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Abstract An active oceanic spreading ridge is being
subducted beneath the South American continent at
the Chile Triple Junction. Mass balance estimations to
characterize temporal and spatial variations in the
frontal accretion, or underplating and subduction of
sediments since the Late Miocene, were made using
seismic and drill-hole data. At 200 km north of the tri-
ple junction, almost 80% of the sediment on the
downgoing Nazca plate are subducted. Sediment sub-
duction rate decreases towards the triple junction
because of a low in sedimentation rates as the flank of
the spreading ridge approaches the trench. At the tri-
ple junction, the forearc is almost completely
destroyed by spreading ridge collision and subduction
erosion. Less than 12% of the available sedimentary
input is accreted. South of the triple junction, where
the spreading ridge passed 6 Ma ago, a large fraction
(>60%) of the sediment on the incoming Antarctic
plate has been scraped off and was frontally accreted
to the Chile forearc. Spreading ridge subduction
leaves a distinctive geological fingerprint, and has a
large impact on the mass balance of the subduction
zone. However, the high rates of change in the process
may make this fingerprint hard to detect in fossil con-
vergent orogens. In the ridge collision zone the sed-
iment supplied to the trench, and the amount of sed-
iment subducted, show strong and distinctive
variations on a 1- to 5-million-year time scale. On a
10-million-year time scale, sediment subduction to the
Earth’s mantle is reduced by spreading ridge collision,
caused by the need of the overriding forearc to regain
a low angle of taper by frontal accretion.
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Introduction

Convergent margins are among the most active tec-
tonic environments on Earth. Unravelling the geologi-
cal and tectonic history of the deforming system pro-
vides insights into the plate boundary geometry and
dynamics, and imposes constraints on long-term mass
transfer at convergent plate boundaries. At present,
forearc and accretionary prism structure is best con-
strained by seismic profiles and deep sea drill cores.
Age information from the drill-cores also provides key
evidence for the dynamics of sedimentation on the
downgoing plate, and for accretionary wedge growth.
On the basis of a plate kinematic reconstruction for
the SE Pacific-South America area, estimates of sed-
imentation rates, reflection seismic data and drill core
information, this study aims to estimate sediment sub-
duction and sediment accretion along the southern
Chile margin, where an actively spreading mid-oceanic
ridge is currently undergoing rapid subduction beneath
a continental plate (Fig. 1). This is the only modern
example of a process that must have often occurred in
past orogenies, and is of paramount importance in
understanding crustal growth, mountain building, and
recycling of crustal material into the Earth’s mantle.
Spreading-ridge subduction leaves distinctive strati-
graphic and structural signatures in the geological rec-
ord of the overriding plate, including (1) rapid forearc
uplift and subsidence (e.g. DeLong and Fox 1977;
DeLong et al. 1979), (2) regional metamorphism and
elevated thermal gradients (e.g. Sisson et al. 1989), (3)
a hiatus in arc magmatism (e.g. Ramos and Kay 1992),
(4) anomalous near-trench magmatism (Marshak and
Karig 1977), (5) localized forearc extension, sub-
sidence, and subduction erosion (e.g. Herron et al.
1981; Barker 1982; Behrmann et al. 1994; Bourgois et
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Fig. 1 Tectonic sketch map of 78°W
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the Chile Triple Junction area. |
Bold lines show actively
spreading segments of the
Chile Ridge. Dashed lines
mark transform zones. The
position of the deformation
front along the forearc of
southern Chile is marked by
the barbed line. Reflection
seismic lines and ODP Leg
141 drill sites are indicated
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al. 1996), (6) hydrothermal fluid flow and possible
gold mineralization (Haeussler et al. 1995), and (7)
ophiolite obduction (e.g. Casey and Dewey 1984; For-
sythe et al. 1986).

Volume balance of subducted and accreted
rock masses: reviewing the problem

Volume balancing studies along convergent margins
generally aim to estimate the proportions of sediment
supplied, accreted and subducted (e.g. Hilde 1983; von
Huene and Lallemand 1990; von Huene and Scholl
1991). The hypothesis of sediment subduction was

developed to account for material at mantle depths
supplying island arc volcanics (Coats 1962) well before
the plate tectonics paradigm was formulated and
became widely accepted. Approximately a decade
later, it was proposed that subduction-related tectonic
erosion removed continental crustal rocks (e.g. Miller
1970; Murauchi 1971). Both, sediment accretion and
subduction erosion are divided into frontal and basal
addition or removal of material (e.g. Scholl et al. 1980;
von Huene and Scholl 1991). Besides different proc-
esses of frontal accretion of sediment scraped off from
the incoming, subducted plate (e.g. Karig and Shar-
man 1975), large amounts of sediment can pass the
deformation front and be added subcrustally. This



process is known as underplating (e.g. Platt et al.
1985). Missing material, margin truncation and sub-
sidence are indications of both frontal and subcrustal
subduction erosion. The collision of high-relief struc-
tures (seamounts, ridges, etc.) is thought to dismember
the forearc and, thereafter, is responsible for the
transport of material to mantle depths (e.g. von
Huene and Lallemand 1990; Gutscher et al. 1999).
Different parameters (e.g. the trench sediment thick-
ness, the dip angle of the downgoing slab, the critical
taper of the accretionary wedge, the basal friction
caused by the width of the subduction channel, etc.)
are thought to control the amount of material under-
going the different processes (e.g. von Huene 1986;
Willett 1992; Kukowski et al. 1994; von Huene et al.
1994; Cloos and Shreve 1996).

Major problems in obtaining reliable estimates are
(1) the lack of data (of tolerable quality) from deeper
crustal levels that cannot be reached by scientific drill-
ing and geophysical surveys, (2) the number of simpli-
fications that have to be made (e.g. steady-state sed-
iment input over time), and (3) the large variety of
interacting processes and parameters that take place
at convergent margins. In the case of the Chile Triple
Junction area, we feel that the array of available seis-
mic reflection profiles and line-drawing interpreta-
tions, together with ODP Leg 141 drilling data (Behr-
mann et al. 1992), and a comparatively simple plate
kinematic situation, provides an acceptable basis for a
mass balance assuming steady-state conditions since
the latest Miocene up to recent time. The virtue of
the study reported here is not so much to yield exact
figures, but to provide a semi-quantitative view of
solid mass fluxes during an important tectonic process
that has shaped active plate margins in the geological
past.

Geological setting of the Chile Triple Junction

At 46°S latitude, the actively spreading, NW-SE-
trending Chile Ridge, dividing the oceanic Nazca and
Antarctic plates (e.g. Herron et al. 1981) is presently
being subducted beneath the South American margin
(Fig. 1). Plate kinematic reconstructions concerning
the Nazca, Antarctica and South American Plates sug-
gest a first collision of the Chile Ridge with the Chile
trench at ~14 Ma B.p. (e.g. Cande et al. 1982, 1987).
Since then, the overall motion of the triple junction
has been northward, resulting in the subduction of
ridge segments and transform faults (Cande and Leslie
1986). Because of the northward migration of the tri-
ple junction the South Chile convergent plate boun-
dary can be divided into a pre-collision zone to the
north, a collision zone in the immediate vicinity of the
triple junction, and a post-collision zone in the south
(Fig. 1).

Numerous tectonic and magmatic phenomena in
the overriding South American plate have been attrib-
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uted to ridge collision. The continuous uplift of the
Andes during the past 7 million years (and especially
the area around the Chile triple junction) has been
related to crustal thickening as a result of plate-scale
compressional tectonics (Howell 1989) and magmatism
(Pankhurst et al. 1992; Bourgois et al. 1996). Evidence
for this from geological processes on land was found
from various studies: (1) uplift of upper Tertiary
marine basins (Flint et al. 1994) and the underlying
arc and forearc basement (Forsythe and Prior 1992),
(2) large-scale deformation and size reduction of the
forearc by subduction erosion (Behrmann et al. 1994;
Bourgois et al. 1996), (3) distinct uplift, cooling and
exhumation on land dated by apatite fission track
analysis (George and Hegarty 1995), (4) critical depth
of intrusion of young plutons (Pankhurst et al. 1992),
and (5) the age distribution pattern of flood basalt
fields (Ramos and Kay 1992; Lagabrielle et al. 1994).

Viewed on a large scale, Cretaceous igneous and
older metamorphic basement rocks are in contact with
the young and recent forearc sediments (e.g. Miller
1970; Rutland 1971). Missing material (e.g. Hussong et
al. 1976; Scholl et al. 1977) as well as discrepancies in
volume balance calculations (e.g. von Huene and
Scholl 1991; Bourgois et al. 1996) were identified and
interpreted as indicating long-term subduction erosion
and transfer of significant amounts of crustal rock vol-
ume into the Earth’s mantle at the Andean conver-
gent margin. For the Isla Mocha area, ~1,000 km
north of the Chile Triple Junction, Bangs and Cande
(1997) implied that sediment accretion and non-accre-
tion are episodic, and controlled mainly by the
amount of sediment transported from the forearc into
the trench and, in the long term, the fraction of sed-
iment accreted may be comparatively low. This con-
clusion has to be taken into account when focusing
our attention on the balance of subducted and
accreted sediment in the immediate vicinity (up to
200 km north and south; see Fig. 1) of the Chile Tri-
ple Junction.

Input data

The influence of the subducting spreading ridge on
the forearc structure is displayed by cross sections
interpreted from multi-channel seismic reflection sur-
veys with RV Conrad along traverses perpendicular to
the continental margin (Fig. 1). These time-migrated
sections provided one important basis for this study.
Seismic reflection lines imaging the Chile margin
before (Lines 734, 745), during (Line 751) and after
ridge collision (Line 769) show the highly variable
structure and size of the forearc wedges at the differ-
ent latitudes (Fig. 2). For each of the profiles studied,
an interpretation is shown in Fig. 3. Despite the lack
of pre-stack migration and depth processing (with only
filtering and deconvolution, time migration, but no
removal of multiple energy), the data show the main
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Fig. 2 Migrated seismic lines 734, 745 (pre-collision zone), 751
(collision zone), and 769 (post-collision zone). See Fig. 1 for
locations

sedimentary and tectonic units, and the cross sectional
areas of the accreted rocks can be determined with
reasonable confidence. The sedimentary sequence on
top of the oceanic crust (on the left in all sections of
Figs. 2 and 3) as well as the slope apron show undis-
turbed layering, largely seafloor parallel, but some-
times thinned towards the edges of horsts or grabens.
The accreted sediments are characterized by an irreg-
ular seismic pattern, inferring tectonic shortening,
folding and faulting. Imbrication and backthrusting
can be seen along some of the profiles, with a body of
accreted material overlying the prominent ‘basement’
reflector. The inferred continental basement rock
beneath this reflector exhibits no internal structure. In
the section immediately north of the triple junction
(Line 745; compare Figs. 1, 2 and 3), some of the
incoming sediment can also be traced down beneath
the forearc crustal wedge. This feature is more clearly
imaged in the pre-stack depth migrated section 745
published by Bangs et al. (1992).

Along Line 734, located ~200 km north of the tri-
ple junction, a comparatively large accretionary wedge
overrides the incoming, 7 Ma-old Nazca crust at the
deformation front, and is backthrust onto the con-

tinental forearc basement (Figs. 2, 3a). A thick sed-
imentary trench sequence on the incoming Nazca
plate reflects high long-term mass transfer rates into
the Chile trench. Landward-dipping thrust faults are
the main structural feature of the accretionary wedge
(Fig. 2 and 3a; see also Bangs and Cande 1991). Land-
ward of a prominent outer-arc high, a forearc basin
with undeformed sediments of presumed Neogene-—
Quaternary age overlies the backthrust strata (Figs. 2
and 3a). In the toe area of the prism, the sediment
appears to be underthrust; however, this underthrust
sequence is difficult to trace to depth without better
imaging. With no drill-hole data available there is no
direct proof for a young age of the accretionary
wedge, as along Line 745 further south (see below).
However, the absence of a thick slope sediment cover
seaward of the forearc basin, and the observation that
active thrusts cut up to the subsea surface, indicate
that the accretionary wedge is young and probably
being actively built (Fig. 2). A smaller accretionary
wedge is developed along Line 745 located south of
the Darwin fracture zone (cf. Fig. 1) and ~30 km
north of the triple junction (Figs.2 and 3b). The
active spreading ridge is ~5 km seaward of the defor-
mation front, and (assuming constant plate move-
ments) will interact with the forearc in ~100,000 years
time (Bangs et al. 1992). The tectonic structure of the
wedge allows clear distinction between a backthrust
sliver, and an underthrust (or underplated) sliver of
accreted strata. Much of the structural interpretation
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of Line 745 is corroborated by ODP Leg 141 drill-hole
data (Behrmann et al. 1992, 1994).

Yet further south, Line 751, (see Figs. 2 and 3c),
images the dramatic change in forearc geometry that
accompanies collision of the spreading ridge. A small
accretionary prism bounded towards the continent by
a steep normal fault is underlain by the subducted rift
axis. Seaward of the deformation front the ocean floor
is characterized by horst-and-graben structures tilted
towards the ridge axis, with vertical displacements of
up to 1,000 m. The extensional deformation that
accompanied spreading ridge subduction deformed
both the slope sediments and the accreted succession,
which is characterized by randomly oriented reflectors.
The comparison with the wedge-buttress structure

slumped material
forearc basin fill

continental basement

further north suggests that the forearc has suffered
tectonic erosion along the leading edge of the South
American plate (cf. Figs. 2 and 3c). Along the south-
ernmost profile, Line 769 at 47.35°S latitude (Fig. 1),
the forearc geometry changes again. An extensive
accretionary prism defined by both seaward- and land-
ward-dipping imbricate thrusts is seen (Figs.2 and
3d). A thick sediment pile is apparently completely
accreted at the present time. The top of the 9-Ma-old
oceanic crust of the Antarctic plate east of the present
deformation front can be identified as a strong reflec-
tor dipping at an angle shallower than in the collision
zone (see Fig. 3c). According to our interpretation,
the eastern-most part of the accretionary wedge was
backthrust onto the continental buttress for a few kil-
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ometres, and is overlain by a forearc basin containing
a thick succession of layered sediments.

Four of a total of five sites drilled during ODP Leg
141 at the Chile Triple Junction (Behrmann et al.
1992, 1994) were located along Lines 745 and 751
(Fig. 1). The sediments recovered consisted domi-
nantly of silty clay, clayey silt and nanno-fossil ooze of
exclusively Plio-Quaternary age. Homogeneity con-
cerning their facies and biostratigraphic dating infer a
similar depositional facies for the last 5 Ma (Behr-
mann et al. 1992). Palaco-depth reconstructions using
benthic foraminifera assemblages reveal a complex
history of vertical movements as a result of the sub-
duction of the spreading ridge (Behrmann et al. 1994).
Although the toe region along Line 745 (Site 859)
shows no evidence for large vertical movements since
Pliocene time, both the deeper part of the sedimen-
tary column of the middle (Site 860) and upper slopes
(Site 861) have undergone major uplift during the
Pliocene (on the order of 2,000 m). Further south near
the triple junction, strong subsidence of the upper part
of the sedimentary succession of Site 863 is suggested
(Behrmann et al. 1994). The sediments below reflect a
deposition at water depths similar to the modern
trench and therefore suggest a history of frontal accre-
tion, imbrication, folding and uplift, which was fol-
lowed by a major subsidence event. The geometry of
the accretionary wedge at Line 751 appears to be the
result of extensional tectonics along the prominent
normal fault, and subduction erosion of both sed-
iments and continental crust (Fig. 3c).

Methods and models

This section will be divided into three parts, which fol-
low the logic flow as well as the chronological order
the work has been carried out. In the first part, the
forearc sections are velocity—depth converted. In the
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second part, synthetic sediment basin fills on the
Nazca and Antarctic plates are constructed from the
plate kinematic framework and sediment accumulation
rates. Finally, the third part shows the results from
balance calculations, which are transformed into solid
rock mass using sediment porosity data derived from
ODP Leg 141 core samples (Behrmann et al. 1992)

Time-depth conversion of forearc sections

As no electronic files of the seismic data were avail-
able, graphic time-depth conversion of the time sec-
tions were carried out to enable quantitative esti-
mates. Two types of data were used to define the
conversion procedure. First, p-wave velocity data were
obtained from each drill core as part of the shipboard
routine during Leg 141 (Behrmann et al. 1992). In
addition, borehole measurements with a sonic tool
obtained p-wave velocity data from Sites 859, 860 and
863. As a result of the shallow terminal depths of
ODP drilling the velocity data set was extended using
data from wide-angle seismic refraction experiments
with RV Sonne off northern Chile (the CONDOR
cruise; Flueh et al. 1995, 1998). These data provided
valuable constraints for the deeper velocity structure.
A ‘best fit’ velocity—depth function was calculated
from the combined data sets of the ODP and CON-
DOR cruises (Fig. 4a), and we feel that, at least for
the upper 15 km of continental forearc crust, this
function provides a robust approximation. The result-
ing graph was found to be very similar to two-dimen-
sional velocity models derived from depth focusing
analyses during pre-stack depth migration of seismic
lines, which were acquired with RV Conrad slightly to
the north (J. Diaz, personal communication 1998).
Time-depth conversion of the seismic lines was car-
ried out by selecting prominent reflectors from the
structural interpretations (Fig. 3), and converting two-



Fig. 5 Depth-converted cross
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way travel time (TWT) to depth using the velocity—
depth function (Fig. 4a). The depth converted sections
and their interpretations are shown in Fig. 5, and are
discussed below. Cross sectional areas of the accreted
rocks (shaded areas in Fig. 5) are given in Table 1.

Basin models and reconstructed sedimentary input
The total amount of material that was initially depos-

ited into the oceanic basin is the counterpart to the
component of sediment added to the continent by off-

forearc basin fill
accreted strata ~0
-3
-6
continental basement - g

Antarctic Plate ~—™———.

scraping and accretion. One important variable for the
synthetic basin models is their width in the approx-
imate east-west direction. This variable is controlled
by the spreading rate of the Chile Ridge and the sub-
duction rates of the Nazca and Antarctica plates at
the southern Chile trench. Relative plate motions in
this system have varied little in the last 5 million years
(see Cande and Leslie, 1986). The plate kinematic
vector triangle depicted in Fig. 6a is derived from pub-
lished data, and essentially follows Cande and Leslie
(1986), who summarised and reviewed earlier work
(e.g. Klitgord et al. 1973; Chase 1978; Minster and Jor-
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Table 1 Uncompacted and

compacted cross-sectional Tectonic setting

Accretionary wedge

Synthetic basin

areas of the sediments in the

" d d th Location Line Cross-sec- Solid area, Solid area, Cross-sec- Solid area, Solid
:;;{ﬁégzﬁgsxeal%igr}dine: tionzarea maxi min.2 tionzarea maxi areaz, min.
734, 745, 751, and 769. The (km?  (km) (km?) (km?  (km) (km”)
asterisk marks models based Pre-collision 734 168.6 126.5 1222 890.6 611.2 592.0
on sedimentation rates from Pre-collision 745 53.9 47.7 433 4563 368.8 337.2
ODP Leg 141 drill-hole data  pre_collision  745* max.  53.9 477 433 1577 124.3

Pre-collision  745* min.  53.9 477 433 73.7 53.3
Collision 751 175 15.7 13.8 166.3 132.8 121.6
Post-collision 769 2882 2232 204.1 517.2 355.6 341.9

dan 1978; Herron et al. 1981; Cande 1983; Forsythe et
al. 1986). Although lateral movements are part of the
assembly process at ocean margins (e.g. Beck 1983),
material transfer parallel to the direction of plate
movement was assumed. This assumption appears via-
ble, as the component of trench-parallel motion is
small, and is not partitioned into distinct zones of
strike-slip shearing in the southern Chile forearc
(Behrmann et al. 1994).

The synthetic basin models (Fig. 7) have three hori-
zontal axes. The lower one is a horizontal kilometre
scale that serves as a reference for the position of
Nazca and/or Antarctica oceanic basement of a given
age (upper axis). Age of oceanic crust is derived from
the crustal age-space distribution shown in Fig. 6b
(see also Murdie et al. 1993). The middle axis indi-
cates the position of the deformation front (the lead-
ing edge of the overriding South American plate) in
the past relative to its present position. The over-
thrusting of the South American plate terminates sed-
imentation at a given instant in time. Together with
sedimentation rates (see below) all three parameters
control the thickness of sediment that can be accumu-
lated at a given point in the basin.

Average sediment accumulation rates are estimated
from the thickness of the sedimentary cover over
oceanic crust of a known age (Fig. 6b). For seismic
lines 734, 745, 751 and 769, estimates were made from
sediment thicknesses on the oceanic crust seaward of
the deformation front, using the depth-converted cross
sections (Fig. 5). Sedimentation rate estimates are up
to 485 m/Ma for a period from latest Miocene
(6 Ma B.P.) to present, with the exception of Line 751
right in the ridge collision zone where intense Pleisto-
cene mass wasting into the trench (Behrmann et al.
1994) leads to a rate of 1,400 m/Ma. For two reasons

this estimate has to be treated with due caution, how-
ever. In a recent reflection seismic survey providing
better spatial resolution, Bourgois et al. (2000) dem-
onstrated that this thick sediment cover of the trench
area is not developed everywhere. Lines 9 and 10 of
Bourgois et al. (2000) show thick sediment cover,
whereas Line 7, further to the north, shows thick sed-
iment cover on the Chile Ridge shoulders only, but
not in the trench. Also note that the sedimentation
rate inferred from Line 751 is only constrained for the
Pleistocene; a comparatively short time span. We
interpret the high sedimentation rate as representing
the immediate consequences of ridge collision and
resulting forearc uplift and dissection. Sediment accu-
mulation rate estimates are summarized in Table 2.
Near the trench at Line 745, the sedimentary cover is
very thin owing to the extremely low age of the
incoming oceanic crust (150,000 years), making this
sedimentation rate estimate (350 m/Ma) very uncer-
tain. Therefore, the Plio-Quaternary sediment accu-
mulation rates based on biostratigraphic markers in
ODP drill cores have been used for comparison
(Behrmann et al. 1992). As shown in Table 3, accumu-
lation rates vary from 41-260 m/Ma for the Pleisto-
cene and 47-287 m/Ma for the Pliocene. Thus the
350 m/Ma estimate from the reflection seismic trav-
erse may be too large.

A problem is to realistically estimate the sedimen-
tation rates prevailing during the Miocene, which
forms a small but important fraction of the oceanic
basin fill along Lines 734 and 745 (Fig. 7). During
ODP drilling, no Miocene sediment has been recover-
ed, although the forearc wedge was penetrated com-
pletely at one site (Site 862, Fig. 1; see also Behrmann
et al. 1992). However, because of the age of the crust
beneath the seafloor, a Miocene cover has to be

Table 2 Sediment accumula-
tion rate estimates from reflec-

Sediment accumulation rates from reflection seismic data

tion seismic data

Tectonic Line Thickness of in- Age of oceanic crust  Average sediment
setting coming sediment  at deformation front  accumulation rate

(m) (Ma) (m/Ma)
Pre-collision 734 3,400 7 485 (Miocene-Quaternary)
Pre-collision 745 50 0.15 350 (Quaternary)
Collision 751 600 0.43 1400 (Quaternary)
Post-collision 769 3,300 9 365 (Miocene—Quaternary)
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Table 3 Sediment accumulation rates estimated from biostrati-
graphic dating of ODP Leg 141 cores

Sediment accumulation rates from biostratigraphic dating
of ODP Leg 141 cores along Line 745

Time Site 859  Site 860  Site 861
(Ma B.P.) (m/Ma) (m/Ma) (m/Ma)
Upper Pleistocene (0.7-present) 41 47 260
Lower Pleistocene (1.8-0.7) - 47 44
Upper Pliocene (3.2-1.8) 287 47 203
Lower Pliocene (5.0-3.2) - 47 -

inferred. From the plate kinematic setting it can be
inferred that the Miocene sediments were deposited in
a hemipelagic to pelagic setting well away from the
southern Chile trench. We have no direct information
from drill-holes and in the seismic sections (Fig. 2)
there is no clearly identifiable ‘pelagic’ section at the
base of the sedimentary piles. Therefore, a reliable
estimate of the Miocene accumulation rates is difficult
to make. Pelagic sedimentation in the world’s oceanic
basins away from trenches normally is at low
(<50 m/Ma) rates. We therefore used the lower limit
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Fig. 7 Synthetic basin models, showing sediment thickness (ver-
tical axis) versus age of oceanic crust, position of deformation
front, and basin width (horizontal axis). The origin of the mod-
els is defined by the age of oceanic crust presently passing the
deformation front (derived from Fig. 6b). a Basin model along
Line 734; bA, bB, bC basin models along Line 745; ¢ basin
model along Line 751; d basin model along line 769 for the past
5.7 Ma. See text

of the accumulation rates based on evidence from
ODP Leg 141 drill cores (i.e. 41 m/Ma) for the sed-
imentary input models (see below). There are several
additional arguments to support this low sedimenta-
tion rate estimate: First, most of the southern Andean
margin and its continental hinterland was submerged
or formed part of lowlands at the time (Pankhurst et
al., 1988), probably leading to low rates of terrigenous
mass wasting from the continent. As shown from fis-
sion track studies on apatite (George and Hegarty
1995), the major uplift of the southern Andes (and
thus a related increase in sediment input into the
southern Chile trench) took place in the latest Mio-
cene ~7 Ma before present. Second, ‘empty trench
scenarios’ in the vicinity of modest-sized accretionary
prisms are known. Off the northern Barbados Ridge
accretionary complex, the sedimentary succession
from Lowest Eocene to present is only 500 m thick
(e.g. Mascle et al. 1988), and similar observations
regarding sediment starvation were made in the Peru
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trench further north (von Huene et al. 1994), and in
the northern Chile trench off Antofagasta (von Huene
et al. 1999). Third, the balance of subducted and
accreted sediments (see below) is fairly robust against
inaccuracies in the estimation of the Miocene sed-
iment contribution as it constitutes only a small frac-
tion of the possible basin fill (Fig. 7).

The restored cross sectional areas of the basin fill
were obtained by multiplying the duration of sedimen-
tation with the accumulation rates inferred for the
respective time slices (Table 2). This procedure
requires steady state sedimentation for the Plio-Qua-
ternary, an assumption that can be justified by the
uplift history of the sediment source area (see discus-
sion above). In the cases of Lines 745 and 734,
41 m/Ma of sediment accumulation was assumed for
the Miocene (Fig. 7). Cross sectional areas of the sed-
imentary prisms in the models were calculated, and
the results are given in Table 1.

Balance of subducted and accreted sediments

Next, we shall balance the volumes of sediment in the
accretionary wedges and in the respective synthetic
ocean basins. In this way the amount of sediment sub-
ducted along with the downgoing oceanic slab can be
estimated. All sediment volumes were reduced to zero
porosity using porosity—depth data from ODP Sites
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Table 4 Sediment subduction,
sediment subduction rates, and

Sediment subduction, sediment subduction rates, and percentages of accretion

percentages of accretion for

th thern Chil nvereent Line Latitude Subducted sediment Sed. subduction rate Sediment accretion
¢ southern Lhule converge (°S) (km3/km trench) (km3/km trenchxMa) (%) (max./min.)
margin. For Line 745 the (max./min.) (max./min.)
asterisk denotes the data based ) ) ) )
on biostratigraphically defined 734 44°30° 484.7/469.8 80.8/78.3 20.7/20.6
sediment accumulation rates 745 45°55' 321.1/293.3 64.2/58.8 12.9/12.8
T45%* 45°55' 76.6/7.0 15.3/1.4 81.2/38.4
751 46°15' 117.1/107.8 65.1/59.9 11.8/11.4
769 47°35' 137.8/132.4 23.0/22.1 62.8/59.7

859, 860, 861 and 863 (raw data in Behrmann et al.
1992). Exponential porosity—depth functions (Fig. 4b;
e.g. Athy 1930) were fitted to the ODP Leg 141 core
data. The functions vary considerably from site to site,
apparently depending on deposition and diagenesis on
either young, ‘hot’ oceanic crust in a high heat-flow
regime (Sites 859, 863), or on older crust (Sites 860,
861) with lower heat flow (cf. Behrmann et al. 1992).

As very young (Line 745) or effectively zero-age
(Line 751) ‘hot’ oceanic crust is being subducted at or
near the Chile Triple Junction (see Table 2), removal
of the pore space was done using the depth/porosity
functions of Sites 859 and 863, respectively. In the pre-
collision (Line 734) and post-collision (Line 769)
zones the depth/porosity functions of sites 860 and 861
were used. In the pre-collision and post-collision zones
the trench is floored by older oceanic crust (7-9 Ma;
Table 2), making a more normal diagenetic and con-
solidation history likely. Having two functions avail-
able for each scenario we obtain ‘natural’ brackets for
a minimum and maximum estimate of solid rock vol-
ume (Table 1). The differences between ‘solid area
max.’ and ‘solid area min.” in Table 1 are ~10%. This
variation is within the range published of porosity—
depth curves for hemipelagic clastics (e.g. Bray and
Karig 1985; Briickmann 1989).

Now the solid-rock cross sectional areas of the
accretionary wedges and the synthetic basin fills are
compared for each of the four profiles studied. From
Table 1 it is evident that none of the accretionary
wedge sections has a ‘solid rock’ area as large as that
of the associated basin section. In the case of Lines
734 (pre-collision zone) and 751 (collision zone) this
disparity is quite large, indicating that only a small
percentage (see Table 4) of the sediments carried to
the convergent plate boundary by the downgoing
oceanic plate have avoided subduction. Accretion
percentage for Line 734 is just below 21% and for
Line 751 it is only about 11-12% (Table 4). Rates
of sediment subduction (Table 4) are ~80 km*km
trenchxMa for the pre-collision zone at Line 734, and
60-65 km*/km trenchxMa for the collision zone at
Line 751. In the zone of imminent ridge collision at
Line 745 estimates for the accretion behaviour of the
system during the last 5 million years vary greatly.
Depending on assumption of sediment accumulation
rates and minimum/maximum scenarios, percentages

of accretion range between ~13 and 81% (Table 4).
Above, we have pointed out that the accumulation
rate of 350 m/Ma from the reflection seismic data
suffers from an extremely short history and is thus
more uncertain than other estimates. For this reason,
we prefer the 745*% scenario, based on drill-hole data
(Table 3), indicating accretion rates between 38 and
81%, and sediment subduction rates between
1-15 km¥km trenchxMa. This scenario is based on
accumulation rate information from drill-holes that
span the whole of the 5-Ma considered in the model.
At the latitude of Line 769, where ridge collision
occurred 6 million years ago, and plate convergence is
slower (20 mm/year), a history of rebuilding of the
accretionary prism in front of the continental forearc
leads to about 60-63% of sediment accretion (Ta-
ble 4), and sediment subduction rates in the order of
22-23 km3/km trenchxMa.

Discussion

From the diagrams displaying the sedimentation rates
and sediment subduction rates in the vicinity of the
Chile Triple Junction as a function of latitude (Fig. 8)
it is evident that spreading ridge subduction induces a
long-term (10-Ma time scale) change in the accretion
behaviour of the southern Chile convergent margin.
This is best visualized by the dramatic difference in
sediment subduction rates against a background of
comparable long-term sedimentation rates (compare
Fig. 9a, b) for the latitudes of Lines 734 (pre-collision)
and 769 (post-collision). Values of ~80 km? solid rock
volume, which were subducted during 1 million years
per kilometre of trench width at the latitude of Line
734 (as an average for the Plio-Quaternary) lie close
to the maximum range of a global volume balance
study by von Huene and Scholl (1991) who also took
the Miocene into account. The copious influx of sed-
iments at the latitudes of Lines 734 and 769 most
probably relates to the accelerated uplift and erosion
of the southern Andes since ~7 Ma B.P. and is not a
direct consequence of spreading ridge subduction.
Conversely, young southern Andean uplift may reflect
the long-term or cyclic subduction of large volumes of
trench sediments and forearc basement as part of a
self-regulating process (e.g. Lallemand 1992) or, in
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even more general terms, to cyclicity in the behaviour
of thrust wedges at convergent margins (e.g. Gutscher
et al. 1996). Therefore, the view that accretion gener-
ally takes place where both a thick trench-sediment
sequence is accumulated, or large accretionary prisms
already exist (e.g. von Huene 1986; Davis and Hynd-
man 1989; Brown et al. 1990), has to be treated with
caution. We shall return to this point at the end of
this discussion paragraph.

If we look at the results of our study in their ‘small-
scale’ context (i.e. within 50 km north and south of
the Chile Triple Junction), some unusual coincidence
is observed between the sedimentation and the sub-
duction rates (Fig. 9a, b). Both curves reach maximum
values in the collision zone at the latitude of Line 751.
Increased turbidite activity triggered by tectonic
movements in the oversteepened forearc is probably
the cause for the very high sedimentation rate of
1,400 m/Ma (Table 2; see also Behrmann et al. 1994)
observed here, although it cannot be considered a
long-term characteristic. In contrast, the north-eastern
flank of the Chile Ridge, which consists of ‘hot’, buoy-

ant oceanic crust, reaches the trench at the latitude of
Line 745 and causes forearc uplift when being sub-
ducted. In the wake of spreading ridge subduction the
trench floor is no longer a distinct negative topo-
graphic feature, and hence no large volumes of sed-
iment can be ponded there. This is reflected by the
record of low sedimentation rates inferred for the
Plio-Quaternary from ODP Leg 141 drill cores
(41-287 m/Ma, Table 3; cf. Behrmann et al. 1992). In
summary, the pair of distinct low and high sedimenta-
tion rates, and the corresponding minimum and maxi-
mum in sediment subduction rates (compare Fig. 9a,
b) probably represent the geological fingerprint of
spreading ridge subduction proper. This is a signal in
the order of 1-5 million years duration. Large discon-
tinuities are introduced regarding the mass flux in the
subduction system: a deficit in subducted sedimentary
material on the order of 100 km*km trench over, say,
3 million years is followed by an equally large over-
supply over 1-2 million years. As much of the forearc
uplift associated with spreading ridge subduction may
be thermally induced, the sedimentation pattern here



is probably different to settings where aseismic ridges
are subducted (e.g. the Nazca Ridge; von Huene et al.
1996).

Although sedimentation rates on the subducting
plates in the collision zone are only constrained over a
short time span, and cannot be more than rough
approximations, it is evident that such a variation in
the supply of subducted sediments and their associated
fluids may be one of the factors influencing melt proc-
esses in the downgoing slab and overlying astheno-
spheric mantle wedge. In the search for manifestations
of this process in fossil subduction settings, we must
face the fact that because of the extremely short time
scale for the process, it may be impossible to detect
these phenomena simply because of lack of chrono-
stratigraphic resolution.

Along Line 751 in the collision zone there is strong
evidence that major volumes of basement rocks are
removed from the forearc along with accreted sed-
iments (see Figs. 2 and 3; cf. Behrmann et al. 1994). It
is not easy to make an estimate, but in comparing
forearc basement geometries in Fig. 5b, c, it appears
that ~20-30 km® of basement rock may have been
removed by normal faulting, forearc truncation and
subduction. This is in contrast to estimates by Bour-
gois et al. (1996) from the Peninsula Taitao (see Fig. 1
for location), where subduction of the Chile Ridge
occurred ~3 million years ago. According to Bourgois
et al. (1996) subduction erosion there removed forearc
basement and sediments at rates between 230 and
440 km*km trenchxMa. The volumetric estimates are
not corrected for porosity, and rely on the assumption
of a downgoing slab angle of 30° (Murdie et al. 1993)
and 23 km of trench retreat, calculated from the
source depth of 30 km for the magmas that created a
young granodiorite pluton (Bourgois et al. 1996). The
disparity between the figures in our study and those
from Bourgois et al. (1996) can be explained in sev-
eral ways. First, the estimated values for subduction
erosion at the Peninsula Taitao rest upon precise
assessment of magma source depth. An error of only
few kilometres introduces large differences in the
amount of trench retreat acceptable to the model. Sec-
ond, the 30° dip angle for the subduction zone may be
too large. Where ridges are subducted the dip com-
monly shallows (see data of von Huene et al. 2000;
Ranero et al. 2000), and to use a general dip from
earthquake locations (cf. Murdie et al. 1993) may be
presumptive. Towards the hinterland the subduction
zone possibly steepens, but important to calculations
of erosion is the shallowly dipping frontal part. Third,
at the Chile Triple Junction the process of forearc
destruction is by no means completed, and large vol-
umes of basement rocks at the latitude of Line 751
may face the fate of being subducted in the next
1 million years or so. We conclude, however, by
emphasizing that sediment subduction at or near sites
of active spreading ridge subduction has a dual signa-
ture: a pronounced low followed by a short-term high.
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From the comparison of our results with those of
Bourgois et al. (1996) we conclude that subduction
erosion of forearc basement may be highly variable in
space and time, and can not yet be adequately under-
stood on the basis of the data available.

A qualitative description of the tectonic con-
sequences of spreading ridge subduction is given in
the series of cartoons shown in Fig. 10. Approximately
5 million years before ridge collision (Fig. 10a), the
incoming sediment on the rapidly subducting oceanic
Nazca Plate is only partially accreted frontally or
underplated at the base of the forearc. The ‘subduc-
tion gate’, or ‘subduction channel’ (Cloos and Shreve
1996; Gutscher et al. 1998) is open to sediments.
Shortly before ridge collision (Fig. 10b), sediment sub-
duction is greatly reduced, mainly as a consequence of
lower sediment supply to the trench. In the phase of
forearc destruction provoked by the collision event
(Fig. 10c), basement slivers and large amounts of sed-
iment are transported into the subduction zone on a
natural conveyor belt with chain-saw topography. In
=5 million years following ridge collision the
destroyed and tectonically oversteepened forearc is
gradually rebuilt (Fig. 10d) by the oceanward addition
of a new, large accretionary wedge and forearc basin
fill. In our view, the rebuilding process can be easiest
understood considering thrust wedge mechanics (e.g.
Davis et al. 1983; Platt 1988). Spreading ridge collision
in a trench—trench-ridge triple point setting (McKenzie
and Morgan 1969) necessarily goes along with a strong
reduction in subduction rate (Fig. 10), and therefore
lower frictional forces transmitted across the plate
boundary. This allows for a lower angle of taper of
the overriding forearc wedge. The lower angle of
taper is then attained by successive frontal accretion
of large sediment masses to the forearc.

Conclusion

Spreading ridge subduction at the southern Chile con-
vergent margins has profound short-term (1-5 Ma)
and longer-term (10 Ma) effects on the balance of sed-
imentation, sediment accretion and sediment subduc-
tion.

Viewed on a large and long-term scale, sediment
supply to the Antarctic and Nazca oceanic basins and
trenches seaward of the southern Chile forearc has
been of the order of 350-500 m/Ma for the past
6-7 Ma. Prior to spreading ridge subduction about
80% of the sediment on the downgoing Nazca Plate
was subducted, and only 20% was frontally accreted
to the forearc north of the Chile Triple Junction.
After spreading ridge subduction the destroyed south-
ern Chile forearc south of the triple junction was
rebuilt by frontal accretion of large volumes of sed-
iment. Over 60% of the sediment on the downgoing
Antarctic plate was bulldozed off by the overriding
South American Plate.
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5 My before ridge collision

NAZCA PLATE

-

fast subduction

<1 My before ridge collision

Ridge collision

5 My after ridge collision

Fig. 10a—-d Series of cartoons to qualitatively
illustrate the key changes in southern Chile
margin tectonics during the passage of Chile
Ridge. See text for discussion




The shorter-term and smaller-scale expressions are
a decrease in trench sedimentation rate prior to the
arrival of the spreading ridge at the deformation front,
and a synchronous decrease in the rate of sediment
subduction. This probably relates to the disappearance
of the trench as a negative topographic feature and
depo-centre for large amounts of sediment. In the col-
lision zone proper, a short-lived high peak in sedimen-
tation rates appears because of local forearc uplift,
oversteepening and erosive dissection. Sediment accre-
tion rates are very low, and most of the incoming sed-
iment is subducted along with major volumes of the
continental forearc basement.

The dual coupling of sedimentation rates and sed-
iment subduction rates in the course of collision may
well be a ‘geological fingerprint’ of spreading ridge
subduction. Although large volumes of rock are
involved, the phenomenon may, however, be difficult
to detect in fossil convergent orogens because of the
limits in chronostratigraphic resolution.
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