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El Misti 2070 calyrBP PCs

FIGURE 2 | Map of the 2070 cal yr BP eruptive deposits with pyroclastic current deposits outlined in blue and tephra fallout isopachs (in cm) delineated in red.
Names of the studied valleys are indicated in black. Background map is from the ESRI World Topographic Map (source: ESRI). Modi ed from Cobefias et al. (2012).

data. Surveys and DSM embedded in GIS tools allow to better
estimate the distribution of individual PC volumes emplaced in
each of the valleys impacted by this Plinian event. In addition,
sedimentological analyses were performed on 16 samples
collected during stratigraphic surveys to investigate the facies
variations of the main valley-confined PC deposit units both
longitudinally and laterally across the NW to SE flanks. Finally,
this dataset was used to calibrate the source conditions
(i.e., location, initial volume, and particle mean diameter) for
probabilistic numerical simulations of potential similar PC events
on the SW flank of the volcano using the two-layer VolcFlow
model and assess the impacts of both the concentrated and dilute
portions of these currents in Arequipa. We discuss probabilities
of PC inundation both in terms of their implications for the
dynamics of such highly mobile PCs and for their integration into
the current multi-hazard assessment at this high-risk volcano.
This multi-disciplinary study contributes to the current endeavor,
led jointly by several national and international institutions, to
revise the hazard-zone map of El Misti to be published in 2021.

THE 2070 CALYR BP ERUPTION AND
ASSOCIATED DEPOSITS

Pyroclastic deposits were identified in previous studies by
Navarro Colque (1999), Suni Chambi (1999), Thouret et al.

(1995, 1999, 2001), Legros (2001) and Harpel et al. (2011).
The 2070 cal yr BP deposits are part of El Misti’s fourth
growth stage of Holocene age (Thouret et al., 2001; Cobenas
et al,, 2012; Sandri et al,, 2014), overly the 3,300-3,800 cal yr BP
pyroclastic deposit and underlie the tephra fallout layer of the
mid-15th Century event. The 2070 cal yr BP Plinian (VEI 4)
eruption of El Misti is divided into five eruptive stages based
on deposit stratigraphy: 1) a lower tephra layer deposited from a
21-24 km-high eruptive column, 2) a thin sand-sized, lithic-rich,
middle tephra layer associated with the collapse of the crater walls
and partial obstruction of the vent, 3) an upper tephra layer
deposited when the Plinian eruption column resumed, 4) PC
deposits produced by subsequent collapses of the column, 5) an
uppermost unit made of a coarse, lithic-rich debris-avalanche
deposit attributed to failure of the hydrothermally altered part of
the crater rim toward the S and SE (Cobenas et al., 2012). Tephra
and PC deposits from the 2070 cal yr BP eruption were analyzed
by Cobenas et al. (2012), but their findings have been challenged
by Harpel et al. (2011, 2013), in particular concerning the
determination of the origin -PC vs. lahar- of some of the
2070 cal yr BP  deposits. Subsequently, the characteristics of
PCs and criteria for distinguishing all deposits associated to
the 2070 calyr BP event have been re-assessed by Cobenas
et al. (2014). We refer the reader to the aforementioned
studies for a detailed description of the eruption source
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parameters and associated tephra fallout deposits. To summarize,
the Plinian column rose up to 21-24 km and associated tephra
fallout deposits covered an area of at least 2,580 km” within the
5 cm-isopach line (Figure 2). Eruption duration was estimated
between 0.6 and 2.3 h (yielding mass discharge rate between 6.3 x
107 and 1.1 x 10® kg/sec) for a total bulk volume estimated by
Cobefas et al. (2012) at 1.2km?’, including between 0.2 and
0.6km®> of tephra fallout. The preserved lobe of the
2070 cal yr BP fallout deposit (about 30 cm thick at 9-15km
SW of source) extends as far as 28km from the summit
toward the south and southwest (Figure 2).

Pumice- and lithic-rich PC deposits were channeled along
several radial ravines and the Rio Chili, the main artery incising
the west flank of El Misti (Figure 2). The PC deposits either
form 5-8 m thick fans on the SW and south slopes or are
confined in the pre-existing ravines: the thickness of the
preserved valley-confined PC deposits reaches at least 5m in
the Rio Chili canyon, and 10-20 m in the ravines draining the
SW and south flanks [e.g., Quebradas (Q.) Pastores, San Lazaro,
Huarangal also termed “Mariano Melgar (MM),” see Figure 1
for locations] as far as 13 km from the vent. The preserved
valley-confined PC deposits are thicker (10-40 m) toward the
south and SE, particularly in the Q. Agua Salada, Q. Honda, and
Q. Grande where they reached 8-11km from the summit.
Although tephra fallout deposits <10 cm was measured on
the northern flank of El Misti, PC deposits have not been
observed possibly due to the absence of deep ravines. However,
PC deposits can be observed in the middle reach of the Rio Chili
canyon along with a thick debris avalanche deposit. Such
deposits are also present near Charcani Grande upstream of
the Rio Chili canyon (Figure 1), suggesting that PCs also flowed
down the NW flank.

The sharp erosional contact between the tephra fallout and the
overlying PC deposits indicates that the currents were emplaced
immediately after the pumice fallout, probably due to several
episodes of column collapses (Harpel et al., 2011; Cobenas et al.,
2012). However, in the Q. Agua Salada, layers up to 5 cm thick of
openwork pumices are intercalated within the lower unit of PC
deposits (see Stratigraphy and Mapping and Coberias et al., 2014).
Previous authors interpreted the intercalated pumice layers
within PC deposits as follows: during the Plinian tephra
fallout, whose dispersal axis was oriented toward the SW, the
majority of PCs were emplaced toward the south in the Agua
Salada valley, which is located 8 km off the main axis of the tephra
dispersal to the East (Figure 2).

The abundance of lithic clasts and hydrothermal altered
fragments in lithic-rich PC units, and the coarse debris
avalanche deposit directly overlying the PC deposits toward
the south and SE of El Misti suggest that PCs eroded and
included parts of the instable uppermost south slope [above
4,800 m above sea level (asl)] during their emplacement.
Presently, on the south rim of the 900 m-diameter summit
crater, a notch cuts through the hydrothermal system and
extends down toward a steep-sided flute and amphitheater
carved in unstable rocks. The debris avalanche deposit is
witness to the partial collapse of the hydrothermally altered
summit above 5,400 m asl, perhaps as the consequence of

El Misti 2070 calyrBP PCs

removal of material by PCs flowing over the south and SE
flanks (Cobenas et al., 2014).

DATA ACQUISITION AND MATERIALS

Optical Imagery and Digital Surface Model

Generation

A combination of optical and radar imagery were acquired and
processed to generate an improved DSM of the El Misti-Arequipa
area (Figure 3). Firstly, a stereo-pair of very high-spatial resolution
panchromatic (0.5 m) and multispectral (2 m) Pleiades-1A images
taken on March 28, 2013, which covered an area including the
western part of the volcano as well as the entire city of Arequipa
and its suburbs (Figure 3), was processed with the ERDAS Imagine
software (Hexagon Geospatial). Using the Photogrammetry
toolbox, a DSM of 2m spatial resolution was extracted after
performing an automatic tie point generation and triangulation.
Different combinations of parameters for the photogrammetric
processing were tested and we opted for those that maximized the
number of matched points [see Bagnardi et al. (2016) for more
details about this procedure]. In addition, the differential Global
Positioning System solutions for the X, Y, and Z position of 58
selected ground control points (GCPs) measured in July 2010 were
used to assess the horizontal and vertical accuracy of the new
Pleiades DSM. The mean offsets between the selected GCPs and
their clearly visible positions in a pansharpened image are <2.0 m
(less than the size of one DSM cell) horizontally and 0.87 + 2.86 m
vertically, much lower than the nominal absolute location accuracy
of Pleiades-1A imagery (8.5 m after Oh and Lee, 2014).

Secondly, in order to cover the summit area of the volcano and
the eastern portion of the studied area (Figure 3), a digital elevation
model (DEM) of 10 m spatial resolution was generated using a pair
of bistatic synthetic aperture radar data taken from the TDX
mission (German Aerospace Center, DLR) in 2011 and 2013.
Details about the adaptive TDX DEM merging strategy
employed, as well as statistical information on the TDX
coherence and elevation difference maps generated, can be
found in Charbonnier et al. (2018). To reduce the effect of
geometric distortions inherent in synthetic aperture radar
images, TDX DEMs generated from ascending and descending
orbits were combined [see Charbonnier et al. (2018) for details].
The same assessment as for the Pleiades DSM was also performed,
for completeness, on the 10 m resolution TDX DEM using the same
58 selected GCPs. Residual ramps remained in the elevation
difference between the TDX DEM and Pleiades DSM, which
could be due to processing errors of the TDX data. The ramp
was fitted with a quadratic polynomial using the least-squares
method (e.g., Poland, 2014; Arnold et al, 2017), and removed
from the original TDX DEM.

Finally, the Pleiades and TDX DEMs were fused in order to
close any remaining data gaps and obtain a single DSM of the
entire study area. Using the grid mosaicking tool from the
SURFER software (Golden Software, 2018), the fused DSM
was generated using a bilinear interpolation resample method
with a 9 x 9 pixel averaging window in order to smooth the
transition at the edges of different data sets.
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