressurised, fluidised layer in some areas
that may have been enhanced by crossing of river beds or water satu-
ration of the underlying porous ignimbrite. The interaction of clastic
dykes, shear planes and the juxtaposition of distinct flow units suggests
that active shearing planes acted as barrier layers limiting material
mixing and causing segregation of the flow.

We conclude that shear localisation can occur at both the basal
contact and on discrete planes within the flow and that frictional melting
at the debris flow base may be possible at areas of extreme localisation of



A. Hughes et al.

~50 basal contact

Journal of Structural Geology 140 (2020) 104132

Pichy picp,,

5200 m

JLISIANY

2500 m

ALTIGININOI

T T T
25000 m 20000 m 15000 m

Loc. 3
Clastic dyking and secondary

shear surfaces (with and without
pseudotachylyte)

Loc. 1

Pseudotachylyte bearing
basal contact,

early contact fragmentation,
secondary shear surface
separates flow packages.

La Joya ignimbrite
basal rocks

T
5000 m

I
10000 m

Oom

2 km

Loc. 2

Cataclastic basal shear zone,
multiple crosscutting slip surfaces.
>1 m clasts common

Fig. 14. Sketches outlining preserved processes in the Pichu Pichu debris avalanche deposit. a) Scaled sketch illustrating deposit, source and studied outcrops in this
study. b) Flattened idealised cross section of features of the flow interior (topography scale increased by factor of 2 and features not to scale) summarising the

observations of the field study and variation in basal shear zone morphology.

shear. However, it is unlikely that frictional melt aided lubrication at the
base or that it persisted throughout the debris avalanche deposition,
instead local deformation mechanisms at the flow base likely switched
rapidly. The localisation of shear can therefore change both through
time and spatially across the flow due to topographic, lithological and
environmental changes of the land surface.
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