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Abstract

Two volcanic debris avalanche deposits (VDADSs), both attributed to
sector collapse at Volcan Baru, Panama, have been identified after an
investigation of deposits that covered more than a thousand square
kilometers. The younger Barriles Deposit is constrained by two radiocarbon
ages that are ~9 ka; the older Caisan Deposit is at or beyond the
radiocarbon range, >43,500 ybp. The total runout length of the Caisan
Deposit was ~50 km and it covers 1190 km?. The Barriles Deposit extended
to about 45 km and covered an area of 966 km?, overlapping most of the
Caisan. The VDADs are blanketed by pyroclastic deposits and contain a
predominance of andesitic material likely representing volcanic dome rock
which accumulated above the active vent at Baru before collapsing.

Despite heavy vegetation in the field area, over 4000 individual hummocks
were digitized from aerial photography. Statistical analysis of hummock
locations and geometries depict flow patterns of highly- fragmented material
reflecting the effects of underlying topography and also help to define the

limit of Barriles’ shorter termination.

Barriles and Caisan are primarily unconfined, subaerial volcanic
deposits that are among the world’s most voluminous. Calculated through
two different geospatial processes, thickness values from field
measurements and inferences yield volumes >30 km? for both deposits.
VDADSs of comparable scale come from Mount Shasta, USA; Socompa,
Chile/Argentina; and Shiveluch, Russia. Currently, the modern edifice is
200-400m lower than the pre-collapse Barriles and Caisan summits and

only 16-25% of the former edifice has been replaced since the last failure.
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Figure 1 Regional s = 15, iy o2 - Holocene
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Compiled from sources
listed in Table 1.
Detailed descriptions of
the geological units
appear in the
Appendix, Figure 33
“Regional Geology.”
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Introduction

Geologic Setting

Southwestern Panama is tectonically active (Benjamin, 2004; Camacho
and Benito, 2008; Mann et al., 2007) and two Pleistocene volcanic centers
dominate the landscape of the Chiriqui Province (Figure 1). South of Panama’s
continental divide, volcanic deposits can be traced to Tisingal (also named
Cerro Colorado) and Volcan Bart. While Tisingal is believed to be extinct,
evidence of recent activity at Volcan Baru includes the recent volcanic deposits
that blanket the Boquete and Horqueta Districts (Restrepo, 1987; Sherrod et al.,
2007; UTP, 1992). While a major horseshoe-shaped crater breaches a sector
of 10x6 km, the geomorphology of Baru reflects minimal flank erosion. The
regional geologic map (Figure 1) synthesizes fieldwork and data from various

investigators (Table 1).

The geologically recent volcanism at Volcan Baru suggests this area is

the southern reach of the Central American Volcanic Arc (Siebert et al., 2006).

TABLE 1 PRINCIPAL RESOURCES FOR THE REGIONAL GEOLOGIC DATA IN FIGURE 1

Geologic Region References
1 | Punta Burica Region (Buchs et al., 2009) (Coates et al., 1992)
2 | Fila Costefia Thrust Belt (Morell et al., 2008) (de Boer et al., 1995)
3 Tisingal Volcanic Edifice and (UTP, 1992) (Restrepo, 1987) (IRHE,
Dome Complex 1984) (Stewart, 1978)
. S (UTP, 1992) (Restrepo, 1987) (IRHE,
4 | Jotcan Bard Edifice and Dome | 1954 (tewart, 1978) (Sherrod et al.,
P 2007)
5 \éolcaq Bart Debris Avalanche (Sherrod et al., 2007) (Stewart, 1978)
eposits
(Buchs et al., 2009) (French and Schenk,
6 | Panama’s regional geology 2004) (Stewart, 1978) (Minerales, 1976,
1991)




Diminished volcanic activity and larger gaps between Panama’s volcanoes
correlates with the presence of the Nazca Plate and high-angle subduction (de
Boer et al., 1995). The region is a transition along the Ring of Fire as it
continuesalong the Pacific Rim to the South American Volcanic Arc. Carr et al.
(2003; 2007) and Wegner et al. (2011) agree that the Panama Block is a region
of transition and terminate the Central American chain in Costa Rica, west of
Volcan Bara and Tisingal. Along the chain, geochemical analysis indicate the
restriction of adakitic lavas to Panama (Wegner et al., 2011). Adakite
chemistry, associated with slabmelt and magmatic contributions from the
mantle (Defant et al., 1992), requires tectonically unique conditions that may
only be present south of the subducting Cocos Ridge and potentially the
formation of a slab window beneath the Chorotega Block (Hidalgo et al., 2009;
Mann et al., 2007; Wegner et al., 2011).

There are at least three volcanic centers with Quaternary ages within
Panama. El Valle (Wegner et al., 2011), La Yeguada (Knutsen, 2010; Wegner
et al., 2011), and Volcan Baru (Camacho, 1998; Knutsen, 2010; Sherrod et al.,
2007; UTP, 1992). This investigation focuses on Baru, the westernmost

volcanic center in Panama.

Recent Activity

Historic unrest at Baru is limited to an earthquake swarm that occurred
beneath the edifice in May 2006 (USGS, 2008) and possible explosive activity
at Baru sometime in the 16th century (Montessus de Ballore, 1884; Siebert and
Simkin, 2002-). Evidence of Holocene activity also comes from radiocarbon
studies at Volcan Baru (Table 2) which delineate 4 periods of volcanic activity
within the past 1,600 years (Anchukaitis and Horn, 2005; Behling, 2000;
Clement and Horn, 2001; Linares et al., 1975; Sherrod et al., 2007). This



shows Bart may be Panama’s youngest and most likely the center of future

volcanism.

Although several authors noted the horseshoe shaped crater and
hummocky topography of Bara (Camacho, 1999; deBoer, 1989, Siebert, 2006,
Stewart 1978), the report by Sherrod et al., (2007) was first to clearly identify a

massive volcanic debris-avalanche deposit described as “the largest example

yet documented in Central America” (Sherrod et al., 2007).

TABLE 2 TIMING OF HOLOCENE VOLCANIC ACTIVITY

Volcanic Episode | Time-span Sample IDs Source

VB 88-1 (Sherrod et al., 2007)
RC 2-3 (Sherrod et al., 2007)

1 421-544 ybp
RC 61-1 (Sherrod et al., 2007)
Beta 122556 | (Anchukaitis and Horn, 2005)
Beta 95496 (Behling, 2000)

2 600-630 ybp
Beta 150706 | (Clement and Horn, 2001)
Beta 95497 (Behling, 2000)
VB 93 (Sherrod et al., 2007)

3 688-953 ybp
RC 6E (Sherrod et al., 2007)
1-7236 (Linares et al., 1975)
1-7260 (Linares et al., 1975)
RC 62-1 (Sherrod et al., 2007)

4 1182-1309 ybp RC 62-0 (Sherrod et al., 2007)
Beta 145348 | (Clement and Horn, 2001)
Beta 145347 | (Clement and Horn, 2001)

This paper reports field observations and data analysis of Bar(’s volcanic

debris avalanche deposits and the catastrophic collapse of the volcano’s

edifice.




Guiding Questions:

¢ How many volcanic debris avalanche deposits are attributed to
Volcan Baru?

e When did the collapse events occur?

¢ What are the geotechnical parameters of the deposits and how far
did they travel?

e What factors allowed this material to travel across large distances?

e What were the pre-collapse conditions of the volcanic edifice?

e How does the scale and style of BarU’s debris avalanches compare
with other examples in the geological record?

Terminology

Earliest descriptions of subaerial catastrophic volcanic edifice failure
were first conducted on Bandai-san, Japan in 1889; Mageik Islands, Alaska in
1920; Galunggung, Indonesia, 1921; and Raung, Indonesia, 1939 (Griggs,
1920; Neumann van Padang, 1939; Sekiya and Kikuchi, 1889; Siebert, 1996).
These sites of collapse are located in regions where multiple failures have now
been identified. The 1980 eruption and collapse of Mount St. Helens,
Washington was a high-profile event that instigated many changes in geological
hazard research and caused major reassessments of volcanic settings
(Glicken, 1991). Most of the terms applied in this study of Volcan Baru,
Panama come directly from Harry Glicken’s work on Mount St. Helens’ debris
deposits:

Blocks: Pieces of the former volcanic edifice that range from meter-to-

centimeter-sizes. They often dominate the interior of hummocks and may be

shattered into clasts or preserve original strata. The equivalent of “particle” as
defined by H. Glicken, 1991.

Block Facies: The portion of a volcanic debris avalanche that is dominated by
blocks; also contains clasts and matrix that may be derived from primary or
secondary material.(Crandell et al., 1984; Glicken, 1991; Ui, 1986)

Clasts: The smallest unit of a block; this material dominates the Mixed Facies
of a volcanic debris avalanche. Sizes are typically sub-meter. “A rock of any
size that would not break if passed through a sieve or immersed in water
(Glicken, 1991).”



Disaggregation: “Breaking apart of unconsolidated or poorly consolidated
material into its constituent clasts (Glicken, 1991).”

Facies: A term that relates processes to the material as opposed to strict,
descriptive nomenclature. For this study, the term is ideal for describing a
heterogeneous composition that includes a wide range of particle sizes and
allows for a continuum between different textures and composition. Defined as
“the lithological, textural, structural and palaeontological features of the
sedimentary rock, commonly change laterally as well as vertically in a
sedimentary succession. This can involve a change in one or all of the
parameters defining the facies. Lateral changes can be very rapid, over several
or tens of meters, or more gradational, when the change takes place over
several kilometers. Facies change reflect changes in the environmental
conditions of sedimentation.” (Tucker, 1996)

Hummocks: Pieces of the former volcanic edifice that were transported
relatively intact; “the most characteristic morphologic feature of the debris
avalanche deposit;” hummocks are the hilly features that are scattered or
clustered on the surface of the runout area (Glicken, 1986, 1991, 1996; Siebert,
1984).

Hummock noise: The population of hummocks representing the smallest,
most frequently-occurring hummocks located throughout the VDAD runout area
regardless of proximity to the failed edifice. This “noise” was first identified in
deposits from Mount St. Helens (Glicken, 1986).

Jigsaw fractures: These are cracks in blocks that have not completely
separated the clasts; the pieces could theoretically be fit back together if taken
from the outcrop.(Glicken, 1986; Siebert, 1984; Ui, 1983)

Lahar: A hyperconcentrated mudflow that originates from a volcano; also called
volcanic mudflows and debris flows. Lahars contain large amounts of water
and pyroclastics as primary components. Sedimentary as well as volcanogenic
material makes up the secondary components. This material may be deposited
many tens of kilometers from the source as it travels down drainage basins.
Lahars may be triggered by sudden glacial melt, rainstorms, or dewatering from
landslides or sector collapse.

Matrix: The fine material that supports clasts and blocks within the deposit
within the Block and Mixed Facies. Grain sizes range from millimeter to
microns. Matrix may be found between clasts and blocks and sometimes
injected into other strata (as part of clastic dikes) or within the clast or block
fractures (often termed “intraclast matrix” see (Bernard et al., 2009; Palmer et
al., 1991)) that formed during transport. Matrix dominates the Mixed Facies and
often represents the composition of highly disaggregated clasts and blocks.

Mixed Facies: The portion of a volcanic debris avalanche that is dominated by
matrix and clasts. “May contain clasts of all rock types and all sizes from
microns to meters.” (Glicken, 1991; Ui, 1986) In other studies, is also called the
Matrix Facies (Crandell et al., 1984; Palmer et al., 1991).

6



Primary component: Material within a volcanic debris avalanche that
originates from the volcanic edifice (lava flows, dome rock, mixed pyroclastics,
hydrothermally altered material, etc.). Unlike Secondary Components, this
debris excludes all material that was incorporated into the deposit after the
collapse was triggered (Palmer et al., 1991).

Secondary component: Material within a volcanic debris avalanche that was
incorporated into the deposit during transport. Also termed “exotic,” this material
may include: rip-up clasts, volcaniclastic sediments, tuff, peat, lignite, and wood
(that may or may not be charred from hot lava blocks) (Palmer et al., 1991).

Shattering: A characteristic often observed in debris blocks; “thorough
fracturing of clasts (Glicken, 1991)” that creates angular clasts that may still lie
within original block boundaries.

Texture: “Size, shape, and fabric (pattern of arrangement) of particles [blocks
and clasts] that form the deposit (Glicken, 1991).”

Toreva block: Similar to hummocks but much larger and do not travel far from
the edifice, these are “huge almost intact fragments of volcanic edifices
involved in the failure (Ponomareva et al., 2006)” and often appear to have
rotated out of position from the flank.(Alverson, 1989; Belousov et al., 1999;
Reiche, 1937)

Volcanic Debris Avalanche Deposit: A chaotic, agglomerate deposit resulting
from volcanic sector collapse (Siebert, 1984). Often abbreviated as VDAD,
DAD, or DA, the composition can be divided into primary and secondary
components. Water contained in the material may contribute to fluid-like flow,
but the emplacement process is often complex with various styles such as plug
flow, laminar, or granular. VDADs may travel for many tens of kilometers from
the source and are not confined to drainage basins. Lahars may form from
debris avalanche material after or during the emplacement process.

Volcanic sector collapse: A catastrophic form of mass wasting on a volcano;
failure of a volcanic edifice; also called a rockslide, landslide, flank collapse, or
catastrophic slope failure in other literature but typically involves the
mobilization of cubic kilometers of material and removes part of the summit.
The motion is mostly lateral as a wedge-like portion of the volcano slides away
(Lockwood and Hazlett, 2010; Morelli et al., 2010; Williams, 1941)




Methods

Fieldwork
Field results of this work include estimates of minimum extent and

volume of debris avalanche deposit and recognition of two distinct avalanche
deposits which substantially overlap each other (Figure 1 and Figure 2). Fresh
rock samples were obtained from unweathered exposures. Fieldwork was
aided by aerial photos, topographic maps, two digital elevation models (DEMS),
and a handheld GPS unit.

The hillshade DEM for Figure 1 and 2 is based on a 30m resolution DEM
courtesy from the University of Panama and a 10 m resolution DEM from the
USGS. Hummock locations are based on data from field notes, topographic
maps, digital elevation models, and 1:20,000 aerial photos. Roads, towns, and
rivers have been digitized directly from scanned and georeferenced topographic
guadrangles (scale 1:50,000) and only represent a fraction of the detail
available from these sheets:3641-11 (Alanje); 3541-1 (La Concepcidn); 3642-111
(Plaza de Caisan); 21584 (Bahia Charco Azul); 3742-I11 (Boquete); 3640-I
(Cacao); 3741-1V (Gualaca); 3642-1V (La Unidén); 3641-11l (Progreso); 3640-1V
(Puerto Armuelles); 3640-IIl (Puerto Limones); 3742-1V (Rio Changuinola);
3641-1V (Villa Neily); 3642-II (Volcan)

Quadrangles are published by the Panama National Institute of Geography,

Panama City.
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Figure 2 Map of areal extent of the debris avalanches recognized in this study. Note
the area of the Caisan deposit includes all the area of the Barriles deposit which it
underlies everywhere the base can be examined. The map includes the locations of
charcoal dating locations (asterisks; see Table 4 for corresponding values) and depth

control points (see Table 7).



Hummocks: Digitizing

Hummocks are the hilly features that make up the rugged surface texture

of volcanic debris avalanche deposits. Located around the base of Volcan

Baru, these features are sometimes hidden by forested areas but are largely

exposed due to land-use practices. Much of the study area contains open

pasture and there are many roads (mostly unpaved) that cut across the region

allowing good access to the features.

Figure 3 A hummock >5 m
in the pasture behind a ~5
m-tall house located in La
Meseta less than 5 km
north of the Interamerican
Highway.

Hummocks are often
used for water tower
placement and in this
region of the study area;
many houses are
constructed on top of the
larger hummocks to take
advantage of the views.

Many hummocks were visited in the field and measured directly but due

to the large size of the study area, it was more efficient to measure sizes,

spatial distributions, and hummock geometries from maps and aerial

photographs. The 20 m contour intervals of the topographic maps and the 10 m

resolution of the DEM were insufficient to map locations of most hummocks. To

address this issue, aerial photos were purchased from the Panamanian Institute

of Geography; they were selected to represent the proximal, medial, marginal,

and distal zones of the study area.

The 36 aerial photos (27 stereo-pairs) were combined as red/cyan

anaglyphs in StereoPhoto Maker v2.32. With 3-dimensional glasses,

hummocks were identified by reviewing fieldnote locations and seeking similar
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geomorphologies throughout the entire stereo-pair image. Based on scanned
and georeferenced topographic sheets, the entire suite of aerial photos was
also georeferenced in ArcMap. As hummocks were identified in the anaglyphs,
they were digitized by hand in ArcMap as individual polygons.

A total of 4284 polygons were digitized; these shapes represent the
planimetric areas of geomorphic features belonging to the volcanic debris
avalanche and include toreva blocks as well as large-scale flow structures. Of
the total, 4069 of those shapes are interpreted as hummocks. Figure 15 depicts
both zones and hummock locations.

11



Debris Avalanche Deposits

Rarely observed, events that lead to volcanic debris avalanche deposits
(VDAD) are catastrophic. One occurring on May 18", 1980 at Mount St. Helens
(Washington, USA) brought worldwide attention and led to discovery of VDADs
at several hundred volcanoes. Sector collapses have long recurrence intervals,
with a worldwide occurrence of roughly 4 times every 100 years (Siebert et al.
1984) and may occur repeatedly such as Shiveluch, on the Kamchatka
Peninsula; Stromboli, Italy; Mount Egmont, New Zealand; and Mombacho,
Nicaragua (Belousov et al., 1999; Shea et al., 2008; Tibaldi, 2001; Ui et al.,
1986).

Figure 4 A photo cross-section showing the two debris avalanche deposits separated
by sedimentary units. GPS site 077 along the Rio Gariché (see Figure 2). Upper and
lower sections labeled “A” and “C” represent the debris deposits, Barriles and Caisan
respectively.

12



Debris avalanche interiors are exposed in river scarps, road-cuts, and
recent quarries. While frequently underlying tephra or fluvium, the Barriles
deposit, the younger of the two units, also occurs as the modern surface
throughout much of the study area. The Caisan deposit can be seen where the
Barriles deposit is deeply dissected (natural and man-made) and often also
underlies at least one unit of sediments which occurs between the two debris
avalanches (Figure 4). Caisan is assumed to underlie the Barriles throughout
its full extent.

Barriles Deposit (VDADII)

The younger of two debris avalanches is here named the Batrriles
Deposit which occurs in its type section at 8.77 N and -82.80 W (see green
asterisk, Figure 2) in a large quarry on the north side of the Rio Chiriqui Viejo at
841.5 m elevation. The deposit is exposed in a quarry roughly 100m wide. It
contains both a Mixed Facies and a Block Facies. Barriles is the district name
for the region that includes Volcan and Nuevo California, towns located at the
base of Volcan Baru. Within this district, “hummocky topography” is easily
observed and was a principal characteristic of the agglomerate complex
identified and named by R.H. Stewart in 1978. Stewart applied the local name,
Barriles, likely referring to the archaeological sites where O. Linares and others
have studied stoneware and pottery dating from at least 60+ 275 B.C. (Adames,
1988).

Represented by 14 samples collected in the field at 13 different locations,
the Barriles Deposit is dominated by fine-grained andesitic clasts and blocks
ranging in size from gravel to meter-sized found in both, the Block and the
Mixed Facies (see summary Table 3). This andesite is typically porphyritic and
contains low percentages of vesicles (termed here “dominant andesite”). The

mineralogy is represented by the following ranges:
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Hornblende: 0-10% black lathes and euhedral crystals up to 6mm —
some examples have reaction rims;

Quartz: 0-1% euhedral quartz from 1-2mm;

Plagioclase: 0 - 15% euhedral and lathes from 1-3mm;

Pyroxene: 0-7% from 1-7mm with three exceptional samples that contain
15% pyroxene with 1-3mm crystals (see summary Table 11 in
Appendix).

Groundmass: typically dark gray and very glassy, containing
microphenocrysts of hornblende and plagioclase with rare quartz and
pyroxene.

* Xenoliths of diorite and phenocrysts of completely exsolved,
centimeter-sized hornblende minerals are found within 5 different
samples.

Block Facies: The block facies is recognized by hummocky surface
morphology as well as outcrops that contain more than 30% blocks; block size
may be variable and have little-to-intense fracturing (“shattered clasts”). The
primary component is volcanic rock; the secondary components include wood
fragments (see Figure 12), rip-up clasts of peat, soil, tephra, and
volcaniclastics. This is the main facies in the Barriles Debris deposit (Figure 5):
blocks often appear as concentrated zones of shattered andesite; large,
coherent blocks are only observed where cores of hummocks have been
excavated (shallow gravel quarries). Blocks in this facies are supported by
matrix. Block Facies that outcrop in the proximal zone (within 20 km of the
edifice) typically contain fines of similar composition as the clasts (andesite and
dacite) and may be multicolored (e.g. red, purple, orange, gray, and black).
Jigsaw fracturing is present in some but not all blocks. No blocks preserving
original stratigraphy were observed in outcrop however there was one location
where a mafic dike intrusion (~30 cm wide and >5 m long) cuts diagonally
through a massive shattered block (GPS 309).

At one outcrop located at GPS 049 a cored hummock is present; the
interior has glassy, dense blocks surrounded by shattered, angular clasts of the

same lithology. Radial joints in the block suggest thermal stress; thermal
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Figure 5 Barriles Deposit Block Facies: At GPS 205 chaotic zones of multicolored
material are broken up on a meter-scale showing partial disaggregation of a shattered
and smeared andesitic block (Gray “A” and the surrounding “Red/Black” material
corresponds with 205B mineralogy) mixed with the block margins. Rock hammer for
scale: 32.5 cm.

fractures in the dominant andesite are also observed near GPS 179 in the
Caisan Deposit. Andesite is observed in 86% of the exposures sampled for
mineralogical description. The surface morphology is rugged with hummocks
up to 35 km from the crater; heights ranging from 3 to 96m and spaced 65.2 to
116.3 m apart (see Proximity Values Table 6). The dominant andesite is
present as blocks and clasts and is often multi-colored with shades of red,
purple, and yellow. Ranging from angular-to-subangular, block sizes range
from 0.5 — 15.0m and clast sizes range from 2-26cm. 20 of the 26 rock
samples described in Table 13 contain significant concentrations (0-15%) of

round-and-merged vesicles.

Mixed Facies: This is located primarily in the marginal and distal zones
of the deposit and makes up 14% of the outcrops sampled for mineralogical
descriptions. This Facies is recognized by the low concentrations of blocks
(<5% of the outcrop) and blocks are often partially-to-completely disaggregated
leaving centimeter-sized clasts floating in the fine matrix. The dominant
andesite is present as clasts ranging from 2 to 65 cm. Some shattered blocks
can be observed in most of the outcrops including jigsaw fractured blocks: 0.2-
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2.25 m. From 36 outcrop descriptions, | estimate 10-20% of the mixed facies
exposures contain the dominant andesite, up to 60% is composed of yellow-to-
orange gray matrix, and 10-20% of the exposure contains other mineralogies
and secondary material. Clasts of andesite as well as exotics vary from
angular-to-round geometries. The matrix is clay-to-sand sized material that
supports the clasts and is also present within fractures and often smeared with
the deformed blocks (see Figure 6). Secondary material within the Barriles
Deposit includes basaltic-andesite; dacite; hydrothermally altered rock; diorite;
rip-up clasts of well-sorted sand, gravel, and clay; humic soil; and wood
fragments up to 17cm long.

Gray-Brown Matrix

ﬂ (Surface Gravel)
L

Li. Gray Matrix

Figure 6 Barriles Deposit Mixed Facies: At GPS 229 showing mixing on a centimeter
scale (Length of pen is 13.5cm). Two different matrix materials are present as well as
cm-sized clasts of volcanic rock; some are altered to pink and purple while fresh gray
and black material is also present.

Caisan Deposit (VDADI)

The older of the two debris avalanches studied is named the
Caisan Debris deposit and occurs in its type section at 89.46 N and 103.45E80
W (see white asterisk, Figure 2) in the recently excavated road-cut along the
north slope overlooking the Rio Caisan at 575 m elevation. At this site, the
avalanche outcrops in a >10 m thick exposure and contains both a matrix and

block facies. With 12 representative samples collected in the field from 12
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Figurem?e'Caisén Deposit Block Facies at GPS 291 (located between 065 and 067 on
the map in Figure 2); outcrops along a roadcut leading to Alto de La Mina. This is the
type section for the deposit. Red outlines represent the massive, meter-sized debris
blocks; Blue outlines are jigsaw fractured clasts of dacite; Yellow outline represents a
clast of hydrothermally altered basalt. The scale bar represents 1 meter.

unigue sites, the Caisan Deposit is dominated by fine-grained andesitic clasts
ranging in size from gravel to meter-sized blocks (see summary Table 3). The
mineralogy is typically porphyritic, contains low percentages of vesicles (with
two exceptions that contain ~15% vesicles), and is represented by the following

ranges:

Hornblende: 0-7% black lathes and euhedral crystals up to 3mm — many
examples have reaction rims;

Quartz: 0-3% euhedral from 1-2mm;

Plagioclase: 1- 20% euhedral and lathes from 1-2mm,;

Pyroxene: 0-5% from 1-7mm with one exceptional sample that contain
~15% pyroxene with 1-3mm crystals (see summary in Appendix Table
11).

Groundmass: often dark gray containing microphenocrysts of quartz,
hornblende, plagioclase, and pyroxene.
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* Xenoliths were only observed in three samples but phenocrysts of
completely exsolved, centimeter-sized hornblende minerals are found
within 3 different samples.

Block Facies: The block facies of the Caisan Deposit was observed in
50% of the outcrops where representative samples were collected. Identification
of this facies begins with a block-to-matrix percentage =230%. The typical
hummocky surface morphology is often obscured by overlying deposits with the
exception of the distal zone that lies within the last 5 km of the runout length.
The blocky cores of hummocks located near the termination show layered
volcanic units but some dense, glassy andesite cores are also present. The
dominant andesite is often multi-colored with shades of red, purple, and yellow.
Block sizes range from 0.13 — 4.5 m and clast sizes range from 1 — 30 cm. 3 of
the 20 rock samples contain no observable vesicles; otherwise, concentrations
range from 1-15%, round-and-merged voids. Four examples of clastic dikes
were observed in the field (Sites 301 and 248) and contain fines in lance-like
shapes 50-100 cm long and up to 20 cm wide (see Figure 9). The fines and
clasts that comprise the matrix of the Block Facies are noticeably weathered in
comparison with the matrix in the Barriles Deposit; they appear pale to bright

yellow and many clasts have weathered rinds.

Mixed Facies: It outcrops primarily in the marginal and distal zones of
the deposit and is represented by half of the samples collected in the field. The
surface is only exposed in the distal zone (see Figures 1 and 2). The Mixed
Facies contains <5% blocks with characteristically small hummocks. In the
distal zone, where surface features are present, hummocks are scattered with
heights ranging from 3 to 5 m typically spaced 204 m apart (see Proximity
Analysis Table 6). The dominant andesite is present as clasts ranging from 10
to 40 cm. Some shattered blocks can be observed in most of the outcrops
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Figure 8 Caisan Deposﬂ Mixed Facies: At GPS 246, meter to submeter S|zed blocks
(rock hammer for scale, 32.5cm) outcrop in an excavation site >21m deep. Two
varieties of blocks are represented here: Blue outline indicates the jigsaw fractured
clasts of andesite; Red outline marks hydrothermally altered basalt; Orange region is
smeared humic soil.

including 0.4-3.0 m jigsaw fractured blocks. While 10-30% of the exposures
contain the dominant andesite, up to 60% is composed of yellow-to-orange

gray, matrix.

The matrix of Caisan’s Mixed Facies is clay-to-sand sized material that
supports the clasts and is also present within fractures and often smeared with
the deformed blocks (see Figure 8). Clasts of andesite as well as exotics vary
from angular-to-round geometries. Up to 30% of the exposures consist of
miscellaneous volcanic lithologies and secondary material including: basaltic-
andesite; dacite; hydrothermally altered rock; diorite; limestone; schist; rip-up
clasts of well-sorted sand and gravel; gray and a distinctive green clay; humic

soil; and wood fragments up to 45cm long.
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Figure 9 Caisan Deposit: a clastic dike cuts near-vertically through a pervasively
fractured (also highly altered) debris block at GPS 294. Out of view to the right are two
more similar features with the same trend. Rock hammer centered in view for scale:

33cm.
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TABLE 3 CLAST AND BLOCK VALUES

GPS ID Deposit Facies Clast Size Block Size
1 42 Barriles Mixed 5-65cm 1-2m
2 58 Barriles Block 5-18cm 10m
3 106 Barriles Mixed 2cm 2m
4 111 Barriles Block 3-26cm 15m
5 Escarrea* |Barriles Mixed 3-8cm 0.5m
6 142 Barriles Block 2-8cm 0.6m
7 148 Barriles Mixed 2-15cm 0.2m
8 013B Barriles Mixed 15-60cm 0.9m
9 179 Barriles Mixed 10cm 1-2m
10 227 Barriles Mixed 7cm 0.5m
11 228 Barriles Mixed 5cm 0.45m
12 246 Barriles Mixed 5-7cm 0.4-0.6m
13 274 Barriles Mixed 10-30cm 2.25m
14 33 Caisan Mixed 30cm 3m
15 163 Caisan Block 1-10cm 0.2-1.0m
16 164 Caisan Block 20-30cm im
17 168 Caisan Block 4cm 0.13-0.18m
18 013A Caisan Mixed 15-40cm 2m
19 290 Caisan Mixed 10-18cm 0.4-1.25m
20 298 Caisan Mixed 10-30cm 0.75m

* This site is located at a bridge crossing of the Rio Escarrea, also known as the Rio

Guigala; coordinates in UTM NAD27 17P 319150/939200.
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Sedimentary Architecture

: The internal structures of both the Barriles

g and Caisan Deposits are distinctively chaotic.

There are no outcrop exposures exhibiting

imbrication or sorting and the transition between

| Block and Mixed facies is gradational. Within

both facies, blocks are typically fractured and

" often disaggregated at the margins; matrix

" material can be observed between the peripheral

¢ clasts. Clasts of pervasively fractured andesite

as well as clasts of secondary material have been

observed with intra-matrix material. Partly

disaggregated blocks sometimes exhibit

boudinage and smeared structures as opposed to
simple shearing but isolated jigsaw fractured

'._:: blocks appear throughout the deposits in the

“ medial and distal zones (example from distal

Caisan, Figure 8).

In the stratigraphy there are conforming
units lying in-between the VDADSs; they have a

thickness range of 0.3 to 3.0 m. These deposits

. B2 4 are not indurated and consist of paleosols,
Figure 10 Upper contact of
the Caisan Deposit in the

distal zone. Pink fines with thin (65 cm and 80 cm respectively) layers of
pumice fragments and pale
gray fines overlie the debris

avalanche. Pen for scale (GPS 248, see Figure 10). These deposits of
(13.5cm).

moderately-to-well sorted fluvial deposits, and two

fines interpreted here as pyroclastic deposits

fines included small porous grains as well as
rounded clasts of altered material incorporated into the upper section of the

Caisan Deposit. Upper and lower contacts with these intermediate deposits are
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typically sharp and planar except for the few exposures of Caisan’s basal
contact. Basement rock is observed partly incorporated into the lower section
of the Caisan Deposit at GPS 067. In the proximal zone, the surface of the
Barriles Deposit is exposed as hummocks; the inter-hummock areas are
blanketed by fine, white tephra, soil (GPS 288 Figure 11), and within 5 km of
the breached crater, block and ash units with entrained charcoal can be

observed in recent, shallow quarries.

Summary of field characteristics

The Barriles Deposit is best characterized by the hummocky topography
found at Baru’s base and is dominated by fresh-looking andesitic blocks.
Pristine andesite is present and contains very small, round vesicles suggesting
dome rock; brilliantly colored clasts were likely formed by hydrothermal

alteration. The recently emplaced debris avalanche is also surprisingly

Figure 11 Upper contact of the Barriles Deposit within 10km of the breached crater.
At GPS site 288, the Barriles Deposit is covered by two thin (60cm and 17cm
respectively) beds of volcanic ash with an intervening layer of soil (70cm). At the
right-hand side a rock hammer for scale (32.5cm). 23
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fragmented. Distinctive jigsaw fractures and densely shattered blocks are well-
distributed throughout the deposit: within the tall hummocks of Volcan and
Cuesta de Piedra (GPS points 049 and 229) as well as tens of kilometers south
near the town of La Concepcién (GPS points 077).

The Caisan Deposit typically occurs beneath the Barriles Deposit.
Evidence from this investigation shows that Caisan travelled further and its
surface is only exposed in the most distal regions at the south and east edges
of the study area. The hummocks from this deposit are similarly shaped and
generally clustered, but they are smaller and geomorphologically more subdued
than Barriles hummocks. No exposures of proximal hummocks exist for the
Caiséan, but comparing the distal hummocks of both deposits shows deep
hydrothermal alteration and the block facies is generally more weathered —
even the most fresh-looking shattered blocks show oxidation along joints and

fracture margins within the Caisan Deposit.

The two collapse events incorporated very similar material; without field
correlations and clear contacts between the deposits, the Caisan and Barriles
Deposits often appear identical. This is especially true for the Mixed Facies
where fines, clasts, and fractured blocks are often identical in composition, size,
geometry, and quantities. Mixed Facies blocks found within the Caisan Deposit
are often larger than those within the Barriles Deposit, but the shattered nature
of the material makes exact measurements difficult. Within the Block Facies,
sizes are reversed: the Barriles Deposit contains blocks up to 15 m long; the
Caisan contains blocks up to 4.5 m. The variety of lithologies of secondary
components aids distinguishing the two deposits, but careful observation is
necessary in order to find the hallmark clasts of limestone, schist, and green

clay. The dominant andesite found in both deposits appears identical in hand
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Figure 12 Charred wood within the
Barriles Deposit Type Section.

At GPS site 072, this is the
type section for the Barriles
Deposit. Located within a large
(100 m wide) active quarry, the
Block Facies is exposed with
highly fractured clasts dominating
the shear walls of the quarry. This
photo is focused on the inter-block
matrix where cobble-sized clasts of
andesite are mixed with gray and
pink fines. The fine material
appears to be pulverized andesite
and surrounds a broken piece of
wood (a 10cm cross-section is just
left of the trowel when the wood
was removed it was a total of
17cm long). The wood is
blackened on all surfaces and
provides the date appearing in
Table 4. A 20cm trowel in view for
scale.

sample. A second common rocktype in both deposits is pyroxene-rich andesite

which is scattered throughout the deposits. This is potentially the same

lithology mapped and sampled from the “old dome” within Bard’s craters

(Sherrod et al., 2007).

From the above descriptions | infer that both of these debris avalanches

were similar events, primarily derived from an unstable, hydrothermally altered,

generally homogeneous volcanic dome complex that formed above the vent at

Baru. Field observations and measurements of blocks characterize both

deposits as having relatively large volumes of dome material suggesting that

Baru was extruding tens of cubic kilometers before catastrophic flank collapse

occurred. Since the last collapse, at least 10 km® of dome material has refilled

the horseshoe-shaped crater (Sherrod et al, 2007).
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Radiocarbon Dating

Carbon material was collected from 6 locations and 4 samples are dated
here (Figure 2 shows sample sites and Table 4 follows with lab results). These
were submitted to Beta Analytic and corrected using OxCal 4.1 with the
INTCALO9 database. Ages are reported as years before 1950 A.D. at the 2
sigma confidence level. Calibration plots are included in the Appendix, Figure
30.

The carbon samples were taken from entrained charred wood fragments
and humic soil. This analysis provides the lower limiting ages for the debris
deposits. Two samples were taken from the Barriles Deposit, from the same
quarry at GPS 309 and 072 (the type section location, Figure 2). The combined
and calibrated age is 9250 — 9020 years before present placing it in recent
geologic time. The two samples from the Caisan deposit were taken from two
separate locations: sample 065 is from the medial zone and sample 248 is from
the distal zone. The former sample provided an age very close to the limit of
radiocarbon analysis, 48,636 — 45,224 while the latter sample yielded no age as
it was beyond the range of radiocarbon. Both samples from Caisan were
competent wood fragments (one showed blackened surfaces along all of the
ragged surfaces) but the lab results suggest that this deposit cannot be dated
with radiocarbon methods and the result from 065 could reflect minor
contamination from other carbon sources. | conclude that Caisan event is older

than 45,000 years before present.
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TABLE 4 RADIOCARBON AGES FROM VOLCAN BARU'S VDADS

w0 [opnasetuny [Fadoctiomioe | caliras

1 Barriles: 301673 970533 8000 +£30 9006 — 8764
072

2 Barriles: 301601 970332 8590 +£50 9671 — 9490
309

3 Caisan: 300714 960829 43,350 £750 48,636 — 45,224
065

4 Caisan: 326301 936025 NA >43,500 BP
248

Notes: The collection locations (Figure 2) of the two Barriles samples come from the
same quarry (green asterisk), Caisdn 065 (white asterisk), and Caisan 248 (pink
asterisk). Weighted average for 1 and 2: 8169 +26 BP and Calibrated Range: 9250 —
9020 BP Reference: (Bronk Ramsey, 2009)

Carbon Sample Descriptions:

1: Charred wood fragments found 27 m below the top of a thick section of
matrix-supported debris avalanche in a quarry near San Antonio, north of Rio
Chiriqui Viejo.

2: Charcoal taken 27 m below the top of a thick section of matrix-supported
debris avalanche in a quarry near San Antonio, north of Rio Chiriqui Viejo
(same quarry as “072").

3: Wood fragments taken 15 m below the top of a thick section of matrix-
supported debris avalanche in a roadcut near Bajo de la Mina.

4: Wood fragments from entrained sediment found 10 m below the contact in a
thick section of fines-rich debris avalanche in 21 m deep construction site south
of the Interamerican Highway.

Hummock Geometry and Distribution

In the field, hummocks appear as rounded, hilly features, often clustered
together and often with rocky surfaces. For this reason, distinguishing
hummocks is a subjective process. Similar geomorphological features are
present in this field area, but they lack the surface texture, symmetry, and scale
that make hummocks unique. Old stream meanders, peaks between

drainages, flow structures from pyroclastic material, and anthropogenic
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Figure 13 Examples of polygon geometries. In 13a. the long axis (black lines) and
centroids (black circles) of each hummock (red polygons) are analyzed with geospatial
software. In 13b. the azimuth with respect to north (gray lines) is calculated with a
MatLab script.

structures were identified and excluded from hummock analysis. Also excluded
are avalanche flow structures and toreva blocks, features present in zones
closest to the presumed source of material. Hummock geometry and
distribution was investigated using geometric parameters such as diameter,
area, orientation. Interhummock distances may relate to coverage area,
population concentrations, regional slope, and runout distances. Digitized
hummock data was divided into six groups based on spatial positions (Figure
15).

Due to the dispersed nature of the hummocks and the numerous
datapoints, spatial analysis based on aerial photos was analyzed instead of
relying entirely on field observations. Digitized in ArcMap, more than 4,000
polygons representing hummocks were assessed with a script written in MatLab
v.7.10.0; this measured the most distal vertices of each shape and their
direction from north. Results are treated statistically zone-by-zone and grouped

in order to distinguish data trends.
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TABLE 5 HUMMOCK STATISTICS ZONES 1-6

sz Description 71 |z2 |z3 74 75 76

1 Hummock Count 976 477 993 521 538 565
Coverage area within

2| i et 1511 [ 395 |31.9 |425 |495 75

3 | Hummocks per km? 65 |12.1 |31.1 12.3 10.9 75

4 | Generalsiope. fromN-S | 4 5o | 450 | o5 |.220 |-00° |-08°
(degrees)

5 ﬁ;fzaOf'argeSth“mmOCk’ 0.760 | 0.081 | 0.066 | 0.076 | 0.016 | 0.034

g | Diamefer of largest 1545 | 470 | 510 430 222 353
hummock, m

y | e sl e 942 |8211|714 1895 |137.9 |59.1
hummock, m

8 Diameter of smallest 13 10 10 20 16 12
hummock, m

g | Orientation (modes of SW |SE | SESW | SW.SE | SESW | SE.sw
azimuths)*

* Directions were determined from Rose Diagrams plotted in Figure 32 in the Appendix.
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Figure 14 Entire field area: Hummock Area vs. Distance (in meters). Orange bars
represent data gaps where no aerial coverage is available: Between Zones 3-4 and

4-5.

Hummock area vs. distance is plotted in Figure 14. Zones from Table 5

are plotted in separate colors and data gaps are represented by vertical bars on

the plot. Most hummocks are smaller than 50,000 m®. Larger hummocks tend

to occur closer to the source and the maximum decreases with distance. There

are some anomalies in this overall trend.

Hummock orientations (Row 9 in Table 5) may relate to how the deposits
came to rest. Reading North as “0” and South as “180,” the frequently occurring

long axis directions indicate bimodal distributions. Values from the whole

dataset are plotted in Figure 32 (see Appendix). Here we see high frequencies
between 45-30° and 150-120°.
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Hummock Proximity

Inter-nummock distances were also analyzed. Digitized polygons were
used to determine the distances between centroids of each shape. In ArcMap
the “Generate Near Table” function creates pairs for all points. Pairs are
defined as closest points and the program measures the distances between
them. For each Zone, the pair with the largest distance is reported. The mean

distance is also calculated and reported in Table 6 below.

TABLE 6 HUMMOCK PROXIMITY VALUES

Zone Hummocks Maximum Mean distance, m
Population distance, m
1 976 1414.7 116.3
2 477 2345 70.0
3 993 232.3 65.2
4 521 397.5 110.9
5 538 882.6 108.6
6 565 780.9 204.8

Results from the proximity analysis show that the size of each hummock
population has no impact on the maximum or mean values. Results from the
maximum distance analysis are inconclusive but the mean distance analysis
reflects a similar trend to large hummock sizes recorded in Table 5. Focusing
on the mean values we see a decrease from the proximal area (Zone 1) until
the medial zone (here Zone 4 increases by more than 45 meters). Distance
values decrease slightly in the next Zone but the last Zone shows a sudden

increase (just like hummock diameters and areas in Table 5).

In summary, my investigations of digital hummock polygons show a trend
correlating hummock location with size and distribution. Results show that

large area and diameter hummocks are located in the zones of widest mean
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distribution (proximity). Where regional slope is greater, more hummocks are
observed and are larger than other parts of the runout area. Regional slope
also affects the orientations of the hummocks and causes stronger
unidirectional alignment where slope is higher.

The termination of the debris deposits and the effects of the subsurface
are reflected in hummock distribution. Zones 5 and 6 cover the runout of the
Barriles deposit and the slightly longer extent of Caisan. Hummocks are more
spread out but larger in Caisan’s distal zone. Midway through the runout area
there is a sudden increase in hummock sizes (area and diameter); this is
observed primarily in Zone 4. Interhummock distances also suddenly increase
in this same area. The unique location is coincident with the emergence of
confining topography. The ridgeline Cerro Sortova cuts through the debris
avalanche deposits directly below Zone 4. Topographic barriers also appear
immediately southwest in the region dominated by Cerros Machuque (more
than 100m taller than surrounding topography). These features may have
caused the debris avalanche to funnel through this area during emplacement.
The avalanche would have been slowed down and coherent portions of the
VDAD collected or stalled as the avalanche moved en masse across the runout

area.

Data from other debris avalanche deposits suggest that a distinctive toe
may form at the distal edge. This is a primary feature in VDADSs that are valley
confined such as Mount St. Helens, Socompa, and Shiveluch (Belousov et al.,
1999; Belousov, 1995; Glicken, 1986; Major and lverson, 1999; Ui et al., 2000;
Wadge et al., 1995) and is not observed in Baru’s deposits. If catastrophic flank
collapse occurred as a series of failures, debris may travel and spread as

separate lobes with variable hummock sizes regardless of proximal, marginal,
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Figure 15 Zones of aerial coverage and digitized hummocks. Key: Red = smallest
hummocks; Blue = largest hummocks. The proximal toreva block is the largest blue
polygon; Light blue rectangles = aerial photo coverage; Blue Lines = Rivers; Brown
Lines = Roads; Red Lines = Volcanic Craters.
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medial, or distal conditions (this is observed at Shiveluch Volcano, see

Belousov et al. 1999 and scaled experiments in Major and Iverson, 1999).

The hummock datasets were analyzed independently from facies and
unit descriptions. The contacts for the Barriles and the Caisan Deposits were
drawn based on final analysis results as well as outcrop observations (see
geologic map, Figure 1). While there is no topographic expression of a toe,

field observations and hummock trends indicate where the contact is located.

Volume Calculation: Deposit Thicknesses

To estimate the volumes of Volcan Bard’s debris deposits, thickness
data was collected in the field from 12 locations (Table 7, Figure 2). To provide
better area estimates, 25 additional points (IDs b through y) were inferred
based on proximity to measured outcrops, maximum heights of nearby river
scarps, and a tomography report developed by ADGEO for a hydroelectric
company (AdGeo, 2008).

Heights of river scarps were estimated with cross-sections from
topographic profiles across the Rio Chiriqui Viejo, Rio Pavén, and two regional
profiles. A rafting trip on the Rio Chiriqui Viejo (Figure 2; GPS Points 154 to
001) allowed views into the stratigraphy but direct measurements could not be
taken from the moving raft. An important feature observed on that traverse was
the natural tendency of the river to scour and cut terraces at the contacts
between the basement rock and the debris avalanche and along intermediate
terracing where the Barriles and Caisan deposits are in contact. This terracing
possibly reflects the ability of the river to cut down through variable materials.
The profile tool in Global Mapper drawn across the 10m DEM retrieves 3

values: Water level, middle contact, and the modern surface “maximum.” The
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middle contact thus possibly reflects contacts between the two debris

avalanche units.

The point data tabulated on the following page can be used to create
Voronoi Polygons and create divisions for thicknesses based on geometrical
relationships (see Figure 16). Voronoi Polygons (also called Theissen cells) are
drawn based on shared intersections that are the closest points to a node; in
this study, the nodes are the thickness points and bound by the mapped extent
(Chang, 2006). Using Spatial Analyst tools in ArcMap 9.3, a coverage layer
was created for both debris avalanche deposits. The 37 unique thickness
values and aerial coverage of the Barriles and Caisan Deposits required
separate calculations to determine debris avalanche volumes. These volumes

are reported in Table 8.

TABLE 7 (NEXT PAGE) THICKNESS POINTS

Used in estimates for debris avalanche volume determinations. Locations of ID
points are shown in Figure 2. Many are located at the edges of the deposit and
are assumed to be thin (bounding limits).

* Calculated from topographic cross-sections.
** Base is not exposed, rounded value.
Note: AdGeo refers to a geotechnical report prepared during a geophysical
investigation for the Rio Piedra/Chico hydroelectric dam construction (AdGeo,
2008). The following ranges were reported:

Barriles range = 4.4m to 35.4m; reported average = 20.0m

Caisan range = 17.8m to 39.4m; reported average = 28.6m
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TABLE 7 VOLCAN BARU DEPOSIT THICKNESS POINTS

Barriles Deposit

Caisan Deposit

Thickness

Thickness

ID (m) Source ID (m) Source
001 38.0 Inferred 001 91.0 Inferred
298 1.3 Outcrop 298 28.6 From AdGeo **
294 3.4 Outcrop 294 286 From AdGeo **
246 3.5 Outcrop 246 286 Outcrop**
215 16.5 Outcrop** 215 394 From AdGeo
154 188.0 Inferred * 154 97.0 Inferred *
142 15.0 Outcrop 142  28.6 From AdGeo
120 8.0 QOutcrop 120 28.6 From AdGeo **
077 2.0 Outcrop 077 394 From AdGeo **
067 5.0 Outcrop 067 28.6 From AdGeo
061 16.5 Outcrop 061 28.6 From AdGeo
072 8.0 Outcrop 072 28.6 From AdGeo **
309 35.0 Inferred * 309 40.0 Inferred *
b 90.0 Inferred * b 65.0 Inferred *
C 97.0 Inferred * C 99.5 Inferred *
d 90.0 Inferred * d 80.0 Inferred *
e 40.0 Inferred * e 95.0 Inferred *
f 35.4 Inferred * f 40.0 Inferred *
g 20.0 Inferred * g 40.0 Inferred *
h 4.4 Inferred * h 17.8 From AdGeo
[ 20.0 Inferred * [ 28.6 From AdGeo
i 1 Bounding limit i 17.8 From AdGeo
k 1 Bounding limit k 1 Bounding limit
I 1 Bounding limit I 1 Bounding limit
m 1 Bounding limit m 1 Bounding limit
n 1 Bounding limit n 1 Bounding limit
0 1 Bounding limit 0 1 Bounding limit
p 1 Bounding limit p 1 Bounding limit
q 1 Bounding limit q 1 Bounding limit
r 1 Bounding limit r 1 Bounding limit
S 1 Inferred * S 1 Inferred *
t 69.0 Inferred * t 86.0 Inferred *
u 5.0 Inferred * u 40.0 Inferred *
v 20.0 Inferred from v 40.0 Inferred from

‘ quarry depth ' quarry depth
w 40.0 Inferred from RCHV | w 60.0 Inferred from RCHV
X 35.0 Inferred * X 50.0 Inferred *
y 20.0 Inferred * y 40.0 Inferred *

36



Using polygons does not create a smooth, realistic surface but may be a
good 1% order minimum estimate of thickness and resulting volumes. To model
more natural terrain, the point data was interpreted as isopachs and contoured
in smooth curves following inferred pre-emplacement conditions. The contours
were interpolated to a raster to create DEMs. This method results in higher

volume estimates for the two deposits (see Table 8).

[ = Km T | I I T 1Km
0 25 5 10 15 20 0 25 5 10 15 20

—— Craters - - |:| |:| - - e Thickness Data
1-10 10-20 20-30 30-40 40-80 80-188“B"
80- 99 “C”

Figure 16 Thickness polygons of Barriles (left) and Caisan Deposits (right). These
polygons represent unigue thicknesses which are multiplied by respective areas to
compute an aggregate volume for the deposits. Each polygon is controlled by a
thickness estimate and the polygon shape is determined by the other points that are
nearby using the Voronoi process (Chang, 2006). Thickness units in meters.
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Figure 17 The Barriles (left) and Caisan Deposit (right) volumes as measured by
isopachs and a continuous, smooth surface from a DEM. Thickness in meters.

Volume Calculations: Edifice Reconstruction

The current horseshoe-shaped crater of Volcan Baru suggests that a
large volume of material is missing from the edifice. The rough outline of the
crater is actually a series of segments interpreted as failure scarps. An
alternative method for determining debris volumes is to complete the contours
of the failed edifice (Sherrod et al., 2007). This process attempts to reconstruct

the precollapse conditions at the volcano.

The first step was to define the maximum limit of the Baru edifice. | used
a 10 m DEM created by the USGS from digitized clear film separates of 4

quadrangles with 20 m contour intervals. A 28x25 km area (712 km?) centered
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on Baru was clipped and assumed to represent the proximal and edifice region.
The N-S and E-W cross-sections of the volcano determined a primary break in
slope at the 1,300 m contour. That slope intersection is assumed to define the
southern and eastern limit of the edifice. A raster of the slope created in ArcMap
shows a transition at the 6.5° limit on the western edge of the proximal zone
(Figure 18). The northern extent is well-defined by the older topography of the
Central Cordillera. With these considerations combined with field observations
of the geomorphology (e.g. where the toreva block terminates and where the
hummocks begin) the edifice is distinguished from the ring plain (Hackett and
Houghton, 1989).

| 00-50
5.0-86.5
6.5-11.5
11.5-28.0

0 2 4 6 8 10

Figure 18 Left: 10 m DEM of the Volcan Baru region. Right: Slope map of the region
based on 5 Classes with rounded Geometrical Intervals of increasing slope: 5.0°, 6.5°,
11.5°, 28.0°, 84.5° chosen to represent the most dramatic changes in slope.
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Slope Legend
Slope Aspect

W 00-50
[ 150-85
[ les-ns
[ 1s-230
B zs0-845

DEM Shading

B 1.:000- 13990
Bl 1.399.0- 15740
B 1574.0- 18890
[ 1,880.0-2.455.0
' 24550 - 3.469.0

0 2 4 6 8 10

Figure 19 Edifice zone is digitized based on elevation, slope, surface texture, and field
observations: Heavy Black Dotted Line = Northern limit determined by confining
topography; Thin Black Dotted Line = Southern and Eastern limit defined by 1,300 m
above sea level contour line; White Dotted Lined = Western limit defined by the 26.5°
slope and field observations.

_ 3.4km

1.3 km

Figure 20 BarU’s current edifice; view directly North. Displayed in ArcScene 9.3, the
clipped DEM with a 235 km? horizontal footprint (blue-gray shadow) and 2x vertical
exaggeration.
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Figure 21 A schematic diagram where the volume of the Barriles deposit is returned to
the modern edifice to model pre-collapse conditions. Because of the dominant
andesite and its prevalence, the volcano may have accumulated a massive and fairly
homogeneous dome of andesite before collapse. The same process was completed for
the Caisan Edifice. Note: the modern summit is completely covered and a new
elevation of 3.5 km is obtained from the Barriles model; a new elevation of 3.8 km is
calculated from the Caisan model.

The polygon defining the edifice, a footprint, clips the 10m DEM as a
horizontal slice beginning at the 1,300m contour line (i.e. the point of lowest
elevation) and has a plan area of 227 km? (Figure 19). Figure 20 shows the
Baru edifice with a clipped flank DEM as a north-to-south 3D cross-section.
The horizontal gray shadow underlying the edifice (the footprint) intersects the
topography at the 1,300m contour and provides the base height for volume
calculations. The entire volume contained in this clipped region is ~150 km?,
this includes the flanks, toreva block segments, recent fill from pyroclastic

deposits within the crater, and the young dome complex.

41



Legend:

Topo Contours
F===_ Summit Craters

Rivers

Edifice Limit
Topo Hillshade:

S
—

Barriles

LET3

Figljré 22 ﬁ’ré-'céllébsle conditions: Barriles Edifice, the reconstructed edifice. This is a
plan view of the hillshade image shown in Figure 21. The same process was
completed for the Caisan Edifice.

Volumes determined from the deposit thickness data can be, in theory,
added to Volcan Baru’s modern edifice in order to estimate the probable edifice
pre-collapse heights. These volumes should not be treated as exact values
because precollapse conditions could have varied in a number of ways; it is
also realized that debris avalanche deposits increase their volume with dilation
and through secondary components they entrain during the emplacement
process (Bernard et al., 2008; Bernard et al., 2009; Ownby et al., 2007; van
Wyk de Vries et al., 2001; Voight et al., 1983). This study does not have data

for estimating “bulking” that may have occurred after the collapse was triggered.

The old edifice must have housed a volume similar to the deposit
volumes. Theoretical volume may demand a summit elevation higher than now
observed, but it should not violate geomorphological sense. This method
attempts to conserve the general edifice slope (determined as 11.75°) and not
exceed the footprint size. One edifice that fits conditions for causing the

emplacement of the Barriles Deposit is in Figures 21 and 22.
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TABLE 8 VOLUME ESTIMATES OF VOLCAN BARU'’S VDADS

Barriles Model Caisan Model
(EFdigilfri I}g)construction | 27 ki 42 km®
Voronoi Method (Figure 13) 36 km® 52 km®
Isopach Method (Figure 14) 39 km® 63 km®
Estimation 30 +5km® 50+10 km®

Volcanic activity since the last collapse accounts for ~10 km® of dome
rock and pyroclastic material found within the amphitheater (Sherrod et al.,
2007). After edifice reconstruction, this volume is subtracted before determining
the difference between the pre-failure edifice and the current edifice. The
values summarized in Table 8 show that edifice reconstruction for both, Barriles
and Caisan conditions, provides lower volumes than deposit volumes
determined by thickness and area data. This means that pre-collapse
elevations for both avalanches may have been significantly higher than the
current Bari summit elevation. The “Estimation” values in Table 8 reflect
uncertainties based on the three different processes used to calculate sector

collapse volumes.
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Discussion

Sources and Timing of Events
Volcanic debris avalanche deposits cannot always be traced back to

their sources, but the Barriles deposit can be traced (even traversed on foot)
back to a gaping, breached crater. The Caisan Deposit, dominantly hidden by
material thousands of years younger is not so clearly directed. Based mainly
on lithological similarity | argue that Volcan Baru is the source of both of these
deposits. Hand specimen mineralogy and texture, especially of the dominant
andesite is critical in this conclusion. This rock type represents the Bari dome
rock. A comprehensive geochemical study would be required to address this
guestion.

New age dating information for the Baru region is compiled in Table 4.
Carbon samples from the two debris avalanche deposits (GPS points 072 and
309) give 8000+30 BP and 8590+50 BP (2 sigma error). These values were
averaged to yield a range of 9250-9020 BP. Outcrop exposures of the Barriles
Deposit often show a layer of pyroclastic material in sharp contact with the
debris avalanche (see photo in Figure 11) but radiocarbon was only sampled
from within the VDADs during this study. The dated charcoal samples were
completely carbonized and there is evidence in numerous places of pyroclastic
material in the VDAD.

Surveys conducted in 2007 by a USAID-supported USGS investigation
yielded other radiocarbon dates that constrain the most recent volcanic history
of Volcan Baru. Several dates collected from carbon within tephra units found
on the north and eastern flanks provided anomalously old values. From
samples S07-VB56A and S07-VB98-2, reported to the 2" sigma, are: 8340+60
BP and 982560 BP respectively (Sherrod et al., 2007). These data support
the hypothesis that sector collapse occurred during a volcanically active time
period.
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An additional, older date is from the USGS sample S07-VB98-1. This
sample, within pyroclastic deposits on the northern flank yielded 15,450-16,179
BP (Sherrod et al., 2007). This range represents explosive volcanic activity that
predates the emplacement of the Barriles Deposit but is too young to represent

TABLE 9 RADIOMETRIC DATE FROM THE BARU REGION
# Sample

X y ID/Reference Deposits Dated Age
1 Debris avalanche 1
301673 | 970533 | 072 (Barriles) 8000+30 BP
2 334865 | 972684 | SO7-VB56A Tephra 8340+60 BP2
3 Debris avalanche 1
301601 | 970332 | 309 (Barriles) 8590+50 BP
4 331411 | 978051 | S07-VB98-2 Tephra 9825+60 BP2
5 331411 | 978051 | S07-VB98-1 Tephra 13,315+80 BP2
6 Debris avalanche 1
300714 | 960829 | 065 (Caisan) 43,350+750 BP
7 Debris avalanche 1
326301 | 936025 | 248 (Caisan) >43,500 BP
8 340254 | 973213 | PAN-06-166 Andesite 0.18+0.08 Ma>
° 337490 | 974820 | PAN-06-168 Andesite 0.19+0.09 Ma>
10 324735 | 940222 | PAN-06-136 Andesite 0.32+0.06 Ma®
11 . 4
n/a IRHE, 1985 Andesite 0.46+0.15 Ma
12 326350 955330 | PAN-06-176 Andesite 0.48+0.08 Ma3
13 n/a Sherrod et al. Andesite: Lava Flows <0.78 Ma5

2007
Notes: X and Y coordinates are UTM WGS 84. Radiocarbon from this studyl;Radio-
carbon from Sherrod et al. (2007)?, “°Ar/**Ar dates from Wegner et al. 2011°; K/Ar
from IRHE, 1985%, and results from several sampled lava flows that were checked for
normal polarity from Sherrod et al. (2007)°. Radiocarbon results are reported as
uncalibrated values radiocarbon years before present (BP) with 2" sigma errors.
Radiometric dates younger than the Barriles emplacement are reported in Table 2.
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Figure 23 Sites for radiometric samples. All sites from Table 9 are located here except
for 11 and 13 as they do not have coordinates.

syneruptive activity that preceded formation of the Caisan Deposit. Two
attempted dates from Caisén (Table 1; 248 and 065) are inconclusive with

radiocarbon methods. One sample was radiocarbon dead (GPS 248). The
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second sample, GPS 065, provided a range of 48,636 — 45,224 BP, at the edge
of credible 14C.

“OArP°Ar dates were recently reported in a paper focusing on the general
magmatic history of the Central American landbridge by Wegner et al. (2011).
The dates shown in Table 9 represent the values that are important to Volcan
Baru’s edifice collapse. GPS locations provided for the samples pinpoint them
within areas where lava, debris flows, block and ash, and potentially VDADs are
outcropping. Just north of the Interamerican HWY, sample PAN-06-136 (0.32
Ma) was likely collected from the steep scarp of the Rio Piedra below the HWY
bridge; this could be dating material from the Caisan Deposit or potentially from
interbedded lahar units. Located at the headwaters of Rio Piedra, PAN-06-176
(0.48 Ma) was collected near sites | visited where avalanche deposits are
exposed but there are also overlying block and ash units that could have been
sampled within the deep river scarps. The samples PAN-06-168 and PAN-06-
166 are taken from the eastern flank. “168” (0.19 Ma) comes from an area that
Rausch (2007) described as debris flows from the flank while “166” (0.18 Ma,
the youngest date listed) likely comes from the massive outcrop of entablature

andesite, a truncated lava flow in the area of Horqueta.

Radiometric dating of lavas associated with Volcan Baru reveal an active
history that began less than 0.5 million years ago. Lava flows that were
sampled during the USGS investigation from 2007 had normal polarity and this
result is consistent with no sample being older than 0.78 Ma (Sherrod et al.,
2007). These dates are several hundred thousand years younger than the
neighboring volcanic complex, Tisingal, where the ages range from 0.92-1.66
Ma (UTP, 1992).
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Hummock Data Comparisons

Hummocks can travel tens of kilometers and survive the emplacement

process and millennia of weathering as >5m high hills. Fragile material and

characteristics such as entrained soil and wood fragments, original stratigraphy,

and high topographic relief are still visible despite Panama’s warm, tropical
environment. Digitized hummock maps were used to compare hummock
distributions at Bard and Mount St. Helens (Glicken, 1986), Mount Shasta

(Crandall, 1989), Parinacota (ref), Las Isletas and El Crater Deposits from

Top 10 Largest Baru Hummocks: Diameter vs Distance
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Figure 24 The 10 largest hummock diameters for each zone of Bard’s deposits are

plotted. The relationship between distance and maximum hummock diameter shows

anomalously large diameters for Zone 4 hummocks, perhaps reflecting effects of

topographic irregularities (see text for details)
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Distribution of Hummocks: Diameter vs Distance
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Figure 25 Hummock diameter/distance relationships in various debris avalanche
deposits: Volcan Baru: Barriles and Caisan, Parinacota, Mombacho: El Crater and Las
Isletas, Mount Shasta, and Mount St. Helens

Mombacho (Shea and Van Wyk deVries, 2008). Hummock GPS data was
directly available from Glicken’s work and was determined from maps for the

other sources.

Hummock diameters generally decrease with distance (Figure 25). This
trend is not obvious for small VDADs such as those from Mombacho, but is very

clear in larger deposits.
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VDAD Mobility

Table 10 compares the dimensions of VDADs, showing deposits from
Volcan Baru represent the largest subaerial deposits so far known. The
estimated volumes range from 27 to 39 km® and 42 to 63 km? for Barriles and
Caisan Deposits respectively; allowing for error these values are reported as
30+5 km® and 50+10 km?®. Figure 26 plots the relationship between source
height and distance travelled and Figure 27 the area/volume relationships. On
both plots the position of Baru deposits plot near the high-volume examples

such as Mount Shasta.

TABLE 10 (NEXT PAGE) EXAMPLES OF SUBAERIAL VDADS

Note: “0” values indicate no calculations have been made. Length of runout “L,”
drop height “H,” mobility calculation “H/L,” calculated volume “V” are listed here
with the primary sources of information for reference. Sources are tabulated

with the corresponding data. *Indicates theoretical values from this study.
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L H \ Area
Name Country Source (km) | (km) | HIL | (km® | (km?
Acatenango Guatemala Siebert, 2006 42 3.78 | 0.09 5 210
Akagi Japan Siebert, 1984 19 2.4 0.13 4 0
Asama Japan Siebert, 1984 20 225 | 0.11 2 0
Ponomareva,
Avachinsky Russia 2006 30 3 0.10 18 300
Bandai Japan Siebert, 1984 11 1.2 0.11 15 34
Baru: Barriles Panama this study 45 3.5* | 0.08 30 966
Baru: Caisén Panama this study 51 3.8* | 0.07 50 | 1162
Gorshkov and
Bezymianny Russia Dubik, 1970 18 2.4 0.13 1.5 500
Chimborazo Ecuador Bernard, 2008 35 6.2 0.17 11 280
Colima Mexico Siebert, 1984 40 4 0.10 10 900
Egmont 1 New Zealand Siebert, 1984 31 2.6 0.08 7.5 250
Egmont 2 New Zealand Siebert, 1984 21 2.4 0.11 1 0
Fuego/Acat. Guatemala Siebert, 2006 50 4 0.08 15 440
Galunggung Indonesia Siebert, 2002 23 1.9 0.08 16 170
lizuna Japan Siebert, 2002 17 0.8 0.13 5 0
Irazu Costa Rica Siebert, 2006 13 1.82 | 0.14 1.5 35
Iriga Philippines Siebert, 1984 11 1.05 | 0.10 1.5 65
Jocotitldn Mexico Siebe, 1992 12 132 | 0.11 2.8 80
Hayashi and
Mawenzi Tanzania Self, 1992 60 4.5 0.08 7.1 | 1150
Meru Tanzania Siebert, 2002 50 3.9 0.08 15 1400
Miravalles Costa Rica Siebert, 2006 19 2.09 | 0.11 7 110
Mombacho: EC | Nicaragua Shea, 2008 12 15 0.12 1.8 51
Mombacho: LI Nicaragua Shea, 2008 11 |1.345| 0.11 1.2 55
Mount St.
Helens USA Glicken, 1996 22 | 2949 | 0.12 2.6 64
Pacaya Guatemala Siebert, 2006 25 2.5 0.10 1 55
Parinacota Chile Clavero, 2002 21 2 0.30 6 140
San Vicente El Salvador Siebert, 2006 24 2.16 | 0.09 1 0
Santa Ana El Salvador Siebert, 2006 48 1.92 | 0.04 16 540
Shasta USA Crandell, 1989 | 57 4.3 0.08 45 571
Belousov,
Shiveluch: “Old” | Russia 1999 35 4 0.11 | 315 | 350
Belousov,
Shiveluch: 1964 | Russia 1999 16 2.3 0.14 1.5 98
Socompa Ecuador Wadge, 1995 35 3.3 0.09 36 490
Tacana Guatemala Siebert, 2006 8 2.8 0.35 1 6
Tancitaro Mexico Morelli, 2010 73 3.55 | 0.04 18 1155
Taunshits Russia Siebert, 1984 17 1.2 0.07 1 0
Tecuamburro Guatemala Siebert, 2006 15 1.8 0.12 4 0
Tenorio Costa Rica Siebert, 2006 17 2 0.70 2 100
Turrialba Costa Rica Siebert, 2006 15 1.05 | 0.07 1 215
Yatsugatake Japan Siebert, 1984 50 2.6 0.05 10 0
Zempoala Mexico Arce, 2008 80 2.79 | 0.03 6 600
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Examples Worldwide: Drop Height vs Runout Length
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Figure 26 Relative drop height vs. horizontal distance of 40 VDAD deposits; (point
data listed in Table 10). Best-fit trend line is a logarithmic regression (R? value of

0.5893); [equation y = 1.2659In(x) - 1.5579].

Debris avalanches from Volcan Baru (H/L of 0.08 and 0.07; Table 10)

are relatively mobile and similar to Mount Shasta, USA (0.089) and Socompa,

Chile/Argentina (0.94).
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Examples Worldwide: Area vs Volume
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Figure 27 Deposit area and volume relationship based on examples from 40 VDADs;
see Table 10. Data is plotted on a log scale; a log trend is used to represent the
general increase of Area with Volume; [y = 209.03In(x) - 23.459]. The R? value is
0.4286 suggesting scatter in the data.

Conclusions

Volcan Baru has produced two major debris avalanches. Each of these
deposits is mainly composed of andesitic material that likely represents collapse
of an active volcanic summit that removed a significant dome complex; a 58°
sector (10x6 km) is missing from the edifice. The scale of the domes was
impressive and the volume of debris avalanche material is large based on
comparisons with other volcanoes around the world. Weakening process likely
included intense hydrothermal alteration within the edifice as well as concurrent

dome growth. Trigger mechanisms were likely related to active volcanism
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(explosive activity, dike intrusion, or cryptodome conditions) although other
short timescale events are also candidates (earthquake or hydrologic events).
Emplacement mechanisms relied on lateral extension of the massive debris
avalanche that resulted in toreva block formation, internal shearing, widespread
transport of blocks and hummocks, and sufficient basal friction to entrain

secondary material from basement rock.

The date of the older collapse is not well constrained, but it is possible
that Barti has emplaced and collapsed major volumes (>30 km?) of andesite
domes twice in the past 50,000 years. This makes Baru a hazardous volcano
worth monitoring, as work by Sherrod et al. 2007 has already indicated. The
geometry and volume of the current dome suggests that the same kind of
collapse could eventually occur again if volumes increase and a triggering

mechanism such as explosive volcanism occurs.
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Appendix

Location Map
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Figure 28 Location map of Panama with the site area captured in the red rectangle
(center of view).
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Deposit Mineralogy

TABLE 11 MINERALOGY OF SAMPLES: BARRILES AND CAISAN DEPOSITS

Barriles [GPSID  |hnbld |plag |gtz |pyx [xenoliths* |vesicles |Facies
1 309 10 15 0 2 2 2 Block
2 286 5 5 0 3 1 15 Block
3 287 1 1 0 |2 0 15 Block
4 282 3 3 0 2 0 0 Block
5 248 2 5 1 5 1 15 Mixed
6 205A 0 1 0 5 0 2 Block
7 205B 0 5 0 (15 |0 2 Block
8 193 1 3 0 |2 0 2 Block
9 179 3 3 0 1 1 0 Mixed
10 049 2 1 1 3 0 5 Block
11 047 2 5 0O |15 [0 0 Block
12 028 1 1 0 33 0 0 Block
13 022 0 0 0 |7 1 10 Block
14 190 3 5 0O |15 [0 0 Block
Caisan |GPSID hnbld |plag gtz |pyx [xenoliths* |vesicles |Facies
1 301 5 7 2 B 3 2 Mixed
2 298 3 1 3 |0 0 0 Mixed
3 293 5 2 0 33 0 15 Mixed
4 291 3 5 1 10 1 5 Mixed
5 274 1 1 1 [0 0 5 Mixed
6 248 2 5 1 5 3 1 Mixed
7 246 1 1 1 5 0 15 Block
8 202 0 3 0 (15 |0 3 Block
9 168 1 1 0 |2 0 0 Block
10 164 1 3 0 |2 0 0 Block
11 163 7 20 0 11 0 5 Block
12 065 3 15 0 |0 0 5 Block

* Xenoliths are listed as quantity identified instead of percentage.
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Regional Geology

Figure 29 Geologic descriptions for units identified during this study as well as
compiled information from current literature. Sources are summarized in Table 1.
Holocene

Hvda_BD

Fluvial deposits from the Rio Chiriqui Viejo drainage; continental sediments dominated by well-
sorted sand and round gravel-to-cobble clasts of reworked volcaniclastic material and bedrock.
Deposits overlie the volcanic debris avalanche deposits (VDADs) from Volcan Barl and spread
south to reach the Pacific Ocean (this study). Lake sediments are included in this group found on
the valley floor of Cerro Punta (Stewart, 1978) and among the Barriles hummocks (personal
communication, Angel Rodriguez).

Alluvial Deposits: Undifferentiated Alluvium dominating the coastal plain reaching the Pacific
Ocean east of Panama’s shared boundary with Costa Rica. (French and Schenk, 2004)

Pyraclastic flows from Volcan Baru; includes tephra, block-and-ash, and volcaniclastics on the
flanks and in the proximal, low-lying areas. Fine tephra units have extended from the crater west
and southwest but are not represented here; tephra has been found as far west as Laguna Zoncho
and Laguna Santa Elena in Costa Rica (Anchukaitis and Horn, 2005, Clement and Horn, 2001).
Radiocarbon dating from these deposits are as young as 316 calendar years before present
(Sherrod et al., 2007).

Volcan Bari dome complex; three distinct domes of hornblende-rich andesite, SiO2 52-63 wt%
(Rausch, 2007, Sherrod et al., 2007). This unit is constrained by the 6x10 km, breached summit
crater (Sherrod et al., 2007; Siebert, 2004; this study).

Barriles Deposit, Volcan Baru volcanic debris avalanche deposits; Total Area: 982 sq km; maximum
extent N-S: 45 km; Maximum extent E-W: 28 km.

Hummocks - >3,000 individual hummocks; Height range: 3-97m

Deposit thickness: 1.0-188m

Radiocarbon Date: 8764 & 9490 calendar years before present (95.4% probability)

An agglomeritic deposit with a block and mixed facies. The dominant lithology is subround-
subangular, fine-grained, glassy, plag-phyric, hornblende-rich andesite. Contains rip-up clasts of
well-sorted fluvium; exotics from the basement limestone and schist, andesitic jigsaw-fractured
blocks; a significant amount of hydrothermally altered clasts; and a mottled, very fine matrix. This
deposit is often the modern surface with overlying tephra deposits proximal to Volcan Baru's
edifice.

Pleistocene

Caisan Deposit, Volcan Baru volcanic debris avalanche deposits; Total Area: 1190 sq km;
maximum extent N-S: 51 km; Maximum extent E-W: 28 km.

Hummocks - >1,000 individual hummocks; Height range: 3-10m

Deposit thickness: 3.0-119.8m

Radiocarbon Date: 45,224 calendar years before present (95.4% probability)

An agglomeritic deposit with block and mixed facies. The dominant lithology is subangular, fine-
grained, glassy, plag-phyric, hornblende-rich andesite. They contain rip-up clasts of well-sorted
fluvium; exotics from the basement limestone and schist, andesitic jigsaw-fractured blocks; a
significant amount of hydrothermally altered clasts; and a mottled, very fine matrix. This deposit is
often located below 0.2 to 3.0 m of sediment and thin tephra units; outcrop exposures demonstrate
this unit is stratigraphically older than the Barriles Deposit.

Volcaniclastics from Volcan Baru; undifferentiated lahar units with interbedded pyroclastic flows.
Without direct observation, age relationships could not be determined, but proximity and degree of
induration suggest these deposits are older than the volcanic debris avalanche deposits.

Volcan Baru Edifice — K-Ar dating: 0.46Ma +/- 0.15 (IRHE, 1984). Undifferentiated andesitic lavas
hornblende-rich: SiO2 52-63 wt%) and associated pyroclastics interrupted by a major breach in the
structure opening to the west. The southern contact is poorly defined due to overlapping lahar and
pyroclastic flow units of Qbl. (Restrepo, 1987; Siebert et al., 2004)
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Quaternary

Tertiary

Tisingal Dome Complex; andesitic lavas (hornblende-rich: SiO2 52-62 wt%) (Restrepo, 1987).
Radiometric dating: 1.6-0.9Ma (Universidad Tecnolégica de Panama, 1992).

Undifferentiated Volcanics — From Tisingal and potentially from Volcan Baru. Block and ash flows,
pyroclastic flows, volcaniclastics, and tephra. Constrained to the northern boundary of the Rio
Chiriqui Viejo; the northern contact is poorly defined. (Stewart, 1978; this study)

Tisingal Edifice; hornblende-rich andesitic lavas and domes (Stewart, 1978; Restrepo, 1987).
Radiometric dating: 1.6-0.9Ma (Universidad Tecnolégica de Panama, 1992).

Paso Real Lahars (Pliocene): Up to 900m thick; Lahars, breccias, and andesitic lava flows
(Morell et al., 2008) from the Cordillera de Talamanca 4.3 to 1.2 Ma (de Boer et al., 19958); found in
the extreme north-western section of this study area.

Charco Azul Group (Late Pliocene)

Subunits:

1. Armuelles Formation — Pliocene-to-Pleistocene; Up to 370m thick; shallow marine sediments
with pebbly conglomerates of unconsolidated greenish-blue siltstone; and litharenite with rare beds
rich in oyster shells and corals.2. Burica Formation — Late Pliocene; Up to 2,800m thick; dominantly
fine-grained volcaniclastic turbidite sediments with associated megabreccias; contains the “La
Chancha Member” (2-4m thick; auto-brecciated unit that overlies 1-2m of basal, coarse volcanic
conglomerate).

3. Penita Formation — Early Pliocene; Up to 1,200m thick but laterally variable; shallow marine clay
sediments and turbidites. The base is coarse, greenish-blue litharenite with locally channeled basal
volcanic conglomerate. Also contains the La Vaca Member” (up to 900m thick; dominated by
coarse, grayish-green volcanic conglomerate with large-scale crossbeds; channels, armored mud
balls, and locally, large thick-shelled oysters, other bivalves, and wood.)

4. Cenozoic Seamount Complex — restricted to the western shore of the Burica Peninsula.

(Coates et al., 1992; Buchs et al., 2009)

Térraba-Curré Formations (Oligocene-Miocene): Up to 2km thick with an associated, unnamed
marine mudstone only visible in the central and northwest portions of the Fila Costefia Thrust Belt;
conformably overlies the (Morell et al., 2008).

Subunits:

1. Térraba Formation — Oligocene-Miocene; is a bioclastic/volcaniclastic turbidite sequence
composed primarily of interbedded mudstone and volcaniclastic sandstone with minor black shales,
marls and conglomerates (Morell et al., 2008). Rare intrusions of 15-11 Ma gabbros

(de Boer et al., 1995).

2. Curré Formation — Miocene; is a thin, coarsening upwards volcaniclastic sandstone and
conglomerate (Morell et al., 2008).

Brito Formation — Eocene; up to 1km thick; associated with the thrust faults within the Fila Costefia
Thrust Belt region; Bioclastic limestone and turbidite sequence (Morell et al., 2008) with rare
intrusions of 15-11 Ma gabbros (de Boer et al., 1995).

Intrusives — coarse-grained gabbro in isolated areas of the Cordillera (Stewart, 1978). These units
may include: granodiorites, quartz-diorite, diorite, and gabbro (Ministry of Industry and Commerce,
1976).

Cretaceous-to-Paleogene — Accreted volcanic seamounts and associated sedimentary units;
dominates Panama'’s interior western highlands. (Buchs et al., 2009)
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Radiocarbon Plots

Barriles Deposit, Volcan Baru

Curve: IntCal 09

OxCal v4.1.7 Bronk Ramsey (2010); r:5; Atmospheric data from Reimer et al (2009);
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Map of Hummock Orientations
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Figure 31 All 6 hummock zones were analyzed for orientations and summarized for

the entire dataset.
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Maps of Deposits and Hummocks
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Figure 32 Six examples of VDADs from five volcanoes located in different countries.
This page: A: Mombacho Volcano, Granada Department, Nicaragua (next 2 pages have
locations B,C,D,E)
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