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31. OUTER MARGIN DEPOSITIONAL SYSTEMS NEAR THE CHILE MARGIN TRIPLE JUNCTION!
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ABSTRACT

Ocean Drilling Program Leg 141 drilling recovered an extensive suite of Pliocene to Pleistocene forearc basin deposits within
the Chile margin near latitude 46°S, in the vicinity of the Chile spreading ridge-trench collision. The outer margin setting is
dominated by terrigenous siliciclastic sediment input from the Andean voleanic arc, Paleozoic to Mesozoic crustal sources, and
the forearc, in slightly varying proportions. The overall controls on sedimentation are complex; of major importance are fluctua-
tions in glaciation, sea-level changes, volcanism, and tectonism (i.e., thrust faulting and uplift due to subduction accretion or
subsidence due to subduction erosion).

The sediments encountered are predominantly structureless muds, massive to graded sand, sandstones, and some gravels and
conglomerates that were deposited from slope failures, turbidity currents, and suspension processes associated with hemipelagic
falloutin basin plain/trench to stacked slope apron environments. During the late Pliocene to Pleistocene, fluctuations of the ice sheet
also influenced the outer margin sedimentation: during the glacial maxima in the Pliocene and early Pleistocene, larger quantities of
terrigenous sediment were transported to the trench slope by turbidity currents and related gravity flows. Tectonically induced
accretion led to overall shallowing-up successions and the formation of small slope basins with a slight coarsening-upward general
character in the upper portions of proximal sites, Onshore, uplifted and eroded Paleozoic metasedimentary rocks and deeper crustal
complexes shed sediments of dissected arc provenance into the forearc region. Forearc sediment composition indicates a waning of
the arc voleanism during the Pliocene-Pleistocene and an emplacement of subaqueous near-trench volcanism during Pliocene along
the Taitao Fracture Zone, owing to the progressive spreading-ridge subduction along the Chile margin. Basinal tectonism occurred
in the form of ridge-subduction-related subsidence and associated tectonic erosion. The hydrothermal alteration of part of the Chilean

accretionary wedge sediments was most likely created by high heat flow from the subducted spreading ridge.

INTRODUCTION

Leg 141 of the Ocean Drilling Program (ODP) drilled five sites in
the forearc of the Chile Trench near the Chile margin Triple Junction
to investigate the geologic and tectonic processes involved in the
subduction of a mid-ocean ridge. The three plates that define the Chile
Triple Junction are the Nazca, Antarctic, and South American, The
Chile Rise spreading ridge first collided with the Chile Trench about
14 Ma ago (Cande and Leslie, 1986) and since then, the Triple Junction
has migrated northward along the margin. The Triple Junction reached
the Golfo de Penas about 6 Ma. The main focus of the drilling was to
prove the effects of spreading-ridge subduction, which was assumed
to produce rapid uplift and subsidence of the arc and forearc, a cessa-
tion of arc magmatism, anomalous near-trench and forearc magmatism
and localized subsidence and extensional deformation of the forearc in
the region of the collision (Marshak and Karig, 1977; DeLong et al.,
1978, 1979; Cande and Leslie, 1986; Forsythe et al., 1986; Cande et
al., 1987). In addition, many convergent margins may have undergone
the removal of forearc material from the overriding plate through
processes of subduction erosion (Cande and Leslie, 1986; Honza et al.,
1989; von Huene and Lallemand, 1990). The situation is complicated
by the fact that trench-slope sequences thousands of meters thick at
convergent margins undergo continual tectonism in many cases, which
molds the configuration of the drainage basins and the sediment dis-
persal and depositional processes within the sedimentary basin.
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This paper provides a modern example of trench-slope sedimen-
tation near the ridge-trench collision site, giving information that will
be of use in recognizing ancient examples. For this purpose, the sedi-
mentary sources, processes, and depositional environments near the
Chile margin Triple Junction were related to the sedimentary signa-
tures of subduction accretion or possible subduction erosion and to
ascertain the tectonic history of the convergent margin near the ridge
collision site.

MATERIALS AND METHODS

Trends in changes of sedimentary structures, bed-thicknesses, and
grain-size were used to trace sediment distribution, a vertical character
of sediment sequences, and depositional environments. In some cores,
deformation of the structures as a result of coring disturbance and
tectonism (i.e., shearing or in-situ brecciation) makes it difficult to
distinguish any sedimentary facies, but in many others preservation is
good enough to permit sedimentary facies distinction. Thin sections
were prepared from several stratigraphic cycles (coarse clastic por-
tions) and petrographically analyzed for texture and grain-size. Fifteen
unconsolidated, sand-rich samples were split by wet sieving into a fine
fraction (<0.063 mm), and coarse fraction (>0.063 mm), weighed, and
the coarse fraction dry-sieved into sand subfractions in order to obtain
data on grain-size distribution, These data were compared and com-
bined with environmental interpretations, sand detrital modes for
[07 samples (Marsaglia et al.. this volume), mineralogical analyses
(Kurnosov et al., this volume), and quantitative grain-size analyses of
nearly 600 predominantly fine-grained samples performed using a
laser particle counter or rapid sediment analyzer (RSA) (Diemer and
Forsythe, this volume).

REGIONAL AND GEOLOGIC SETTING

Sites 859, 860, and 861 were drilled as part of a northern transect
from the base of the trench slope across the middle and upper slope of
the Chile margin about 40 km north of the Chile Triple Junction near
latitude 46°S (Figs. 1 and 2). Site 863 was drilled at the base of the
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Figure 1. Map showing the main bathymetric and tectonic features of the Chile
margin in the vicinity of the Chile Triple Junction, the location of seismic Lines
745, 751, and 762, and Sites 859 1o 863. Bathymetric contours are in meters.
Heavy barbed line denotes subduction zone, heavy plain line denotes ridge
segment, and light dashed line indicates fracture zones.

trench slope over the subducted rift axis in a position approximately on
strike with Site 859 (Figs. 1 and 2). Site 862 is located near the crest of
a bathymetric high, the Taitao Ridge (Fig. 2), approximately 25 km
south of the present location of the Chile margin Triple Junction above
the trace of the Taitao Fracture Zone (Fig. 1). The ages of the forearc-
basin strata and the deformed accretionary wedge drilled during Leg
141 (Fig. 3) range from Quaternary to early Pliocene (Behrmann,
Lewis, Musgrave, et al., 1992). The northern transect provides a litho-
logic characterization of the outer margin at a stage prior to ridge
collision, whereas ridge collision occurred approximately 50 ka ago at
Site 863 (Bangs et al., 1992). Bangs et al. (1992) propose that Line 745
(Fig. 1) is located where the ridge is expected to collide with the lower
trench slope in about 100 k.y. The Taitao Ridge may represent a
fragment of oceanic ridge segment in the process of emplacement into
the Chile margin or an incipient rift propagated into the forearc over
the site of ridge collision (Forsythe and Prior, 1992),

According to the present day offshore bathymetry along the Chile
margin (Thornburg et al., 1990), major submarine canyons (e.g.,
Chacao Canyon and Calle-Calle Canyon) and late Pleistocene trench
fans are situated north of the transect. whereas the only large canyon
that probably contributed sediments to the Leg 141 sites is located
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Figure 2. Schematic cross sections constructed for the outer Chile margin
along seismic Lines 745, 751, and 762, after Behrmann, Lewis, Musgrave, et
al. (1992).

about 20 km southeast of the Triple Junction (Fig.1). One major
submarine channel, the Mornington Channel, runs along the trench
axis south of the Triple Junction and is probably fed by sediments
derived from the Taitao Peninsula (Cande and Leslie, 1986).

SEDIMENTARY CHARACTERISTICS AND
DEPOSITIONAL SYSTEMS

Eight sedimentary facies have been distinguished in Leg 141 cores
based on grain size, texture, and dominant sedimentary structures.
The principal clastic sedimentary facies types of Leg 141 deposits and
their interpretation are outlined in Table 1. For the sake of brevity, we
use the facies names of the unconsolidated sediments, even though
some deposits may be lithified. The major outer margin depositional
systems are analyzed in terms of these facies types and their vertical
distribution and the sedimentary processes are deduced rather than
the nature or distribution of morphological features such as canyons.

Northern Transect (Sites 859, 860, and 861)

Description

The uppermost part of Site 859 (Fig. 4; Unit I, 0~10 mbsf) consists
mainly of laminated to mottled clayey silt and silty clays (Facies 5 and
8) and contains abundant microfossils of late Pleistocene age (Ship-
board Scientific Party, 1992a). Predominantly upper Pliocene clayey
silts and silty clays with low microfossil content make up Subunit [1A
(Figs. 4 and 5; 10-235 mbsf). Subunit IIB extends to a depth of 476
mbsf and consists of upper Pliocene silty claystones and clayey silt-
stones associated with some degree of tectonic thickening (Shipboard
Scientific Party, 1992a). The dominant sedimentary facies in Unit Il are
Facies 5, 6, and 8, with sporadic interbeds of Facies 4 in the upper part.
Thin, very fine sand-silt couplets (Facies 4) show sharp bases and nor-
mal grading. Site 859 is, overall, deficient in sand-sized material and
the mean grain size, as measured by the laser particle counter, ranges
rather uniformly between 8.7 phi and 9.3 phi (Diemer and Forsythe,
this volume). The maximum grain-size curves in Figures 4 and 5 show
a slightly coarsening trend for Subunit I1A and a wider overall range
than in Subunit IIB, with two slightly fining-upward cycles ending in
Cores 141-859B-26R and 14R. The maximum grain size indicates the
relative amounts of energy required in transport processes.
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Table 1. Summary of facies types used for Leg 141 sediment samples.

Facies Characteristics Interpretation
I: Disorganized sandy-silty-clay (diamictite) Granule- to pebble-sized clasts dispersed in fine-grained matrix: Debris flow or high-density fine-grained
inversely to normally graded: bed thickness 0.8-1.5 m turbidity current”
2: Gravel Matrix-supported 1o clast-supported gravel or conglomerate Debris low”
3 Graded to massive sand Thin beds of poorly sorted sand or sandstone High-density turbidity current or grain
Mow™
4: Graded sand-silt couplet Couplet composed of 4 basal sandy unit and massive to laminated fine-  Low-density wrbidity current”
grained sediment
3¢ Laminated to layered silty clay to clayey silt  Fine-grained sediment showing layering and thin silt-rich horizontul Fine-grained turbidity current or I:uuti:m
laminae transport by bottom-current™ ™ d
. . . B . N N . - . | P wotloe
6: Laminated 1o massive clay o silty clay Fine-grained sediment showing fine laminae or structureless Mud turbidity current™
7: Delormed clay to silty clay Fine-grained sediment showing soft sediment folds. wispy laminae Mudflow or slump™©
#: Moitled silty clay to clayey silt Fine-grained sediments with various proportions of siliceous and Hemipelagic sedimentation®

caleareous microfossils: locally bioturbated

Note: ! = Pickering et al.. 1986. 1989; " = Stow and Lovell. 1979: ¢ = Stow and Shanmugam. 1980: ! = Piper and Stow. 1991: ¢ = Einsele. 1991,
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Figure 4. Stratigraphy, sedimentology, and interpretation of the sequence cored at Hole 859A. The maximum grain-size curve shows values obtained by averaging
the diameter of the five largest grains on the smear slides. See Table 1 for an explanation of the facies types.

Site 860 is divided into three lithological units (Fig. 6). Unit |
consists of 87.7 m of clayey silt to silty clay with nannofossils (Facies
8) ranging in age from late Pliocene to Pleistocene and some graded
fine-grained sand and silt interbeds (Facies 3 and 4: Fig. 7A). Unit I
shows a slight coarsening-upward overall character, and sand beds are
more abundant in the upper portions. Unit I1(87.7-242.5 mbsf) is early
Pliocene to late Pliocene, with facies that include laminated to massive
claystone to silty claystone (Facies 6 and 7). some thin interbeds of
laminated silty sandstone, and granule-sized conglomerate (Facies 2).
The fine-grained sediment in the middle part of Unit II also contains a

small percentage of calcarcous recrystallized microfossils. Subunit
I1TA (242.5-309.8 mbsf) consists of early to late Pliocene age clayey
siltstones (Facies 5), silty claystones with nannofossils (Facies 8),
disorganized sandy to silty claystones with dispersed subangular to
subrounded pebble- to granule-sized lithic clasts (diamictite) with a
sharp base and gradational tops (Facies 1; Fig. 7B), and thin intrafor-
mational conglomerate beds (Facies 2). Subunit IIIB occurs between
309.8 mbsf and the bottom of the hole at 617.8 mbsf, with lithologies
similar to those of Subunit IIIA structurally repeated in three intervals
and bracketed by thrust faults or sheared zones (Shipboard Scientific



OUTER MARGIN DEPOSITIONAL SYSTEMS

~ Maximum g;a[n Lithofacies Depositional
o e size (mm
s| & E $ o> 2 Description Interpretation system
o< | > o oo o
50 — : : T it
41R Mottled silty clay to Low-density fine-grained Distal depositional lobe
2R > clayey silt with low turbidites and mud of slope apron
3R () microfossil content turbidites associated with  associated with
(facies 5, 6, and 8) some bioturbation hemipelagic deposits
100 A
4R ! Structureless clayey Mud turbidites
150 silt (facies 6)
5R
L8R
7R
18R
18R
200 -hR1 @ Silty clay to clayey silt v
= 1178 s disturbed by drilling
0
R i “
= 413R| &
) {14R| 8 Silty claystone to clayey  Low-density turbidites Distal depositional
© 250 i5R| & siltstone (facies 5 and 6) and mud turbidites lobe of slope apron
416R Massive silty sandstone Sandy turbidites
] interbed with gradational
L ntacts (facies 3
78R contacts (facies 3)
419R
3004298 - Isolated pebble in silty  Ice-rafted dropstone
21R claystone
s Structureless claystone  Mud turbidites
23R (facies 6)
e Basin plain/trench fill
350 25R Silty claystone to
26R clayey siltstone_ )
558 brecciated by drilling
28R
29R
oo 3
4 Silty claystone Fine-grained turbidites
32R interbedded to
33R interlaminated with
34R siltstone (facies 5)
450 35R Silty claystone and
136R micritic silty claystone
1.37R
28R Laminated silty sand to Fine-grained turbidites v
silty clay (facies 5)
71l
> P
c}'s\fb&@'”(\@q’

Figure 5. Stratigraphy. sedimentology, and interpretation of the sequence cored at Hole 859B. See Table | for an explanation of the facies types. Key and maximum

grain-size curve as for Figure 4.

Party, 1992b). The detailed section in Figure 8 illustrates two internal
and relatively similar intervals of disorganized sandy silty claystones
(Facies 1) followed by silty claystone to laminated siltstone (Facies 5
and 6) and mottled zones of nannofossil chalk (Facies 8) between an
inferred sheared zone and a thrust fault. The maximum clast diameter
in Facies 1 is generally 1.5-2 cm and the clasts include pebble-sized

siltstones, calcareous sandstone and siltstones, dark volcanic lithic
fragments, some greenish shale, and shell and wood fragments. The
mean grain size for the fine-grained sediments at Site 860 ranges
between 8.2 and 9.1 phi and cyclic downhole changes in grain size
correspond fairly well with the above-mentioned structurally repeated
intervals, especially at depths of 350410 mbsf and 520-540 mbsf
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Figure 6. Stratigraphy, sedimentology, and interpretation of the sequence cored at Hole 860B. See Table 1 for an explanation of the facies types. Key as for Figure 4.
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Figure 7. Typical coarse-grained facies types from Sites 860 and 861. See Table 1 for an explanation of the facies types. A. Graded medium-grained sand-massive
silt couplet with sharp basal contact (Facies 4) in Unit 1. Sample 141-860B-2H-5, 104-129 cm. B. Disorganized sandy silty claystone with dispersed pebble to
granule-sized clasts in Subunit IIIB, showing inverse to normal grading in the basal part of a succession 80 cm thick and fining upward (Facies 1). Sample
141-860B-58X-1, 80-97 ¢m. C. Matrix-supported to clast-supported gravel (Facies 2) near the base of a single flow unit in Subunit [1A. Sample 141-861C-10H-3,

120-138 cm.

(Diemer and Forsythe, this volume). The overall decrease in the degree
of sorting downhole has a oscillating pattern and a correspondence is
observed between coarser and less well-sorted material (Diemer and
Forsythe, this volume).

Three lithological units were identified at Site 861 (Fig. 9; Ship-
board Scientific Party, 1992¢). Unit I (0-43.8 mbsf) consists of Qua-
ternary silty clays and clayey silts containing some nannofossils (Facies
8). Subunit [1A (43.8-208.9 mbsf) contains silty clays and clayey silts
of late Pliocene and Pleistocene age with thin intercalations of graded
silt, sand (Facies 3 and 4), and matrix- to clast-supported gravelly lay-
ers (Facies 2; Fig. 7C). The gravel units vary in thickness from a few

centimeters to more than 1 m, with sharp bases and mostly gradational
tops, whereas mud-rich gravels may also exhibit sharp upper contacts.
In some sequences, gravelly or sandy basal portions grade upward into
laminated to cross-laminated clayey silt and then bioturbated silty clay.
The gravels are composed of angular to well-rounded clasts of clay-
stone to siltstone, with some wood/plant and shell fragments. Subunit
I1B (208.9-351.9 mbsf) has similar, but more lithified lithologies. Unit
1T (351.9-496.3 mbsf) consists predominantly of silty claystone to
clayey siltstone. Sediments drilled at Site 861 are generally sand-poor,
with no significant sandy intervals recovered below 350 mbsf. The
mean grain size ranges between 8.2 and 9.1 phi, featuring some oscil-
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Figure 8. Detailed stratigraphy, sedimentology, and interpretation of the facies between the sheared zone and thrust fault in Unit III, Site 860. Arrows indicate

cyclicity. See Table | for an explanation of the facies types. Key as for Figure 4.

lation, with the coarsest material at depths of about 50, 120-130, and
240-280 mbsf (Diemer and Forsythe, this volume).

At the northern transect sites, the sand-size fraction is predomi-
nantly very fine or fine (Fig. 10). The sand grains range generally
from angular to subangular at all three sites. The coarse fraction is
composed mainly of quartz and feldspars, with hornblende, epidote,
and clinopyroxene dominating the heavy mineral fraction. The sand
detrital modes are fairly uniform, with the following mean values:
QFL%Q 31, QFL%F 35 and QFL%L 34 (Marsaglia et al., this vol-
ume), where Q = total monocrystalline and polycrystalline quartz
grains, including chert: F = total feldspar; and L = unstable lithic
grains. The sediments have a significant volcanogenic component,
and some sandy beds consist of up to 20%—35% glassy volcanic
material. Primary ash layers are sparse. Vesicle-rich vitric clasts in the
volcaniclastic sands are abundant in the Pleistocene section, whereas
the upper Pliocene section at Site 860 is rich in brownish to blackish,
slightly vesicular or blocky volcanic grains (Strand, this volume).
Mica, orthopyroxene, tremolite-actinolite, olivine, and “sialic™ acces-
sories (garnet, zircon, apatite, tourmaline, and sphene) occur in minor
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amounts. Clay minerals consist mainly of hydromica and chlorite,
whereas smectite is a common minor component (Kurnosov et al.,
this volume).

Interpretation

Site 859 and the uppermost part of Site 860 are dominated by
hemipelagic sedimentary deposits (Facies 8) and fine-grained (Facies
5) to mud turbidites (Facies 6). The mottled silty clay to clayey silt
(Facies 8) represents a typical lower trench-slope cover. The criteria for
recognizing fine-grained and mud turbidites adopted from Piper and
Stow (1991) include low microfossil content, lack of bioturbation, and
thick massive mud beds of uniform composition. The sandy portions
(Facies 3 and 4) are defined as high- to low-density distal turbidites
(Pickering etal., 1986, 1989), and the graded sand-silt couplets (Facies
4) are consistent with incomplete Bouma sequences. Unit II of Site
860 is characterized by predominantly mud-turbidite (Facies 6 and 7)
and some hemipelagic deposition, whereas Unit I11 is characterized by
at least four repetitions of high-density to low-density fine-grained tur-
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Figure 9. Stratigraphy. sedimentology, and interpretation of the sequence cored at Site 861. See Table 1 for an explanation of the facies types. Key as for Figure 4.

bidites overlain by hemipelagic intervals, which probably resulted
from imbrication by thrust faults. The detailed section between the
sheared zone and the thrust fault (Fig. 8) also shows primary cyclic
sedimentation. with turbidites interbedded with hemipelagites. The
disorganized sandy silty claystones with dispersed pebble- to granule-
sized lithic clasts (Facies 1) closely resembles the Facies C1.1 of

Pickering et al. (1986, 1989) and are interpreted as having been trans-
ported in high-density turbidity currents. The thin intraformational
conglomerate beds (Facies 2) were formed by local reworking pro-
cesses. The matrix-supported to clast-supposted gravel units (Facies 2)
at Site 861 represent debris-flow deposits (Pickering et al., 1986,
1089). The sequences in which gravelly or sandy basal portions grade
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Figure 10. Examples of grain-size distribution curves for the sieved coarse clastic portions of saniples from Leg 141.

upward to laminated to cross-laminated and then bioturbated silty clay
represent partial Bouma sequences, whereas the silty claystone to
clayey siltstone in Unit III reflects fine-grained turbiditic and hemi-
pelagic deposition. Most sediments of the northern transect sites rep-
resent deposition from slumps, debris flows, turbidity currents, or sus-
pension processes, greatly resembling trench-slope sedimentation de-
scribed by Underwood and Bachman (1982). The debris-flow deposits
are more abundant in the proximal regions (i.e., at Site 861), and some
of the fine-grained sand and mud may have evolved from these debris
flows, eventually forming fine-grained turbidites (Einsele, 1991). Some
debris flows must have traveled farther down the slope than others,
resulting in interbedded debris-flow and turbidite deposits.

Site 863
Description

Site 863 consists of two lithological units differing to some extent
from those of the northern transect (Fig. 11: Shipboard Scientific
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Party, 1992e). Subunit IA (0-46.6 mbsf) is composed of 4 m of silty
clay to clayey silt overlying upper Pleistocene sulfide/organic-rich
silty clay to clayey silt, with minor fine-grained sand. The thin sandy
interbeds are typically laminated and locally show inverse grading or
small basal scours, Subunit IB (46.6-104.4 mbsf) consists of similar,
but more lithified upper Pleistocene lithologies. Unit 1I (104.4 to
742.9 mbsf) is composed of lower and upper Pleistocene sandstone
and bioturbated siltstone (Facies 3 and 4), silty claystone (Facies 5),
and some interbeds of nannofossil chalk or fine-grained sediments
with nannofossils (Facies 8). Most of the bedding in Unit I is steep
to vertical. Some sandstone beds in Subunit ITA (104.4-220.3 mbsf)
are fine-grained and thinly laminated to cross-laminated. Subunit IIB
(220.3-405.5 mbsf) consists typically of 15 to 20-cm-thick intervals
of fine- to medium-grained graded to massive sandstone-sandy silt-
stone couplets (Facies 4) or 1 to 2-cm-thick beds of fine-grained,
graded sandstone (Facies 3) that are interbedded with bioturbated
sandy silty claystone. The sandstone becomes more carbonate-
cemented with increasing depth. Typical fining-upward sequences in
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Figure 11. Stratigraphy, sedimentology, and interpretation of the sequence cored at Hole 863A. See Table 1 for an explanation of the facies types. Key as for

Figure 4.

Subunit IC (405.5-742.9 mbsf) are 5-20 cm thick and consist of
graded to massive, sometimes cross-laminated sandstone-laminated
siltstone couplets followed by massive silty claystone (Fig. 12). The
sandstones show scoured bases and sometimes load structures.

The mean grain size is somewhat larger than at the northern tran-
sect sites (Diemer and Forsythe, this volume) and the sand fraction is
predominantly very fine to fine with a wider grain-size distribution
(Fig. 10). The sandstones vary in composition from lithic to feld-
spathic arenites and the sand detrital modes are fairly uniform with
relatively similar amounts of quartz, feldspar, and lithic grains, Other
common framework grains include hornblende, epidote, pyroxene,
and biotite. The hydrothermal alteration at Site 863 below 400 mbsf
is indicated by an extensive secondary smectite formation. Hydro-
thermal circulation also leads to an alteration of volcanic glass to
smectite, an increase in secondary quartz and recrystallization of nan-
nofossils to micrite under low-temperature conditions, and presence
of secondary carbonate in veinlets and cavity fillings (Kurnosov et al.,
this volume; Prior et al., this volume).

Interpretation

Most of the Unit II sediments are interpreted as turbidite sands,
silts, and clays that are largely similar to the modern submarine
canyon-fed fan deposits found farther north in the trench (Thornburg

and Kulm, 1987; Thornburg et al., 1990), whereas Unit L is interpreted
as more likely to have been deposited by slope apron processes. Slope
aprons generally include coarse- to fine-grained turbidites and hemi-
pelagites, slides and debrites (Pickering et al., 1986, 1989). The
lamination and inverse grading in the thin sandy interbeds of Unit I
may indicate bottom-current reworking and represent contourites
(Shanmugam et al., 1993). Unit II consists predominantly of partial
Bouma sequences (T, Theger Tege) and the beds generally lack the
basal or middle parts of a Bouma sequence. The beds resemble the
Facies C2.2 and C2.3 of Pickering et al. (1986, 1989) and are inter-
preted as having been transported in turbidity currents ranging from
high- to low-concentration and probably deposited in outer fan lobes.
The only large canyon that may have contributed sediment at Site 863
is located southeast of the Triple Junction (Fig.1).

Taitao Ridge (Site 862)

Description

A 22-m-thick succession of upper Pliocene to Quaternary sedi-
ment (Unit I) overlies intercalated submarine basalt, dacite, and rhy-
olite flows (Unit IT) at Site 862 (Fig. 13; Shipboard Scientific Party,
1992d). Subunit IA is 6 m thick and consists of silty clay to clayey silt,
clay, and graded to laminated silty fine sand (Facies 4 and 5). Some
sandy intervals are cross-laminated, with internal erosional surfaces,
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Figure 12. Atypical graded to massive fine-grained sandstone-siltstone couplet
(Facies 4) in Subunit IIC at Site 863. The basal contact is slightly scoured and
the siltstone is convolute to horizontally laminated, followed by a massive silty
claystone interval some 7 cm in thickness. Sample 141-863B-48R-3, 36-58
cm. See Table | for an explanation of the facies types.
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and bed thicknesses are usually <5 cm (Fig. 14). Subunits IB is more
lithified (6-21 mbsf) and IC hydrothermally altered (21-22 mbsf),
but similar in composition to Subunit IA. The matrix-supported con-
glomerate observed in Hole 862A probably represents the basal lith-
ology overlying the major volcanic sequence. The sand-sized fraction
at Site 862 is predominantly very fine to fine sand with a wider
distribution of sand grain sizes associated with relatively high propor-
tions of a coarse sand-sized fraction (Fig. 10). The sandy sediment is
relatively uniform in composition, and similar to that of the other Leg
141 sites (Marsaglia et al., this volume). The Site 862 sediments
consist of 5%—40% volcanic glass fragments and more than 10 inter-
calated, locally derived vitric ash layers (Strand, this volume).

Interpretation

The graded intervals in Subunit [A represent deposition from
distal low-density turbidity currents, mostly in the form of suspension
fallout. The cross-laminated sandy intervals may represent contour-
ites or sands reworked by other type of bottom currents (Stow and
Lowell, 1979; Shanmugam et al., 1993), or they may have been pro-
duced by currents generated by contemporaneous submarine near-
trench eruptions. Gradational lower bases, sharp upper contacts, in-
ternal erosion (i.e., reactivation surfaces), and cross-lamination pres-
ent in the Site 862 cores are not diagnostic for turbidites and were
produced mostly by traction or combined traction transport. The
wider distribution of sand grain sizes associated with relatively high
proportions of the coarse sand-sized fraction is a further indication of
reworking and sorting of the sand (Fig. 10). This reworking was
related into sporadic increases in current velocities whereas turbidites
are characterized by decreasing current velocities. Unit Il represents
in-situ, but highly fractured, pillowed flow-units composed of a
bimodal suite of basaltic and dacitic to rhyolitic eruptive materials
(Shipboard Scientific Party, 1992d).

Depositional Systems

The facies of the northern transect can be broadly grouped into two
outer margin depositional systems: the basin plain/trench system and
the overlying slope aprons associated with hemipelagic deposits. The
definition now used follows the terminology reviewed by Pickering et
al. (1989) and Stow (1992). The sand composition in the lowermost
section at Site 859 is quartzose, and the dominant lithic materials are
metamorphic fragments, possibly a further indication that the lower
portions at the site represent trench fill derived from along-strike
submarine canyons, whereas the uniform sand compositions at Sites
860 and 861 and in the upper part of Site 859 represent slope deposits
with uniform onshore sources (Marsaglia et al., this volume; Fig. 15),
supporting our interpretations regarding the pattern of the depositional
systems in the northern transect (Figs. 4, 5, 6, and 9). We chose to
divide the slope apron depositional system into an upper slope and
channel facies association, a mid-slope facies association, and a depo-
sitional lobe facies association. Much similar type of slope apron facies
associations can be distinguished both on passive- (e.g., Hill, 1984)
and active-margin settings (e.g., Underwood and Bachman, 1982). In
both these tectonic settings vertical facies sequences are generally
related to slope progradation, sea-level fluctuation and especially in
active convergent margins to tectonic activity. The slope aprons con-
stitute stacked, predominantly distal depositional lobe environments at
Site 859 (Figs. 4 and 5), whereas Site 860 marks a transition from
slope/trench fill to mid-slope and depositional lobe environments (Fig.
6) and the Site 861 slope aprons consist entirely of mid-slope to depo-
sitional lobe associations (Fig. 9). Tectonic effects led to an overall
shallowing-upward succession in the basin, and small slope basins
commonly develop on an accretionary prism, thus producing a slightly
upward-coarsening sequence in the upper portions of Sites 860 and
861. Reliable estimations of an accumulation rate for the northern tran-
sect sediments are difficult because of the tectonic thickening or struc-
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Figure 13. Stratigraphy, sedimentology, and interpretation of the sequence cored at Site 862. See Table 1 for an explanation of the facies types. Key as for Figure 4.

tural disturbance. Furthermore, the Pleistocene record at Site 859 is
only 10 m thick (Fig. 3) and the biostratigraphic, paleomagnetic, and the
occurrence of slump folds indicate a possible major hiatus (Behrmann
et al., this volume). An estimated accumulation rate for the Pleistocene
and Pliocene slope-apron sediments at Site 860 is 47 m/m.y., and at Site
861 it is about 100 m/m.y. (Behrmann, Lewis, Musgrave, et al.. 1992).
In some cases the slope may be cut by canyons or gullies that feed
isolated lobes in the area at the base of the slope or it may be smoothed
and molded by bottom currents (Stow, 1992). That may be the case at
Site 863, where the facies characteristics within the depositional sys-
tems differ from those defined from the northern transect sites. The
Site 863 sediments are interpreted as submarine canyon-fed deposits,
whereas the upper parts were more probably deposited by slope apron
processes, as depositional lobes associated with hemipelagic sedi-
mentation (Fig. 11). The sand compositions in the canyon-fed fan
deposits exhibit a wider diversity in the lithic content than in the upper
portions of the site, which show a composition similar to those of
other slope apron deposits at the northern transect (Fig. 15). The sedi-
mentary lithic fragments that characterize the fan deposits might have
been produced by rapid downcutting in the canyon. They may be
eroded accretionary prism sediments or they represent the eroded
sedimentary cover of the now-denuded Taitao Peninsula (Marsaglia
et al., this volume; Fig. 1). Sediment accumulation rates in the upper
flat-bedded Pleistocene domains at Site 863 (Figs. 3 and 11) are
estimated to be around 200 m/m.y. (Behrmann et al., this volume).
The sediments drilled at Site 862 also defines thin depositional
lobe environments associated with a few hemipelagic deposits, but
with a significant proportion of the fine-grained sandy deposits re-
worked by contour currents or other bottom currents (Fig. 13). An
estimated rate of accumulation for these sediments was about 10
m/m.y. (Behrmann et al., this volume) indicating anomalously slow
sedimentation or erosional periods. The similarity of Site 862 depo-
sitional environment and sediment composition to those of other Leg

141 sites (Fig. 15) suggests that this ridge was connected to the shelf
during the late Pliocene, prior to spreading-ridge subduction in this
region, and could not have been an isolated ridge on the subducting
plate. Furthermore, the presence of locally derived primary ash layers
in the Site 862 sediments suggests that ridge volcanism was concur-
rent with a mainland connection.

SEDIMENTATION HISTORY NEAR
THE CHILE TRIPLE JUNCTION

Sedimentation in the trench and accretionary prism slope basins
adjacent to the spreading-ridge subduction region is controlled by
climate and tectonics (Figs. 16, 17, and 18). A proximal source,
narrow continental shelf, and steep drainage gradients are diagnostic
features of the Chile margin.

Climatic Control over Outer Margin
Depositional Systems

The Patagonian Andes were already glaciated some time before
approximately 4.6 Ma ago, and the glaciers oscillated stepwise be-
tween 2.4 and 1.2 Ma ago (Rabassa and Clapperton, 1990). According
to Mercer (1976, 1983), the greatest Patagonian glaciation occurred
in the early Pleistocene, soon after 1.2 Ma, when the glaciers termi-
nated on the Pacific shelf south of latitude 43°S and reached the
Atlantic continental shelf (Rabassa and Clapperton, 1990). The mid-
dle Pleistocene may have been characterized by a prolonged inter-
glacial or shorter-period glaciation.

The grain-size variations and cycles observed at Site 859 may be
partly related to changes in the influx of glacial sediments (Figs. 5 and
18). In the lower sections, the situation may be complicated by tec-
tonic thickening or structural disturbance associated with subduction
accretion. The two slightly upward-fining cycles in Subunit IT at Site
859 correlate with short periods of temperate water conditions in an
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Figure 14. Typical internal lamination in fine-grained sandstones at Site 862. A. Cross-laminated silty sandstone interval 10 ¢cm thick showing reactivation surfaces,
a gradational lower contact. and a sharp upper contact in Subunit IB, Sample 141-862B-2X-1, 36-50 cm. B. Silty sandstone showing low-angle lamination and a

sharp upper contact in Subunit IB. Sample 141-862B-2X-1, 136-150 cm.

otherwise cold-water marine paleoenvironment during the Pliocene
as indicated by planktonic foraminifers (Shipboard Scientific Party.
1992a). Water conditions during the late Pleistocene were temperate
to subtropical. Difficulties in detail occur trying to link the sedimen-
tary characteristics of the Leg 141 sites with the global glacioeustatic
curve of Haq et al. (1987, 1988), although most of the terrigenous
material was delivered to a slope basin during lowstand conditions
(Fig. 18; Hag, 1991). It is generally the case that during glacial
maxima sedimentation on the shelves and adjacent deep sea were
influenced by global lowstands of sea level (Shanmugam and Moiola.
1982, 1988). The glacial influence on the trench-slope basin near the
Chilean coast, however, is relatively well indicated in the Leg 141
sedimentary record. The trench-slope basin was dominated by terrig-
enous sediment input and received siliciclastics in significant amounts
through transport by turbidity currents and related gravity flows,
especially during the middle late Pliocene, early Pleistocene, and
during fluctuating glacial conditions of the late Pleistocene (Figs. 17
and 18). The major terrigenous sediment input periods correlate well
with the peak of Pliocene and Pleistocene glacial advance along the
Southern Andes as reviewed by Clapperton (1990). The fresh feld-
spar, angular quartz, and angular, unaltered volcanic glass grains in
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the sediments are inferred to be further evidences for cold climate and
point to the glacially influenced depositional environment. The gla-
cial influence on the trench-slope basin near the Chilean coast was
intermittent, and when the shelf areas were covered by ice, they were
subjected also to glacial erosion. Depending on the glacial affinity
prevailing at that time, some of the coarsest units could have been
initiated by sudden, high-discharge meltwater events at the base of the
ice sheet, or perhaps related to seasonal peaks in meltwater discharge.
Glacial ablation along the shelf edge would serve as a distribution
method that could bypass the shelf and funnel sediment out onto the
continental slope. Sediment release from ice shelves generally takes
place close to their grounding lines (Drewry, 1986), so that in the case
of the Chile margin, when the grounding line was proximal to the
shelf edge, large quantities of material could have been released at the
shelf edge and redistributed by gravity-flow processes. The debris-
flow deposits are more abundant in the proximal regions and some of
the fine-grained sand and mud may have evolved from these debris
flows. Some debris flows must have traveled farther down the slope
than others, resulting in interbedded debris-flow and turbidite depos-
its, resembling a situation recorded by Wright and Anderson (1982)
for sediments deposited in the Weddell Sea. During transitions from
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glacial to interglacial conditions when glacial ice was retreated the
Chilean shelf setting may have turned from partially ice-grounded
and erosive to more depositional and probably causing some sedi-
ment starvation in the slope setting. The Holocene has been charac-
terized by reduced glacial conditions and increased biogenic produc-
tivity. A good modern analogue for glacial maximum conditions in
offshore Chile is the northern Antarctic Peninsula, which has been
very sensitive to effects of fluctuating ice-sheets (Kennedy and An-
derson, 1989; Pope and Anderson, 1992). Today ice shelves exist on
the eastern coast and locally on the western coast and iceberg calving
is the primary source of ablation; basal melting is important only lo-
cally. During the last glacial maximum, grounded ice covered nearly
the entire continental shelves, and possibly extended out to the conti-
nental shelf breaks (Kennedy and Anderson, 1989).

Tectonic Control over Outer Margin
Depositional Systems

Much of the toe of the slope is currently undergoing uplift as the
Chile Ridge is subducted (Behrmann, Lewis, Musgrave, et al., 1992),
which lead to a shallowing of the basin and makes it possible to form
a coarsening-upward succession (Sites 859 and 860; Figs. 4 and 6,
respectively). Cloos (1993) estimates that a spreading ridge-related
cycle of isostatic uplift and subsidence in a forearc region could be as
much as 2 to 3 km. At Site 860 the subduction accretion was charac-
terized by thrust faults causing a rapid tectonic uplift of the trench-
slope in the order of 2000 m and a shallowing of the basin from
abyssal to middle bathyal water depth (Fig. 18; Behrmann et al., this
volume). This shallowing of the basin is evident also at the Site 861,
where the sediment succession shows more proximity to the slope and
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Figure 16. Plate configuration for the Chile margin Triple Junction, the forearc
and arc of southern Chile, and the distribution of Pliocene-Quaternary strato-
volcanoes (after Simkin etal., 1981) and present-day ice glaciers (after Rabassa
and Clapperton, 1990). Open circles are anomalously near-trench volcanic
centers on the Taitao Peninsula (after Forsythe and Prior, 1992).

benthic foraminifers present indicate abyssal to middle bathyal con-
ditions below 136 mbsf, whereas the Pleistocene assemblages indi-
cate middle bathyal to upper bathyal conditions (Fig. 18; Shipboard
Scientific Party, 1992¢). Coarsening-upward trench and trench-slope
sequences are a typical character in many active convergent margins
resulting from plate convergence {Lash, 1985; Thornburg and Kulm,
1987) and thus not necessarily directly related to ridge-trench colli-
sion. In relation to a passage of the spreading-ridge subduction the
accretionary prism was then focused by local subsidence at least 1000
m and substantially removed at Site 863 (Fig. 18: Behrmann et al.,
this volume). We conclude that the landward trench slope is undergo-
ing an episode of rapid tectonic erosion.

Tectonic effects related to migration of the Chile Triple Junction
caused uplift and exhumation of the Taitao Ophiolite, and the main
Andean Cordillera underwent significant differential uplift during the
late Cenozoic (Forsythe and Prior, 1992). These effects are likely to
have significantly impacted the drainage of sediment to existing shelf
and trench-slope basin areas. The quartzose nature of the lowermost
section at Site 859 could well be consistent with an uplifted metamor-
phic source, possibly the northern Taitao Peninsula. North of the
Triple Junction the continental divide comprises a semicontinuous
series of Pliocene and Pleistocene volcanic centers parallel to the
present coastline and Paleozoic to Mesozoic crustal complexes of
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Figure 17. Schematic block diagrams showing the history of the outer margin depositional system of the Chile margin in the vicinity of the Chile Ridge collision
zone since the Pliocene. The columns on the right of each blocks illustrate the glacial advance peaks in the Southern Andes during each time interval according to

Clapperton (1990).

plutonic and metamorphic rocks, but to the south, the Andes are dom-
inated only by deeper crustal complexes (Forsythe and Prior, 1992).
A 300 km arc gap (Fig. 16) is inferred to be related to the existence of
a slab window produced by spreading-ridge subduction (Cande and
Leslie, 1986; Forsythe and Nelson, 1985). Volcanic activity progres-
sively ceased along the Andes during the Pliocene-Pleistocene be-
cause of migration of the spreading-ridge subduction, leaving its own
information in the volcanogenic sediment component of the trench
slope. The volcanogenic component in the sandy turbidites is more
abundant throughout the Pliocene-lower Pleistocene sections than in
the upper Pleistocene and evolved, silicic, vesicle-rich vitric clasts are
abundant upsection in the Pleistocene record (Strand, this volume).
Decrease or cessation of arc volcanism related to ridge subduction is
also recorded from the subduction of the Kula Ridge beneath the
Aleutian Arc (DeLong et al., 1978). Nur and Ben-Avraham (1983)
identified caps in arc volcanism occurring also when aseismic ridges
(e.g., Nazca Ridge and Juan Fernandez Ridge) are subducted and
they suggested that this may a general phenomena where anomalous
oceanic crust is being consumed.

Furthermore, as a consequence of the ridge-collision the Chilean
shelf may encountered intermittent uplift and possible emergence.
Thus, the shelf was probably subjected to further erosion in associa-
tion with glacial erosion. In the Kula Ridge-Aleutian Trench collision
site, shoaling and subaerial emergence of the crest of the arc were
related to ridge-collision (DeLong et al., 1978). Shoaling was marked
by a deep- to shallow-marine transition in sedimentation. The Pacific
Antarctic margin provides a good example for tectonic consequences
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owing to several ridge-trench collisions (Barker, 1982; Barker et al.,
1984) and glacially influenced sedimentation (Tucholke et al., 1976).
The corresponding arc and forearc areas were tectonically uplifted
and eroded in relation to ridge-trench collision. However, following
each collision, spreading and subduction both stopped and the margin
changed tectonically passive (Barker, 1982) being in that respect
different from the Chile margin.

All the above tectonic and volcanic characteristics identified from
the Chile margin near the Triple Junction provide good opportunities
for the mixing of deeper crustal material (i.e., plutonic and meta-
morphic rock detritus) with volcaniclastics under glacial and melt-
water influence in the uplifted mainland and partially emerged or ice-
grounded shelf. The tectonically induced uplift and glacial erosion
of the shelf were important in regulating sediment supply to the
trench-slope and sediment gravity flow processes. Sites south of
the Triple Junction show higher metamorphic and sedimentary lithic
proportions, probably as a result of uplift and erosion in the Taitao
Peninsula region and possibly in relation to the progressive cessation
of arc volcanism during northward migration of the ridge subduction.
The high sedimentation rates here may correspond to this uplift and
increased turbidite activity., to the oversteepening of the foreare slope,
and the formation of a submarine canyon north of the Taitao Ridge
(Fig. I; Behrmann et al., this volume). In general, the triple-junction
tectonics may serve o locate the formation of the submarine canyons
that control the rate of influx and the provenance of the sediment
deposited in the trench (Marsaglia and Ingersoll, 1992; Marsaglia et
al., this volume).
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Other evolutionary trends that occurred during spreading-ridge
subduction along the Chile margin was the emplacement of the near-
trench volcanism linked with incipient rifting along the Taitao Frac-
ture Zone during the Pliocene. The generated volcanic ridge is collid-
ing with the trench and may be in the process of being obducted onto
the landward trench slope. Pliocene and younger near-trench or fore-
arc volcanism is also observed at the Woodlark ridge-trench intersec-
tion, south of the Solomon Islands (Weissel et al., 1982; Johnson et
al.. 1987). Ancient examples of ridge-subduction and forearc magma-
tism are found along southern Alaska (Moore et al., 1983; Sisson and
Pavlis, 1993) and southwest Japan (Hibbart and Karig, [990). Mar-
shak and Karig (1977) have postulated that the triple-junction inter-
actions and anomalous near-trench to forearc magmatism are closely
related to each other. Thorkelson and Taylor (1989) proposed that
ridge subduction processes produce a slab window, which could then
cause inducing of plate-edge (i.e., forearc) volcanism.

Subduction of the active spreading Chile Ridge led not only to
extensive deformation and some thrust faulting of the trench slope sed-
imentary strata, but also to hydrothermal alteration of part of the accre-
tionary wedge sediments. The hydrothermal circulation in the Chilean
accretionary wedge is most likely created by high heat flow from
the subducted spreading ridge. Interstitial waters of the accretionary
wedge sediments are heated from below and circulate preferentially as
hydrothermal fluids in the more permeable tectonized zones, where the
primary sedimentary structure is deformed by faulting and brecciation.

SUMMARY AND CONCLUSIONS

These investigations were intended to provide information on the
processes of sedimentary input and general sedimentary history of a
tectonically active trench-slope environment. The sediment composi-
tion in the area covered by Leg 141 is greatly influenced by the
volcanic activity that took place along the Andean arc and tectonism

caused by active spreading-ridge subduction. The Chile margin Triple
Junction is an ideal site for studying the effects of a ridge-trench
collision, which consequences still are relatively poorly understood
geologic phenomena.

1. The outer margin fill on the Chile margin in the vicinity of
the Chile spreading ridge-trench collision consists of predominantly
structureless muddy sediments, massive to graded sand, sandstones
and some gravels and conglomerates. Facies analysis of these sedi-
ments indicates deposition from slope failures, turbidity currents, and
suspension processes associated with hemipelagic fallout in basin
plain/trench to stacked slope apron environments significantly influ-
enced by repeated Pliocene-Pleistocene glaciations. Glacial erosion
of the shelf were important in regulating sediment supply to the
trench-slope and sediment gravity flow processes.

2. The outer margin setting was dominated by terrigenous silici-
clastic sediment input from the Andean volcanic arc, Paleozoic to
Mesozoic crustal sources, and the forearc, in slightly varying propor-
tions. The volcaniclastic record reveals the evolutionary trends that
oceur during spreading-ridge subduction (i.e., the cessation of arc
volcanism and the emplacement history of the near-trench volcanism).

3. The allogenic controls of sedimentation that consist of extra-
basinal tectonic activity as a distant effect of ridge subduction on the
arc tectonism are namely uplift and exhumation of the Taitao Penin-
sula region and differential uplift of the main Andean Cordillera
during the late Cenozoic, Andean arc magmatism, climate and sea-
level changes. Other controls include basinal tectonism in the form of
rapid subduction accretion characterized by some flat faults, ridge-
subduction-related subsidence, and tectonic erosion. The new data on
the modern trench, trench-slope, and forearc are important in that they
provide models of turbidite sedimentation integrated with all these
allocyclic controls (Stow and Shanmugam, 1980; Macdonald, 1991).
Quter margin gravity flow processes and depositional system devel-
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opment can give valuable clues to an understanding of the relative
influences of variable tectonics (e.g.. ridge-trench collision), climate,
and sea-level changes,
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