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S U M M A R Y
Active seismic investigations along the Pacific margin off Peru were carried out using ocean
bottom hydrophones and seismometers. The structure and the P-wave velocities of the obliquely
subducting oceanic Nazca Plate and overriding South American Plate from 8◦S to 15◦S were
determined by modelling the wide-angle seismic data combined with the analysis of reflection
seismic data. Three detailed cross-sections of the subduction zone of the Peruvian margin and
one strike-line across the Lima Basin are presented here.

The oceanic crust of the Nazca Plate, with a thin pelagic sediment cover, ranging from 0–
200 m, has an average thickness of 6.4 km. At 8◦S it thins to 4 km in the area of Trujillo Trough,
a graben-like structure. Across the margin, the plate boundary can be traced to 25 km depth.
As inferred from the velocity models, a frontal prism exists adjacent to the trench axis and is
associated with the steep lower slope. Terrigeneous sediments are proposed to be transported
downslope due to gravitational forces and comprise the frontal prism, characterized by low
seismic P-wave velocities. The lower slope material accretes against a backstop structure,
which is defined by higher seismic P-wave velocities, 3.5–6.0 km s−1. The large variations
in surface slope along one transect may reflect basal removal of upper plate material, thus
steepening the slope surface. Subduction processes along the Peruvian margin are dominated
by tectonic erosion indicated by the large margin taper, the shape and bending of the subducting
slab, laterally varying slope angles and the material properties of the overriding continental
plate. The erosional mechanisms, frontal and basal erosion, result in the steepening of the slope
and consequent slope failure.

Key words: continental margin, forward model, Peru, subduction zone, velocity model, wide-
angle seismic data.

1 I N T RO D U C T I O N

In the late 1970s extensive geological and geophysical studies were
carried out along the continental margin of Peru within the Nazca
Plate Project (Kulm et al. 1981). In 1988 ten sites on the Peru-
vian margin were drilled during Ocean Drilling Program (ODP) Leg
112 and correlated with high-quality seismic multichannel (MCS)
data (line CDP-1), acquired in 1972 at 12◦S by the Shell Oil Co.
(von Huene & Suess 1988). These lines were later depth migrated
and used along with MCS data acquired by the Hawaii Institute of
Geophysics (Moore & Taylor 1988) to re-evaluate the tectonic pro-
cesses across the Peru margin (von Huene et al. 1996). These studies
only partly cover the Peruvian margin—mainly the northern area,
where the uplift and subsidence history, due to the passing Nazca
Ridge, was investigated, as well as the resulting tectonic processes

and the material transfer modes, i.e. the erosional effects of Nazca
Ridge subduction.

Seismic reflection and refraction data were acquired during the
R/V Sonne cruise SO146 offshore of Peru in 2000 (Bialas &
Kukowski 2000). The seismic data were supplemented by high-
resolution bathymetry and gravity data. Heat flow measurements
were conducted along with seafloor sampling and video obser-
vations (Pecher et al. 2001). Quantitative characterization of the
structures and geodynamics of the Peruvian section of the Andean
subduction zone and the associated gas hydrate systems in regions
with variable tectonic histories were the main objectives of this
cruise. Integrating the geological and geophysical information men-
tioned above, this study concentrates on the analysis of four wide-
angle seismic profiles acquired across and along the margin during
cruise SO146. The aim is to obtain the deep crustal structure and
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Figure 1. Geodynamic setting of the Peruvian continental margin. Bathymetry is taken from Sandwell & Smith (1997) and illumination is from the northeast.
Norabuena et al. (1999) determined the plate motion vector. The Mendaña Fracture Zone (MFZ) divides the study area into a northern and southern province
of different oceanic crustal age. The Trujillo Trough connects the Viru Fracture Zone, which parallels the MFZ, with the trench. The active volcanic arc is
marked by triangles (taken from the Smithsonian Institution catalogue, available at http://www.volcano.si.edu/world/summinfo.cfm).

derive tectonic processes from the velocity models along the entire
Peruvian margin. The high-resolution MCS data acquired earlier
(von Huene & Suess 1988), mentioned above, helped improve the
first kilometres of the velocity–depth models, and therefore the res-
olution of the entire crustal structure at 12◦S.

Oblique subduction of the Nazca Pate and the resulting southward
migration of the Nazca Ridge along the margin characterizes the
region investigated during cruise SO146 (Fig. 1). It was believed that
the entire Peruvian margin, starting at 5◦S to the present collision
zone at 15◦S, was affected by Nazca Ridge subduction (von Huene
et al. 1996). A re-evaluation of the migration history of the Nazca
Ridge, using updated plate motion data, yields the northernmost
collision zone of the Nazca Ridge with the South American Plate at
11◦S (Hampel 2002). Thus, three of the seismic profiles, SO146-5
and SO146-6, both at 12◦S, and SO146-3 at 14◦S (Fig. 2), cover the
area where the subducting Nazca Ridge has passed during the last
11 Myr (Hampel 2002), in order to study the subduction processes at
different stages after Nazca Ridge subduction. They represent ‘time
slices’ and thus allow the process of ‘returning to equilibrium’ in the
wake of the ridge crest subduction to be reconstructed (von Huene
et al. 1996). The northernmost profile (SO146-4/9◦S) characterizes
portions of the Peruvian margin which have not been affected by
ridge subduction (Hampel 2002). Therefore, we assume that this
part of the Peruvian margin represents the ‘state of equilibrium’,

and take profile SO146-4/9◦S as a reference to compare with the
lines affected by Nazca Ridge subduction.

2 S T U DY A R E A

The oceanic Nazca Plate originates from the fast-spreading East
Pacific Rise, whose full spreading rate is 150 mm yr−1 (Purdy et al.
1992). The plate is moving largely eastwards (N78◦E) with a ve-
locity of about 61 mm Myr−1, resulting in convergence oblique to
the trench as it bends to the southeast (Norabuena et al. 1999).
The Peru–Chile Trench, with water depths of more than 6000 m,
is where the Nazca Plate is subducting underneath the continen-
tal South American Plate (Fig. 1). The Nazca Plate is segmented
by fracture zones, leading to different crustal ages along the plate
boundary. The Mendaña Fracture Zone trends N65◦E and marks a
transition zone of a crustal age difference of about 10 Myr, as re-
vealed by magnetic anomalies (Hussong et al. 1984). Consequently,
at the trench, the Nazca Plate is about 38 Myr old off central and
south Peru and about 28 Myr old north of the Mendaña Fracture
Zone (Müller et al. 1997). The increasing age of the oceanic crust
of the southern segment coincides with the increasing water depth
from 4500 m in the north to 5000 m south of the Mendaña Fracture
Zone (Hilde & Warsi 1982). The Viru Fracture Zone parallels the
Mendaña Fracture Zone 110 km further north and joins the Trujillo
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Figure 2. A detailed overview of the GEOPECO study area with bathymetry data from Sandwell & Smith (1997); illumination is from the northeast. The solid
lines are the positions of the GEOPECO wide-angle seismic profiles discussed within this study, whereas the dashed lines are the positions of the GEOPECO
wide-angle seismic profiles presented by Hampel et al. (2004). Profile SO146-4/9◦S covers the Trujillo Trough (TT) at its seawardmost part. Annotated triangles
mark the drill sites. LB, Lima Basin; MFZ, Mendaña Fracture Zone; TB, Trujillo Basin; VFZ, Viru Fracture Zone; WPB, West Pisco Basin; YB, Yaquina Basin.

Trough, a reverse fault, which is trending N15◦E, connecting
the Viru Fracture Zone with the Peru–Chile Trench (Huchon &
Bourgois 1990) (Figs 1 and 2). The oceanic plate east of the Trujillo
Trough is characterized by a rough fabric trending perpendicular to
the Mendaña Fracture Zone (Huchon & Bourgois 1990).

The study area is bounded by two aseismic bathymetric highs
(Fig. 1). Carnegie Ridge in the north originates from the Galapagos
hotspot (Collot et al. 2002). Nazca Ridge in the south was formed at
a melting anomaly in the Pacific–Farallon/Nazca spreading centre,
simultaneously with the aseismic Tuamoto Ridge, its mirror image
on the Pacific Plate in the west (Pilger & Handschumacher 1981; Ito
et al. 1995). Four forearc basins (extension is indicated by normal
faulting (von Huene et al. 1996)) are located on the forearc in the
study area from north to south: Trujillo and Yaquina basins at 9◦S,
Lima Basin at 11◦S and West Pisco Basin at 13◦S (Fig. 2). The latter
two were affected by the southward migration of the Nazca Ridge,
which caused uplift and subsidence along the margin leading to in-
creased rates of erosion (von Huene & Suess 1988; Pecher et al.
1996; Clift et al. 2003). The coastline of Peru is also affected by
the Nazca Ridge, forming a seaward bulge where it is currently sub-
ducting. An eastward migration of the continental margin north of
Peru since the Mesozoic is linked to subduction erosion (von Huene
& Scholl 1991). An eastward shift from the position of the Meso-
zoic magmatic arc to the Late Cenozoic arc is also documented in
Peru (McKee & Noble 1990) consistent with net erosion. The buoy-
ancy of the thickened oceanic crust of the Nazca Ridge is associated
with flat subduction (Vogt et al. 1976; Pilger 1981; Norabuena et al.
1994) and uplift of the continental upper plate. Flat subduction is co-
incident with the lack of Quaternary volcanism (Fig. 1) as observed
in other places where ridge subduction is occurring, e.g. the Cocos
Ridge underneath Costa Rica and the Juan Fernandez Seamount
Chain underneath Chile (Pilger 1981; Protti et al. 1995; Gutscher
et al. 2000).

3 S E I S M I C DATA

3.1 Wide-angle data

Seismic measurements off Peru were carried out using the R/V
Sonne during cruise SO146 (Bialas & Kukowski 2000). Six wide-

angle seismic profiles were shot with an array of three 32-l airguns
at a shot interval of 60 s and a ship speed of 4 knots, resulting in an
average shot spacing of 120 m. Data were recorded by a total of 97
stations using GEOMAR ocean bottom hydrophones (OBH) (Flueh
& Bialas 1996) and seismometers (OBS) (Bialas & Flueh 1999).

3.2 Processing procedure

The refraction seismic data were corrected with relocated OBH/S
positions. The seismic signal holds frequencies from 4 to 16 Hz for
the different phases. A time- and offset-dependent frequency filter
was applied to adjust for the time- and offset-dependent variations.
To further improve the temporal resolution of the seismic data, a
gated Wiener deconvolution was applied to compress the basic seis-
mic wavelet. Data quality is very good and the source energy was
sufficient to receive signals from a distance of at least 130 km from
the OBH/S stations, penetrating to a depth of about 30 km. Station
OBH 43 of profile SO146-4 (Fig. 3) is a representative example of
the seismic sections.

3.3 Reflection data

Multichannel seismic (MCS) data were acquired simultaneously
with the refraction profiles (Figs 4 and 5). A 24-channel streamer
recorded the seismic signal along an active length of 150 m and was
towed about 50 m behind the ship’s stern (Bialas & Kukowski 2000).
The data were sorted for common midpoints and a frequency filter
was applied before stacking. Due to the low-frequency content of
the seismic signal and the great water depth across the lower slope
the Fresnel zone is large. Spatial aliasing occurs at steep topographic
features as a consequence of the 150 m shot point distance. Hence,
structures beneath the steep lower slope, such as the frontal prism,
cannot be resolved.

4 M O D E L L I N G

To obtain the deep structure of the margin and the P-wave veloc-
ity field, a forward modelling technique was performed on profiles
SO146-3/14◦S, SO146-4/9◦S and SO146-5/12◦S (Figs 6–9). With
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Figure 3. Representative example of a wide-angle seismic section recorded by OBH 43 located on the oceanic crust on the northernmost profile SO146-4/9◦S.
The data are displayed with a reduction velocity of 8 km s−1. P t- oc and P i- oc denote the reflections from the top of the oceanic crust and from the intracrustal
boundary, respectively. The mantle refraction P n shows a good signal as far as 130 km offset from the OBH position. P m P denotes the reflected wave from
the crust–mantle boundary. The topography along the profile is shown underneath the seismic section with all the locations of the OBH/S stations, triangles
and circles mark OBH and OBS stations, respectively.

this technique not only the first arrivals but also later refraction and
reflection phases could be used to resolve complicated structures
on the profiles. A tomographic inversion was applied on strike-line
SO146-6/12◦S. The starting models for both methods include the
known bathymetry. The resulting models of the combined analysis
of the reflection and refraction seismic data are shown in Figs 10
and 11. The major horizons (top of oceanic crust, subducting slab,
top of the crystalline basement (top of Eocene; Fig. 4b)) identified
in the MCS sections are correlated with the reflection phases from
the wide-angle data at zero offset (Fig. 5) to provide a starting model
for forward modelling (Luetgert 1992; Zelt 1999).

The reflection and refraction arrivals were identified and picked
on all seismic OBH/S sections. Picking accuracy in the seismogram
sections is better than 50 ms for the near offset range (i.e. ±100 m
with a velocity of 2 km s−1), as well as for oceanic crustal phases,
and is better than 100 ms for large offsets (i.e. ±500 m with a veloc-
ity of 5 km s−1) where seismic phases interfere with strong multiple
reverberations of the direct wave from previous shots. Due to rever-
berations resulting from the shallow water depth on the upper slope
and shelf region, picking accuracy decreases in this area for the near
offset range on all dip lines. The top of the subducting oceanic plate
(designated P t- oc; Figs 3 and 6–9) is well identified on all profiles
up to a distance of 60 km landwards of the trench. On all three dip
lines north of Nazca Ridge, a reflection from an intracrustal reflec-
tor within the subducting oceanic plate (designated P i- oc; Figs 6, 8
and 9) is clearly visible. The change in gradient of the first arrival
at a distance of around ±10 km from the OBH position (refraction
from upper crustal layer, P u- oc, to the refraction of the lower crustal
layer, P l- oc; enlargement of OBH station 51, Fig. 6) additionally
supports the existence of the intracrustal oceanic boundary across
the Peruvian margin. P m P - oc is the mantle reflection within the sub-

ducting oceanic plate with its corresponding refraction P n- oc (Figs 3
and 6–9).

4.1 Forward modelling

A 2-D seismic ray tracing method was applied using the MacRay
program (Luetgert 1992). Calculated traveltimes from the velocity
model are compared with the seismic refraction datasets. Examples
are given for each profile in Figs 7–9. The strong multiple arrivals
observed in some OBH/S stations were used to identify seismic
events, e.g. P n- oc of the downgoing slab on SO146-4/9◦S OBH 44
(Fig. 7). The modelled data fit the wide-angle data very well, with
mean traveltime deviations being within the picking accuracy.

4.2 Tomography

Line SO146-6/12◦S runs perpendicular to profile SO146-5/12◦S,
with a denser OBH/S spacing of about 10 km. This geometry al-
lows a tomographic inversion on this profile to derive the P-velocity
structure underneath the Lima Basin (Fig. 11) using the First Ar-
rival Seismic Tomography (FAST) code (Zelt & Barton 1998). The
velocity distribution obtained along line SO146-5/12◦S by forward
modelling at the junction with profile SO146-6 served as a starting
model. Only the first arrivals of the seismic records were picked
and used for the traveltime inversion. First arrivals were generally
picked within an accuracy of 30 ms for the near-offset range and
80 ms for far offsets. Picking uncertainty is no more than 120 ms for
phases where identification was not clearly distinct. A coverage of
up to 2000 hits per cell was achieved, which yields good resolution
of the crustal structure and the boundary between the continental
and the subducting oceanic plate, with only some restrictions in the
peripheral region of the model (Fig. 11).
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Figure 4. Two parts of reflection seismograms from profile SO146-5/12◦S are displayed. The locations of the OBH and OBS stations are marked with triangles
and circles, respectively. The subducting oceanic plate with a thin pelagic sediment layer can be traced up to 15 km from the trench axis (a). A prominent
BSR is present underneath the lower slope. The landward part of the seismic section (b) reveals erosional tectonic features. Extension is indicated by normal
faulting. The interpretation of the horizons follows von Huene & Suess (1988) and von Huene et al. (1996). Vertical exaggeration at seafloor is VE = 5. (c) The
topography of line SO146-5/12◦S and locations of OBH/S stations for orientation.
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of the crystalline basement. (c) The topography of profile SO146-5/12◦S and locations of OBH/S stations for orientation.

5 R E S U LT S

5.1 Reflection data

MCS line SO146-5/12◦S in Fig. 4(a) shows the typical sediment
thickness of the oceanic crust offshore Peru, with ∼150 m around

profile km 70 and ∼0 m around profile km 75. The subducting slab
is traced up to 15 km landwards of the deformation front. A bottom-
simulating reflector (BSR) on the lower slope indicates the presence
of gas hydrates, marking the base of the gas hydrate stability zone.
Across the Lima Basin several sediment sequences reveal the ero-
sional and transgressional history of the upper slope and onlap onto

C© 2004 RAS, GJI, 159, 749–764



754 A. Krabbenhöft et al.
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the Peru shelf (Pecher et al. 2001; Clift et al. 2003). The thick
diffracting section beneath the continental margin marks the top of
the crystalline basement. Additional high-resolution MCS data from
line CDP-1, published by von Huene & Suess (1988), were used to
relate the geological structures to the seismic velocities, obtained
by forward modelling, especially along the lower and middle slope.
The MCS line drawing (von Huene & Suess 1988) of line CDP-1
correlated with the coincident time-converted refraction model of
profile SO146-5/12◦S is shown in Fig. 12.

5.2 The oceanic plate

The Nazca Plate shows an overall rough topography, as revealed by
satellite-derived predicted bathymetry (Figs 1 and 2) and detailed
swath bathymetry published by Kukowski et al. (2002). This is also
apparent in the wide-angle seismic data, e.g. the undulations of the
refracted phase that travelled through the mantle. It is denoted as
P n- oc at the westernmost part of the model originating from Trujillo
Trough in Figs 7(b) and (d). There are differences in the oceanic
crust north and south of the Mendaña Fracture Zone, which are
discussed below.

The Trujillo Trough is located on the westernmost part of profile
SO146-4/9◦S (Fig. 2) and is characterized by a graben-like struc-
ture, which is 5 km wide with a vertical offset of about 500 m at the
seafloor. This graben-like structure is also extending into the igneous
crust (Fig. 10a). Modelled traveltime curves of this line compared
with the seismic refraction dataset, e.g. OBH 42 in Fig. 13, are
consistent with the downward continuation of Trujillo Trough to
the Moho, 4 km below the seafloor. Gravity modelling (Heinbockel
et al. 2003) supports the results obtained from the refraction seismic
data of the oceanic crustal structure in this region. Immediately east
of the Trujillo Trough the crust is elevated about 1-km relative to
that west of the trough, as far as profile km 35. This elevation is con-
current with a very thin sediment layer and a relatively thin oceanic
crust of about 4 km thickness (Figs 10a, 13). The model is consistent
with the arrivals of the Moho reflection occurring ∼1.7 s two-way
traveltime (TWT) after the direct arrival at OBH station 42, and ∼2.1
s TWT at OBH station 43 (P m P - oc, Fig. 13), with ‘normal’ oceanic

crustal thickness. This 30 km long segment of thinned oceanic crust
(Fig. 10a) is linked to the east–west extensional regime proposed
by Huchon & Bourgois (1990). The topographic highs and lows
trending perpendicular to the Mendaña Fracture Zone and which
are located eastwards of the Trujillo Trough in the vicinity of OBH
43 persist downwards at least to the intracrustal oceanic boundary
(Figs 2 and 10).

The oceanic crust south of the Mendaña Fracture Zone differs
from the structures observed in profile SO146-4/9◦S. The ocean
floor shows a rough topography, but without specific orientation
and in contrast to the northern line (SO146-4/9◦S). This rough to-
pography along profiles SO146-5/12◦S and SO146-3/14◦S extends
only to the upper crustal boundary but not to the Moho. The velocity
model of profile SO146-5/12◦S (Fig. 10b) is consistent with a very
thin sedimentary layer, locally with a maximum thickness of about
200 m. The rough oceanic basement sporadically outcrops, e.g. be-
tween profile length 20–30 km. The sedimentary cover throughout
the southern profile SO146-3/14◦S (Fig. 10c) is slightly thicker
because there is no outcropping ocean crust, but the maximum sed-
iment thickness is also 200 m. The oceanic crustal layers of these
two seismic models are similar overall. Comparing the crustal thick-
nesses of profiles SO146-5/12◦S and SO146-3/14◦S, there is an in-
crease of ∼0.5 km towards the south, which we suggest as reflecting
the outermost edge of the Nazca Ridge.

The crustal structure of the Nazca Plate was determined from
the reflected P waves at the top of the oceanic crust P t- oc, the in-
tracrustal reflection P i- oc and the reflection from the crust–mantle
interface P m P . The refracted waves travelling through the upper
crustal layers P u- oc are consistent with velocities gradually increas-
ing from 4.7–6.1 km s−1 and the refractions of the lower crustal
layer P l- oc with velocities from 6.4–7.3 km s−1 with some small
regional variations (see the traveltime curves in Figs 7–9 and 13).
The oceanic crust has a mean total thickness of 6.4 km resulting
from a 1.6–2.1 km thick upper crustal layer and a lower crust with a
thickness of 4.2–5.2 km (Fig. 10). The position of the Moho and the
velocity distribution in the mantle were derived from the P waves re-
flected (at pre- and post-critical angle) at the crust–mantle interface
P m P and the corresponding refraction P n (Figs 7b–9b and 7c–9c).
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Figure 7. The P-velocity model (a) for profile SO146-4/9◦S is shown with representative ray paths calculated for the seismic sections below. The record
sections OBH 44 and OBH 49 on the oceanic crust/continental margin (c/e) are overlain with traveltime curves (b/d). P t- oc, reflection from top of oceanic
crust; P i- oc, intracrustal reflection on the oceanic plate; P m P - oc, oceanic Moho reflection; P n- oc, oceanic mantle refraction; P s, refraction from continental
sediment; P 1–P 3, refractions from continental interfaces.

Coincident MCS data (line 1018, the landward part published by
von Huene & Suess (1988)) constrain the position of the Moho on
profile SO146-5/12◦S at 2.1 s TWT below the seafloor (von Huene,
personal communication). The mean Moho depth is about 6–7 km
below the seafloor and the mean P-wave velocity of the mantle is
about 7.9 km s−1, averaged over the three refraction transects north
of the Nazca Ridge.

5.3 The trench

The trench axis is about 6 km deep. There is very little sediment fill
visible on all three refraction dip lines, which is consistent with the
overall thin sedimentary layer on top of the oceanic Nazca Plate.

The trench fill consists of turbidites (Kulm et al. 1981). At 0.5 km it
is slightly thicker at the northernmost profile SO146-4/9◦S than on
line SO146-5/12◦S, where there is only 0.2 km of trench fill. The
trench fill on the southern profile is 0.3 km thick.

The angle of the surface slope with a horizontal line (α), plotted
against the dip angle of the subducting plate with the horizontal (β),
yields the stability field of a convergent margin (Fig. 14) (Lallemand
et al. 1994). Their sum is the resulting margin wedge taper (γ =
α + β). The surface slope is steep along all three transects with
α = 7.5◦ for SO146-4/9◦S, α = 8.5◦ for SO146-5/12◦S and α = 7◦

for SO146-3/14◦S. The dip angle of the subducting plate is β = 7◦

for the northern profile and the two profiles south of the Mendaña
Fracture Zone have similar values with β = 5.5◦ for SO146-5/12◦S
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and β = 6◦ for SO146-3/14◦S. The above values result in a taper of
γ = 12◦ on profile SO146-3/14◦S increasing towards the north with
a value of 13◦ for line SO146-5 and γ = 14.5◦ for the northernmost
profile. The taper values were used to compare the Peruvian margin
with a global evaluation of the stability field of the margin. The
taper derived from all our refraction models is smaller than those
for the highly erosive Chilean margin and the Tonga region (Fig. 14,
modified after Lallemand et al. 1994), but are still consistent with
an erosive regime.

5.4 The continental slope and shelf structure

Seismic P-wave velocities across the continental slope are character-
ized by different vertical and lateral gradients. The upper two layers
consist of sediments with velocities of 1.6–2.0 km s−1 (Fig. 10)

and velocities of 2.1–3.3 km s−1 increasing from the trench land-
wards. These are consistent with modelling the traveltimes of the
seismic refraction phases P s and P 1 as denoted in Figs 7–9. The
frontal prism is made up of sedimentary deposits added to the toe of
the margin, either through accretion (accretionary prism) or due to
slope failure (von Huene & Scholl 1991). An increase in the seismic
P-wave velocity across the frontal prism (Vp = 2.1 underneath OBH
54 at profile km 100; Fig. 12) is directly linked to the change in the
reflection pattern along the lower slope. Directly seaward and land-
ward of this anomaly, P-wave velocities decrease to 1.9–2.0 km
s−1. This P-wave velocity pattern within the frontal prism can be
observed along the three refraction profiles SO146-3/14◦S, -4/9◦S
and -5/12◦S.

Yaquina Basin, a 3 km thick forearc basin on the northernmost
transect, displays velocities of 1.7–3.0 km s−1 (Fig. 10a) within the

C© 2004 RAS, GJI, 159, 749–764



Wide-angle seismic study along the Peruvian margin 757

Figure 9. Record sections OBH 24 (a, b and c) and OBS 30 (a, d and e) of profile SO146-3/14◦S. See Fig. 7 for details and definitions of abbreviations.

sedimentary fill. Immediately landwards, Trujillo Basin shows the
same thickness and seismic P-wave velocities. These values corre-
spond to post-Eocene sediments, the uppermost part composed of
Neogene slope sediments, which are known from the commercial
drill holes Delfin and Ballena (Fig. 2) located on the forearc 80 km
further south (Kulm et al. 1981). From ODP Leg 112 it is known
that the sedimentary sequences in Lima Basin are early Eocene–
Quaternary sediments (von Huene & Suess 1988). Along refraction
line SO146-5/12◦S their thickness is 1.0–1.5 km displaying veloci-
ties of 1.7–2.7 km s−1, which agree with the borehole data. Seismic
velocities in the West Pisco Basin across the southernmost transect
range from 1.6–2.7 km s−1 with a total thickness of 2 km. The basins
along the northern transect, which were not affected by Nazca Ridge
subduction (Hampel 2002), reveal slightly higher seismic velocities
and are almost twice as thick as the Lima and West Pisco basins,

which in contrast are affected by Nazca Ridge subduction (Hampel
2002). The sedimentary units along the upper slope in the Lima
Basin are broken by normal faults (Fig. 4b) indicating extension.
The boundary between the second and third layer delimits the top of
the crystalline basement, consistent with modelling the traveltimes
of the seismic refraction phases P 3 as labelled in Figs 7–9. Our
models reveal velocities of 4.5–6.5 km s−1 for the continental crust.
The latter value is delimited by the ray coverage down to a depth
of 25 km. The deepest boundary within the overriding continental
plate marks a change in the velocity gradient within the crystalline
basement, which is consistent with modelling of the seismic arrivals
(designated P 4; Figs 7–9).

The interface between the overriding continental plate and the
subducting Nazca Plate is well constrained from the P t- oc reflec-
tion (e.g. Fig. 5). The low P-wave velocities across the seaward part
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of the backstop region (resistive buttress of consolidated sediment
and/or rock of the upper plate (von Huene & Scholl 1991); dashed
line, Figs 10a–c) infer low seismic velocities on top of the plate
boundary within this region. The seismic reflections from the top of
the oceanic crust under the backstop region hold high amplitudes,
e.g. OBH station 58 and OBS station 30 (Figs 8 and 9). The high am-
plitudes may originate from a high P-wave velocity contrast across
the plate boundary indicating the presence of a subduction channel.
A subduction channel is present when oceanic sediment remains
attached to the subducting oceanic plate and/or material is removed
from the upper plate, and which is then subducted (von Huene &
Scholl 1991). In addition to the subduction channel, elevated pore
fluid pressure, which is likely to be generated by dewatering sub-
ducting sediments in that region (Hayward et al. 2003; Rüpke et al.
2004), may cause the high amplitudes. However, the resolution of
the refraction data is not sufficient to resolve a subduction channel of
subducting sediment with low seismic P-wave velocity at the plate
boundary.

The structure of the Lima Basin obtained from the tomographic
inversion along the strike-line SO146-6 from 11◦S to 12.5◦S reveals
a 2 km thick upper layer, which is defined by seismic velocities of
1.6–4.5 km s−1 (Fig. 11a). The layer below exhibits P-wave veloc-
ities of 5.0–6.1 km s−1. These are characteristic of the continental

crust across the Peruvian margin, which is 8 km thick along profile
SO146-6/12◦S. The top of the downgoing oceanic plate is at a depth
of about 11 km below the seafloor, 60 km landward of the trench axis.
The oceanic Moho is displayed in a depth of about 16 km below the
seafloor, 60 km landward of the trench axis. The uppermost layer of
line SO146-6/12◦S is thicker towards the south and the north of the
Lima Basin, from 0–40 and 140–170 km. There are also lateral vari-
ations in the thickness of the layers below. The thickness decreases
towards the peripheral regions, which might be an artefact due to
the decreasing resolution of the tomographic inversion (Fig. 11b).
Here, we take into account the depth of the ocean–continent bound-
ary along profiles SO146-4/9◦S and SO146-3/14◦S, 60 km land-
ward of the trench (Figs 10a and c). At this distance, the top of the
oceanic plate is located at a depth of 13 km below the seafloor. This
provides additional support for the idea that the continental crust
may not be thinning towards the peripheral regions of strike-line
SO146-6/12◦S.

6 D I S C U S S I O N

Our refraction models, obtained by modelling the new seismic re-
fraction data, reveal a ‘normal’ oceanic crustal composition for the
Nazca Plate, covered by a thin pelagic sediment layer (Grevemeyer
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et al. 1999; Walther 2003). The thickness of the pelagic sediment
layer is variable, sporadically it is lacking, i.e. on profile SO146-
5/12◦S, where the oceanic crust outcrops, and its maximum thick-
ness is 200 m (Fig. 10). North of the Mendaña Fracture Zone, the
Trujillo Trough, a reverse fault, is not just apparent in the high and
low structure as revealed by bathymetric measurements, but also
to the Moho. The oceanic crust is only 4 km thick in the area of
Trujillo Trough compared with an average oceanic crustal thickness
of 6.4 km in the study area. The trench turbidites are redeposited
from the continental plate due to slope failure. A small amount of
trench fill is typical for non-accretive margins (Clift & Vannucchi
2004). The large taper, indicative of high basal friction (Kukowski
et al. 1994), is further evidence consistent with the Peruvian margin
being erosive (Lallemand et al. 1994).

The volume of the frontal prism for all profiles is defined by the
low seismic velocities of the sediments (Figs 10 and 12), which is
consistent with estimates of the frontal prism from earlier interpre-
tations of reflection seismic data (Kulm et al. 1981; von Huene &
Suess 1988; von Huene et al. 1996) and is now verified along the
entire Peruvian margin (Figs 10 and 15). The low seismic veloci-
ties indicate high porosities and low strength of the frontal prism
material that may be explained by overpressured pore fluids in the
accreted sediment (Lallemand et al. 1994). The frontal prism along
the Peruvian margin is small and consistently associated with a
steep lower slope. Its width north of the Mendaña Fracture Zone
is 15-km. The prism of the central profile (SO146-5/12◦S) is of
the same size, whereas the frontal prism identified in the southern
line extends laterally only to a width of 12 km. It is absent where

the Nazca Ridge is currently subducting (Hampel et al. 2004). In
total, the volumes of the frontal prisms show values of 37 km3 per
trench km for profile SO146-4/9◦S, 36.5 km3 per trench km for
profile SO146-5/12◦S and 34 km3 per trench km for profile SO146-
3/14◦S (Figs 10 and 14). These values were calculated from the
pixel information contained in the graphical display of the models
(Fig. 15). The conditions across the frontal prism regions of all pro-
files are similar, i.e. no sediment overburden, similar thickness of
frontal prism sediments and similar seismic velocities. Therefore,
no further assumptions concerning the porosities of the frontal prism
sediments are included in this volume estimate.

These differences in size of the frontal prisms along the Peruvian
lower slope may be explained by the influence of the southward-
migrating Nazca Ridge on subduction mechanisms. The northern
profile has not been affected by the subduction of the Nazca Ridge
(Hampel 2002), so it displays a ‘normal’ stage of subduction at a typ-
ical long-term tectonically erosive margin. The two southern profiles
display different stages after the Nazca Ridge subduction took place
at 11 Ma (the transect across the Lima Basin, SO146-5/12◦S) and
at 6 Ma (the profile along the West Pisco Basin, SO146-3/14◦S)
(Hampel 2002). During subduction of the Nazca Ridge, tectonic
erosion dominates the subduction processes along the margin (Clift
et al. 2003), as observed at the present ridge collision zone at 15◦S.
Six million years after the Nazca Ridge subduction, a small frontal
prism has been established at the Peruvian margin at SO146-3/14◦S.
Eleven million years after Nazca Ridge subduction, the frontal prism
imaged at SO146-5/12◦S is small in size, typical for an erosional
type of margin (i.e. Japan, Tonga region) (von Huene & Scholl 1991;
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Collot & Davy 1998), but already completely established, indicating
the margin has returned to equilibrium after 11 Myr. This is inferred
by a comparison of the width and volume of the frontal prism of
profile SO146-4/9◦S (both are 15 km wide, with similar volumes
(Fig. 15)), which was never affected by the Nazca Ridge subduction.
A similar return of the margin to equilibrium has been witnessed
also at the Alaska margin in the wake of the Yakutat Block collision
(Fruehn et al. 1999).

The landward limit of the prism is a backstop structure, which
we define by the increasing seismic velocities inferring higher ma-
terial strength. Increased landward vertical velocity gradients in the
refraction models delimit the upper 3 km of the frontal prism. The
shape of the backstop derived from the velocity–depth models across
the Peruvian margin is between a type I and intermediate backstop
structure, as defined by Byrne et al. (1993) (Figs 11 and 15). Above
the sufficiently strong backstop a bathymetric high has developed,
indicating an increase in internal material strength within the mar-
gin (Wang & Davis 1996). Numerical and sandbox modelling of the
mechanical role of backstops shows that the position of the outer
high is located above the toe of the backstop structure (von Huene
& Suess 1988; Byrne et al. 1993; Wang & Davis 1996). This is con-
sistent with our interpretation in terms of the structure derived from
the velocity–depth models. The shape and location of the backstop
structure is constrained by the lack of reflection patterns in seis-
mic MCS data as reported by von Huene & Suess (1988) in profile
SO146-5/12◦S in Fig. 12. From commercial drill holes at 9◦S it is
known that the continental crust of the Peruvian forearc consists
of foliated metamorphic rocks of Palaeozoic or Precambrian age

(Kulm et al. 1981). However, drilling information is insufficient to
define its seaward limit. We define the seaward limit of the con-
tinental basement with decreasing seismic velocities (Vp = 3.5–
5.0 km s−1). As the Peruvian margin is dominated by long-term
erosional processes (von Huene & Suess 1988; von Huene & Scholl
1991; Pecher et al. 1996; Clift et al. 2003), the seaward part of the
backstop may not be an ancient, consolidated accretionary prism but
is likely to be composed of (crystalline) continental crust along all
three refraction lines. In the region drilled during ODP Leg 112 the
Middle Eocene section was drilled along the lower and the middle
slope at SO146-5/12◦S (von Huene & Suess 1988). Therefore the
discrepancy in the seismic velocities (from Vp = 3.5–5 km s−1 to
Vp = 5–6 km s−1, Figs 10 and 12) infers a difference not in rock
composition but in internal structure. This might be due to stronger
coupling between the subducting and overriding plates underneath
the backstop, resulting in fractures and cracks within the margin
wedge material. This complies with high-resolution seismic stud-
ies, which indicate fluid migration through fractures and due to
anisotropic permeability across the lower slope along the northern-
most profile SO146-4/9◦S (Hübscher & Kukowski 2003) and the
central profile SO146-5/12◦S (Pecher et al. 2001).

The continental basement causes the overlying sediments to pond
against a well-developed outer high in front of a forearc basin (Davis
1996). These form the Yaquina Basin located at the northernmost
slope connecting with the upper-slope Trujillo Basin, the Lima Basin
across the middle and the West Pisco Basin at the southernmost
profile. As described above, the shape of the backstop is similar
across the entire Peruvian margin, inferring the same mechanical
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Figure 13. Enlargement of the P-velocity model (a) for profile SO146-
4/9◦S is shown with representative ray paths calculated for the seismic
sections below. The regions covered by the enlargements of the seismic
sections are marked above the model. Enlargements of record sections OBH
42 and OBH 43 for comparison of the oceanic crustal thickness along the
profile (c/e) are overlain with traveltime curves (b/d). See Fig. 7 for details
and definitions of abbreviations.

role for the backstop across the margin. Therefore, the structural
difference between the outer highs on the three refraction profiles
is explained by differences in the coupling between the subducting
and the overriding plate (Davis 1996). The outer high along the tran-
sect at SO146-5/12◦S is developed due to strong coupling, which
produces extremely intense deformation at the toe of the backstop,
leading to a high and narrow uplift (Byrne et al. 1993). This is
constrained by the change in reflection pattern (landward dipping
to seafloor parallel) underneath OBH station 54 (Fig. 12). Weaker
basal coupling produces a wider outer high, like the topographic
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subduction.

structures seen along the slopes of the northern- and southernmost
GEOPECO profiles, indicating reduced strength of the backstop.

The sedimentary sequences in the Lima Basin at SO146-5/12◦S
reveal erosional scarps, which are correlated with the temporary
uplift and permanent subsidence at 11 Ma when the Nazca Ridge
passed this region (Hampel 2002; Clift et al. 2003). The sediment
thickness in the basins south of the Mendaña Fracture Zone is 1.5–
2.0 km, and therefore about half as thick as the sediments in the
Yaquina and Trujillo Basins (SO146-4/9◦S), which are around 3 km.
This difference is also attributed to the uplift and subsidence caused
by the southward migration of the Nazca Ridge and its erosional
effect on Peruvian forearc sediments. The slightly higher seismic
P-wave velocities in the Yaquina and Trujillo Basins, with values
from 1.7–3.0 km s−1, compared with the velocities of 1.6–2.7 km
s−1 in the Lima and West Pisco basins are consistent with the thicker
sediments on profile SO146-4/9◦S and can therefore be explained
by a higher degree of compaction. The rough morphology along the
middle slopes of the transects, in addition to the internal material
strength, may reflect tectonic activity such as basal removal of up-
per plate material, which increases the surface slope. This would
operate in conjunction with the strong coupling already mentioned
above. For line SO146-5/12◦S the increase in wedge taper is most
distinct at 120 km. Concurrent with the steep slope, indicating high
basal friction, we observe steepening of the dip angle of the sub-
ducting plate (white arrow, Fig. 10). The observation of increase of
the dip angle and consequently the margin wedge taper landward of
the trench can now be resolved with the wide-angle seismic data.
Previously acquired MCS data were restricted in depth penetration
(line drawing, Fig. 12). Therefore we assume that subduction tec-
tonic erosion is most effective in this portion of the plate boundary.
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This process was described earlier by Adam & Reuther (2000) and
von Huene & Ranero (2003) for the Chilean margin.

7 C O N C L U S I O N S

Seaward of the Peruvian margin, Nazca Plate oceanic crust with a
‘normal’ velocity structure and topped by a thin pelagic sedimentary
layer, varying in thickness from 0–200 m, is approaching the trench.
The oceanic crust, with a total thickness of 6.4 km, is divided into
an upper and a lower oceanic crustal layer, overlying mantle with
a seismic P-wave velocity of 7.9 km s−1 averaged across the three
transects. In the region of the Trujillo Trough at the western part of
the northernmost transect, the oceanic crust has a thickness of only
around 4 km, probably due to off-axis extension. The plate boundary
of the subducting Nazca Plate and the overriding South American
Plate is traced down to a depth of 25 km. However, data resolution
is not sufficient to resolve a possible subduction channel, although
in some areas the presence of subducting sediment is indicated by
high amplitudes on top of the subducting oceanic plate. However,
the frontal prism and the backstop structure are well defined by their
seismic P-wave velocities. The same backstop type across the Peru-
vian margin infers the same mechanical behaviour across the margin
wedge. Hence, the different pronounced outer highs (the most dis-
tinct being at the middle profile SO146-5/12◦S) developed at the
toe of the backstop suggest varying material properties within the
margin wedge.

Subduction processes along the Peruvian margin are dominated
by tectonic erosion, as inferred from the thin sediment fill in the
trench, the large taper and the small size of the frontal prism.
Tectonic erosion is indicated by the low seismic velocities within
the frontal prism, the high convergence rate, the irregular surface

slope, the presence of extensional forearc basins, the rough topog-
raphy of the subducting plate and the retreat of the volcanic front
from the Mesozoic to the Late Cenozoic magmatic arc (McKee
& Noble 1990). However, frontal tectonic erosion is not the only
subduction mechanism across the Peruvian forearc. Basal erosion
is most effective where the dip of the subducting plate increases.
Basal erosion, as observed here, and related extension leads to the
steepening of the trench slope causing slope failure. The failed sedi-
ments are transported due to gravitational forces and form the small
frontal prism at the toe of the margin. The frontal prisms, missing
where Nazca Ridge currently subducts (Hampel et al. 2004), and
established at the lower slopes 6 Myr and 11 Myr after Nazca Ridge
passage, display different evolutionary stages following ridge crest
subduction, which is marked by increased erosion. The width of the
frontal prism increases from 12 to 15 km, between the profiles from
south to the north (SO146-3/14◦S and SO146-5/12◦S). These ‘time
slices’ indicate, that 11 Myr after collision the margin has returned
to equilibrium.
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