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Abstract Cerro Pizarro is an isolated rhyolitic dome in
the intermontane Serdan-Oriental basin, located in the
eastern Trans-Mexican Volcanic Belt. Cerro Pizarro
erupted ~1.1 km® of magma at about 220 ka. Activity
of Cerro Pizarro started with vent-clearing explosions at
some depth; the resultant deposits contain clasts of local
basement rocks, including Cretaceous limestone, ~0.46-
Ma welded tuff, and basaltic lava. Subsequent explosive
eruptions during earliest dome growth produced an
alternating sequence of surge and fallout layers from an
inferred small dome. As the dome grew both vertically
and laterally, it developed an external glassy carapace due
to rapid chilling. Instability of the dome during emplace-
ment caused the partial gravitational collapse of its flanks
producing various block-and-ash-flow deposits. After a
brief period of repose, re-injection of magma caused
formation of a cryptodome with pronounced deformation
of the vitrophyric dome and the underlying units to
orientations as steep as near vertical. This stage began
apparently as a gas-poor eruption and no explosive phases
accompanied the emplacement of the cryptodome. Soon
after emplacement of the cryptodome, however, the
western flank of the edifice catastrophically collapsed,
causing a debris avalanche. A hiatus in eruptive activity
was marked by erosion of the cone and emplacement of
ignimbrite derived from a caldera to the north of Cerro
Pizarro. The final growth of the dome growth produced its
present shape; this growth was accompanied by multiple
eruptions producing surge and fallout deposits that mantle
the topography around Cerro Pizarro. The evolution of the
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Cerro Pizarro dome holds aspects in common with classic
dome models and with larger stratovolcano systems. We
suggest that models that predict a simple evolution for
domes fail to account for possibilities in evolutionary
paths. Specifically, the formation of a cryptodome in the
early stages of dome formation may be far more common
than generally recognized. Likewise, sector collapse of a
dome, although apparently rare, is a potential hazard that
must be recognized and for which planning must be done.
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Introduction

Cryptodomes represent an unusual form of volcanic
edifice in which a rising body of magma rises to a high
level in the crust and actively deforms adjacent strata, but
does not break through to the surface. Observations of
cryptodome formation and eruption or destruction are
very rare (i.e., Showa Shinzan: Ishikawa 1950; Minakami
et al. 1951; Mount St. Helens: Moore and Albee 1981;
Lipman et al. 1981). In some cases, a cryptodome will
evolve to an extrusive feature that is then referred to as a
dome (e.g., Mount St. Helens; Alid, Eritrea: Duffield et
al. 1996; Mount Elden, Arizona, USA: Robinson 1913;
Kluth and Kluth 1974), but the processes by which this
happens are poorly documented. In addition, the question
of why some upper crustal strata remain unaffected as
dome magma intrudes, while in other cases country rock
is deformed, remains unaddressed.

We describe here an intrusive and extrusive rhyolitic
body with a complex evolution that involved several
alternating stages of effusive and explosive activity. The
forming dome went through evolutionary stages holding
much in common not only with the cryptodomal activity
of Showa Shinzan or Mount St. Helens, but in addition
with collapsing stratovolcanoes and with small domes and
dome complexes. Cerro Pizarro is a dome in the eastern
Trans-Mexican Volcanic Belt, isolated from any large



magmatic system, that grew, erupted, partly collapsed,
and regrew at ca. 220 ka. Our investigation of the volcano
reveals both intrusive and extrusive stages that can
provide a unique opportunity to clarify the pre-emergence
processes that may accompany felsic dome eruptions. The
evolution of Cerro Pizarro demonstrates that classic dome
models may fail to account for a complex history of
cryptodomal deformation that occurs in some cases before
the magma body reaches the surface.

Regional geologic setting

The Trans-Mexican Volcanic Belt features broad volcanic
fields and high-relief, nearly north—south-trending vol-
canic ranges separated by intermontane basins. Cerro
Pizarro is located within the broad, internally drained
Serddn-Oriental basin (Fig. 1), the easternmost intermon-
tane basin of the Mexican High Plain (Altiplano).

The regional basement, composed mostly of Creta-
ceous limestone and some shale rocks, is exposed in a few
isolated outcrops within the Serddn-Oriental basin. This
basement was intruded in different places by relatively
small plutons of granodioritic, monzonitic, and syenitic
composition during Oligocene and Miocene times (Y afiez
and Garcia 1982). Volcanism has been on-going in the
eastern Trans-Mexican Volcanic Belt since at least
Miocene time (Yafnez-Garcia 1982; Carrasco-Nufiez et
al. 1997; Gémez-Tuena and Carrasco-Nufez 2000).

The Serdan-Oriental basin is a depression bounded to
the east by the Citlaltépetl-Cofre de Perote chain (Fig. 1)
of Quaternary andesitic stratovolcanoes, which forms a
remarkable topographic divide that separates the High
Plain from the Gulf of Mexico coastal plain. The chain
apparently youngs southward, as the only active volcano
is Citlaltépetl volcano (Pico de Orizaba) (Carrasco-Nufiez
2000). To the south lies a range of highly folded and
faulted Mesozoic sedimentary rocks. Northwestward is
the Miocene andesitic Cerro Grande complex.

To the north, Los Humeros volcanic complex features
a quasi-circular, ~20-km-diameter silicic caldera of
Pleistocene age, which was responsible for a widespread
distribution of voluminous pyroclastic deposits that now
cover most of the Serddn-Oriental basin (Fig. 1). Two
pyroclastic sheets derived from Los Humeros volcanic
center are important in the history of Cerro Pizarro: the
older, Xdltipan ignimbrite, is non-welded to partially
welded and was erupted at ~0.46 Ma (Ferriz and Mahood
1984; Carrasco-Nufiez et al. 1997). The younger, the
Zaragoza ignimbrite, erupted at ~0.1 Ma. Basaltic lava
flows to the east and west of Cerro Pizarro (Fig. 2)
erupted from the older Los Humeros ring-fracture zone at
less than 0.02 Ma (Ferriz and Mahood 1984); the
magmatic system is still active as a geothermal field.

The Serddn-Oriental basin is characterized by mono-
genetic bimodal volcanism comprising (1) isolated but
prominent rhyolitic domes (from north to south) Las
Aguilas, Cerro Pizarro, Cerro Pinto, and Las Derrum-
badas (Fig. 1), (2) relatively small, isolated cinder, scoria,
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Fig.1 A Central Mexico showing the Trans-Mexican Volcanic
Belt. B DEM image of the Serdan Oriental basin in the eastern
Trans-Mexican Volcanic Belt, showing Cerro Pizarro and other
volcanoes of the eastern belt. Short dashed line represents likely
outcrop areas of the Xaltipan ignimbrite prior to eruption of Cerro
Pizarro; long dashed line represents outcrop areas of the Zaragoza
ignimbrite; both derived from Los Humeros volcanic complex.
Sierra Negra lies just to the south of the image area; La Malinche
lies to the west

and lava cones of basaltic composition that are only
locally grouped to form small volcanic fields, and (3)
explosion craters or maar structures including mostly tuff
rings, some maars sensu strictu, and a few tuff cones.

Cerro Pizarro dome

Cerro Pizarro is an isolated rhyolitic dome that lies near to
both Citlaltépetl volcano and to Los Humeros volcanic
center (Fig. 1), but was clearly not part of either system.
YOAr/*Ar dating of sanidine from a vitrophyre at Cerro
Pizarro (New Mexico Geochronological Research Labo-
ratory 2001) indicates an age of dome activity of
220,000+60,000 years, or middle Pleistocene. Strati-
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Fig. 2 A Aerial photograph and
B geologic map of Cerro Pi-
zarro. Contacts not drawn on
photograph, but clear geologic
features labeled (letter symbols
as for Fig. 2B) for reference to
geologic map
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EXPLANATION TO FIG. 2B
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m basaltic lava Q1| lacustrine deposits {Qaa'p pyroclastic deposits and alluvium

DEPOSITS OF CERRO PIZARRO (PLEISTOCENE)
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T :
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Fig.3 View of Cerro Pizarro taken from Cerro Las Animas,
approximately 3 km to the west (see Fig. 2B). Distinctive
topographic shoulder half-way up the volcano marks the highest
elevation of vitrophyre
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Fig. 4 Trace-element correlation diagram; values normalized to
chrondrite. Sample numbers per Table 1

graphic evidence discussed below, however, casts some
uncertainty on the total duration of dome activity.
Aerial photographs and geologic mapping of Cerro
Pizarro reveal an approximately 2-km-wide, ~700-m-high
edifice (Figs. 2 and 3). Small, older basaltic centers and
deposits adjacent to Cerro Pizarro on several sides were
not successfully dated, but stratigraphic evidence pre-
sented below indicates that at least locally they are similar
in age to the dome. The cone is morphologically
distinctive (Fig. 3): the central, conically shaped high
area is surrounded by a resistant ring with a low broad
apron surrounding the dome. The edifice is open to the
west (Figs. 2A and 3) and moderately deeply incised
elsewhere by canyons (referred to herein by the Spanish
word, “barranca”). The climate of the Serdin-Oriental
basin is semi-arid to arid, and whereas in the ~220 ka
since emplacement most units have become moderately to
strongly lithified, we infer that the overall shape of Cerro
Pizarro has not been modified much by erosion. Inter-
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pretation of the morphology of the dome, together with an
understanding of the facies, provides the basis for
understanding its complex history.

Geochemical analysis of dome rocks indicates that the
majority of erupted material contains 74-75%_ SiO, and a
very narrow range of trace-element concentrations (Ta-
ble 1; Fig. 4). The rhyolite is weakly porphyritic, with less
than 1% macroscopic sanidine, plagioclase, and quartz as
much as 1.5 mm in diameter, and biotite generally no
larger than 0.5 mm. The groundmass generally varies
between variably highly to minorly glassy, with as much
as ~25% microphenocrysts of feldspar and biotite to
0.1 mm.%

Generalized facies associations of Cerro Pizarro

Cerro Pizarro dome comprises two major facies associ-
ations, the massive lava dome and the volcaniclastic
apron. Each association is repeated stratigraphically and
is in various structural positions due to the complex
history of the dome. In addition, pre-dome deposits make
up a minor facies association.

Massive lava

Massive lava comprises stony rhyolite lava (cps;, 2, 3,
Fig. 2B) and vitrophyre (cpv, Fig. 2B). The stony lava is
rich in microphenocrysts compared to vitrophyre, and
gray to white, compared to black. Aside from these
differences, the two are very similar in chemistry and
mineral content and percentages (Table 1, Fig. 4). Flow
banding is common in some areas, but is not pervasive.
Pumiceous phases occur rarely in the vitrophyre or
vitrophyric material, and exposures of breccia commonly
found as carapace on rhyolite flows and domes are
uncommon.

Volcaniclastic apron

The volcaniclastic-apron facies association includes all
units deposited around the rhyolite lava core of the
complex, and comprises coarse- and fine-grained deposits
(cppi2, cpb, Fig. 2B). Except where noted, all rhyolitic
apron material is assumed to be derived from Cerro
Pizarro, based on the proximity of the deposits, the
similarity of their clasts to what is clearly dome material,
and the lack of other sources close enough to Cerro
Pizarro to provide the distribution of material found.
Coarse-grained deposits are divided into monolitho-
logic, stony-rhyolite or stony-rhyolite with minor pumice
breccia, and polylithologic breccia. Monolithologic in this
case refers to the inference that both stony-rhyolite and
pumice clasts were derived from the Cerro Pizarro dome.
Breccia is clast supported and massive with commonly
angular clasts from several mm to as much as 1 m in
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Table 1 Geochemical analyses of Cerro Pizarro units, done by XRF on a Siemens 3000. Analytical procedures for major elements are
described in Lozano-Santa Cruz et al. (1995). Analytical procedures for minor elements after Rosales-Hoz et al. (1997)

Element Rel. SD (%) 01-5aal*  01-5aa2®  01-5%° 01-7b¢ 01-9¢ 01-15f 01-178 01-22"
Si0; (Wt%) 0.7 75.31 73.88 73.91 74.65 74.11 74.81 75.35 74.53
TiO; (Wt%) 6.3 0.09 0.09 0.09 0.09 0.10 0.09 0.10 0.09
Al,O3 (Wt%) 0.7 13.75 13.62 13.79 13.75 14.21 13.62 13.72 13.59
Fe,03 (wt%) 2.5 1.08 1.11 1.09 0.99 1.27 1.14 1.15 1.11
MnO (wt%) 11 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
MgO (wt%) 16 0.03 0.04 0.03 0.02 0.03 0.04 0.05 0.02
CaO (wt%) 3.6 0.85 0.77 0.79 0.78 1.01 0.85 0.86 0.78
Na,O (wt%) 2.1 3.68 3.78 3.731 3.81 3.90 3.67 3.78 3.73
KO (wt%) 0.5 4.4 431 4.52 4.35 4.41 4.35 4.36 4.46
P,0s5 (wt%) 10 0.04 0.05 0.04 0.05 0.10 0.05 0.04 0.05
LOI (wt%) - 1.30 1.92 1.35 1.81 0.23 1.97 1.13 1.35
Total (%) 100.58 100.23 100.82 100.51 99.33 100.49 99.15 99.13
Rb (ppm) 5.7 133 131 133 129 131 128 129 132
Sr (ppm) 0.4 176 181 176 176 177 194 205 181
Ba (ppm) 3.2 1,726 1,718 1,773 1,703 1,658 1,721 1,772 1,776

Y (ppm) 2.4 23 23 24 24 23 23 23 23
Zr (ppm) 0.4 110 111 113 110 109 117 122 116
Nb (ppm) 6.3 13 13 15 13 13 11 13 12

V (ppm) 1.8 6 <5 <5 <5 <5 10 <5 8
Cr (ppm) 8.1 8 9 7 10 9 7 8 9
Co (ppm) 6.8 <3 <3 <3 <3 <3 <3 <3 <3
Ni (ppm) 3.6 <1 <1 <1 <1 <1 <1 <1 <1
Cu (ppm) 5.3 10 14 12 8 10 13 16 17
Zn (ppm) 1.9 49 48 45 44 40 46 45 43
Th (ppm) - <3 <3 <3 <3 <3 <3 <3 <3
Pb (ppm) - 21 22 25 22 22 22 23 21

401-5aal: Vitrophyre clast from debris-avalanche deposit; cpb at C.

Las Animas (cpv clast)

b 01-5aa2: Banded stony rhyolite clast from debris-avalanche deposit; cpb at C. Las Animas (cpsl clast)
€ 01-5*: Vitrophyre clast from debris-avalanche deposit; cpb at C. Las Animas (cpv clast)

401-7b: Vitrophyre from ring, south side of volcano; cpv
¢01-9: Banded stony rhyolite from south flank of cone; cps3

f01-15: Stony rhyolite from cppl in outer plain, west side of volcano; cps2
£01-17: Vitrophyric rhyolite from ring, southwestern side of volcano; cpv

" 01-22: Vitrophyric rhyolite from ring, east side of volcano; cpv

diameter in a matrix of fine to coarse ash. Sorting is poor
and deposits are as much as 20 m thick.

Polylithologic breccia contains both volcanic clasts
and underlying, pre-volcanic rock types. Clasts are
generally 1 cm to as much as 3 m in diameter and round
to angular and comprise any combination of stony
rhyolite, vitrophyre, basement limestone, highly weath-
ered and altered basalt, unaltered basalt, and/or Xaltipan
ignimbrite. Deposits are generally poorly sorted and are
as much as 5 m thick. Beds are structureless to faintly
bedded. Matrix supports the clasts and is comminuted
stony rhyolite, ash, and/or quartz and feldspar sand grains.

Fine-grained deposits are well sorted and planar, and
are composed of pumice and ash or of pumice and ash
mixed with lithic clasts. Cross bedding and normal or
reverse grading are locally common. Clast sizes vary from
2-50 mm and consist of stony or vitrophyric rhyolite or
basalt; individual beds are 2-3 cm to as much as 10 cm
thick.

Volcaniclastic rocks, whether fine or coarse grained,
are further divided by composition into two primary
groups, those with vitrophyre clasts and those without. As
explained below, this distinction, together, in some cases,
with stratigraphic position, allows us to determine where
units belong in the overall stratigraphy of the cone.

Pre-dome deposits

Rhyolitic lava and volcaniclastic rocks associated with
Cerro Pizarro were emplaced onto a landscape that was
apparently dotted by exposures of basement limestone,
Xéltipan ignimbrite derived from the Los Humeros
volcanic complex, and small basaltic scoria cones.
Limestone conglomerate, which contains rounded clasts
up to approximately 35 cm in a matrix of fine limestone
and quartz grains, is spatially intermixed with massive-
lava facies association rocks. Rounded limestone clasts
also occur in some apron facies-association breccias.
Xaltipan ignimbrite occurs primarily as clasts in apron
facies-association deposits. Basaltic scoria-cone deposits
comprise structureless lava, flow breccia, basaltic ash-
flow tuff, and scoria beds. In some places, for example
east of Barranca S near its southern terminus (Fig. 2B),
the original shape of the scoria cone is apparent and beds
of scoria are well preserved. Elsewhere, for example in
the upper reaches of Barranca S, scoria, flow breccia, and
lava are intermixed and do not present a coherent
assemblage of rocks.



Fig. 5 Cross sections approxi- A w
mately east-west (A) and A
north—south (B) through Cerro
Pizarro. For locations see

Fig. 2B. Symbols as for Fig. 2B,
with the addition of Qx, Qua-
ternary Xdltipan ignimbrite
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Stratigraphy of Cerro Pizarro

The geology of Cerro Pizarro is highly heterogeneous
around the cone, but a synthesis of the facies present,
together with the structure of the complex, provides a
basis for understanding the evolution of the system. Here,
we present short descriptions of sections around the
volcano, without attempting to describe the distribution of
specific units in detail.

The rocks exposed in Barranca E (Fig. 2B) represent
the volcaniclastic-apron and pre-dome facies associations.
The stratigraphic section has flat-lying basaltic ash-flow
tuff and breccia (Qb;, Figs. 2A and 5A) at its base,
overlain by pyroclastic strata (cpp;, Fig. 2B; Fig. 5A).
The pyroclastic rocks, which crop out in a section as
much as 15 m thick, comprise thin- to thick-bedded, well-
sorted, planar to cross-bedded rhyolitic pumice and ash.
Clasts in the lower, pumice-and-ash section are stony
rhyolite with minor basalt and are less than 1-2 cm in
diameter. This succession is overlain by a breccia with an
ash matrix; at the base of the breccia, blocks are
completely encased by ash and pumice of the underlying
unit (Fig. 6). Blocks are up to 100 cm in diameter and also
consist solely of stony rhyolite. The breccia is in complex
contact with vitrophyre (cpv, Figs. 2B and 5A): the
contact itself is not exposed, but mapping relations
suggest that within approximately 50 m orientations
change from nearly flat lying in the pyroclastic strata to
nearly vertical in the vitrophyre (Fig. 5A). Breccia is
poorly exposed in this 50-m section, and its orientation is
unclear.

Sections on either side of Barranca NW expose
different massive-lava, apron, and pre-dome facies-asso-
ciations rocks. Both sides contain a pyroclastic succession
(cpp2) that comprises dominantly well-sorted pumice-
pebble conglomerate overlain by fine-grained ash and
pumice-grain beds that are plane and cross-bedded.
Vitrophyre fragments are common throughout. On the

Barranca S

bend in section
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Fig. 6 Pyroclastic succession in Barranca E. Intermixing of bedded
pyroclastic deposits and blocks at base of block-and-ash-flow
deposit indicates that dome collapse began as explosive eruptions
were waning but still ongoing. Scale marked in 1-cm intervals

north side of the canyon, the basal pumice conglomerate
overlies massive vitrophyre and vitrophyre blocks (cpv);
on the south side pumice conglomerate overlies basaltic
lava and scoria (Qb;), and basalt is a common clast type
in the lowest pumice deposits. At the mouth of the
canyon, ash-matrix breccia contains a highly diverse clast
assemblage of basalt, vitrophyre, stony rhyolite, and rare
Xaltipan ignimbrite.

Barranca S contains a stratigraphic section that dips as
much as 90° and includes massive-lava, apron, and pre-
dome facies-associations rocks (Fig. 5B). Due to post-
depositional deformation, original stratigraphic thickness-
es are not preserved. From south to north, the section
comprises vitrophyre (cpv), finely bedded, well-sorted
pyroclastic strata (cpp;), limestone- and Xaltipan-clast
breccia (included in cpp;), and basaltic lava and scoria
(Qby). The breccia consists of sub-rounded to subangular
clasts of Xaltipan ignimbrite, altered basalt, limestone,
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Fig. 7 Basaltic rocks (dark) in complex contact with rhyolitic
pyroclastic material (/ight) derived from Cerro Pizarro. Interleaved,
structureless units suggest that the basaltic strata were not coherent
consolidated material when disruption of both units occurred.
Hammer head is ~20 cm long

and other unidentified rhyolitic volcanic material in an
ash matrix. This deposit is poorly exposed both here and
in scattered outcrops elsewhere around the dome, and
internal structures and the total thickness of the unit are
not preserved. Limestone clasts are the largest and are up
to 20 cm in diameter. The pyroclastic strata comprise very
fine ash with granules of pumice and rare outsize basaltic
clasts as much as 30 cm in diameter. Layers of basaltic
and stony rhyolite pebbles to 2 cm are interbedded with
ash-rich layers; vitrophyre is not present as a clast type
anywhere in this pyroclastic succession. North of the
basalt, apparently flat-lying pyroclastic material is rich in
stony rhyolite but not vitrophyre; the contact between this
pyroclastic material and either basalt or dome material is
not exposed. Along the ridge at the head of Barranca S,
basalt is chaotically intermixed with pyroclastic material
(Fig. 7). Bedding in the pyroclastic material is destroyed
and the basalt consists of fragments of scoria and lava as
much as 1.5 m in diameter. Contacts are contorted and
irregular.

Exposures in some areas high on the dome consist of a
succession approximately 25 m thick and laterally
extensive over several tens of meters (Figs. 2B, 5). The
succession is highly contorted or vertically dipping.
Limestone conglomerate and sandstone (KI) are ~5 m
thick. The conglomerate is in contact with approximately
3 m of rhyolitic pyroclastic strata and a breccia ~3 m thick
that contains ash and blocks of stony rhyolite to
approximately 30 cm. This pyroclastic succession yields
uphill to altered, flow-banded, stony-rhyolite breccia.
Clasts range in size from 2 cm to 2+ m, and are cemented
by an orange, highly altered matrix. Succeeding this
entire succession is faintly flow-banded rhyolite (cpss)
that is in continuous exposure to the top of the volcano.

The area west of Cerro Pizarro, called here the Cerro
Las Animas section, contains only volcaniclastic-apron
facies association strata. Here, massive monolithologic

breccia deposits (cpb) are chaotically intermixed. Mono-
lithologic breccia consists of clasts of either stony or
vitrophyric rhyolite, and clasts are as much as 2.5 m in
diameter. Stony rhyolite clasts often display jigsaw
fracturing. Breccia is clast supported with an ashy matrix.
Contacts between breccia deposits are very rarely exposed
and consist of altered finely comminuted rhyolite and
possibly ash. Polylithologic breccia (cpb), which overlies
the monolithologic breccia everywhere, contains clasts of
Xaltipan ignimbrite, altered and unaltered basalt, stony
rhyolite, and vitrophyre. In outcrop these clasts are
generally less than ~20 cm and sub-rounded, but in float
boulders as much as 3 m in diameter of Xaltipan
ignimbrite and other volcanic rocks are not uncommon.
Locally this breccia is faintly stratified.

Original size and potentially characteristic shapes of
breccia deposits (e.g., hummocks) are lacking. Post-
eruptive reworking, together with emplacement of later
deposits, have eroded and/or buried original outcrops.

Morphology of the dome

Much of the understanding of Cerro Pizarro derives from
an interpretation of the its morphology. The complex is
divided into a central cone area, its surrounding ring, the
outer plain, and the west-facing erosional scar and related
features (Fig. 2A).

The central area comprises dominantly massive stony
rhyolite. It is conical in shape (Fig. 3), which probably
approximately reflects the original shape of the crypto-
dome body. Limestone conglomerate and pyroclastic
deposits high on the slopes of Cerro Pizarro (Fig. 2B) are
in contact with stony rhyolite above and below struc-
turally. Vitrophyre is absent from this area.

The ring that surrounds the central cone area is made
up of rocks dominantly of the massive-lava and pre-dome
facies associations. Rocks dip from approximately 35°
away from the cone to vertical, but, as described above,
stratigraphic successions are locally intact. The variable
resistance of various units gives a distinct shape to the
ring (Fig. 3): an eroded tuff bed between the central cone
and resistant vitrophyre in the ring causes lower topog-
raphy that gives the general aspect of a moat.

The continuity of the ring is broken in two major
locations. In one place, along the southern margin of
Cerro Pizarro, a major canyon disrupts essentially con-
tinuous bedding around the cone (i.e., on both sides of the
canyon, bedding is steep to vertical). The other, discussed
more fully below, is on the west side of the cone.

The outer plain of Cerro Pizarro comprises gently
dipping to flat-lying strata that represent dominantly
apron and pre-dome facies associations. Minor stony
rhyolite is present. Units include pyroclastic breccia and
fine-grained rocks, basaltic scoria-cone deposits, and
limestone conglomerate. In rare cases, units can be traced
outward from steeply dipping ring exposures to flat-lying
outcrops on the outer plain.



The west side of Cerro Pizarro is marked by a
topographic discontinuity in the inner ring. On an aerial
photograph (Fig. 2A), this discontinuity is horseshoe
shaped, and is strongly reminiscent of flank-collapse scars
at certain large stratovolcanoes such as Mount St. Helens.
To the south of this gap, beds in the ring strike
approximately towards the west, contrasting with the
more NW-SE strike of strata just to the north (foliation
symbols, Fig. 2B). Two kilometers to the west of the
cone, at Cerro Las Animas, Cerro Pizarro strata are
juxtaposed against a ridge of Cretaceous limestone
(Fig. 2B).

History and evolution of Cerro Pizarro

Early dome evolution

The oldest Cerro Pizarro-related stratum is breccia that
contains only clasts of pre-Cerro Pizarro units (e.g.,
Barranca S, see above). Source limestone is exposed a
minimum of 3 km from the breccia, and most other pre-
Cerro Pizarro volcanic material are not presently exposed
at the surface for several km. Due to the inclusion of what
was likely buried material, we have interpreted this unit as
an explosive breccia associated with the early phases of
vent formation, similar to vent-expansion breccias often
documented around domes (e.g., Christiansen and Lipman
1966; Duffield et al. 1995).

Pyroclastic deposits related to the earliest phases of
dome development are preserved locally in the ring that
surrounds the lava core, for example those in Barranca S
(cpp1, Figs. 2B and 5B). We interpret these strata as ash
eruptions from the vent of a small dome that breached the
surface, but that does not need to have been of great
height (Fig. 8A). Sedimentary structures in these fine-
grained deposits suggest that they were emplaced dom-
inantly by fall processes, but pebble beds suggest that
some water reworking may have occurred.

During or after explosive activity, a dome continued to
form, potentially of a form commonly recognized in dome
models (e.g., Christiansen and Lipman 1966; Duffield et
al. 1995; Riggs et al. 1997). Evidence does not remain
concerning the original form, but the dome was charac-
terized by a carapace of massive and brecciated vitro-
phyre (Figs. 8B and 9). Deposits associated with eruption
of the dome belong to the volcaniclastic-apron facies
association, e.g., massive, clast-supported breccia and
thick pyroclastic strata preserved in Barranca E. We
interpret the clast-supported monolithologic breccias
(cppy) in Barranca E and elsewhere around the dome as
block-and-ash-flow deposits. The fact that these breccias
lack vitrophyre suggests that either vitrophyre was
developed irregularly around the dome, or that collapse
of the dome occurred before the vitrophyre was fully
formed. The intimate relation between the top of the 15-
m-thick succession of fine beds and the base of the block-
and-ash-flow breccia in Barranca E (Fig. 6) indicates that
dome collapse began during the last stages of vertical
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eruption. In summary, the first phases of evolution
involved dome formation, with episodes of partial
collapse (Figs. 8A, B).

Cryptodome

Formation of the initial dome was followed by some
period of relative quiescence. The similarity of mineral-
ogy and chemistry of the various rhyolites in the complex
(Table 1 and Fig. 4) suggests that this quiescence was
brief, perhaps on the order of decades. Hildreth and Drake
(1992) noted that lava and plinian material only 86 years
different in age from Volcin Quizapo have nearly
identical chemical signatures, whereas lava perhaps a
few hundred years older has markedly different chemis-
try. Pyroclastic deposits specific to this time of quies-
cence are lacking at Cerro Pizarro.

Evidence for the next phase of activity derives from
the ring, where strata are moderately dipping to vertical,
but remain in stratigraphic order (Figs. 5 and 8C). This
phase of magma emplacement was likely endogenous.
Because overlying strata were bowed up we refer to this
emplacement as a cryptodome (cf. Mount St. Helens,
Moore and Albee 1981), but unlike other documented
cryptodomes (Mount St Helens, Showa Shinzan: Minaka-
mi et al. 1951), the Cerro Pizarro cryptodome intruded
and deformed coherent dome facies. Intruding magma
bowed up pre-existing strata (Fig. 8C) to orientations that
range from vertical to 30° (Fig. 2B); in some places,
deformation was minor. Deformation of some pre-
cryptodome stratigraphic units, together with apparent
hydrothermal alteration and silicification, led to a strongly
resistant “rib” of vitrophyre and basaltic units encircling a
stony rhyolite core (Fig. 5). We speculate that hydrother-
mal fluids from the rising cryptodome caused alteration
and weakening of the devitrified stony interior of the
previously formed dome. Erosion of this altered material,
in turn, may explain the present-day dip in topography
between the vitrophyre/basalt ring and the massive
interior core.

Use of the word cryptodome implies that a coherent
“roof” remained over the intruding magma body. Evi-
dence for this roof lies primarily in the irregular structural
pattern of deformation and the effects on deformed rocks.
In the former cases at Cerro Pizarro, as was documented
at Showa Shinzan (Mimatsu 1995), overlying country
rocks were not simply all raised to a uniform orientation.
At Showa Shinzan the documented pattern shows irreg-
ular zones of near-vertical and near-horizontal deforma-
tion. Evidence for an irregular roof pattern only remains
in the ring at Cerro Pizarro, but dips range from as low as
35° to vertical. The effects on deformed rocks are not
prime facie evidence of a cryptodome roof, but are most
easily explained by assuming that they were affected by
rising terrain. Basaltic and pyroclastic material at Cerro
Pizarro locally slumped and intermixed, suggesting that
some amount of free space was available. This is more
easily attributed to deformation over the roof of a rising
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Fig. 8 Evolution of the Cerro
Pizarro dome. A Earliest phase,
during which incipient dome
activity produces pyroclastic
deposits and a “vent-clearing”
breccia, both of which overlie
older basaltic scoria-cone de-
posits. B Growth and eruption
of coherent dome with vitro-
phyric carapace. C Intrusion of
a cryptodome deforms country
rock to vertical and near-verti-
cal orientations. D Sector col-
lapse of the cryptodome
removes most of the intrusive
material and all the extrusive
material above ~ 2700 m,
forming a debris avalanche. E
Hiatus period, marked by ero-
sion of dome and reworking of
debris-avalanche deposit. F In-
trusion and eruption of youngest
cone-building material

magma body. Vitrophyre, in contrast, was dominantly
highly coherent, forming near-vertical walls up to 75 m
high. This contrast is presumably due to mechanical
properties of the material. The presence of contorted and
mixed basaltic and pyroclastic strata also supports the
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inference that the hiatuses between basaltic and rhyolitic
volcanism, and between events that built the complex,
were not long.

The outcrop pattern in the ring indicates that inflation
of the cone due to emplacement of the cryptodome was



Fig. 9 Vitrophyre breccia on the south side of Cerro Pizarro.
Although this outcrop is presently vertical, we infer that it
represents original carapace on the early dome

highly irregular. The morphology of the remnant vitro-
phyre “rib” suggests that the center of intrusion was
approximately central to the cone. Documentation of the
shallow deformation associated with cryptodome em-
placement at Mount St. Helens (Lipman et al. 1981) and
likely deeper deformation at Alid volcano in Eritrea
(Duffield et al. 1996 and personal communication 2002)
suggests that deformation may often be uniform. The
cryptodome at Showa Shinzan (Mimatsu 1995), in

Table 2 Comparison of collapse volume, area covered by collapse
deposits, and area of resultant scare for stratovolcano collapse
(Mount St. Helens, Bezymianny, and Mt. Shasta) and dome
complex or isolated dome (Soufriere Hills, Cerro Pizarro). Differ-
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contrast, like that at Cerro Pizarro, deformed surficial
materials in an irregular manner.

To assess the size of the dome at this point, we assume
that the base elevation of the cone has stayed approxi-
mately constant over time. Based on the morphology of
the ring and its elevation, we infer that at this time the
volcano stood about 400 m high, compared to the present
height of 700 m.

Sector collapse

Deposits that represent the evolution of Cerro Pizarro are
generally confined to the immediate vicinity of the
mountain. A major exception to this, however, are the
chaotic mixed mono- and polylithologic breccia deposits
that lie between two and approximately three km west of
the cone, to the west of a major gap in the ring as
described above. This gap, together with the chaotic
nature of the breccia deposits to the west, strongly
suggests that a portion of the cone was destroyed by
collapse (Fig. 8D), in a manner similar to the partial
destruction of Mount St. Helens, USA, in 1980 and
Bezymianny, Kamchatka, in 1956 (Gorshkov 1959;
Belousov 1996), but at smaller scale (Table 2). The
breccia that abuts the ridge of Cretaceous limestone west
of the ridge is interpreted as debris-avalanche deposit.
The height/runout ratio, used by Ui (1983) and Siebert
(1984) to distinguish debris avalanches from other kinds
of mass flows, is ~0.2, or within the range suggested for
this type of deposit (Fig. 10). The volume of material
removed, approximately 0.3 km?, is about half an order of
magnitude larger than the collapses documented at
Soufriere Hills (Sparks et al. 2002; Voight et al. 2002c;
Table 2).

Ui et al. (2001) discuss mechanisms by which debris
avalanches can be produced, ranging from phreatic
eruption and/or disintegration of a hydrothermally weak-
ened part of the volcano (Bandai, Japan, 1888; also
Soufriere Hills, Sparks et al. 2002; Voight et al. 2002c¢), to
intrusion of a new batch of magma and resultant

ences between the area covered by the collapse deposits is
attributed largely to the topography and drainage system of the
volcano

Volcano Approximate volume of material

removed from volcano

Area covered by blast
and/or debris-avalanche deposits

Area of scar Reference

Mount St. Helens ~ ~2.76 km?® ~60 km?
Bezymianny ~1 km? ~550 km?
Mt. Shasta Unknown >675 km?
Soufriere Hills 0.08-0.09 km?* ~15 km?
Cerro Pizarro ~0.3 km* ~5 km?

~2x4 km Voight et al. (1981)

~1.5%3 km Gorshkov (1959);
Belousov (1996)

n/a Crandell et al. (1984);
Crandell (1989)

~0.4%x0.5 km Sparks et al. (2002);
Voight et al. (2002c)

~1.25%1 km This study

#Volume of removed material based on approximately symmetrical cone prior to collapse; area covered by debris-avalanche deposit based
on present area underlain by these deposits plus inferred filled paleo-topography
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Fig. 10 Collapse height vs. runout distance for debris avalanches,
after Ui et al. 2001. Box represents Cerro Pizarro; size of box
reflects uncertainties in initial collapse height and likely final
distance of runout

instability of the edifice (Mount St. Helens), or to
earthquakes (Unzen, Japan, 1792). Voight et al. (2002c)
also attribute collapse at Soufriere Hills to loading due to
dome development and earthquake activity. Evidence for
the causal mechanism of sector collapse at Cerro Pizarro
is sparse: (1) ash matrix within monolithologic breccia at
Cerro Las Animas (Fig. 2B); (2) the outcrop pattern of the
vitrophyre rib on the west side of the cone, which opens
out to the west (Fig. 2B), rather than rocks just being
missing; (3) small-scale faults (<<1 m offset), which are
common in some deposits around the cone. No other
apparently related deposits, such as the blast surge found
at Mount St. Helens (Fisher 1990), support the inference
that active explosions were causal or even occurring.
Likewise, altered clasts are extremely rare, suggesting
that hydrothermal alteration was not prevalent in the cone.

Two causal mechanisms seem most likely. The first
suggests that the rapid emplacement of fresh magma in
the cryptodome, likely combined with a swarm of
earthquakes, acted to destabilize a major portion of the
cone to expose fresh magma. This may then have partially
explosively erupted. The new magma must have concen-
trated in the western portion of the cone, and more
intensive fracturing may have occurred there in response
to cryptodomal stresses yielding collapse to the west. The
morphology of the scar and the vitrophyre rib of the ring,
however, suggest that the growth and locus of collapse
were near the top of the cone present at that time. The
second likely mechanism is Mount St. Helens-style
explosive eruption. An erosional period followed the
collapse (see below) and during this time blast deposits
could easily have eroded; such deposits have a relatively
low preservation potential in the geologic record. Evi-
dence against explosive eruption, aside from the lack of
clearly related pyroclastic deposits, is the remarkable
coherence of the vitrophyre where it is still preserved
around the cone: considering the relatively small size of
the edifice, intense disruption of the vitrophyre might be
expected during a violent explosion.

Also possible is a large-scale landslide, without
influence of magma. A landslide would yield brecciated
blocks as seen at Cerro Las Animas, but a landslide
without associated explosive eruption would not likely
have caused the vitrophyre rib to “bend” outward to the
west, unless the vitrophyre was still ductile.

Hiatus

Following emplacement of the debris-avalanche deposit,
a significant period of weathering and erosion ensued
(Fig. 8E). Evidence for this period is multi-fold, including
erosional features and stratigraphic relations.

The best evidence for erosion comes from Barranca
NW (Fig. 2B), where young pyroclastic material (cpp;)
overlies vitrophyric or basaltic material. The mouth of the
barranca exposes polylithologic breccia containing clasts
of dense rhyolite, vitrophyre, and basalt. The envisioned
sequence of events consists of erosion of a canyon into
deformed vitrophyre and basalt layers. These eroded units
were later covered by younger pyroclastic deposits while
the eroded products were deposited a few hundred meters
downstream by debris flow.

Vaguely bedded polylithologic breccia that locally
overlies the debris-avalanche deposit between Cerro
Pizarro and Cerro Las Animas represents reworking of
the avalanche deposit by hyperconcentrated stream flow.
The entire debris-avalanche succession, both mono-and
polylithologic breccia, is overlain by the Zaragoza
ignimbrite, which was derived from Los Humeros
volcanic center 20 km to the north. The Zaragoza
ignimbrite, in turn, is overlain by young pyroclastic
material derived from Cerro Pizarro. The Zaragoza
ignimbrite is dated at ~100 ka only by inference (Ferriz
and Mahood 1984), but its presence in the section
between debris-avalanche and young pyroclastic deposits
indicates a significant hiatus.

Barranca S, on the southern flank of Cerro Pizarro,
opens out from a narrow channel onto a broad plain. The
fan-like outcrop morphology of young pyroclastic de-
posits on this plain suggests that the barranca was at least
partially carved into the cone prior to the eruption and
emplacement of these young deposits.

Late-stage growth of the present central edifice

The central part of Cerro Pizarro is conical in shape
(Fig. 3), mimicking the dip of the surrounding, though
lower elevation, ring. Some of this growth may have
occurred during previous stages, but the form is not part
of the collapse morphology, and so is assumed to post-
date it. It seems unlikely, however, that endogenous
growth in an unconfined space would produce the conical
shape. Activity accompanying the growth of the central
cone consisted of eruption of pyroclastic flows, falls, and
surges, which deposited beds that mantle topography on
the inner cone and across the debris apron (Figs. 5 and



8F). Flows lapped up against topography around the
volcano and filled paleotopography, and pyroclastic
deposits overlie the Zaragoza ignimbrite. Vitrophyre is
ubiquitous in these younger deposits. Evidence for the
derivation of this pyroclastic material from Cerro Pizarro
comprises its radial distribution around the cone, the
manner in which it drapes topography and clearly
interacted with topography present at the time, and the
lack of nearby silicic eruptive centers.

The contact of the highest and inferred youngest dome
with older material is marked by the out-of-place
succession of limestone conglomerate, pyroclastic rocks,
and stony rhyolite breccia described above. This succes-
sion is inferred to represent the pre-dome facies-associ-
ation deposits that are found vertically in Barranca S and
horizontally in Barranca E, although basaltic strata are
missing. Stony-rhyolite breccia may represent carapace
deposits from the earliest dome. We infer that successive
intrusions brought old strata upward along intrusive
margins.

Discussion

The common perception of volcanic domes as relatively
simple features derives in part from published descrip-
tions (e.g., Christiansen and Lipman 1966; Metz and
Bailey 1993; Duffield et al. 1995). In the generalized
case, a stony interior is surrounded by a carapace of
vitrophyre and breccia. Explosive units are generally
confined to early stages of dome formation, and little
modeling of controls on dome collapse has been done. In
cases where multiple domes are superposed, the basic
pattern is commonly repeated, yielding complex relations,
but with a common theme of dome development.
Understanding the potential of domes to behave in a very
complex manner provides an important aspect to predic-
tion and assessment of hazards related to these relatively
small features.

Although the evolutionary stages of Cerro Pizarro
shown individually can be compared to stages exhibited
in common models of dome growth, its evolution as a
whole can be envisaged as a unique system that was
fundamentally far more complex than the more classic
models predict. Little evidence remains at Cerro Pizarro
for a “regular” succession of vent-clearing eruption
followed by passive emplacement of an approximately
mushroom-shaped edifice in which a brecciated, variably
pumiceous and vitrophyric carapace surrounded a stony
core. We speculate, however, that the earliest stage of
dome formation did include a vent-clearing eruption
(Fig. 8A), while the secondary phase approximately
followed the more general pattern (Fig. 8B), largely
owing to the preservation of a coherent, locally brecciated
vitrophyre layer, in association with stony rhyolite. Other
aspects of the early stages of Cerro Pizarro are certainly
not contradicted by most models; the eruption of domes is
well documented (Mount St. Helens, e.g., Rowley et al.
1981; Soufriere Hills Volcano, Montserrat, e.g., Cole et
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al. 1998; Young et al. 1998; Unzen, e.g., Sato et al. 1992;
Nakada and Fujii 1993; Merapi, e.g., Andreastuti et al.
2000; Voight et al. 2000a).

Dome collapse is a common process at some erupting
domes (Soufriere Hills, Merapi, Unzen); the observation
of collapse events at these volcanoes has provided
information about magma emplacement dynamics (e.g.,
Voight et al. 2000b; Watts et al. 2002). The major
distinction in these cases is the size of the magmatic
system—small dome systems clearly do collapse, even if
they are rarely documented (e.g., Riggs et al. 1997). The
majority of cases of collapse, however, is documented in
domes associated with large stratovolcanoes like Cit-
laltépetl or Unzen or large dome complexes like Merapi.

In contrast, although the evolution of Cerro Pizarro is
in part similar to that seen frequently at stratovolcanoes
and in part similar to a cryptodome, the combination is far
more complex than has been documented in isolated or
clustered domes previously. In fact, Carrasco-Nuiiez and
Riggs (2002) recently compared the general evolution of
Cerro Pizarro dome and Citlaltépetl stratovolcano and
noted that overall, Cerro Pizarro followed the far more
complex evolutionary path. Cryptodomal activity, as
mentioned previously, is not uncommon in the geologic
record, but has been recorded actively only at Showa
Shinzan (Mimatsu 1995) and Mount St. Helens, the latter
referring to the activity within the stratovolcano that led
to collapse in 1980. At Cerro Pizarro, the cryptodome
behaved in a manner similar to that of Mount St. Helens,
deforming a relatively recent part of the volcano
(although in a large stratovolcano, the locus of deforma-
tion may be fortuitous: the Showa Shinzan cryptodome
grew on a distal flank of Mt. Usu). Likewise, how the host
volcano reacted to the process of deformation is different:
at Mount St. Helens, bowing caused cracking of surficial
features and massive instability, which in turn led to
collapse and blast that removed the great majority of the
cryptodome; at Cerro Pizarro internal features were
permanently deformed and apparently a relatively large
proportion of the cryptodome was preserved in the central
part of the dome system.

Hoblitt et al. (1981) speculated that the coherence of
lava flows that make up the south flank of Mount St.
Helens led to the localization of the cryptodome under the
northern flank. At Cerro Pizarro, the approximate unifor-
mity of deformed layers around the cone suggests that the
cryptodome was emplaced more centrally. We speculate
that in isolated cryptodomal systems, the volume of
overlying material is insufficient to direct the migration of
magma. In larger systems (i.e., Mount St. Helens, Showa-
Shinzan), structural and lithologic variations act to focus
magmatism into specific areas, in the same way that
domes often grow in an irregular manner on stratovolca-
noes.

At Cerro Pizarro the intrusion brought pre-existing
units to vertical and near-vertical orientations. The final
phase of cryptodome intrusion likely culminated with a
explosive eruption directed to the west that caused the
collapse of the western ring previously uplifted by the
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initial injection of the cryptodome. Collapse caused
minimal disruption of the already deformed strata, which
were preserved surrounding the southern, eastern and
northern flanks of Cerro Pizarro. This contrasts with
Mount St. Helens, where sector collapse removed the
traces of its origins.

Conclusions

In conclusion, we document here the evolution of a
Pleistocene dome that went though six stages of eruption
that cumulatively represent an evolutionary path previ-
ously undocumented in the growing literature on dome
systems. The earliest stages are not dissimilar to more
common models of dome evolution: the life of the dome
began with probably localized vent-clearing eruptions that
deposited breccia containing clasts of pre-volcanic bed-
rock, followed by likely explosive eruptions of domi-
nantly ash and small fragments that were emplaced by
surge, fall, and flow mechanisms concomitant with dome
emplacement. This dome grew sufficiently to partially
collapse, yielding block-and-ash-flow breccias. Renewed
magma emplacement caused the formation of a crypto-
dome, which deformed surrounding older dome facies
heterogeneously, in some places warping previously flat-
or nearly flat-lying strata to vertical, and in others causing
only minimal amounts of strain.

Sector collapse of the western quadrant of the cone
was apparently caused by a combination of emplacement
of fresh magma and potentially several earthquakes to
cause instability in the volcano. The resultant debris
avalanche traveled about 2 km to the west before
encountering a bedrock ridge of Cretaceous limestone.

A major period of quiescence is indicated by the
emplacement of the Zaragoza Ignimbrite, derived from
Los Humeros volcanic center 20 km to the north, and by
topography eroded into the volcano itself. Magma
emplacement to create the final, present shape of the
volcano was accompanied by numerous pyroclastic
eruptions whose deposits drape both upper and fan parts
of the volcano. Other thick breccias found around the
volcano are assumed to represent the post-eruptive
disintegration of the cone.

Small isolated domes clearly can evolve in the
complex manner traditionally reserved for stratovol-
cano-system models. The cryptodomal stage, in particu-
lar, is probably far more common to domes than
documented. The size of the cryptodome relative to the
volcano suggests that in many cases, such a stage will not
be recognized in a larger system.
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