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Two meter-scale pyroclastic levels are interbedded within the early Miocene succession of the Estancia 25 de
Mayo (Patagoniense transgression) and Santa Cruz formations in the foreland Austral (or Magallanes) Basin,
Argentina. The Lower Pyroclastic Level (LPL) is a tabular body interbedded within offshore marine deposits, lat-
erally continuous for 30 km and varying in thickness from few centimeters to around 4 m. Grain-size grades
from coarse to extremely fine ash with upward-fining along with a northeastern-fining trends. Structureless
fine to very fine tuffs dominate and rare parallel laminations are the only tractive sedimentary structures. The
Upper Pyroclastic Level (UPL) lies within low energy fluvial deposits and is laterally discontinuous, and it is com-
posed by lenticular bodies reaching a maximum of 15 m thick and 100 m wide, with a concave-up base and a
plane top. Grain-size range is similar to the LPL but it coarsens upward. The lower portion of the UPL shows par-
allel lamination, current ripple lamination and mud drapes with large pumice lapilli and plant debris, whereas
the upper portion showsparallel lamination and trough cross-stratification. Both pyroclastic levels are composed
mainly of pumice grains and glass shards with minor proportions of quartz and plagioclase crystals and lithic
fragments. The LPL shows no mixing with epiclastic material whereas the UPL shows an upward increase in
epiclastic material, and an upward increment in the scale of cross-bedding.
The large thickness in relation to the possible emission center and the content of plant debris of the LPL does
not suggest a direct, submarine, ash-fallout origin. The LPL is interpreted as a deposit of hyperpycnal-flows
generated at the coastal zone when tephra-laden rivers plunged into the ocean. Large amounts of well pre-
served plant debris support the hypothesis of a terrestrial source of the sediments. The UPL is entirely com-
posed of tractive deposits, so an ash fallout origin is disregarded. This, together with the lenticular shape and
the alluvial plain origin of the encasing sediments, suggests accumulation within fluvial channels. Cycles of
upper-flow-regime parallel lamination, current-ripple lamination and mud drapes at the lower portion, sug-
gest short-lived turbulent flows that initially filled semi-abandoned channels. They were followed by sheet
floods and channel reactivation, expressed by large-scale cross-bedding. The low degree of particle mixing
observed in both levels is explained by the inability of streams to erode the substrate as they are suddenly
over-saturated with pyroclastic sediments during and after the eruption. The grain-size distribution of the
LPL and geochemical data indicate a contemporaneous volcanic source located to the west/southwest in
the Andean ranges, where the South Patagonian Batholith is presently located.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Volcanically-influenced sedimentary settings are complex systems
which reflect the addition of volcanic ejecta, succeeding transport and
deposition in a wide range of environments, from top of mountain
chains to the bathyal ocean (Fisher and Smith, 1991; McPhie et al.,
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1993; Manville et al., 2009). A unique feature of these systems is
that sediment supply is not limited by rates of weathering, erosion,
or production of biogenic material, but can be introduced instanta-
neously and in enormous volumes by volcanic eruptions, overwhelm-
ing pre-existing transport systems (Fisher and Smith, 1991; Newhall
and Punongbayan, 1996; Manville et al., 2005, 2009).

The stratigraphic record of volcanic regions comprises both syn-
and post-eruptive volcaniclastic deposits that result from the imme-
diate or subsequent reworking of this material by surface processes
(Smith, 1991; Orton, 1996; Manville et al., 2009). These deposits, ac-
cumulated in various and markedly different sedimentary environ-
ments, leave a complex stratigraphic and sedimentologic record that
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varies from proximal coarse volcanic facies (e.g., Smith, 1991) to dis-
tal fine-grained volcanic facies (Kataoka, 2005; Kataoka et al., 2009),
recording the processes that acted at high altitude subaerial settings
(cf., Fisher and Smith, 1991; Smith, 1991) as well as in shallow and
deep marine settings (Sigurdsson et al., 1980; Wright and Mutti,
1981; Carey, 2000).

Smith (1991) subdivided volcaniclastic sequences into: i) syn-
eruptive units, formed coevally with volcanic activity through the
immediate reworking of pyroclastic material, and extending through
the period where the landscape is still responding to the hydrological
and sedimentary-yield consequences of the eruption; and ii) inter-
eruptive sequences, where normal background sedimentary process-
es occur without a direct volcanic influence.

Most models of syn- or inter-eruptive terrestrial deposits deal with
coarse grained material proximal to the volcanic source, reworked by
fluvial processes and debris flows (Kuenzi et al., 1979; Smith, 1988,
1991; McPhie et al., 1993; Newhall and Punongbayan, 1996; Zernack
et al., 2011). On the contrary, less is known about distal sand-to-mud
sized pyroclastic material interacting with fluvial and marine processes
(Kataoka, 2005; Manville et al., 2005, 2009; Kataoka et al., 2009).

Meter-thick-scale submarine pyroclast-rich deposits were mostly
interpreted as the result of submarine or delta slope failures, or relat-
ed to submarine or subaerial pyroclastic flows (Sigurdsson et al.,
1980; Wright and Mutti, 1981; McPhie et al., 1993). However, during
subaerial explosive eruptions a large amount of sediment is supplied
by ash fallout to the drainage basins which finally is carried to the
ocean resulting in underflows or quasi-steady hyperpycnal flows
(Mulder and Syvitski, 1995).

The Cenozoic stratigraphic record of extra-Andean Patagonia is
characterized by large amounts of pyroclastic material preserved
withinmany sedimentary units. Particularly, the lowerMiocenemarine
deposits known as the “Patagoniense transgression”, widely distributed
over eastern Patagonia (Fig. 1), present numerous intercalated fine-
Fig. 1. Location of the study area. The gray area in eastern Patagonia corresponds
After Malumián et al. (1999).
grained pyroclastic beds and variable proportions of pyroclastic materi-
al mixed within other epiclastic sediments (Di Paola and Marchese,
1973; Riggi, 1978; Bellosi, 1995; Crawford et al., 2008). Little is known
about their age, source and modes of deposition and preservation, and
most of them were interpreted as pyroclastic ash fallout deposits (Di
Paola and Marchese, 1973; Riggi, 1978; Crawford et al., 2008). This
paper present a detailed facies analysis of two early Miocene thick, dis-
tal fine-grained pyroclastic deposits preserved within offshore marine
and low energy fluvial environments, and accounts for the processes
of reworking, deposition, and preservation that fluvial channel, shore-
lines and offshore settings imprint on the volcanic-sourced particles,
aswell as how each sedimentary system reacts against the supply of py-
roclastic particles.

2. Geologic framework

The pyroclastic beds studied here are part of the Burdigalian infill
of the Austral (or Magallanes) Basin (Cuitiño et al., 2012). This basin
is located in the southern portion of the South American Plate,
and limited by its west side by the Patagonian–Fueguian Andes
(Fig. 2A). This rift-sag to foreland basin contains deep-marine to con-
tinental sedimentary units of early Cretaceous to middle Miocene age
(Biddle et al., 1986; Arbe, 2002). During the Miocene the succession
was thrusted and inverted due to Andean tectonics (Fosdick et al.,
2011). In the study area, between Lago Argentino to the north and Si-
erra Baguales to the south, only the late Cretaceous to Miocene fore-
land deposits are present (Fig. 2), covered in part by a thick pile of
late Cenozoic volcanic lava flows and modern glaciogenic deposits.
The pyroclast-rich succession studied herein is composed of the
shallow marine Estancia 25 de Mayo Formation (Cuitiño and Scasso,
2010; formerly called the Centinela Formation of Furque and
Camacho, 1972), transitionally overlain by the continental Santa
Cruz Formation (Fig. 2B; Table 1). The Oligocene fluvial sediments
to the surface inundated by the early Miocene “Patagoniense” transgression.



Fig. 2. A) Geologic map of the study area showing the upper Cretaceous to Eocene units (green), the Oligocene Río Leona Formation (brownish), the early Miocene Estancia 25 de
Mayo (orange) and Santa Cruz (pale yellow) formations. Numbers (*) indicate positions of the analyzed stratigraphic sections. B) Schematic stratigraphic column of the units
mapped in A. Red stars indicate the position of the pyroclastic levels.
Thicknesses and general sedimentary features are compiled from Furque (1973), Macellari et al. (1989), Marenssi et al. (2004, 2005), Casadío et al. (2009), Cuitiño and Scasso (2010),
Cuitiño et al. (2012), and this study.
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of the Río Leona Formation (Marenssi et al., 2005; Barreda et al.,
2009) underlie the Estancia 25 de Mayo Formation (Fig. 2B).

The Estancia 25 deMayo Formation is part of a local stage known as
the “Patagoniense transgression”, a large Cenozoic marine invasion ex-
tensively recorded along the eastern part of Patagonia (Feruglio, 1949;
Malumián et al., 1999; Cuitiño et al., 2012). In the southern part of Pat-
agonia the sea reached up to the foothills of the Andes (Malumián et al.,
1999; Cuitiño, 2011). One of the distinctive characteristics of these ex-
tensive marine beds is the large amount of pyroclastic material pre-
served either as “pure” (more than 90% of pyroclastic particles) ash
layers or mixed with epiclastic sediments (Di Paola and Marchese,
1973; Riggi, 1978; Bellosi, 1995; Malumián et al., 1999; Crawford et
al., 2008). The Estancia 25 de Mayo Formation comprises shallow ma-
rine to coastal sandstones and mudstones. It was subdivided into two
members by Cuitiño and Scasso (2010): the lower Quién Sabe Member
and the upper Bandurrias Member (Table 1). The Quién Sabe Member
consists of profusely bioturbated, massive, brownish, fine-grained
sandstones and siltstones, containing abundant bivalves, gastropods,
echinoids and crustaceans (Fig. 3). It was deposited in a low- to
Table 1
Lithostratigraphic units and their basic lithology and paleoenvironment interpretation.
After Furque, 1973; Marenssi et al., 2005 and Cuitiño and Scasso, 2010.

Age Lithostratigraphic unit Lithology

Early Miocene Santa Cruz Formation Interbedded sandsto
Numerous pyroclast

Early Miocene Estancia 25 de
Mayo Formation

Bandurrias Member Interbedded cross-b
Numerous shell bed

Quien Sabe Member Dominantly mudsto
Shell beds.

Late Oligocene Rio Leona Formation Interbedded fine con
mudstones.
moderate-energy, offshore marine environment (Cuitiño and Scasso,
2010; Cuitiño, 2011). The upper Bandurrias Member consists of
medium- to coarse-grained sandstones with numerous erosive sur-
faces, abundant tractive sedimentary structures and moderate to rare
bioturbation. It was accumulated in tide-dominated shallow marine to
estuarine environments (Cuitiño, 2011). The Santa Cruz Formation is
composed of small, channelized sandstone fluvial bodies encased in
muddy to fine-grained sandy floodplains with soil development and
terrestrial mammal remains (Fig. 3).

The sedimentary package formed by the Estancia 25 de Mayo and
Santa Cruz Formations represents a regional progradation event coe-
val with the tectonic uplift of the Andean Ranges during the early
Miocene (Fosdick et al., 2011; Cuitiño et al., 2012), recorded in an
orogenic front at least 600 km long running from the north-western
region of the Santa Cruz province (and the Aysen region of Chile) to
the region of the Magellan's Strait in Chile. Volcanic activity is
recorded as intercalated pyroclastic deposits such as those described
herein, and plutonic intrusions cropping out to the west along the
axis of the South Patagonian Batholith (Hervé et al., 2007).
Paleoenvironment

nes, tuffaceous sandstones and mudstones.
ic intercalations.

Low-energy fluvial

edded sandstones and mudstones.
s.

Nearshore marine, tide dominated.

nes with fine sandstones intercalations. Offshore to nearshore marine

glomerates, sandstones and carbonaceous Low-energy fluvial

image of Fig.�2


Fig. 3. Cross section showing the main characteristics of the Estancia 25 de Mayo and the base of Santa Cruz formations. Both pyroclastic levels are highlighted in yellow. Numbers above each log indicate the locality as shown in Fig. 1B. For
simplicity, logs from localities *5 and *7 are not included in the figure.
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3. Methodology

Eight stratigraphic sections (Figs. 2, 3)weremeasured in good expo-
sures of the pyroclastic deposits, with the scope of determining the
palaeoenvironment and sedimentary processes (Figs. 3–5). Hand sam-
ples were sliced and polished in order to highlight small-scale sedimen-
tary features and thin sections were used to analyze the fine-scale
laminations, grain size, sorting and particle composition within the py-
roclastic beds. Volume percent of the rock components were measured
by point counting on several thin sections. Organic matter in the Upper
Pyroclastic Level and adjacent mudstone beds was analyzed in order to
determine the thermal alteration state bymeans of Vitrinite Reflectance
and Thermal Alteration Index (TAI). Macroscopic coal fragments from
the UPL were handpicked, mounted on epoxy resin, polished and ob-
servedwith incident blue-UV light and incidentwhite light. Vitrinite re-
flectance was measured under standard conditions with a Jena Alumar
microscope. Mudstone samples were reacted with HCl/HF and the con-
centrated kerogenmounted on a palynological preparation for it obser-
vation under transmitted light and TAI determination.

Bulk-rock chemical analyses were performed using standard tech-
niques of UV–visible spectroscopy (Si, Al, Ti, Mn, Fe and P), atomic ab-
sorption spectrometry (Ca, Mg Na and K), drying at 1000 °C (H2O+),
drying at 105 °C (H2O−) and titration with HCl (CO2) at the
Laboratorio de Análisis de Rocas, Buenos Aires University.

The two studied pyroclastic beds are called here the Lower Pyro-
clastic Level (LPL) and the Upper Pyroclastic Level (UPL). The term
“pyroclastic” is used here for deposits containing a large proportion
of particles originated as the result of fragmentation during explosive
volcanic eruptions, independent of the mode of transport and final
deposition (Fisher and Schmincke, 1984). The term “tuffaceous sand-
stones” is used for mixed pyroclastic–epiclastic sedimentary rocks.
The grain size classification of the pyroclastic deposits is given follow-
ing White and Houghton (2006) as this classification provides good
resolution for sand-sized (and finer) pyroclastic particles.

4. Pyroclastic beds

4.1. Distribution, geometry, and sedimentary features

The two meter-scale pyroclastic beds are vertically separated by
150 m. The pyroclastic beds can be recognized by their pale-yellow to
whitish color, contrasting notably with the brownish color of the sur-
rounding sandstones and mudstones. The contacts of the pyroclastic
levelswith the bedrocks, especially the bases, are sharp and easy to recog-
nize. The LPL is interbedded in the basal section of the Quién Sabe Mem-
ber and the UPL in the basal section of the Santa Cruz Formation (Fig. 3).
The ages of both the LPL and theUPLwere determined bymeans of U–Pb,
laser ablation-inductively coupled plasma-mass spectrometry on single
zircon grains and the results indicate an age of 19.1 Ma for the LPL and
18.8 Ma for the UPL (Cuitiño et al., 2012). Sr87/Sr86 datings from 20 to
18.9 Ma on oyster shells from the marine beds of the Estancia 25 de
Mayo Formation agree well with the U–Pb ages (Cuitiño et al., 2012)
and confirm the Burdigalian (early Miocene) age for these beds.

4.1.1. Lower Pyroclastic Level
The Lower Pyroclastic Level (LPL) is a tabular bed with subtle

thickness variations (Fig. 6A), and it is laterally traceable for more
than 30 km in northeast–southwest direction (Figs. 3, 4). It pinches
out to the northeast of Dos Mellizos Hill, and at Estancia Quién Sabe
the level is stratigraphically equivalent to a monotonous succession
of massive, highly bioturbated, fossiliferous, fine-grained tuffaceous
sandstones, with many erosional surfaces (Fig. 3). To the southwest
it is assumed to continue beyond the Cuncuna Range below modern
sedimentary cover deposits.

The LPL lies 30 m above the contact between the Río Leona and
Estancia 25 de Mayo Formations, intercalated within muddy to
fine-sandy, marine fossiliferous sediments (Figs. 3, 4). Its base is sharp
and planar, without any recognizable relief (Figs. 4, 6A–C), and its top
gradually mixes with the overlying fine-grained epiclastic sediments
(Fig. 4). Its thickness ranges from 0.3 m to the southwest (Cuncuna
Range) to nearly 4 m to the northeast (Dos Mellizos Hill; Fig. 4), where
it quickly wedges out and disappears. At Estancia Quién Sabe and Los
Perros Creek, only diffuse coarse-grained tuffaceous layers are present.

This level shows two general grain-size trends: 1) a vertical,
fining-upward (normal grading) trend, in which coarse to very coarse
tuffs in the lower part grade upward to very fine to extremely fine
tuffs and; 2) a horizontal trend in which the sediments of the lower
part of the bed become even coarser towards the southwest and
finer tuffs towards the northeast (Fig. 4).

Parallel laminations are more profuse at the coarser-grained base
(Fig. 6C) and rare to absent at the fine to very fine-grained top of
the bed (Fig. 6D). The laminations are defined by coarser-grained
layers enriched in idiomorphic crystals of quartz and plagioclase,
interbedded with finer-grained, massive layers mainly composed of
homogeneous Y- and cuspate-shaped glass shards. Very rare undulat-
ing features resembling current ripples modified by soft-sediment de-
formation such as load structures have been observed close to the
base of the bed. Neither marine fossils nor trace fossils were found,
but carbonized wood fragments of up to 3 cm are common through-
out the entire bed. The carbonaceous fragments appear in distinctive
and irregular layers in close association to medium to coarse pumice
lapilli (Fig. 6D). These layers are common near the base and rare in in-
termediate positions or close to the top of the bed. Somemottling was
seen in extremely fine tuffs from the uppermost part (Fig. 6E), where
epiclastic and pyroclastic materials were partially mixed.

An up to 0.3 m thick mudstone intercalation is present from
Bandurriuas Creek to Guanaquitos Creek (Fig. 6A). It has sharp
lower and upper boundaries and wedges out laterally. The tuffs
above the muddy intercalation have a coarser-grained base and show
an upward-fining (normal grading) trend similar to the tuffs in the
lower part of the bed. This grain-size increase is also visible at other
localitieswhere themudstone intercalation is absent (e.g., at Bandurrias
Creek South; Fig. 4).

The background sedimentary rocks below and above the LPL are
composed of fossiliferous, greenish mudstones and fine-grained
sandstones (Figs. 4, 6A), occasionally with levels of spherical carbon-
ate concretions, of 10 to 30 cm in diameter. These sediments were de-
posited in a low-energy offshore marine environment (Casadío et al.,
2000; Cuitiño and Scasso, 2010; Cuitiño, 2011) based on its elevated
mud content, high degree of bioturbation and in situ marine fossils.

4.1.2. Upper Pyroclastic Level
The Upper Pyroclastic Level (UPL) is present in the lower part of the

continental Santa Cruz Formation, in the transition to the shallow-
marine sediments of the underlying Estancia 25 de Mayo Formation.
This level is well exposed in the northeastern portion of the area at
Estancia Quién Sabe and Los Perros Creek (Fig. 3). This discontinuous
bed is composed of a number of lenticular bodies at the same stratigraph-
ic level. The bodies are up to 100 m wide and up to 15 m thick at Los
Perros Creek (Fig. 5). Sharp, concave-up bases separate these bodies
from the underlying sediments, which vary from mud to fine-grained
gravel (Figs. 4, 6E). These characteristics, together with the flat tops,
give a general channel-like appearance to these bodies (Fig. 7A).

The pyroclastic bodies are composedmainly of very fine to fine tuffs,
with subordinate extremely fine tuffs and medium tuffaceous sand-
stones. A general coarsening-upward (reverse grading) grain-size
trend, from extremely fine tuffs to medium/coarse tuffaceous sand-
stones is evident for each lenticular body (Fig. 5). In the lower half of
the bodies numerous thin lenticular layers composed offlat or elongated
pumice particles up to 3 cm in diameter and carbonaceous fragments
are present (Fig. 7D), in association with leaf impressions of Nothofagus
sp. Organic matter from carbonaceous concentrations yielded low



Fig. 4. Detailed sedimentological sections for the LPL including the under- and overlying deposits. Note fining-upward (normal graded) and northeastward thickening trends, as well as dominance of planar lamination and structureless
intervals. Numbers above each log indicate its position in Fig. 1B. The LPL is missing at localities *1 and *2. See Fig. 3 for references.
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Fig. 5. Detailed sedimentological sections (*1 and *2) for the UPL including the under- and (when preserved) overlying deposits. Note coarsening-upward grain-size and differences
in the sedimentary structures between the lower and upper part of the bodies. Shaded areas represent mixed deposits. Both left sections correspond to Los Perros Creek locality. See
Fig. 3 for references.
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vitrinite reflectance values (around 0.4%) and a TAI of 2 (H. Villar,
GeoLabSur, pers. comm., 2009).

Parallel and current-ripple laminations and low-angle cross-
stratification are the most common sedimentary structures observed
within these bodies (Figs. 5, 7). No massive deposits like those of the
LPL were observed. In the lower section, horizontal laminations are
dominant, marked by a concentration of heavy minerals or coarse car-
bonaceous material, normally associated with current-ripple lamina-
tion (Fig. 7F). Lenses of a few centimeters thick of light colored mud
are intercalated within this lower portion; they are thicker near the
base where they form laterally continuous layers. A sharp planar con-
tact separates the lower portion of the body from the upper one,
which is formed by slightly darker tuffs and tuffaceous sandstones
with larger sedimentary structures such as low-angle and trough
cross-bedding in sets of about 15–20 cm thick. Cut-and-fill structures
(Fig. 6C) and mud rip-up clasts are common in this portion. The set
thickness and angle of trough cross-beds increase toward the top, to-
gether with a general increase in grain-size and mixing with epiclastic
material (see Section 4.2.2; Figs. 5, 7B).

4.2. Petrographic features

4.2.1. Lower Pyroclastic Level
Thin section analyses reveal that glass (shards + pumice), crystal

and lithic particles are the main components of the LPL. The glass
fragments exceed 70% of the whole rock, making the shards the
dominant component (Fig. 8A–B). The shard proportion varies in-
versely with the deposit grain-size, with 95% of shards in extremely
fine tuffs. Shards are mainly Y- and cuspate-shaped, and some pre-
serve small internal bubbles (Fig. 8B). Shard particle sizes throughout
the LPL are variable, from 0.06 mm (extremely fine to very fine tuff;
Fig. 8A) to 0.7 mm (coarse tuff). Coarser shards tend to be blocky
and show some rounding (Fig. 8B), whereas fine ash tends to be acic-
ular (Fig. 8A). Pumice fragments are abundant in some levels, and
dominate in the coarser deposits to the southwest, where shards
are nearly absent (Fig. 8C). Isolated, oversized pumice lapilli are com-
mon in shard-rich, finer-grained portions. Most vitric particles are
devitrified to a mass of very fine-grained crystals (probably quartz
and feldspar) arranged in felsitic and rarely axiolitic textures. Few
vitric particles are still made of fresh, isotropic glass.

The proportion of crystals is normally less than 10% but increases
towards the southwest and reaches up to 20% in the Cuncuna Range.
Crystals are generally more abundant in the coarser-grained part near
the base. Crystal-size ranges commonly from 0.2 to 0.5 mm (fine to
coarse tuff) and decrease from base to top. No horizontal cystal-size
variation was recorded. Coarse crystal particles (coarse tuff) show
subhedral to euhedral shapes (Fig. 8C), and fine crystals show high
angular to acicular shape. Plagioclase is dominant, followed in abun-
dance by quartz, both showing a subhedral shape, vitric rims (Fig. 8C)
engulfments and disequilibrium textures (Fig. 8A). K-feldspar, biotite,
hornblende, magnetite and rarely pyroxene, garnet, and zircon are
also present as accessory minerals.

image of Fig.�5


Fig. 6. LPL main features and architecture; A) Panoramic view near Bandurrias Creek locality where the bed is about 3 m thick. Note the tabular shape of the pyroclastic level.
BM: mudstones of the Bandurrias Member; QSM: coarse, cross-bedded sandstones of the lowermost part of the Quién Sabe Member. B) Close view of the base at Dos Mellizos
Hill. Note the sharp and planar contact above massive and bioturbated siltstones. Layers with diffuse planar lamination are intercalated within structureless very fine tuffs.
C) Basal layers at Bandurrias Creek South showing crystal-rich, parallel-laminated medium tuffs. D) Bed showing concentration of large pumice (P) and carbonaceous (C) fragments,
interbedded within massive fine tuffs. Bandurrias Creek South locality. E) Basal layers composed of coarse tuffs with diffuse lamination, dominated by pumice lapilli and crystal
particles. Cuncuna Range. F) Extremely fine, massive tuffs from the top of the bed at Bandurrias Creek, showing abundant dispersed pumiceous fragments (P), scarce carbonaceous
fragments (C) and some dark mottles (B) interpreted as bioturbation features. Note hammer for scale in those images without a scale bar.
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Lithic fragments commonly compose less than 5% of the rock and
may be absent in the extremely fine tuffs, but they are more abundant
in the coarser-grained parts and reach a maximum of 10% in the
Cuncuna Range. They consist mainly of volcanic rock fragments
with felsitic or pilotaxitic textures and broken spherulites, with scarce
shale or low-grade metamorphic rock fragments.

The deposit was lithified and the porosity obliterated by a brown-
ish to greenish mass of clay-sized minerals probably composed of
chlorite, sericite and zeolites diagenetically grown between the clasts.
Casadío et al. (2000) mentioned the presence of zeolites detected
with XRD analysis. At the Bandurrias Creek locality, calcite patches re-
placing pumice lapilli fragments are present at the base of the LPL.
4.2.2. Upper Pyroclastic Level
The lower portion of the UPL (Fig. 5) is dominated by very

fine-grained vitric material whereas the upper portion shows mixing
of coarser pyroclastic and epiclastic material. The boundary between
both is marked by a color change and can be sharp (Fig. 7A) or grad-
ual and maybe difficult to recognize in the field.

image of Fig.�6


Fig. 7. Architecture and sedimentary features of the UPL. A to E from Estancia Quién Sabe locality and F from los Perros Creek locality. A) Outcrop view of a lenticular body interbedded
within the transition from the BandurriasMember and the Santa Cruz Formation. Maximum thickness is 11 m. Note the arrow in the center of the body indicating a change in coloration,
given by a compositional variation. B) Close up viewof the body shown in A. Numbers indicate (1) the lower veryfine-grained tuffs; (2) themiddle parallel laminated fine tomedium tuffs
and; (3) the upper coarse-grained, cross-bedded tuffaceous sandstones. Persons for scale. C) Sedimentary structures preserved within the upper part shown in Fig. 6B: (1) trough cross
stratification, (2) upper flow regimeparallel lamination and (3) current ripple cross lamination. (In) is amud intraclast. Hammer for scale. D) Plan viewof a layer showing concentration of
large pumice (P, highlighted) and carbonaceous (dark) fragments. A coin (1 cm in diameter) for scale. E) Base of the body showing a sharp contact between very fine to extremely fine
tuffs (whitish) overlying darkmassivemudstones. Hammer for scale. F) Polished hand sample showing small-scale sedimentary structures representing a short-livedwaning flow. At the
base a flat extremely fine tuff layer (1), followed bymedium tuffs with UFR parallel lamination (2), medium to fine tuffs with current ripple cross-lamination (3), fine tuffs with climbing
ripple lamination containing carbonaceous chips (4) and finally a layer of extremely fine tuff blanketing the ripple forms (5).
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Glass particles in the lower portion form 75% to 95% of the whole
rock (Fig. 8D). Finer-grained particles are made up mainly of vitric
shards (normally 0.1 mm; very fine tuff) with platy to Y shapes,
whereas coarser ones are made of pumice lapilli. Few interbedded
thin layers rich in carbonaceous fragments and pumice particles of
up to 1 cm are present (Fig. 7D). Crystal particles (mean 0.1 mm;
very fine tuff) are concentrated in millimeter-thick layers, mainly
composed of plagioclase and quartz, with subordinate biotite,
K-feldspar, and minor hornblende, pyroxene, zircon, and garnet.
They show highly angular shapes and form about 10% of the
fine-grained sections (Fig. 8D), whereas coarse-grained and parallel
laminated layers contain about 25% of crystals. Rare, lithic particles
are dominated by volcanic fragments with felsitic textures, although
fragments of shale, low-grade metamorphic or basic volcanic rocks
can also be present.
The upper portion of the pyroclastic bodies shows parallel lamina-
tion in the medium to coarse tuffs and decimeter-scale cross-bedding
in the tuffaceous sandstones. Pumice-dominated layers intercalate
with crystal- or lithic-dominated layers (Fig. 8F). Coarse pumice fine-
to medium-lapilli fragments can compose up to 95% of the rock. Unlike
the pumiceous layers of the lower portion, these pumiceous layers are
laterally continuous, finer-grained (mean 0.8 mm) and display a grain
size similar to the surrounding sediments (Fig. 8E). Vesicles within
pumice particles are elongated and parallel each other, but show a ran-
dom orientation in relation to rock lamination. Glass shards are uncom-
mon and the proportion of lithic particles is overall higher in this
portion, reaching up to 50% of the rock in some layers. The lithic clasts
comprise mainly volcanic fragments with dominant mafic and minor
felsitic textures (Fig. 8E), which give a darker color to the sediments
(see detail in Fig. 7A). In addition, low-grade metamorphic and silty
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Fig. 8. Petrographic features of the pyroclastic levels. Scale bar 0.5 mm. Plane-polarized light. A) Very fine tuffs composed almost entirely by vitric shards. A plagioclase phenocryst
in the center with glassy remains of adhered bubble walls and corrosion textures. Base of the LPL at Estancia 25 de Mayo. B) Fine to medium tuff composed by large vitric shards.
Cuspate (c) to platy (p) forms with incipient rounding are common. Brownish material, sometimes filling the vesicles (v), is composed of very fine-grained clay minerals. Base of the
LPL at Bandurrias Creek locality. C) Coarse, pumiceous and crystal-rich tuff. Large pumice lapilli fragments (P) showing vesicles (v). Crystals are plagioclase (Pl) and quartz (Qz).
Base of the LPL at Cuncuna Range. Note the increase in grain size from A to C. D) Vitric, shard-dominated, very fine tuff from near the base of a body at Estancia Quién Sabe. Shards
show platy and acicular shapes. Crystals (mainly Qz) are scarce and very fine-grained. Some dark oxidized biotite flakes (Bt) are present. E) Tuffaceous sandstone with elevated
proportions of mafic volcanic lithic (Lv) fragments. Note the absence of glass shards and the abundance of pumice (P) particles. Upper portion of the UPL at Estancia Quién
Sabe. F) Tuffaceous sandstone showing a layer enriched in crystal particles, mainly of angular/subangular quartz and subhedral plagioclase (Pl). Top of the UPL at Los Perros Creek.
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rock fragments are present. Crystals (5%–25%) are dominated by angu-
lar quartz and euhedral plagioclase (Fig. 8F), with a lower proportion
of deformed biotite flakes, feldspar, hornblende, clinopyroxene, and
magnetite.

A very fine-grained, translucent, and low-birefringence matrix
probably composed of clays and zeolite minerals, fills the vesicles
and pores, reducing the porosity to near zero.
5. Geochemistry

Bulk-rock chemical analyses (Table 2) of major elements were
made on six samples (three samples per level) showing negligible
mixing with epiclastic material. Samples of the UPL were taken
from the tuffs in the lower part of the bodies, where the silica content
varies from 62% to 74%. Samples from the LPL are more silicic than
those from the UPL (sample AB-V yielded low SiO2, but this could
be the result of diagenetic replacement of SiO2 by CaCO3). In a
total-alkali-silica (TAS) diagram (Fig. 9), all the samples plot in the
dacite field, although those from the LPL are close to the rhyolite
boundary, whereas those from the UPL are close to the andesite
boundary. The absence of mixing with epiclastic sediments suggests
that the composition of the silicic magma may be coeval or genetical-
ly related with the magma responsible for the Southern Patagonian
Batholith (Hervé et al., 2007; see Section 7 for further details).
6. Interpretation of ash sedimentation/preservation processes

The sedimentary, petrographic, and geochemical characteristics,
together with the close temporal affinities between these two pyro-
clastic levels, suggest that both could have a similar volcanic source.
However, their different modes of preservation reveal the influence
of sedimentary environments on the final nature of the deposits,
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Table 2
Bulk-rock chemical composition, recalculated to oxides, of three samples per pyroclastic level. Methods used for analysis are described in Section 5. Shaded results for ABV corre-
spond to anomalous values caused by diagenetic carbonate precipitation.

Sample

Toba 4

Toba 5

ALPX

UPL

LPL

LS 17

Cuncuna

ABV 56.31

74.12

71.84

64.32

62.97

63.22

Sio2 TiO2

0.16

0.25

0.20

0.17

0.31

0.16 12.89

8.27

10.76

12.96

14.44

13.89

Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 CO2 H2O+ H2O− Sum

1.32

1.88

1.63

0.32

0.83

1.20 0.02

0.03

0.02

0.02

0.01

0.03 1.96

1.48

1.67

1.75

1.83

2.23 8.01

4.21

3.21

3.34

3.31

2.72 2.20

2.84

2.60

1.73

2.06

1.72 0.89

0.67

0.64

1.20

0.99

0.91 0.03

0.03

0.03

0.03

0.02

0.02 6.66

−

−

−

−

− 7.27

5.88

5.84

4.77

4.21

5.74 4.96

3.55

3.84

5.18

5.26

5.52 99.23

99.35

99.00

99.06

100.12

100.82
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and in turn, the strong influence that explosive volcanism had over
the sedimentary systems and their dynamics.
6.1. Origin of the Lower Pyroclastic Level

The enclosing sediments of this pyroclastic unit are homogeneous,
massive and poorly stratified, fully bioturbated siltstones, showing a
rich and diverse invertebrate fauna, including many genera of bi-
valves, crustaceans, gastropods and echinoderms. These features sug-
gest a well oxygenated and normal-salinity marine environment with
limited wave or tidal currents influence, in a low-energy offshore ma-
rine setting during the transgressive phase of the Patagoniense trans-
gression (Cuitiño and Scasso, 2010; Cuitiño et al., 2012). In the
north-eastern part of the study area the LPL is not preserved. There,
the presence of storm levels represented by coarse-gained facies, ero-
sion surfaces and reworked shell beds (Fig. 3), suggests the possible
erosion of the LPL under shallower-water conditions.

The tabular shape and lateral extension (at least 30 km) of the LPL,
together with the small variations in grain size, reflect smooth
sea-bottom topography and similar sedimentation conditions at the
moment of deposition of the pyroclastic material on this, which
blanketed the paleosurface. In this low-energy context, the pyroclas-
tic particles, supplied by the explosive volcanism, reached the sea
bottom either by direct ash fallout and subsequent decantation in
the marine basin or by fluvial input at coastal settings and redistribu-
tion to the deeper part of the sea floor, and then were preserved with-
out subsequent reworking. This implies that bioturbation must be
hindered during and shortly after the deposition of the pyroclastic
Fig. 9. Total alkali-silica (TAS) diagram with defining fields from Le Bas et al. (1992).
Lower dacite almost andesite area for the UPL samples, and upper dacite area for the
LPL samples.
bed, since no trace fossils were observed, excepting to the uppermost
part. The grain-size distribution throughout the pyroclastic body
shows the dominance of angular, very fine to fine ash particles, except
for the coarser basal layers and the pumiceous intercalations (Fig. 4).
Dominance of glass shards, angular particles and normal grading, to-
gether with the large areal extent of the pyroclastic deposit, are pat-
terns similar to that observed for submarine pyroclastic fallout
deposits, where coarser material settles earlier to the depositional
site, followed by the fine pyroclastic dust (Sigurdsson et al., 1980;
Wiesner et al., 1995). Direct fallout trough the water mass or, more
recently, diffuse vertical gravity currents (Carey, 1997) are the sug-
gested depositional mechanisms. However, the great thickness of
the LPL (up to nearly 4 m) challenges this interpretation since air
fall-out deposits on the sea floor are hardly thicker than a few centi-
meters (Sigurdsson et al., 1980; Bonadonna et al., 1998; Wiesner et
al., 2004; Wetzel, 2009). Even in areas less than 30 km away from
the eruption site, ash-fall deposits rarely are more than a few decime-
ters thick (Bonadonna et al., 1998) and typically are characterized by
a large grain size of 4–8 mm on average (Lirer and Vinci, 1991). The
LPL deposits range in thickness from 0.3 to nearly 4 m and their
grain-size is mostly in the 0.1–0.3 mm range. Processes such as
wave or tidal action would have resulted in mixing of the pyroclastic
and epiclastic particles, and a better rounding of the former. There-
fore, direct air fallout cannot be responsible for the concentration of
the ash in this submarine environment. Sigurdsson et al. (1980) ar-
rived at a similar conclusion when describing modern ash layers pre-
served in the bottom sediments of the Caribbean Sea. These authors
interpreted decimeter thick, well-sorted ash beds as deposits from
sediment gravity flows, whereas direct fallout processes are repre-
sented by massive ash layers of a few centimeters thick. Additionally,
some rounding of coarse glass particles suggests reworking of the
highly-angular primary pyroclastic material (Fig. 8B, compare with
Carey et al., 2000).

Hyperpycnal flows can occur inmarine coastal environments associ-
atedwith volcanic eruptions, such as the jökulhlaups in Iceland (Mulder
et al., 2003). They originatewhere a river in flood enter a standing body
of water (typically the ocean, or lakes) carrying large amounts of sedi-
ment in suspension (Mulder et al., 2003), a common condition during
explosive volcanic eruptions. These sediment-laden flows can exceed
the density of marine waters and plunge into the sea, flowing
and transporting material over the basin floor for large distances
(up to 70 km; Mulder and Syvitski, 1995; Mulder et al., 2003; Zavala
et al., 2010). The minimum suspended-load concentration to surpass
marine-water density varies from 35 to 45 kg/m3 (Mulder and
Syvitski, 1995). For example, the 1991 eruption of Mount Pinatubo in-
creased the suspended load concentration of nearby rivers up to
290 kg/m3 (Hayes et al., 2002). Additionally, it has been suggested
that the ability of river discharge to generate hyperpycnal flows could
be enhanced in mountainous rivers draining small basins (Mulder and
Syvitski, 1995; Mulder et al., 2003). This appears to be the case for the
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LPL, considering that the Patagoniense transgression reached the foot-
hills of the active volcanic Andean ranges, thus leaving a reduced sub-
aerial region in areal extent (about 100–150 km wide) with rivers
draining small watersheds, favoring the formation of hyperpycnal
flows (Mulder and Syvitski, 1995).

The grain-size of deposits produced by hyperpycnal flows varies
from gravel to mud, where bedload, suspended load, and lofting-
related facies were defined as part of a general genetic model
(Zavala et al., 2010). The grain-size of the LPL is predominantly within
the fine sand to silt range as the particles produced by the explosive
eruption were originally fine-grained. In addition, sorting during flu-
vial transport would have preferably removed the coarser particles.
The LPL is dominated by structureless fine tuffs, and some parallel
laminated fine to medium tuffs are present mainly near the base of
the unit. Meter-thick structureless deposits are a frequent product
of hyperpycnal flows (Kneller and Branney, 1995; Zavala et al.,
2010). Massive or diffuse laminated sands form because tractional
structures are prevented by the absence of a sharp rheological inter-
face between the lowest parts of the flow and the just-formed deposit
(Arnott and Hand, 1989), resulting in elevated rates of aggradation by
a heavy rain of sediment from the turbulent suspension (Kneller and
Branney, 1995; Sumner et al., 2008). The basal layers comprise coarse,
crystal-rich tuffs with parallel lamination that can be explained by
segregation of heavy particles (crystals) due to frictional forces over
the bed at initial flow stages. These basal layers dominate in the
southwest and show a lateral fining trend to the northeast, indicating
a preferential deposition of coarse and heavy material near the source
of the hyperpycnal flow (Fig. 10). A thick succession of massive or
poorly laminated fine tuffs overlies the thin basal layers. Neither an
erosional nor a sharp contact exists between both parts, possibly re-
lated to a gradual change from bedload to suspended-load processes
(cf., Zavala et al., 2010). The upper portion of the level also shows a
fining trend to the northeast, and thickens in the same direction.
These fine-grained layers show a concentration of carbonized wood
remains and large pumice lapilli fragments near the top, which are
interpreted as the result of lofting of the lighter material together
with the freshwater supplied by the river, which is deposited at the
final stages of the flow movement (Zavala et al., 2010). The presence
Fig. 10. General model for th
Distances from source area a
of coarse carbonaceous plant fragments supports the interpretation
that the material was directly supplied from land (Mulder and
Alexander, 2001; Plink-Björklund and Steel, 2004; Zavala et al.,
2012). These volcanic events largely affect the subaerial vegetation,
producing high amounts of vegetal debris that finally are incorporat-
ed into the fluvial systems as the result of post-eruption runoff.
During early Miocene times, the Andean Patagonia was covered by a
Nothofagus forest similar as today (Barreda and Palamarczuk,
2000), thus volcanic activity may have seriously damaged the vegeta-
tion cover. Modern examples such as the 2008 eruption of the Chaitén
volcano (Alfano et al., 2011) and the 2011 eruption of the Puyehue-
Cordon Caulle serves as analogs.

The great thickness and large areal extent of the LPL point to a
long-lived source of underflows or sustained turbidity currents that
could last days or weeks (Mulder et al., 2003; Plink-Björklund and
Steel, 2004). The mudstone intercalation seen in some localities sug-
gest periods of low activity followed by new increments in flow
power evidenced by grain-size reactivations. This phenomenon is
probably related to pulsatory, heavy rainfall events in the continent
that washes the already deposited pyroclastic material into the rivers.

Ash layers deposited in marine settings usually show profuse bio-
turbation and in many cases are completely mixed with surrounding
sediments (Sigurdsson et al., 1980; Wetzel, 2009). In our case, the py-
roclastic deposit is barren of bioturbation or any marine body fossil
with the exception of few small biogenic structures affecting the up-
permost layers at Bandurrias Creek section. Very high sedimentation
rates, relative to the background rate for the epiclastic regime, com-
bined with the input of freshwater carried by the flows, suggest high-
ly stressful conditions for benthic communities living within the basin
(Buatois et al., 2010). An additional source of stress may be the acid-
ification of the flowing water caused by the interaction of the volcanic
particles with the surrounding water.

6.2. Origin of the Upper Pyroclastic Level

Sediments below and above this level are massive or diffusely lami-
nated mudstones and coarse-grained sandstones with few interbedded
fine-grained conglomerates, showing plant and mammal remains,
e deposition of the LPL.
re based on data from Hervé et al. (2007).
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suggesting a terrestrial environment. These epiclastic sand bodies, with
sharp erosional bases and a fining-upward trend, are interpreted as the
infilling of fluvial channels, whereas the muddy portion corresponds to
adjacent floodplains. In this stage a normal regression of the shoreline
cause the shallow marine environment to gradually shift to a coastal
alluvial plain network. The dominance of mud over the sand bodies, in
combination with the close relationship with underlying estuarine sedi-
ments, suggests a low-energy fluvial environment draining a low-
gradient coastal/delta plain (Fig. 11A). The small lateral extension of
the preserved sand bodies suggest that they may have accumulated
from low-sinuosity fluvial channels (Gibling, 2006). The UPL is com-
posed of a number of small lenticular bodies showing concave up, ero-
sive bases and plane tops, interpreted as the pyroclastic infill of fluvial
channels. The pyroclastic material is preserved only inside the channels
and no discrete pyroclastic bodies were observed interbedded within
floodplain deposits. The width to height ratios of these bodies are low
(6 to 10) and can be classified as “broad ribbons”, which are channels
showing no or little lateral migration and rapid filling (Gibling, 2006).
The sudden infill of the channels by rivers overloaded with pyroclastic
sediments mimics their shape at a given, nearly instantaneous point in
time, therefore preventing the lateral migration process that should be
evident in the adjacent epiclastic deposits. Unfortunately, poor exposure
of the nearby deposits (Fig. 7A) precluded further exploration of this
Fig. 11. General model for the deposition of the UPL. A) Yellow streams indicate original flu
Location of B is indicated within the coastal plain. B) Detail of three stages of pyroclastic in
hypothesis. Mixing of the pyroclastic and epiclastic particles has not
been recognized in the basal layers of the pyroclastic bodies, suggesting
that during the infilling the normal conditions of fluvial streams were
deeply modified. Sudden deposition of material may have triggered
rapid channel fill and abandonment of the lower portion of the bodies.

Upper flow regime parallel lamination and cross-lamination indi-
cate tractive currents. Current ripples preserved as bedforms in the
bedding planes with ripple indexes of 6 to 7 indicate that these are sub-
aqueous deposits (Tanner, 1967). The associated intercalated muddy
layers are the result of slack-water (low-energy) episodes. Neither
desiccation cracks nor other features considered typical of subaerial ex-
posure are present. A pyroclastic flow origin of these deposits is
disregarded since the carbonaceous fragments indicate that carboniza-
tion could be the result of diagenesis and not of high-temperature burn-
ing during the eruption. Organic matter from adjacent muddy layers
shows similar preservation conditions as the carbonaceous fragments
from the pyroclastic level (H. Villar, personal communication, 2009).
All these features indicate that the pyroclastic deposit is the result of de-
position by fluvial streams.

All channelized pyroclastic bodies show a coarsening upward
(reverse graded) trend, opposed to the classic model for the filling
of fluvial channels (Miall, 1996). The lower portion consists mainly
of parallel laminated, very fine-grained vitric tuffs (from 0.03 to
vial style. White streams indicate reactivation and modification of the fluvial drainage.
filling of the fluvial channels in the coastal plain.
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0.13 mm) interpreted as formed in the upper flow regime, with an
upward gradation to current-ripple lamination and finally to mud
drapes, forming cycles of decreasing flow energy (Fig. 7F). These fea-
tures, plus the presence of frequent mud intraclasts, indicate fast and
short-lived flows that wane recurrently and stopped their motion giv-
ing place to the normal background sedimentation in a low-energy
environment. Small lenses showing concentration of pumice lapilli
and abundant carbonized vegetal fragments (Fig. 7D) also support
the occurrence of slack-water periods as well as the evidence for
widespread vegetal cover destruction during the eruption. The ab-
sence of scouring in this part of the bodies suggests elevated sedi-
mentation rates given by sediment-laden flows which not were able
to erode the substrate.

The upper portion of the lenticular bodies is dominated by
coarse-grained tuffs or tuffaceous sandstones (from 0.25 to 2 mm)
showing trough cross-bedding and cut-and-fill structures. These, to-
gether with the increasing degree of mixing of pyroclastic/epiclastic
material, reflect the capability of streams to erode the substrate, relat-
ed to a decrease in the amount of sediment load in the water flowing
through the channels. Additionally, the lateral extension of these
upper tuffaceous sandstones is higher in relation to the lower portion,
indicating widening of channels, possibly by shallow braided streams
(Fig. 11B).

Explosive volcanic eruptions supply catastrophic amounts of sedi-
ment into the neighboring basins, causing the streams to quickly fill,
avulse and reduce their sinuosity (Smith, 1991). Fast aggradation of
the channel beds and subsequent shift in their positions can occur
during explosive eruptions (Kuenzi et al., 1979; Smith, 1991; Hayes
et al., 2002; Alfano et al., 2011). The lack of mixing in the lower layers
indicates that the transport capacity of the streams was overcome.
Rivers draining recent volcanic regions from Guatemala transported
sediments loads with 95% pyroclastic-derived material (Kuenzi et
al., 1979). The main source of pyroclastic particles carried by fluvial
streams comes from the erosion of loose, tephra fallout deposits
that mantle the surface in proximal to distal areas of the volcanic
vent (Major et al., 1996), yielding a huge amount of fine grained par-
ticles to the catchment areas.

The slack-water evidence indicates that the channelswere occupied,
at least at the initial stage of pyroclastic deposition, by a semi-standing
body of water, suggesting that the channel was partly abandoned and
quickly filled by short-lived, repetitive flows (Fig. 11B). These initial
flows can be interpreted as small hyperpycnal flows generated during
the supply of sediment-ladenflows that fed the channel scour. Evidence
for slack-water decreases upward, being replaced by parallel and cur-
rent ripple laminated tuffs, indicative of the arrival of sandy sheetflood
deposits in shallower water. Finally, stronger and deeper currents pro-
duced large-scale bedforms and partially remobilized the underlying
sediments, thus producing cut and fill structures, widening of the
upper portion of the channel andmixingwith epiclasticmaterial, culmi-
nating the coarsening upward trend for the infill of the fluvial channel
(Fig. 11B). Similar prograding patterns were described for the infilling
of abandoned channels by Gilbert-type deltas during explosive volcanic
activity in the modern pacific coastal plain of Guatemala (Kuenzi et al.,
1979).

The lack of discrete, tabular pyroclastic layers in the adjacent
flood-plain deposits suggests that ash fallout did not occur in this
area, probably because of an unfavorable wind direction during the
eruption.

7. Source of pyroclastic material

The lateral coarsening westward trend observed throughout the
LPL indicates that the feeding of the hyperpycnal system was located
to the west or southwest, in coincidence with the position of the
palaeocoastline for the early Miocene (Cuitiño, 2011). This coastline
received the discharge of fluvial streams that drained catchment
areas coming from the Patagonian Andes, where magmatism was
common during early Miocene times (Hervé et al., 2007). The pyro-
clastic material analyzed here is contemporaneous with a magmatic
pulse of the South Patagonian Batholith (Hervé et al., 2007). There,
a number of early Miocene intrusive bodies of tonalite–granodiorite
composition were identified (Hervé et al., 2007). Considering the
age obtained for the pyroclastic levels, around 20–19 Ma for the LPL
and 18.8 Ma for the UPL (Cuitiño et al., 2012), some plutons of similar
ages and proximal geographic location can be related. In the same age
range (from 18 to 21 Ma), six intrusive bodies ranging from tonalites
to granites are present in a region from 90 to 170 km west of the
study area (Hervé et al., 2007). The intermediate to silicic composi-
tion of the magmas suggest that these plutonic bodies could repre-
sent the chambers that fed the explosive eruptions that supplied the
pyroclastic material to the adjacent foreland basin.
8. Conclusions

Supply of large amounts of pyroclastic particles to the early Mio-
cene sedimentary systems of the Austral Basin is well recorded in
two major pyroclastic levels that were preserved in different sedi-
mentary environments showing disparate modes of preservation,
and providing a good example for analyzing how sedimentary envi-
ronments react to the catastrophic supply of sediments during explo-
sive volcanic eruptions.

The tabular LPL is interpreted as the result of hyperpycnal flows
generated at the mouth of rivers carrying large amounts of fine
grained pyroclastic particles that by-passed the nearshore area and
reached the sea bottom. No erosive surfaces at the interior or top of
the body were found suggesting deposition well below the wave
base, allowing all the deposited material to be finally preserved.
Such a situation was favored by the phase of high relative sea-level
in the Patagoniense Sea, which brought the coastline into a closer
(western) position in relation to the inferred volcanic source.

In contrast, the UPL shows a discontinuous lateral arrangement of
lenticular bodies that are interpreted as the infill of fluvial channels.
The progradational pattern for the infill represents initial frequent
and short episodes of slack water, with partial abandonment of the
channels, leaving place to small stagnant water bodies. The available
space was quickly filled by short-lived bottom flows, interpreted as
hyperpycnal flows created by small streams feeding the abandoned
channel. Shallow streams with the capability to erode the substrate
and cut banks produced channel reactivation, widening, and deposi-
tion of cross-stratified tuffaceous sandstones in the upper part of
the UPL. This fluvial behavior is common in modern volcanic systems
(Kuenzi et al., 1979).

Grain-size, geochemical, and petrographic similarities between both
levels suggest they were probably sourced by the same volcanic
complex, located along the axis of the present day South Patagonian
Batholith. The eruptions suddenly overloaded the sedimentary system
and deeplymodified the transport-deposition dynamics. Both pyroclastic
levels represent different distal expressions of a volcanically-influenced
sedimentary system.
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