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Abstract

An exceptionally large tsunami affected the coastline of southern Chile during the Pliocene. Its backflow eroded coarse beach and coastal
dune sediments and redistributed them over the continental shelf and slope. Sandstone dykes and sills injected from the base of the resulting
hyperconcentrated flow into underlying cohesive muds, assisted in plucking up large blocks of the latter and incorporating them into the flow.
Locally, the rip-up intraclasts were fragmented further by smaller-scale injections to form a distinct breccia of angular to rounded mudstone clasts
within a medium to coarse sandstone matrix. Sandstone sills in places mimic normal sedimentary beds, complete with structures resembling
inverse gradation, planar laminae, as well as ripple and trough cross-lamination. These were probably formed by internal sediment flow and shear
stress as the semi-liquefied sand was forcefully injected into cracks. In borehole cores, such sills can easily be misinterpreted as normal
sedimentary beds, which can have important implications for hydrocarbon exploration.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The west coast of South America has a narrow shelf and
steep continental slope into a deep subduction trench. It is
seismically one of the most active regions in the world
(Kulikov et al., 2005) and tectonism triggering large-magni-
tude earthquakes produces fairly regular near-field tsunami
events. Furthermore, the coastline is also swept from time to
time by far-field tsunamis from elsewhere in the Pacific Ocean,
both as a result of tectonic processes and bolide impacts. In
Chile, these events are reflected in the geological record by
Neogene deposits interpreted as ancient debris flows with
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associated sedimentological features including large rip-up
clasts and well rounded basement boulders incorporated in-
to the debris, as well as sand injection from the base of the
flows into the substrate (Paskoff, 1991; Hartley et al., 2001;
Cantalamessa and Di Celma, 2005; Le Roux et al., 2004; Le
Roux and Vargas, 2005).

A submarine debris flow deposit at Ranquil south of Con-
cepcion (Fig. 1), mentioned by Le Roux and Vargas (2005) as
representing a possible tsunami bed but not described in any
detail, was investigated to try and determine its age and origin.
The deposit differs from other debris flow beds along the
Chilean coastline, which are generally composed of poorly
sorted, coarse conglomerate or coquina with large basement
boulders, by its finer texture (medium to very coarse sandstone),
the presence of mudstone-clast breccia, and unusually large
dykes and sills penetrating the substrate. Because the sandstone
is generally massive, interpretation of its origin based on se-
dimentary structures is not feasible, so that its grain surface
textures were studied instead.



JP. Le Roux et al. / Sedimentary Geology 203 (2008) 164—180 165

2. Geological background

Neogene successions reflecting continental to continental
slope environments occur in several isolated basins along the
Chilean coast between Antofagasta and the Taitao Peninsula
(Fig. 1). These have been described in several publications
(e.g. Le Roux and Elgueta, 1997, 2000; Le Roux et al., 2004,
2005a,b, 2006; Encinas et al., 2006a,b). Here we focus on the
Huenteguapi sandstone, which forms part of the Ranquil
Formation of the Arauco Basin extending south from
Concepcion (Figs. 1 and 2). Deposits within this basin range
from the Cretaceous to the Neogene, with eight formations
overlying the Paleozoic metamorphic basement and in turn
overlain by Holocene sediments (Table 1). Deposition took
place in continental to shallow marine, shelf and continental
slope environments, with coal beds occurring in the Curani-
lahue and Trihueco Formations (Pineda, 1986; Le Roux and
Elgueta, 1997; Schoning and Bandel, 2004).

The Ranquil Formation as defined by Garcia (1968) has an
unconformable contact with the underlying Lebu Group (Mil-
lonhue Formation) of Paleogene age and is unconformably
overlain by the upper Pliocene to lower Pleistocene Tubul
Formation (Martinez, 1976; Schoning and Bandel, 2004; own
unpublished data). The concurrent range of several planktic
foraminifers including Globoguadrina dehiscens (N4b-N17/
N19a), Globorotalia spheriomiozea (N17-N19a), and Glo-
borotalia puncticulata (N19-N21) indicates a late Miocene
(Tortonian) to early Pliocene (Zanclean) age for the lower
members of the Ranquil Formation (Finger et al., 2007), which
underlie the Huenteguapi sandstone. A calcareous sandstone

bed (RQK of Finger et al., 2007) overlying the latter has a
Zanclean to Gelasian age (5.3-1.8 Ma) as shown by the
presence of the planktic foraminifers Globigerinella obesa s.1.
(since P22), Orbulina universa (since N9) and G. puncticulata
(N19-N21) (Finger et al., 2007). The Huenteguapi sandstone
therefore probably has a Zanclean to Gelasian age (5.3—
1.8 Ma), although no age diagnostic planktic foraminifers were
recovered from this bed.

The stratigraphy of the Ranquil Formation is shown in Fig. 3.
It commences with a basal unit (Ul) of interbedded fine
sandstone and shale, overlain by matrix-supported conglomer-
ate with fine sandstone and siltstone clasts in a clayey to silty
matrix (U2). This is succeeded by grey mudstones intercalated
with fine, calcareous sandstones showing parallel lamination,
ripple and hummocky cross-lamination, as well as slump and
fluid escape structures (U3). Schoning and Bandel (2004)
identified ten dicotyledonous tree families in silicified wood
fragments collected from this unit, all of which indicate a humid
climate. Le Roux et al. (submitted for publication) considered
unit U3 to reflect a continental shelf environment on the basis of
its sedimentary facies, benthic foraminifers including Hanse-
nisca soldani, Pyrgo depressa, Sphaeroidina bulloides and
Nodogenerina sagrinensis (Finger et al., 2007), as well as a
trace fossil suite including Zoophycos, Chondrites, Phycosi-
phon, Nereites missouriensis, Lackeia siliquaria, Psammich-
nites, Parataenidium, Ophiomorpha and Rhizocorallium. Flute
marks at the base of some sandstone beds suggest occasional
turbidity currents.

The upper part of this succession is formed by light green,
massive mudstones and laminated shales with rare interbedded,
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Fig. 1. Distribution of Neogene marine basins in Chile.
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Fig. 2. Locality map of Arauco Basin showing places mentioned in text.

fining-upward sandstones. The latter are 70—150 cm thick and
very fine-grained with occasional flute structures at the base.
They show planar lamination grading upward into small-scale
trough or ripple cross-lamination, thus resembling partial
Bouma cycles. Slump and fluid escape structures are locally
present. The gastropods Olivancillaria claneophila (Niclsen,
2004), Sinum subglobosus and Diloma miocenica, which are
also present in the lower members of the Ranquil Formation,
occur within this unit (Nielsen et al.,, 2004). Within the
mudrocks are also large sinuous, branched burrows of Tha-
lassinoides, together with Zoophycos and Chondrites traces
typical of a bathyal environment (Buatois et al., 2002) and
calcareous concretions containing the trace fossil Stelloglyphus
(Le Roux et al., submitted for publication). Benthic foramini-
fera and psychrospheric ostracodes, e.g. Krithe spp., also
indicate a bathyal depositional depth of about 2000 m for the
upper part of this unit (Finger et al., 2007). Duranti and Hurst
(2004) attributed similar successions with Thalassinoides
burrows as hemipelagic deposits interbedded with low-density
turbidites.

In some areas massive, fine sandstones with thin interbeds of
bioturbated, medium sandstone and conglomerate are present
(U4) at the top of the succession beneath the Huenteguapi
sandstone. However, the latter generally overlies unit U3 directly.

Table 1

Stratigraphy of depositional units in the Arauco Basin, after Pineda (1986)
Holocene (<0.01 Ma)

Upper Pliocene—lower Pleistocene (2.6-0.8 Ma)
Tortonian—Gelasian (11.6—1.8 Ma)

Dunes, etc.
Tubul Formation
Ranquil Formation
Lebu Group

Millonhue Formation  Bartonian—Priabonian (upper Eocene)
(40.4-33.9 Ma)
Lutetian (lower Eocene) (48.6-40.4 Ma)
Ypresian (lower Eocene) (55.8—48.6 Ma)

Trihueco Formation
Boca Lebu Formation
Curanilahue Formation
Pilpilco Formation
Quiriquina Formation
Paleozoic Basement

Paleocene-lower Eocene (65.5-40.4 Ma)
Maastrichtian (Upper Cretaceous) (70.6—65.5 Ma)

Ages according to International Stratigraphic Chart of the International Com-
mission on Stratigraphy, 2004.
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3. Description of the Huenteguapi sandstone and associated
features

3.1. Huenteguapi sandstone
3.1.1. Field relationships

The Huenteguapi sandstone crops out locally over a distance
of about 3 km between Caleta La Poza and Punta Huenteguapi

(Fig. 2). Sandstone intrusions and mudstone-clast breccia that
are directly associated with this unit also occur as far as El Cuco
40 km north of La Poza, but the bed is interrupted by faults or
eroded in the areas in-between. However, no other similar, medium
to very coarse sandstone unit is known from the Neogene in the
Arauco Basin, so that it seems to be unique in a succession of fine to
very fine-grained deposits reaching a total thickness of at least
500 m (including the overlying Tubul Formation; Pineda, 1983).

Huenteguapi
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Fig. 3. Stratigraphy of the Ranquil Formation (after Garcia, 1968; Henriquez, 2006).
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The Huenteguapi sandstone has an exposed thickness of at
least 5 to more than 30 m, but its maximum thickness is unknown.
It has an eroded, very irregular basal contact with local channels
exceeding 5 m in depth. The contact, especially along channel
zones, is commonly displaced by small synsedimentary faults.

The unit is generally massive, consisting of medium to very
coarse and poorly to very poorly sorted sandstone, locally
grading into granules or small-pebble conglomerate. Floating
mudstone clasts are common and locally served as nuclei for
ferruginous concretions ranging in scale from a few cm to
several tens of cm. They are locally concentrated along and
oriented parallel to the channel base and steep channel margins.
In some cases, the clasts along the basal contact show a clear
coarsening-upward size-grading (Fig. 4).

3.1.2. Fossil content

A variety of shell fossils are present within the Huenteguapi
sandstone itself, including Nacella, Fissurella, Hipponix, Crassi-
labrum and Acanthina, as well as barnacles (Nielsen, submitted
for publication). These taxa are not known to occur in the lower
members of the Ranquil Formation. No microfossils have so far
been recovered from the sandstone itself, although rip-up mudstone
clasts derived from the uppermost part of unit U3 contain bathyal
foraminifers (Finger et al., 2007). Some rip-up clasts, e.g. at Punta
Huenteguapi, also contain the gastropods O. claneophila, S.
subglobosus and D. miocenica (Finger et al., 2007).

3.1.3. Quartz grain surface textures

3.1.3.1. Concept and methodology. During transport by
various agents, processes such as collision and abrasion leave

different types of erosional microfeatures on grain surfaces that are
easily observable under a scanning electron microscope (SEM).
Each of those microtextures is typical of a certain intensity,
turbulence, and type of motion. Quartz, being both abundant in
many source rocks and resistant to long distances of transport or
periods of reworking, is therefore the most appropriate candidate
for this kind of study.

To identify the processes that affected grain surfaces, it is
necessary to establish characteristic microtexture groups (Krinsley
and Donahue, 1968; Higgs, 1979; Bull, 1981), because similar
conditions operating in different environments can generate a
range of similar features (Brown, 1973). Statistical analysis (Cul-
ver et al., 1983) also showed that a combination of features should
be used to distinguish different environments.

For statistical confidence, at least 30—40 grains per sample are
required (Trewin, 1988); 54 grains were analyzed in this study.
The examined quartz grains range from medium sand to fine
gravel size (500-1000 pm), which guarantees that abundant
abrasion and collision effects can be observed (Krischev and
Georgiev, 1981).

After washing and sieving, the remaining fraction exceeding
250 pm was boiled in 18% hydrochloric acid for 20 min and dried
in an oven overnight at 50 °C. Grains were then picked at random
under a stereomicroscope, adjusted in rows on SEM stubs, and
sputter-coated with gold-palladium. A number was allotted to each
grain and recorded on an overlay on the SEM screen to allow easy
tracking of individual grains. An additional micro-analytical check
on the selected grains proved to be useful, as some of the milky-
white grains tumed out to be plagioclase (andesine), whereas some
crystal-clear grains were glass. This examination and the quartz
grain surface analysis were performed with a Zeiss SEM (DSM

Fig. 4. Coarsening-upward zone of mudstone clasts at base of channel, indicating dispersive pressure because of shearing.
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Fig. 5. (A) Oldest fracture planes (arrows), craters (10), and blocky structure (2) of Process | became smoothened by aeolian transport (Process II). Overgrowth with a siliceous
web of an uncertain biogenic origin followed (Process I11) and was eventually partly destroyed by Process IV (marked areas). (B) Poorly preserved diatoms in a solution pit,
partly embedded in siliceous material. (C) Large collision features, high relief and a large uplifted block (4) on a bulbous, rounded grain (Process 11) are associated with the
high-energy event (Process I'V). Image shows conchoidal (17) and radial fractures (18), deep step-like grooves (9), incisions (12), and cracks on edges (6). (D) Details of the
former aeolian abraded surface are covered by a siliceous web of unknown origin. Center shows criss-crossing imprints of possible biogenic origin (algae?). (E) Etch structures
of organic origin(?) associated with Process I11. (F) Detail of (A) shows a high-energy impact crater (10) and fracture features (background) of medium size (18), and shattering
effects (b, 4; Process V) erasing the siliceous web structure linked to Process I11. (G) Surface with shatter structure (1b; Process IV). (H) Detail of (G) shows small to large
plates and blocks uptumed into a position orthogonal to the surface of the grain (Process V).

962) equipped with an energy-dispersive system and a NORVAR As a next step, both shape features (stereomicroscope) and
Si-Li detector (Thermo Fisher Scientific) at 20 kV acceleration surface microfeatures (SEM) were documented. The SEM study
voltage. also included visual estimation and documentation of the relative
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frequency or intensity (in percentage) of the microfeatures on
each grain. This assisted in the subsequent comparison of
different samples and sample environments and to distinguish
between texture groups developed in similar environments, but
under different energy intensities. In addition, the age relation-
ships between features based on indications of textural super-
position were included in this record. When these clearly proved
to form age-dependent feature groups and to follow the same
temporal succession, they were documented separately on a
working sheet representing a certain process or event.

3.1.3.2. Characteristic microtextures and feature groups.
Four distinct microtextural groups characterize the quartz grains
of the sample from the Huenteguapi sandstone (Fig. 5).

The oldest features (Process I), present on about 90% of all 54
grains, comprise a wide range of high to intermediate energy marks

of medium to large size. These are predominantly edge abrasion,
V-shaped pits and incisions of different sizes, large blocks, grooves
and craters, and crescent-shaped gouge marks (Fig. 5A). Adhering
diatoms can be observed on approximately 10% of these grains.
Like the other textures of this group, the diatoms are often covered
by precipitated silica or partially destroyed by younger surface
abrasion and impact marks (Fig. 5B).

The second process (II) is represented on 93% of all grains,
which show rounded and bulbous edges, V-shaped pits in series
covering the abraded surface and other impact marks always
ranging on a scale of 2—-20 pm (Fig. 5A, C). Most of the abraded
surface areas show rows of very small uplified plates, partly
smoothed over by silica precipitation and resulting in a so-called
orange peel appearance.

The third textural group (Process III) shows etching pits
on the surface of about 35% of the grains. Webs of probable
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Fig. 6. Comparison of microtexture group pattemns and frequencies of single surface features. SA — surface abrasion; EA — edge abrasion; 1 — small blocks; 1b — shatter

structure; 2 — large blocks; 3 — imbricated blocks; 4 — large uplifted plates; 5 — small uplifted plates; 6 — cracks on edges; 7 — linear grooves; 8 — curved grooves; 9 —
deep grooves; 10 — craters; 11 — striation; 12 — V-shaped incisions; 13 — V-shaped pits, random and different sizes; 14 — V-shaped pits in series; 15 — crescent-shaped
gouges; 16 — small conchoidal fractures; 17 — large conchoidal fractures; 18 — radial fractures; 20 — parallel steps; 21 — curved steps; 22 — ridges; 23 — sawtooth
structures; DE — dissolution etching; SO — silica overgrowth; OP — orange peel; 24 — silica globules; 25 — crystal growth; 26 — solution pits; 27 —
crystallographically oriented etched pits; 28 — cracks, irregular; 29 — polygonal cracks; 30 — etched grooves.
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Fig. 7. Ring structures with sandy cores in shales underlying the Huenteguapi sandstone. These are interpreted as upward fluid escape pipes, because the laminae are
bent upward around the cores.

biogenic origin, possibly colonies of algae, partly cover large ~ web material as of being biogenic origin has not been proven
parts of the grains. In addition, some rare prints of algae(?)  (Fig. 5E).

also seem to belong to this third stage of the sedimentation The fourth and youngest grain surface features (Process [V) are
history (Fig. 5D). However, interpretation of the siliceous  represented by fresh breakage faces and large, communicating,

Fig. 8. Ring structures in shales underlying Huenteguapi sandstone, accentuated by Thalassineides concentrated in a bed that was subsequently updomed by fluid escape.
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Fig. 9. Sandstone dyke emanating from base of Huenteguapi sandstone. White line at bottom left represents 30 cm.

conchoidal, radial, and step-like fractures (Fig. 5A, C, F). They
partially destroyed all the older features including the possible
algae web. To a different degree these textures affect all grains of
the sample, although they are generally not abundant. Some
additional, very special features also distinguish this group from

others: Shatter structures consist of upright plates of different size
(10-50 pm), here described under the category of “small plates”
(Fig. 5G, H; Fig. 6). Also typical, but more rare are cracks on
edges. Furthermore, some grains show an apparent local effect of
silica melting.

Fig. 10. Sandstone dyke penetrating large mudstone rip-up clast within the Huenteguapi sandstone from below. Note sinuous shape of dyke (due to compaction) and
lamination parallel to dyke walls. The ferruginous concretions in the lower left part of the photo formed around mudstone clasts.
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Fig. 11. Dykes and sills at Caleta Viel (Fig. 2). Geological hammer in rectangle is about 30 ¢cm long.

3.2. Description of associated features (Fig. 7) with laminae bent upward around sandy cores. The
bedding is in some cases accentuated by calcareous concretions
3.2.1. Ring-shaped structures or Thalassinoides burrows (Fig. 8). These structures reach a

A prominent feature observed in the shales (U3) immediately =~ maximum diameter of 45 m and occur some meters below the
underlying the Huenteguapi sandstone are circular structures  Huenteguapi sandstone. They apparently formed by updoming

Fig. 12. Oblique dyke cutting across bedding shown by siltstone beds in mudstone unit. Mimic sedimentary structures and bedding (Figs. 13, 14) occur in this unit.



