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Abstract

The active continental margin off south-central Chile (36° to 40°S) is transitional between the tectonically erosive, empty-trench
margin north of Juan Fernandez Ridge and the accretionary, trench-filled margin south of the Chile Triple Junction. The small width of
the presently active accretionary wedge (maximum width of 25 to 50 km) argues for past phases of tectonic erosion. At present,
this sector shows indications of contemporaneous accretion, subduction, and underplating of sediment, as well as readjustment of the
slope by various mass-wasting processes.

In this context, this study aims to examine the Neogene sedimentary processes on the continental margin from dredge samples
recovered during R/V SONNE cruise SO161-5 within this transitional domain using lithology, sandstone petrology, shale mineralogy,
and analysis of sedimentary structures. Our results yield that the principal transport ofmaterial occurs in high-energy turbidity currents
and debris flows via submarine canyons deeply cutting the continental slope, whereas sediment on the shelf is transported by strong
coast-parallel bottom currents and trapped by submarine canyons cutting into the shelf. A wide range of mass-wasting processes
including slumping, debris flows, evolving to low-density turbidity currents and mud flows, rework the slope sediments. In contrast,
thick undisturbed sequences of mostly hemipelagic sediments accumulate in active slope basins, which are largely protected from
mass movements.

XRD analyses revealed early diagenetic lithification and overall burial depths of up to ∼230 mbsf, suggesting a shallow-
subsurface cycle of sedimentation, subsidence, diagenesis, uplift, erosion, and resedimentation. The composition of sandstones is
dominated by volcanic rock fragments of Andean provenance. Along-strike modal changes reflect a southward increase in glacially
denudation and rainfall, the combination of which caused more intense erosion of volcanic rocks and exposure, weathering and, as
a result, increased fluvial transport of metamorphic and plutonic rocks to the sea.
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1. Introduction

The active continental margin off Chile is character-
ized by the subduction of the Nazca Plate below the
South American continental plate (e.g., Dewey and Bird,
1970). Because of its N–S extent and tectonic variability,
this margin provides an excellent natural laboratory for
the study of the influence of climate, trench fill, age and
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thermal state of subducted crust, dip angle of the in-
coming plate, characteristics of the overriding plate etc.
on the development of the forearc.

The cruise of SONNE 161-5 studied the 36°–40°S
sector (Fig. 1), situated between the tectonically erosive,
empty-trench margin (e.g., von Huene and Lallemand,
1990) north of San Fernandez Ridge and the clearly
accretionary, trench-filled margin (Bangs and Cande,
1997) south of the Chile Ridge Triple Junction. This
sector is intermediate in nature, with latitudinal and
probably temporal variations in the volume of sub-
ducted, accreted, and underplated sediment (Lohrmann
et al., 2006; Ranero et al., 2006; Sick et al., 2006). The
small width of the accretionary portion of the continental
wedge (25 to 50 km in maximum), identified from seis-
mic profiles, is inconsistent with a continuous history of
accretion (Bangs and Cande, 1997). It is therefore rea-
sonable to expect an interaction of frontal accretion,
basal accretion, sediment subduction, and readjustment
of the slope by various mass-wasting processes in this
sector. The factors controlling these variations are de-
scribed in principle by the critical taper model of Dahlen
(1990), but not well known in the special case of south-
central Chile.

While there exist numerous geophysical studies on
the central Chilean margin (e.g., von Huene et al., 1985;
Bangs and Cande, 1997; Díaz-Naveas, 1999; Bohm
et al., 2002; Grevemeyer et al., 2003; Ranero et al., 2006;
Sick et al., 2006), sedimentary studies are sparse
(Thornburg and Kulm, 1987a,b; Scholl et al., 1970;
Lamy et al., 1998; Mix et al., 2003; Muñoz et al., 2004).
Therefore the fifth leg of the research cruise was carried
out with a focus on the characterization of this hybrid
convergent margin by geological and geochemical sam-
pling and heat flow measurements.

Our study aims to address the following questions:
(1) What is the provenance, age and diagenetic path
of shale and sandstones dredged from the continental
slope? (2) Which sedimentary processes act or dominate
on the continental shelf and slope? (3) Which burial
depths of sediments within the accretionary wedge can
be reconstructed?

2. Regional setting

The oceanic Nazca Plate is subducting beneath the
continental South American plate at an angle of ca. 77°,
with a dip angle of approximately 19°, and at an absolute
convergence rate of 66 mm/a (e.g., Angermann et al.,
1999).

Global seafloor topography (Smith and Sandwell,
1997; Lindquist et al., 2004) and low-resolution, full-
coverage bathymetry of the Chilean margin (Zapata,
2001) show a shelf of intermediate width (20–30 km)
between 33° and 44°S. Its edge lies at 150 to 250 m
below sea level. The continental slope is characterized
by small plateaus, lineaments, and escarpments with
slopes up to 10° but generally ranging between 2.5° and
4.0° (Zapata, 2001). It shows areas with different slope
angles, and can therefore be divided in an upper slope up
to 2500 m (2°–3°) and a lower slope between 2500 m
and 4600 m (5°–8°) (Vargas, 2005; Vargas et al., 2005).
Locally, gently landward-inclined terraces nearly
aligned in a N–S direction form potential slope basins.

Ocean Drilling Project Leg 202 (Mix et al., 2003)
described sediments from three sheltered slope basins
between 36° and 41°S (Sites 1233, 1234, 1235, [Fig. 1])
which were deposited rapidly at average rates of 70–
82 cm/ka within the last 260,000 yr. Scholl et al. (1970)
calculated a total amount of 105×103 km3 of sediments
deposited along the Chilean coast between 36° and 42°S
during the entire Cenozoic. Probable cause for such high
values is the extremely high terrigeneous sediment sup-
ply due to heavy continental rainfall in southern Chile
(Lamy et al., 2001). The particular area under discussion
between 36° and 40°S forms a transition from moderate
(36°S, 90–200 cm rainfall/yr) to humid cold climates
(40°S, 450–650 cm rainfall/yr) (Scholl et al., 1970).
These conditions provide large quantities of eroded ma-
terial from the Main and Coastal Cordilleras. Further-
more, several glacial events since 7 Ma, the latest of
which is the Llanguihue event 13.9 to 33.5 ka ago (e.g.,
Mercer, 1976; Rabassa and Clapperton, 1990), contrib-
uted to the orogenic denudation and thus to the high
availability of continent-derived material.

It is generally assumed that the southern Chilean
continental margin was affected by periods of sub-
duction erosion and/or sediment subduction during
its long history of convergence for several reasons:
(1) The accretionary portion of the wedge has a maxi-
mum width of 25 km to 50 km and is therefore com-
paratively small (Bangs and Cande, 1997). Similarly,
the Peruvian accretionary prism also has a width of 20
to 30 km; it is known, that there additional 28 km was
consumed by subduction erosion since the Miocene
(von Huene and Lallemand, 1990; von Huene et al.,
1999). (2) Isotope studies of volcanic arc extrusives
indicate a supply of subducted sediments to the arc
magma within the last 10 Ma (Sigmarsson et al., 1990;
Hickey-Vargas et al., 2002). (3) Long-term sediment
mass balances (von Huene and Scholl, 1991) supply
evidence that a large volume of trench sediments has
been subducted with the downgoing slab. (4) Various
geophysical methods indicate the present existence of



Fig. 1. Bathymetric map off southern central Chile and locations of dredge sampling stations. Investigation subareas of SO161-5 are named after
major rivers feeding the prominent submarine canyons. ODP Sites (Leg 202) and PARASOUND profiles from Fig. 9 are indicated as well. Onshore
geological units are adopted and simplified from SERNAGEOMIN (2003).
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a subduction channel (Ranero et al., 2006; Sick et al.,
2006).

The flux of subducted trench sediments is probably
related to the opening and closure of this subduction
channel. In the area investigated, sediment subduction
and accretion seem to act contemporaneously at present.

It has been argued that subduction erosion took place
when the trench was not sufficiently filled with sedi-
ments to cover the rough relief of the oceanic plate
(Bangs and Cande, 1997). This general idea seems to
be true at present for the general distinction between
northern Chile (erosive) and southern Chile (partly
accretive). Therefore, in the area investigated, the change
between accretionary and tectonically erosive phases of
subduction was probably controlled mainly by changes
in the sediment supply to the trench.

There are several indications for recent vertical uplift
of the marine and coastal forearc in places: (1) Heat flow
values are extremely low and make a steady-state un-
likely (Ferguson et al., 1993; Hyndman et al., 1993;
Wiedicke-Hombach and Shipboard Scientific Party,
2002; Grevemeyer et al., 2003). (2) The interpretations
of reflection seismic data of Bangs and Cande (1997) and
Díaz-Naveas (1999) show that the south-central Chilean
accretionary wedge grew rapidly vertically within the
last 1 to 2 Ma, possibly as a result of sediment under-
plating beneath the prism, amplified by very high sedi-
mentation rates on the continental slope. (3) Lohrmann
et al. (2006) argue that a portion of the strong surface
uplift of 0.8–5.5 mm/yr in the Arauco Peninsula area,
documented by paleoshorelines, is explicable by tectonic
underplating. (4) Melnick and Echtler (2006) claim a
∼1.5 km rise of the shelf during the middle Pliocene due
to a forearc basin inversion associated with changes in
the mechanical properties of the margin wedge as a
response to rapid increase of glacial age sediment supply
to the trench.

Six major (and some minor) submarine canyon
systems transect shelf and continental slope in the study
area where they cut up to 1000 m into the middle slope
(Fig. 1). From south to north, these are the Bueno, Calle-
Calle, Toltén, Imperial, and Bío-Bío canyons. The path of
the Bío-Bío canyon is controlled by the Bío-Bío fault
zone, one of the threemain fault systems. The canyon is in
an active erosion phase, which produces the migration of
the canyon head towards the continent, now located at a
depth of 15–20 m and a distance of 300 m from the
shoreline (Pineda, 1999). This has a significant effect on
the sedimentation–erosion equilibrium of Escuadrón
beach since the Bío-Bío river will discharge directly to
the canyon, and the sedimentary contribution to the beach
will decrease (Pineda and Fanucci, 1994; Pineda, 1999).
Further north, three unnamed canyons and the large San
Antonio canyon off Valparaiso possibly form additional
major sedimentary pathways to the trench (Thornburg
et al., 1990; Laursen and Normark, 2002). The mean
spacing between canyons along the coast is 70–100 km.
The larger canyons commence on the shelf and feed
directly off large river mouths (Zapata, 2001).

At the downslope exits of most of the larger canyons,
submarine fan systems exist (Thornburg et al., 1990).
These submarine fans exhibit a constructive (possibly
Pleistocene) and a destructive (possibly present) phase
(Thornburg et al., 1990; Völker et al., 2006).

The trench in the area under discussion has only a
weak morphological expression, owing to the copious
sedimentary infill. Instead, a flat, broad plain, some 25–
100 km across, is observed (Fig. 1). The trench plain is
gently inclined to the north whereby its average depth
increases from 4500 m at 42°S to 5400 m at 36°S (Smith
and Sandwell, 1997; Lindquist et al., 2004). In seismic
sections across the trench, the sediment fill is visible as
a seaward-thinning, wedge-shaped deposit, formed by
subhorizontal strata that onlap the sedimentary cover of
the Nazca Plate (von Huene et al., 1997; Laursen and
Normark, 2002; Rauch, 2005). This sedimentary se-
quence is approximately 2–2.5 km thick and predom-
inantly composed of turbidites (Bangs and Cande, 1997;
Laursen and Normark, 2002; Mix et al., 2003).

The most prominent feature within the morpholog-
ically flat area of the trench sediment is formed by a S–
N-trending channel, the Chile Trench Axial Channel
(Thornburg and Kulm, 1987a; Laursen and Normark,
2002; Völker et al., 2006). The channel cuts into the
sedimentary fill of the trench plain and shows the same
northward inclination. Submarine fan distributary chan-
nels emanate in the trench axial channel (Thornburg and
Kulm, 1987a; Völker et al., 2006).

A detailed study of petrofacies and provenance from
modern south-central Chilean trench sediments distin-
guished three main petrofacies (Thornburg and Kulm,
1987b): (1) Basic magmatic arc petrofacies from the
Main Cordillera, incl. olivine, pyroxene, plagioclase, and
volcanic rock fragments with a Pliocene to Quaternary of
basaltic and andesitic magmatic arc provenance. (2) Aci-
dic magmatic arc petrofacies, incl. quartz, K-feldspar,
hornblende, biotite, and opaque minerals (magnetite),
representing a mixture of pre-Pliocene volcanic and plu-
tonic provenance. (3) Metamorphic complex petrofacies,
incl. chlorite, mica, green hornblende, epidote, actinolite,
apatite, K-feldspar, quartz, and metamorphic rock frag-
ments. Corresponding Paleozoic source rocks are located
in the Coastal Cordillera and mainly form part of a Late
Paleozoic accretionary complex.



170 M. Raitzsch et al. / Marine Geology 244 (2007) 166–183
The area under discussion shows a high seismicity,
documented bymegathrust-earthquakes like the Valdivia
earthquake of 1960, with a magnitude of 9.5 the largest
one ever recorded (Plafker, 1972). It seems plausible that
such hazards trigger mass-wasting processes on the slope
and thus influence the morphology of the continental
slope.

3. Materials and methods

A total of 89 rock samples of a variety of lithologies
of sedimentary origin were recovered with a chain-bag
dredge from 27 stations (Fig. 1 and Table 1) on the
continental slope and on the outer shelf. They were
investigated for macroscopic sedimentary structures,
sandstone petrographic composition, and bulk compo-
sition by X-ray diffraction analysis. During the cruise,
the PARASOUND multibeam swath echosounder was
operated continuously, and provided additional infor-
mation on the sedimentary environment. Biostratig-
raphic ages of some samples could be determined with
nannofossil analyses (Wiedicke-Hombach and Ship-
board Scientific Party, 2002) using the stratigraphies of
Young (1998) for the Neogene, of Hine and Weaver
(1998) for the Quaternary, of Perch-Nielsen (1985) for
the entire Cenozoic, and of Barron (1985) for the Mio-
cene to Holocene (Table 1).

The sampling strategy was aimed to obtain samples
from the entire width of the continental margin including
outer shelf, submarine slope, and floor and walls of
submarine canyons. Due to the nature of the dredging
process, by which the weighted chain sack is hauled
across the sea bottom, a sample of the outcropping li-
thologies is obtained, preselected for lithologic hardness,
submarine outcrop ruggedness, and orientation of the
dredge haul with respect to structural trend. It has to be
considered that the exact location of samples with re-
spect to their original depositional environment is some-
what reduced by tectonic and sedimentary reworking
processes.

3.1. Sandstone petrography

Eleven thin sections from eight well-lithified medi-
um-grained sandstones (sampling locations: 11 KD, 36
KD, 37 KD, 55 KD, 56 KD, 57 KD, 75 KD, 97 KD)
were examined for their petrographic composition and
subsequently interpreted for provenance analysis. For
each thin section, 400 to 500 framework grains were
point-counted following Gazzi and Dickinson (Gazzi,
1966; Ingersoll et al., 1984; Dickinson, 1985). Accord-
ingly, grains were classified as monocrystalline (Qm)
and polycrystalline quartz (Qp), chert (Qch), plagioclase
(P), K-feldspar (F), volcanic rock fragments (Lv), sed-
imentary rock fragments (Ls), metamorphic rock
fragments (Lm), mica, and “others”.

3.2. Bulk and clay mineralogy

Ten samples of mostly silty character from five sam-
pling sites (sampling locations: 37 KD, 55KD, 56KD, 61
KD, 62 KD) were prepared for X-ray analysis, principally
following the method of Kisch (1991). Bulk mineralogy
was analyzed by scanning the powdered whole rock
material from 3° to 70° 2θ (2ϑ). The clay-sized fraction
(b2 μm) was separated by the Atterberg method, and
prepared in smear slides with a layer density of 2 mg/cm2,
in accordance with recommendations of Arkaí (1991),
Eberl et al. (1987), and Lezzerini et al. (1995).

After a scan on the air-dry state from 3° to 40° 2θ,
preparations were treated with ethylene glycol and X-
rayed from 3° to 20° 2θ in order to detect expandable
layers in mixed-layer clay minerals. All measurements
were performed on a Philips PW 1710 (CoKα radiation,
I=30 mA, U=40 kV, software PC-APD). Measured
FWHM (Full Width at Half Maximum) values were
calibrated with standardized CIS values from Warr and
Rice (1994). The diffractograms were smoothed,
corrected, and analyzed by the MacDiff 4.2.5 software
(Petschick, unpubl.). The clay mineral composition was
determined by using a semi-quantitative method revised
by Braukmann (1984). Accordingly, the peak areas of
main basal reflections were weighted in the glycolated
state using smectite (17 Å), illite (10 Å), and kaolinite/
chlorite (7 Å).

4. Results

4.1. Sedimentology

Neither metamorphic nor igneous rocks of continen-
tal basement nor oceanic crust-affinity was obtained
during the sampling program, although we intentionally
dredged from walls of up to 1 km deeply incised sub-
marine canyons with lack of a recent sedimentary cover.
None of the samples could be dated older than early
Miocene. The oldest samples were mainly found on the
upper slope and the outer shelf (Table 1). All recovered
samples are exclusively of sedimentary origin, domi-
nantly clastic, and commonly with characteristic sedi-
mentary structures indicative of a variety of sediment
transport and depositional processes. Most samples from
the upper slope (to 2500 m water depth) and from the
shelf are bioturbated to a variable degree. Bioturbation



Table 1
Summary of sampling stations with short description of recovered rock types, lithologies, and nannofossil ages

Sample Longitude
(S)

Latitude
(W)

Water
depth (m)

Target Rock types/Lithology (age from nannoplankton analysis)

Area Bío-Bío
3 KD 36°46.34′–

36°46.69′
73°33.55′–
73°33.08′

974–600 Bío-Bío
canyon

Hardgrounds of laminated mudstones, occasionally interbedded with
distal turbidites (Neogene)

4 KD 36°46.54′–
36°46.59′

73°32.10′–
73°32.96′

695–510 Bío-Bío
canyon

Similar to 3 KD

11 KD 36°09.09′–
36°09.37′

73°30.49′–
73°30.10′

184–163 Shelf (1) Medium- to coarse-grained Ta litharenites with claystone clasts
(2) Fine- to medium-grained Tb/c litharenites with planar or ripple-drift cross
lamination

12 KD 36°09.63′–
36°09.72′

73°25.66′–
73°25.33′

126–123 Shelf Grey mudstones interbedded with fine- to medium-grained Tb/c sandstones,
planar lamination, dewatering structures (Neogene with reworked Paleogene)

13 KD 36°10.17′–
36°10.60′

73°23.48′–
73°22.99′

120–117 Shelf (1) Bioturbated siltstones
(2) Tuff horizons with lapillis and bentonite layers

32 KD 36°39.26′–
36°39.64′

74°11.05′–
74°10.56′

3595–3165 Bío-Bío
canyon

Fine- to medium-grained turbiditic litharenites with claystone clasts

114 KD 36°44.70′–
36°43.93′

74°04.70′–
74°04.85′

2881–2563 Bío-Bío
canyon

(1) Well-sorted, fine-grained Tb/c/d sandstones, occasionally with ripple-drift
cross lamination, load balls and flame structures
(2) Sandstone–mudstone couplets
(3) Massive mudstones interbedded with sandy horizons (lower Quaternary)
(4) Fine-grained sandstones with horizontal stratification (Fig. 4c)

115 KD 36°39.80′–
36°40.05′

74°12.58′–
74°12.14′

3596–3246 Bío-Bío
canyon

(1) Fine- to medium-grained Ta sandstones with clay-rich matrix (greywacke)
(2) Sand-bearing turbiditic siltstones interbedded with fine-grained
sandstones (Neogene)
(3) Fractured grey mudstones

Area Toltén
36 KD 38°49.48′–

N/A
74°40.50′–
N/A

3723–3340 Toltén
canyon

(1) Turbiditic litharenites with ball-and-pillow structures, convolute bedding,
flame structures
(2) Polymict clay-clast conglomerates
(3) Mudstones (Neogene)

37 KD 38°47.76′–
38°48.19′

74°34.49′–
74°34.24′

2343–2061 Toltén
canyon

Massive, poorly sorted, and quartz-veined Ta litharenite

47 GA 38°11.52′ 74°11.60′ 208 Shelf Well-lithified, silty limestones with ash particles and shell fragments
48 GA 38°11.88′ 74°10.45′ 224 Shelf Similar to 47 GA (Pleistocene)
55 KD 38°48.23′–

38°48.85′
74°41.27′–
74°41.57′

4054–3603 Toltén
canyon

(1) Fine- to coarse-grained litharenites (late Pliocene to Pleistocene)
(2) Bioturbated pellet-rich siltstones (middle Miocene to late Pliocene)
(3) Clay-rich fine-grained sandstones

56 KD 38°48.98′–
38°48.74′

74°28.21′–
74°28.59′

1729–1420 Upper
slope

(1) Massive mudstones from mud turbidites and mud flows (Pleistocene)
(2) Clay-rich siltstones with ripples and convolute bedding
(middle Pliocene to Holocene)
(3) Medium- to coarse-grained Ta and Tc turbidites (Fig. 4b)
(4) Fine- to medium-grained turbiditic sandstones

57 KD 38°44.69′–
38°44.04′

74°37.59′–
74°36.80′

3314–2625 Lower
slope

(1) Graded, fine-grained turbiditic sandstones
(2) Sandy mudstones and clayey siltstones

61 KD 38°53.99′–
38°53.65′

74°15.82′–
74°15.90′

1946–1601 Toltén
canyon

(1) Clay-clast conglomerates grading into coarse-grained sandstones
(2) Bioturbated clay-rich siltstones (middle Pliocene to Holocene)
(3) Laminated turbiditic siltstones with convolute bedding (Pleistocene to Holocene)
(4) Clayey fine-grained sandstones with flame structures

62 KD 38°51.44′–
38°51.07′

74°08.31′–
74°08.54′

1153–829 Upper slope
(anabranch of
Toltén canyon)

(1) Clay-rich siltstones (early Quaternary)
(2) Fine- to medium-grained turbidites with ripple-drift cross lamination
and flame structures (Fig. 3b)
(3) Fine-grained Tc/d turbidites with convolute bedding

103 KD 38°23.02′–
38°22.54′

74°06.90′–
74°06.52′

519–180 Upper slope
to shelf

Bioturbated clay- and sand-bearing siltstones (Miocene)

104 KD 38°20.01′–
38°19.99′

74°09.15′–
74°09.01′

580–390 Upper slope (1) Massive claystones with laminated cross-bedded Tb/c sandstone lenses
(Pliocene to Pleistocene)

(continued on next page)
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Table 1 (continued )

Sample Longitude
(S)

Latitude
(W)

Water
depth (m)

Target Rock types/Lithology (age from nannoplankton analysis)

(2) Polymict, matrix- to grain-supported conglomerates
(3) Well-rounded, pebble- and cobble-sized clasts of andesitic/tholeiitic origin

Area Toltén
105 KD 38°16.30′–

38°16.42′
74°07.40′–
74°06.96′

164–105 Shelf (1) Bioturbated hardgrounds of grey laminated mudstones interbedded with
fine- to medium-grained turbidites (early Miocene)
(2) Well-rounded gravels, derived from continental metagranitoids, quartz-rich
intrusives, and tholeiitic basalts (Fig. 2)
(3) Mud-rich limestones with volcanic ash particles and shell fragments
(similar to 47 GA and 48 GA)
(4) Fine-grained tempestites

Area Calle-Calle
68 KD 39°37.59′ 74°28.19′ 1917 Calle-Calle

canyon
(1) Clay-rich debrites interbedded with fine-grained sandstone
lenses (Pleistocene)
(2) Massive siltstones to very fine-grained sandstones (lower Quaternary)

69 KD 39°38.97′ 74°35.56′ 2350 Calle-Calle
canyon

(1) Bioturbated, pellet-bearing siltstones (middle Pliocene to Holocene)
(2) Mudstones interbedded with fine-grained sandstones and convolute bedding
(3) Bioturbated, very fine-grained sandstones

70 KD 39°37.01′ 74°46.10′ 2998 Calle-Calle
canyon

(1) Clay-rich siltstones, rich in foraminifera (lower to upper Pliocene)
(2) Graded silt/sandstones with flame structures (upper Pliocene to Pleistocene)
(3) Clayey to silty debrites interbedded with Tc turbidites, ball-and-pillow
structures (lower Pliocene to Pleistocene)

74 KD 39°52.79′ 74°45.26′ 2700 Lower slope (1) Massive, clay-rich and mica-bearing mudstones (middle Pliocene
to Pleistocene)
(2) Clay-rich siltstones with fine-grained sandstone wisps

75 KD 39°54.51′–
39°55.02′

74°48.58′–
74°48.66′

3334–2895 Bueno canyon (1) Middle- to coarse-grained Ta litharenites
(2) Fine-grained, clay-rich litharenites with dish-and-pillar structures
(from liquefied flows?)
(3) Plastic, cohesive, clayey silts

76 KD 39°49.10′–
39°49.11′

74°09.91′–
74°10.07′

1000–900 Calle-Calle
canyon

(1) Siltstones to fine-grained Tc/d sandstones with ripple-drift cross bedding and
slump folds (Fig. 4a) (middle Pliocene to Pleistocene)
(2) Polymict conglomerates with fluvially derived clasts

97 KD 39°53.80′–
39°54.07′

74°51.40′–
74°51.22′

3800–3551 Bueno canyon Fine- to medium-grained Ta litharenites with clay-rich matrix (greywacke)
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is apparent from the occurrence of trace fossils (e.g.,
burrows) and destruction of primary sedimentary fabric
which did partly result in complete homogenization of
fine-grained sedimentary rocks in samples obtained from
shallow water depths. The dredge samples recovered
in each area studied comprise different rock types and
lithologies as follows (see also Table 1):

4.1.1. Bío-Bío area
The samples from the outer shelf consist of medium-

to coarse-grained Ta or fine to medium Tb/c litharenites
(Bouma division), occasionally with claystone clasts
and planar or ripple-drift cross lamination (11 KD). In
addition, bioturbated mudstones (13 KD) were dredged,
in some cases interbedded with fine- to medium-grained
Tb/c sandstones and with planar lamination and
dewatering structures (12 KD). Furthermore, we found
tuff horizons containing moderately rounded lapillis and
bentonite layers (13 KD).
Many samples from the Bío-Bío canyon represent
laminated or massive mudstones (115 KD) which might
be interbedded with fine-grained distal turbidites (3 KD,
4 KD, 114 KD [Fig. 4c], 115 KD). Recovered turbiditic
sequences consist of fine- to medium-grained Ta
litharenites (115 KD), in one case with claystone clasts
at the base (32 KD), and fine-grained Tb/c/d sandstones
with horizontal stratification or ripple-drift cross lami-
nation, load balls and flame structures (114 KD).

4.1.2. Toltén area
The outer shelf samples comprise bioturbated and

well-lithified mud-rich limestones with volcanic ash par-
ticles and shell fragments (47 GA, 48 GA, 105 KD), and
hardgrounds of grey laminated mudstones interbedded
with fine- to medium-grained turbidites (105 KD) which
are similar to those recovered in the Bío-Bío area.
Additionally, loose well-rounded gravels derived from
continental metagranitoids, quartz-rich intrusives, and
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tholeiitic basalts (105 KD, Fig. 2), fine-grained tempes-
tites (105KD), and semi-consolidated cohesive silty clays
or clayey silts were dredged.

On the upper slope, massive clay-rich or sand-bearing
mudstones (56 KD, 62 KD, 103 KD) were retrieved, in
some cases with ripples and convolute bedding (56 KD)
or lenses of laminated cross-bedded Tb/c sandstones
(104 KD). Also, a variety of turbiditic sequences was ob-
tained ranging from medium- to coarse-grained Ta and Tc
turbidites (56KD, Fig. 4b) to fine- tomedium-grainedTc/d
sandstones (56 KD) with ripple-drift cross lamination
and flame structures (62 KD, Fig. 3b), or with convolute
bedding (62 KD). Furthermore, matrix- to grain-supported
polymict conglomerates as well as loose well-rounded,
pebble- and cobble-sized clasts of andesitic/tholeiitic
origin (104 KD) were dredged.

The samples from the lower slope (57 KD) consist of
graded fine-grained turbiditic sandstones, sandy mud-
stones, and clayey siltstones.

In the Toltén canyon turbidite sequences ranging from
massive, poorly sorted, and quartz-veined Ta litharenites
(37 KD, 55 KD) through Tc litharenites with ball-and-
pillow structures, convolute bedding, and flame structures
(36KD, 61KD) to laminated Td siltstones with convolute
bedding (55 KD, 61 KD) were recovered. Also, clay-clast
conglomerates (36 KD, 61 KD) and bioturbated mud-
stones (36 KD, 55 KD, 61 KD) were sampled.

4.1.3. Calle-Calle area
The samples from the lower slope (74 KD) com-

prise massive, clay-rich and mica-bearing mudstones
and clay-rich siltstones containing fine-grained sand-
stone lenses (Fig. 3a).

The samples from the Bueno and Calle-Calle canyons
reveal a variety of mass flow deposits like clayey to silty
Fig. 2. Some sawed and polished, well-rounded gravels from 105 KD
showing a variety of different source rocks. From left to right:
chloritized metagranitoid, quartz-rich intrusive, tholeiitic basalt, ash-
bearing siltstone.
debrites interbedded with fine-grained Tc sandstones
(68 KD, 69 KD, 70 KD), fine- to medium-grained Ta
litharenites (75 KD, 97 KD), fine-grained Tc/d sand-
stones or siltstones with flame structures, ripple-drift
cross bedding and slump folds (69 KD, 70 KD, 76 KD
[Fig. 4a]), and fine-grained, clay-rich litharenites with
dish-and-pillar structures, possibly deposited from lique-
fied flows (75 KD). Also, numerous samples consist of
clay-rich siltstones, occasionally rich in pellets or fora-
minifera (69 KD, 70 KD), as well as plastic and cohesive
clayey silts (75 KD). Furthermore, polymict conglom-
erates with fluvially derived clasts were among dredge
samples (76 KD).

4.1.4. Early lithification and deformation
Most samples from all studied areas are deformed to

various degrees and in different styles. Deformation in
unconsolidated sediments is represented by slump folds
(Fig. 4a) and water-escape structures (convolute bedding,
flame-, ball-and-pillow-, and dish-and-pillar structures).
Increased lithification is indicated by a deformation pat-
ternwhere the sediment is partly folded, but also disrupted
by faults which in turn are filled by sediment (Fig. 4b).
Progressive lithification is visible by brittle fractures (e.g.,
joints, fault surfaces with offsets, Fig. 4c) and calcite
veining. Several of the recovered samples were lithified
and deformed in a brittle manner shortly after deposition.
Early brittle response is indicated by brittle faults off-
setting lamination by mm or at most few cm. These
microfaults end abruptly at horizontal stratigraphic con-
tacts (Fig. 3a, detail I) and indicate that lithificationwas an
early and surficial process that occurred penecontempor-
aneously with sedimentation.

4.1.5. Reworking
Many sediment samples, both from the submarine

canyons and the slope, may have undergone more than
one episode of transport and sedimentation, exhibiting
evidence of erosion, transport, and resedimentation in
mass flows. In these cases, mass flow deposits contain
lithological and textural relicts of the incorporated
lithofacies (Fig. 3a, detail III). At the contact of different
lithofacies, load and dewatering structures are apparent
(Fig. 3b, detail II). Furthermore, many dredge samples
also appear to be eroded from previously consolidated
rocks which can be seen in weathering rinds (partly with
slickensides).

4.2. Sandstone petrography

In medium-grained sandstones, volcanic rock frag-
ments are the most abundant particles and contribute to



Fig. 3. Two examples for erosive and reworking mass flow deposits. a) 74 KD: a mud flow deposit with brittle fractures (I), maybe due to early
diagenetic lithification, followed by a laminated distal turbidite (II). A subsequent mass flow eroded parts of the turbiditic sequence, thus with sandy
wisps remaining as relicts in the overlying mud flow (III). b) 62 KD: at the base turbiditic Bouma-Tc sequence with ripple-drift-cross lamination (I),
and followed by flame structures (II). This sequence is bounded by an erosional contact, subsequent Ta clasts (III) and planar laminated Tb sands (IV),
and an oriented shell (V).
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1/4 to 1/2 of the point-counted framework grains (mean
39%) (Fig. 5). They consist mostly of unoriented pla-
gioclase crystals floating in a finely crystallized matrix of
plagioclase and pyroxene. These andesitic basalts are
typical of the modern volcanic arc rocks in the Chilean
Andes (e.g., Deruelle, 1982). Other volcanic rock frag-
ments consist of glassy (sub-) volcanics, seen as opaque
grains under crossed nicols. The proportion of volcanic
rock fragments distinctly decreases southward from 52%
in the Bío-Bío area to less than 25% in the Calle-Calle
region.

Plagioclase is the second-most dominant mineral
group (approximately 20%). Its proportion shows a
southward increase from less than 18% in the northern-
most area to more than 26% in the south. Proportions of
K-feldspar and monocrystalline quartz do not change
Fig. 4. Different deformation styles due to different degrees of lithificatio
appreciably with latitude, and contribute approximately
6% and 8% of the grains, respectively, comparable with
chert fragments at∼6% similar. In comparison to mono-
crystalline quartz and chert fragments, polycrystalline
quartz is with 4% less abundant, but its proportion grows
southward from 1% in the Bío-Bío area to about 6% in
the Calle-Calle area.

Metamorphic rock fragments include mica schists
and altered granitoids, altered tholeiitic basalts, and
altered volcaniclastics. Their proportions increase south-
ward from approximately 2% in the Bío-Bío area to
more than 10% in the Calle-Calle area.

Sedimentary rock fragments include silty clays and
clayey silts, which may represent reworked slope and
shelf sediments. They contribute approximately 3% of
the total content in general, with a maximum of 5% in
n. The spectrum ranges from softsedimentary to brittle deformation.



Fig. 5. Bar graph of sandstone compositions, averaged for each segment investigated. Volcanic rock fragments are the most abundant components,
showing a proportion decreasing southward. In contrast, the proportions of polycrystalline quartz, plagioclase, and metamorphic rock fragments
increase southward, reflecting the southward increase of precipitation and thus of Andean denudation.
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the southern and northern areas. In the Toltén transect,
sedimentary rock fragments do not contribute to the
sandstone composition significantly.

Remaining framework grain components are com-
posed of micas and “others”. The latter include heavy
minerals such as epidote, zircon, hornblende, pyroxene,
apatite, opaque minerals like magnetite, and occasionally
hematite. Chlorite, green hornblende, epidote, actinolithe,
apatite, and zircon indicate an origin from greenschist-
Fig. 6. a) QFL diagram after Homrighausen (1979). All recovered sandstones fr
L=Lv+Lm+Ls). b) QLmLv diagram shows a southward decrease of volcanic r
due to the southward increase of denudation of the hinterland.
facies rocks. The contribution of “others” does not exceed
∼7% which is reached in the Calle-Calle area. The
amount ofmica is generally low and reaches its maximum
of about 3% in the southernmost region (Fig. 5).

All sandstones from the lower slope are characterized
by similar QFL-ratios and are classified after Homrigh-
ausen (1979) as greywackes (Fig. 6a). The QFL and
QmFLt ratios (Fig. 7) are very similar and indicate an
undissected to transitional magmatic arc provenance.
om the lower slope are classified as greywackes. (Q=Qm+Qp; F=P+K;
ock fragments, and a southward increase of metamorphic rock fragments,



Fig. 7. a) QmFLt (Lt=Qp+Chert+L) and b) and QFL diagrams indicate an undissected to transitional arc provenance (after Dickinson, 1985),
reflecting a high input from the Andean magmatic arc. Quartz contents are generally low (b15%), the proportion of lithics (L) is approximately 60%,
and that of feldspar (F) ca. 30%.

Fig. 8. Bar graph showing proportions of smectite, chlorite, and illite,
which are forming the main clay mineral composition. With increasing
distance from the coast, the proportion of smectite increases, and that
of chlorite decreases. Both may be related to different flocculation
efforts and thus to different settling times.
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The QLmLv data (Fig. 6b) show that the proportion of
metamorphic rock fragments increases southward from
less than 10% to up to 25%. Even the amount of meta-
morphic heavy minerals like epidote, zircon, hornblende,
pyroxene, and apatite increases southward. Correspond-
ingly, the ratios of volcanic rock fragments decrease
southward from 80% to 50%. The proportion of quartz
shows an increase from 15% in the north to 30% in the
south.

4.3. X-ray diffractometry

Dredge sites of samples selected for XRD analysis lie
in the Toltén area along an E–W trending transect across
the continental slope (Fig. 8). The samples of mostly
silty character are from the submarine canyon (37 KD,
55 KD, 61 KD) and from the slope (56 KD, 62 KD).

The bulk mineralogy, determined by XRD measure-
ments, includes albite, anorthite, orthoclase, quartz,
chlorite, muscovite, biotite, hornblende, pyroxene, and
calcite. In one sample (62 KD, Fig. 3b), calcite was
completely replaced by dolomite, and some diffracto-
grams show subtle peaks at 1.63 Å, 2.71 Å, and 2.43 Å,
suggesting low pyrite contents.

Smectite, chlorite, and illite are the principal
clay minerals in all samples. Kaolinite and mixed-
layer clays do not contribute significantly. The amount
of expandable smectite layers in illite does not ex-
ceed 15%. Illite is well-crystallized (FWHM 0.25° 2θ
to 0.42° 2θ) and predominantly characterized by a
muscovitic chemistry and by K as dominant inter-layer
cation.
Clay mineral composition shows a well-defined
zonation with sample longitude (Fig. 8). The chlorite
proportion increases from 22% on the lower slope to
51% on the upper slope, whereas the proportion of
smectite correspondingly decreases from 74% to 38%.
The illite proportion is generally low and reaches its
maximum of 22% on the middle slope.

5. Discussion

5.1. Provenance, sedimentation, and sediment reworking

5.1.1. Lm–Lv ratio
Our study on samples of Neogene age reveal

latitudinal changes in the sandstone composition, and
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temporal changes with respect to modern sediments
studied by Thornburg and Kulm (1987b). QFL and
QLmLvdiagrams of samples from the lower slope (Fig. 6)
show latitudinal changes in terms of a southward increase
of metamorphic rock fragments and a corresponding
relative decrease of volcanic rock fragments. We attribute
these latitudinal trends to the southward increasing oro-
genic denudation related to the southward increase of
Pleistocene glaciation and ofHolocene precipitation rates.
Both have caused erosion of surface volcanic rocks ex-
posing metamorphic and plutonic rocks, material of
which is transported to the sea. These results are con-
sistent with the provenance study of Thornburg and Kulm
(1987b) from modern trench sands except that in this
study we found slightly lower feldspar and quartz con-
tents. These differences can be attributed to the age dis-
tribution of our samples (which include material late
Tertiary in age) and their samples, confined to modern
sediment. Our database therefore probably reflects a
reduced, in part pre-Pleistocene level of Andean down-
cutting and erosion, and a resulting higher proportion of
volcanic rock fragments.

5.1.2. Thin sedimentary cover on the shelf
PARASOUND records (Fig. 9) indicate that the

shelf in the study area is characterized by an extremely
thin cover or even an absence of unconsolidated sed-
iments. Outer shelf sediments only reach 5 to 10 m
thickness (Wiedicke-Hombach and Shipboard Scien-
tific Party, 2002). The bathymetric data of Zapata
(2001) show that the Bío-Bío, Toltén and Calle-Calle
canyons cut into the shelf which serve as potential
sediment traps. Due to an active erosion phase, the head
of the Bío-Bío canyon was migrating towards the con-
tinent up to its present position, 300 m from the coast
(Pineda, 1999). The strong poleward Gunther Under-
current (or Poleward Undercurrent, PUC; (e.g., Strub
et al., 1998; Zapata, 2001) at 0.2–0.5 km water depth
flows close enough to the edge of the shelf to induce
coast-parallel southward sediment transport. Current
velocities ranging from 0.1 to 0.5 m/s at depths of 100–
300 m were measured with a variety of methods (Huyer
et al., 1991; Pizarro et al., 2002). Shaffer et al. (1999),
Shaffer et al. (1997), and Shaffer et al. (1995) reported a
mean value of 0.128 m/s and a maximum value of
0.689 m/s over a period of 6 yr. Consequently, neither
fluvially-delivered nor longshore-delivered sediment
are distributed on the shelf.

5.1.3. Sedimentation pattern on the outer shelf
The oldest sediments (Miocene, in one case with

reworked Paleogene) were found on the outer shelf and
the uppermost slope (Table 1). Hence, we interpret the
outer shelf samples as residual sediments of Tertiary age
which underlie the thin unconsolidated sedimentary
cover. They support our assumption that material with a
grain size smaller than gravel transported along the shelf
is mostly funneled by the submarine canyons. Only
winnowed gravel lags remain as principal relicts. Lamy
et al. (1998), studying modern shelf and slope sediments
at the 36°S transect, found that outer shelf and the
uppermost-slope sediments were coarser grained than
those from the lower slope and in the very nearshore
areas. They attributed this result to winnowing by bot-
tom currents and/or resedimentation processes.

Distinctive black volcanic sands form an alluvial fan
of approx. 50×60 km2 size in the central valley of Chile
(arenas negras de Trupán-Laja; Thiele et al., 1998).
These deposits were interpreted as the product of a
catastrophic flooding event caused by the collapse of a
natural dam of the Lago de Laja at 9700±600 ybp
(Thiele et al., 1998). A speculative correlation of these
deposits with the black sand in several shelf samples
needs to be confirmed by a future comparative petrog-
raphic study.

5.1.4. Sedimentation on the slope
The slope sediments are of Pliocene to Pleistocene

age (Table 1) and thus younger than the Miocene
lithologies outcropping at the shelf and the uppermost
slope. Even the samples dredged from walls of the
deeply incised canyons (up to 1000 m below the general
slope surface) are mostly of Pliocene to Pleistocene age.
This indicates that the accretionary prism is covered by
thick (in part probably more than 1 km) sequences of
late Tertiary and Quaternary sediments.

In consideration of the wide range of sedimentary
structures and dominant grain size (matrix- to grain-
supported, poorly to moderately rounded (brecciated)
clasts, laminations, graded bedding, slump folds, load
and dewatering structures), we interpret the majority of
the slope samples as originally representing hemipelagic
sediments reworked by mass and fluidal flows such as
slumps and slides, debris and mud flows, and low-den-
sity turbidites. Dewatering structures at the contact of
mud flows with underlying older strata indicate rapid
deposition. The age model of ODP Site 1232, located in
the Chile basin at 40°S, shows that the recurrence time
of turbidites is in the order of centuries, possibly caused
by earthquakes and instabilities at the continental slope
associated with climate-induced variabilities in sedi-
ment supply from the continent (Mix et al., 2003).

The degree of sediment reworking on the slope
appears to be high, an assumption which is supported by



Fig. 9. Examples of typical PARASOUND sediment-echosounder profiles of the outer shelf and uppermost continental slope off southern central
Chile. Locations of profiles are shown in Fig. 1. a) Disconformable onlap of a thin, young sedimentary cover (1) on erosionally truncated strata
(foresets) on the outer shelf (2). The older strata form the seafloor of the shelf landward of the profile. b) Uppermost slope and outer shelf at 36°S. The
shelf edge and outer shelf are characterized by low signal penetration, and deformed strata which are indicative for the absence of unconsolidated
sediments (3). This is the predominant acoustic facies on the outer shelf. The vertical line indicates an adjustment of the acoustic signal. c) Deformed
strata (slump mass) on the upper slope (4). The slump mass seems to have detached from the upper shelf with the slump scar (5) still being exposed.
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the occurrence of numerous small-scale erosional un-
conformities and the abundant occurrence of semi-
consolidated rip-up mud clasts near the bases of small-
scale debris flows and turbidites (Fig. 3a). The rip-up
clasts, despite being only moderately consolidated, are
commonly only poorly rounded, thus suggesting short
transport distances (probably in the order of a few m).
In addition, incoherent reflection patterns in PARA-
SOUND records (Wiedicke-Hombach and Shipboard
Scientific Party, 2002) from steep parts of the submarine
slope point to disturbed bedding and to large-scale
mass-wasting processes affecting the morphology and
dynamics of the submarine slope (Fig. 9). The regional
high seismicity may readily trigger slumping and
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debris flows on the structurally unstable slope which
pass downslope into mud flows and turbidity currents.

The nature of the well-rounded gravels dredged from
the upper slope (104 KD) is enigmatic. Their shape
suggests reworking either by fluvial or coastal transport,
but the most likely way to transport them across the
shelf to their present location at a water depth of 580–
390 m is by glaciers or icebergs. Gravels of similar
appearance are found on the shelf.

5.1.5. Sedimentation in slope basins
PARASOUND and seismic records assisted in dis-

tinguishing slope sedimentary environments from slope
basins. Slope basins are in contrast to the steep slope
parts characterized by coherent parallel reflection pat-
terns, indicating the accumulation of thick undisturbed
sequences of hemipelagic sediments with occasionally
interbedded distal turbidites, which are best preserved in
protected slope basins where erosion and reworking of
sediments by gravity mass movements are limited. This
assumption is supported by Sites 1233, 1234, and 1235
of ODP Leg 202 (Mix et al., 2003), which were drilled
in flat-topped basins on the upper slope (Fig. 1), and
represent almost turbidite-free hemipelagic sequences.
The up to 240 mcd (measured composite depth) thick
sediment sequences are all younger than 260 ka. The
resulting sedimentation rates are extremely high. Hemi-
pelagic sedimentation in slope basins is shown to be
nearly continuous, with average sedimentation rates of
70 to 82 cm/ka within the last 260 ka, and maximum
values of up to 160 cm/ka (Mix et al., 2003).

5.1.6. Sedimentation in submarine canyons
Dredge samples from the floor and walls of the Bío-

Bío, Toltén, Calle-Calle, and Bueno canyons are char-
acterized by a higher degree of lithification and coarser
grain size compared to slope dredge samples, up to cob-
ble-dominated gravels. Secondly, samples from the
canyon walls show a spectrum of sedimentary structures
characteristic of gravity flow and mass-wasting processes
from slumping, mud-, and debris flows, through grain-
and liquefied flows to turbidity currents of high and low
density. This is in accordance with sedimentological
analysis of cores obtained from the bottom of the Bío-Bío
canyon segment that cuts into the shelf, which reveal the
presence of turbidites, generated by slumping and debris
flows (Pineda, 1999).

We interpret this as an indicator of high-energy down-
slope transport processes focussed to the canyons. In the
Bío-Bío canyon, theses processes are induced by the
bedload of the Bío-Bío river (Pineda, 1999). It has been
shown, that turbidity currents can cross the Chile Trench
and produce turbiditic beds on the summit of seamounts
which are up to 300 m high and 25 km away from the
continental foot (Völker et al., 2006).

5.1.7. Distribution pattern of clay minerals
(Hemi-)pelagic sediments from the continental slope

show a distribution pattern of clay minerals with respect
to the distance from the coast (Fig. 8) and therefore also
with sedimentary environment. The chlorite proportion
of clay minerals increases from the lower slope to the
upper slope, corresponding with a decrease in the pro-
portion of smectite. The illite proportion reaches its
maximum on the middle slope. This fractionation may
be due to predominant grain size and due to different
affinities to flocculation effects. Clay minerals sus-
pended in fresh water tend to form aggregates during
mixing with salt water upon entering the sea. This is
due to van der Waals forces or electrostatic attraction,
resulting in large aggregates and faster settling. Einsele
(2000) described that kaolinite tends to flocculate near
the river mouths and begins to sink whereas illite and
montmorillonite (smectite) are transported further off-
shore. A similar distribution pattern was described by
several authors (e.g., Carson and Arcaro, 1983; Gibbs,
1985), and also by Lamy et al. (1998) for the 36° transect
of the southern central Chilean continental margin.

5.2. Accretion and subduction

As mentioned in Section 4.1, neither rocks of oceanic
affinity nor sediments predating Miocene were dredged
(Table 1), although walls of deeply incised canyons were
sampled specifically to that purpose. This suggests that
lithologies associated with oceanic crust are not
incorporated into the accretionary wedge, but subducted
completely. This conclusion is consistent with seismic
evidence from Bangs and Cande (1997) who demon-
strated that the basal detachment in the study region lies
up to several hundred meters above the oceanic crust,
and is also consistent with the geochemical results of
Hickey-Vargas et al. (2002) and Sigmarsson et al. (1990)
which showed that the Andean arc magma has been
contaminated by subducted sediments for the last 10 Ma.

If our interpretation of the genesis of one sample from
114 KD and it's age dating is correct (Table 1), sediment
that was formed in a sediment fan at the base of the
continental slope about 2.5 Ma ago, is now exposed on
the lower slope, some 17 km landward of the defor-
mation front and in a water depth of ∼2700 m. This
would imply that the sediment was incorporated into the
accretionary wedge and slowly lifted as new sediment
stacks were added to the frontal prism subsequently. It
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would also imply that at least the leading 17 km of the
accretionary wedge were built within the last ∼2.5 Ma.
This corresponds to an accreted volume of∼16 km3/km/
Ma which is considerably lower than the value of 71 to
77 km3/km/Ma calculated by Bangs and Cande (1997).

When considering the contrast between these high
accretion rates and the relatively small accretionary
wedge of south-central Chile, long periods of subduction
erosion could serve as an explanation for maintaining a
small accretionary prism in light of high accretion rates.
Large parts of the accretionary wedge may have been
eroded and subducted during interglacial stages when
the trench was not sufficiently supplied with sediments
(Bangs and Cande, 1997). The study of Melnick and
Echtler (2006) shows that the onset of glacial age trench
fill associated with the global cooling (∼6 Ma ago)
shifted the margin off south-central Chile from erosive to
accretionary during the middle Pliocene.

5.3. Diagenesis and burial depths

As described in Section 4.1.4, many samples were
affected by early diagenetic lithification and deformed
shortly after deposition. XRD analysis indicates high
concentration of calcite in all samples and thin sections
show that calcite is the principal cement mineral. In some
cases, low pyrite contents, determined by XRD analysis,
point to biochemical sulfate reduction as the cementing
process. This finding is in agreement with observations
from ODP Site 1235 where authigenic pyrite and car-
bonate are present, especially in deeper intervals (Mix
et al., 2003). In a common reaction, chemosynthesizing
organisms reduce sulfate and organic matter to hydrogen
sulfide and hydrogen carbonate (SO4

2-+2 CH2O→H2S+
2 HCO3

−), providing the base for early diagenetic calcite
and pyrite formation (Berner, 1980; Hesse, 1986). In
contrast, we did not find any evidence of very-low-grade
metamorphic reactions, indicated by index minerals such
as stilpnomelane, pyrophyllite, or laumontite.

Sample 62 KD shows the highest degree of lith-
ification (Fig. 3b) because it is completely dolomitized,
lacking any calcite. Borehole data from ODP Leg 202
(Mix et al., 2003) showed increasing dolomite precipita-
tion from 40 m to 230 mbsf, downhole of which dolo-
mitization is complete. We therefore assume that this
sample was buried to a minimum depth of 40 m but more
likely to ∼230 mbsf before being exposed at the surface.
Because no other lithologically similar dredge sample
contains dolomite to a significant degree, current surface
samples available for sampling and dredging probably
never reached the depth of dolomite precipitation. The
cycle of sedimentation, subsidence, diagenesis, uplift,
erosion, and resedimentation on the accretionary prism in
south-central Chile therefore takes place within the upper
∼230 mbsf of the continental slope.

6. Summary and conclusions

From our petrological and sedimentological studies
supported by the interpretation of PARASOUND-
echosounder profiles, we conclude that:

(1) The shelf is starved of young, unconsolidated
sediments. The character of sediments on the
outer shelf indicates a high degree of reworking,
winnowing, and transport to the uppermost slope.
The combination of submarine canyons deeply
cutting into the shelf and strong bottom currents
assures that only a very small fraction of the
abundant fluvial sedimentary load escapes trans-
port to the slope and finally to the trench.

(2) None of the dredge samples from the walls of
deeply incised submarine canyons was dated older
than Pliocene. These sites are located some hun-
dredmeters (up to 1000m) below the general slope
surface on steep canyon walls. Hence, the con-
tinental slope, in contrast to the shelf edge, is likely
covered by thick sequences of late Tertiary and
Quaternary sediments.

(3) A large range of mass-wasting processes act on
the submarine slope with a dominance of slumps
or debris flows, evolving to low-density turbidity
currents and mud flows. Slope bathymetry and the
abundance of erosion and transport processes
acting on semi-consolidated sediments give the
impression that slope stability is generally low. It
seems probable that submarine slumps are peri-
odically triggered by earthquakes with a recur-
rence time in the order of centuries. These mass-
wasting processes are responsible for the rare
exposure of sediments which have been buried up
to several hundred meters. In contrast, slope basins
are largely filled with undisturbed hemipelagic
sediments.

(4) Several large submarine canyon systems form
preferred pathways for efficient sediment trans-
port to the trench, particularly for coarse-grained
material in channelized high-density turbidity
currents and debris flows.

(5) Sediments on the slope are lithified early, possibly
dominated by biochemical sulfate reduction
processes.

(6) The latitudinal petrographic change in sandstone
petrographic composition shows a southward
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increase of metamorphic rock fragments from the
Late Paleozoic accretionary complex in Coastal
Cordillera and a corresponding southward decrease
of volcanic rock fragments. This reflects a south-
ward increase in the denudation of the hinterland,
mainly due to the increase in precipitation rates and
a higher degree of Pleistocene glaciation.

(7) Systematic compositional abundance variations of
clay minerals with distance to the coast is related
to different flocculation behavior, resulting in
different settling times and transport widths.

(8) The cycle of sedimentation, subsidence, diagen-
esis, uplift, erosion, and resedimentation on the
accretionary prism in south-central Chile seems to
take place within the upper ∼230 mbsf of the
continental slope.
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