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Velocity structure of the Andes of central Peru from
locally recorded earthquakes
Catherine Dorbath
ORSTOM and EOPO, URA CNRS 1358, Suasbourg, France
Abstract. Arrival-times of local events recorded during two
short term seismic ficd investigations in ccntral Peru are used
to determine the P and S velocity structures above the slab, in a
segment of the Andes where the subduction is horizontal. The
velocities in the upper-crust can be related to the sedimentary
cover. The Moho depth is estimated to be nbuut 50 km below
the western part of the sub-Andean zone, and deepens gently to
the west, reaching 60 km under the Western Cordillera. An
uplift of high velocity material is observed under the coastal
zone, associated with a cluster of earthquakes in and above the
slab. The asymmeeical strucNre of the crust below the Eastern
Cordillera reflects the convergence process in this part of the
Andes: the shortening occurs along active reverse steeply west
dipping faults involving the crust in its entirety on the eastern
border of the cordillera, the compression then decreases toward
the east.

Introduction
In 1985 and 1986, two microearthquake surveys were
conducted in central Peru, accross a complete section of the
Andean chain at about 12's. from the coast to the suh-Andean
zone (Dorbath et al., 1990 and 1991, Lindo et al., 1992). The
purpose of this paper is to use arrival times of P and S waves
generated by earthquakes located in the subducted Nazca plate
and in the crust to determine P and S velocity structures across
the whole Andean orogen.
The Andean chain is the result of the convergence of the
Nazca Plate and the South American Plate. Its well known
segmentation along strike, characterized by changes in
tectonic styles and volcanic activity, correlates with the shape
of the subducted plate (Jordan et al., 1983). In central Pem, the
Andes show a subhorizontal subduction angle. This segment of
the Andes, where recent magmatic activity is absent, is
divided, from the Pacific Ocean to the Brazilian craton, into
nearly parallel morphological suucmres: the coastal zone, the
Western Cordillera, the High Plateaus, the Eastern Cordillera
and the sub-Andean zone (figure 1). The following description
of the structural setting comes mainly from ~ i g a r d(i978,
figure 2a).
Between Lima and Pisco, the inland part of the coastal zone.
with mainly Mesozoic volcano-detrital gently folded
sediments outcroping, is very narrow and subsiding (MacharC
et al., 1986). The Western Cordillera, with maximum
elevations of 5200 m, is formed by folded upper Jurassic to
Eocene marine and continental sediinents intruded by tile
Coastal Batholith and covered by Oligocene and Miocene
volcanic series. The High Plateau. about 3800 m high. is a 50
km wide intra-cordilleran zone (the Mantaro basin),
characterized by marine Mcsozoic formations. It is cncloscd
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by active fault systems (Dorbath et al., 1990): Altos del
Mantaro to the west and Huaytapdlana to the east. The Eastern
Cordillera, which culminates at 5557m. is a wide anticlinorium
of essentialy Precambrian and early Paleozoic rocks. It is
separated from the sub-Andean zone by active west-dipping
high-angle reverse Caulls where crustal shortening and uplift of
the crystalline basement take place. The deformation of thc
sub-Andean hills decreases toward the Brazilian shield. The
thickness of the late Mesozoic to Tertiary terrigeneous
sedimentary cover is poorly known. however, to the north, it
may reach 10 km (Pardo, 1982).
The two seismic investigations give a complete section of
the seismicity of this Andean segment for about 475 km from
the trench (figure 1). The first one wirs lucilled in the Eastern
Cordillcra and the sub-Andean zone. It provided a precise
description of the crustal seismicity and the present tectonic
activity of the region (Dorbath et al., 1990, 1991).
Simultaneously, we recorded several local events related to the
subduction zone under the array. The second investigation
took place between the coast and the High Plateau across the
Western Cordillera. Most of the seismicity recorded was related
to the slab. Together with the results of previous surveys, it
provided an accurate description of the shape and the stress
regime of the subducted slab (Lindo et al.. 1992, Lindo. 1993).
The data mllected during these investigations are well suited
for Local Earthquake Tomography (LET). LET offers the
possibility of improving our knowledge of the velocity
structure of central Peru down to the subducted slab, since the
depth extent of LET models is limited by the maximum
earthquake focal depth. LET can help to estimate the Moho
depth and can define more precisely the shape of the
subduction zone by refining the hypoccntcrs locations. In this
paper, we will invert separately the data from the two seismic
surveys in order to obtain the structures below the coastal zone
and the Western Cordillera (Western Survey, WS) on one hand.
below the Eastern Cordillera and the sub-Andean cone (Eastern
Survey, ES) on the other; the results will then he merged to
present a global cross-section of the Andean chain.

Data and inversion
The data sets include the arrival times of P and S-waves from
the local events recorded by the temporary stations. Complete
descriptions of the networks, velocity models and data
analysis may be found in previous papers (Dorbath et al.,
1991, Lindo, 1993). Here we will only summarize the
description of these surveys and the data processing.
The WS array included 19 short-period vertical analog and 3component digital seismic stations. The ES array included 20
stations (11 analog and 9 digital). The uncertainties on P and S
waves arrival times read on analog recorders are estimated to be
less than 0.1 s and 0.5 s respectively. The uncertainties on
arrival times read on digital records have to be reduced by a
factor of two.
The earthquakes were located using the HYPOINVERSE
program (Klein. 1978) The thicknesses of the horizontal
layers were adjusted to simulate the change of tl~eMoho depth
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Pigurel: Distribution of stations and events used for the
Local Earthquake Tomography fogether with the
morphosuuctural zoning of the central Peru. The shaded circles
show the initial epicentral locations of the local events, the
darker the deeper. The black triangles show the position of the
temporary scismic stations (inverted: Eastem Survey - normal:
Western Survey. The dashed line shows the location of the
noss-sections presented on figures 2a and 2h.

across the Andean chain. We only kept hypocenters which met
restrictive criteria ensuring a high quality location. For the
WS, 220 events passed these tests, providing 2628 arrival
times consisting of 1412 P and 1216 S arrivals; lur the ES, the
complete data set includes 3742 arrival times (2317 P and
1425 S arrivals) from 297 events, 197 of which are crustal
events. The mean mathematical error on the location depends
on hypocentral depth; the vertical error is 2.8 km for the
western part of the Wadati-Benioff zone, 3.4 km in the center,
4.0 km at the eastem end, the horizontal error is one km less.
We may estimate the location precision to be twice these
values.
The inversion program we used is the latest version of the
program adapted by Eberhart-Phillips (1986) from the method
developed by Thurber (1983). The iterative process inverts P
and S-wave arrival-time data for a 3D velocity structure and
hypocentral parameters. The parametrization of the regions
under study is achieved by assigning velocity values at fixed
points on a 3D grid. An approximate ray tracing algorithm
(ART, Thurber, 1983) is used to calculate travel-time between
the source and the station. This method combines paranetu
separation and a damped least squares inversion.
The initial P-wave velocity models were smoothed versions
of the models used for hypocentral locations. Vp/Vs ratio was
fixed at 1.73. The velocity grids were aligned north-south and
the horizontal grid spacing was one fourth (WS) or one fifth
(ES) of a degree underneath the seismic stations. The starting
models consisted of 15 km (ES) to 20 km (WS) spaced layers of
grid points from the surface down to the maximum depth of
hypocenters.

For selecting the optimal value of the damping factor, we
constructed "trade-off' curves of resolution against solution
error. and found values of 25 for WS and 10 for ES. The
stability of the solutions has been tested by the usual methods.
variation of the spacing of the grid points, variation of initial
velocities. etc. The initial data variances were 0.091 sZ(WS)
and 0.089 sZ(ES) for P waves and 0.266 sZ (WS) and 0.217 sZ
(ES) for S waves. After 4 iterations, the variances reduce to
0.017 s2 (WS) and 0.012 s2 (ES) for P waves, 0.084 s2 (WS)
and 0.061 sZ (ES) for S waves. Thus, the final reductions of the
initial data variance are significant: 81 per cent (WS) and 86
oer cent IES) for P-waves. 73 Der cent for S-waves.
The reliability of the inversion is indicated by the value of
the diagonal elements of the resolution matrix, with the value
of off-diagonal elements displaying the coupling between
ncirhbourina nodes. Thus, when drawinr- the velocity models,
we take into account only the nodes where the diagonal
element of the resolution matrix is greater than 0.4. Below
75/80 km, the resolution becomes les than this because the
nodes are not well sampled by rays.

Results and discussion
In this short paper we choose to present only vertical moss
sections orthogonal to the Andean trend and passing through
the best resolved nodes of both models. slnce this shows more
clearly lateral variations in velocities than map views of the
different layers.
The figure 2a sllows a geological cross-section through the
.t,,des just to the north of the studied area and in the same
tectonic context (Meeard. 1978). The tieure 2h and 2c mesent
cross.sections
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A comparison of the original and final locations shows
small variations of 0.06' on average of epicentral positions:
the mean depth variation is 4 km. These changes on
hypocentral locations are not significant with regard to the
crustal seismicity. On the other hand, these changes appear to
better deliniate the seisnlicity of the subduction zone. The slab
dips at about 30' from the trench to a depth of about 100 km
whcre its slope changcs and the slab becomes subhorizontal.
The seismicity is scarse in the central part of the subhorizontal
segment of the slab, below the High Plateau.This lower level
in seismicity is observed on any study of the subduction in
Peru and is not due to the station spacing between the two
networks. A dense swarm is seen above the slab under the coast
line. This seismic acdvily is concentrated between 40 km and
80 km in depth (figure 1). Such a swarm may be identified on
the cross-section for the same region from selected ISC and
USGS data for a different time period. Therefore, this
seismicity is a long period feature. The relocation of locally
registered events underlines the clustering of these events.
A noticeable feature seen on figure 2b is the close
correspondence of the iso-velocity lines between the two Pwave models obtained by con~pletelyindepcndcnt inversions.
Unfortunately, there is a small gap in the velocity structures
between the two surveys, due to the poor resolution of the
external nodcs in the inversions. However, the interpolation
of the velocities between these two models is direct. The
interpolation is not so easy for S-wave velocity models,
because far fewer nodes are resolved and thus the gap between
the two models is larger. It is also interesting to note that the
general behaviour ul P- and S-wave velocities is very close.
This is confirmed by the fact that the VpIVs ratio computed for
the different structural units does not vary significantly.
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the Eastern Cordillera down to 40 km and then rises suddently
by more than 20 km at the eastern border of the cordillera; this
Eastern
rub.Andrm
jump is also seen in the S-wave velocity model. It is outlined
Western
Cnavt
Curdillera
Cordillera
Zonc
bv thc crustal seismicitv associated with the activc faults
which mark the boundary between the range and the subAndean zone. Thus. the Eastern Cordillera is characterized bv
an asymmetrical zone having a uniform velocity ranging from
5.5 kmls to 6.0 h i s from the surface down to 35 km.
~ r o mthe far e&t of the profile to the western border of the
Western Cordillera, the P-wave velocity contours 6.5, 7.0 and
7.5 km/s are parallel and smoothly deepening 10 the west by
no more than 10 km. The coastal zone corresponds to an uplift
of high velocity material by about 20 km, well marked un both
h) Vp Cross section .120
P-wave as on S-wave velocity models and directly associated
-75.5
with the cluster of earthquakes in and above the slab. Finally,
150
1W
50
1
50
100
150km
taking the iso-7.5 kmls P-wave velocity line as an estimation
of the bottom of the crust, as it is commonly used for this
region, we find a Moho depth of 50 km under the western part
of the sub-Andean zone increasing smoothly toward the west.
It reaches 60 km under the Western Cordillera and then steeply
decreases to 40 km under the coastal zone.
These results have to he discussed in the light of previous
studies in Peru. The only velocity models deduced from seismic
study have been obtained by Cunningham et al. (1986) for the
coastal zone and the Western Cordillera in southern Peru,
above the area where the dip of the slab changes. These authors
observed an increase in the crustal thickness (from about 40
C) VS Cross sec:iox
km beneath the coast to 70 km beneath the Western
Cordillera), which occurs abruptly above the flat slab but is
gradual above the 30" deeping slab. No seismic clustering is
a~sociatedwith the abrupt change. Cunningham et al. propose
as a possible explanation that the crust above the steeply
deepening Moho in the northwest represents a deformed
version oC ihe crust in ihr suutheast. Sucll art abrupt change in
the dip of the Moho is also suggested in central Peru by the
gravity anomalies. Fukao et al. (1989) constructed models
from gravity surveys along two routes enclosing our area of
study. These authors observe that the Moho deepens from 25
km near the coast to 65 km beneath the Western Cordillera.
They infer that the Moho in central Peru may be even more
steeply deepening.
Figure 2: a) Simplified geological and structural crossThe uplift of the Moho beneath the coastal zone comes with
section of central Peru after MCgard (1983). The numbers of the an even larger uplift of high velocity material for both P- and
legend refer to the different units: 1: Precambrian Substratum. S-waves. The crustal model compiled by Wilson (1985),
2: Precambrian. 3: Paleozoic. 4: Mesozoic. 5: Late cretaceous passing through Pisco and Huancayo, shows a large mass of
terrigeneous series. 6: Late Eocene - Miocene folded volcanical high density (3.0 g/cm3, it is 6.6 kmls) material beneath the
series. 7:Permian granitaids. 8: Andean granitoids. 9: coastal zone, required to satisfy the gravity high found there.
Mrsozuic volcanic flows. b) Vertical cross-section through The same feature is found an two other profiles further to the
the relocated hypocenters and the smoothed P-wave velocity north (as far as Tmjillo 10DS).However, this dense rock is
model of the 3D inversion. To get the smooth pattern, we apparently not required where the slab dips at 30" and Cough et
applied a bilinear interpolation function to the discrete al. (1981) associated this high density arch-like structure
velocities. This smoothing preserves the amplitudes in along the axis of the marginal basins with basic rock. The
individual nodes of the original discretization. Higher are the presence of Cretaceous basic rocks in the marginal basin of
velocities, darker are are the grey areas. c) Same as figure Zb central Peru is established by Atherton et al. (1983). It stops at
for the S-wavc vclocity model.
about 15's. where the suhduction regime changes from subhorizontal to normal. Thus, this Cretaceous complex may be
responsible for the strong positive gravity anomaly (Atherton
P-wave velocities smaller than 5.5 kmls in the uppercrust et al., 1983). The velocity results of the tomography are quite
are clearly related tn the presence of sedimenu (figure Zb). consistent with those of gravity surveys. The distribution of
Slow zones are observed under the Western Cordillera, the the hypocenters provides more information about this dense
High Plateau and the sub-Andes. In contrast, the Eastern mass. Since a cluster of seismic events is associated with it, it
Cordillera, where Precambrian series outcrop, is characterised is competent, highly fracturated, and col'responds to an active
by velocities higher than 5.5 km/% The same feature can be phenomena. A study of focal mechanisms by Lindo (1993)
seen on the figure 2c in the areas where S-wave velocities are indicates shortening perhaps associated with the dense
constrained. Thus, the correlation between the velocities material rising. Thus, below the coastal zone, the fracturing of
observed in the uppcr crust and the geological units is very the continental crust allows the uplift of dense materiel above
subhorizontal subduction. where the thermal effects associated
good.
The 6.0 kmls P-wave velocity contour is located at a depth with partially melted asthenosphere are absent. Moreover, the
of about 15 km, more or less paralleling the 5.5 kmls contour active udift of dense material involves the bendine of the free
where it exists. It deepens smoothly from the western bordcr of surface with extensional stresses and normal faulting activated
a) Geological Cross section
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by gravity (Lindo.1993). Thus, this uplift could explain
tectonic features obsemed in central Peru such as the subsiding
of the coastal zone and the presence of normal faulting off
shore.
Fukao el al. (1989) observe a steplike change in Bougucr
anomaly along the eastern slope of the Eastern Curdillera
which -they &terpret as a sudden change in the crustal
thickness at the junction of the Andes and the continent. Such
a dicontinuous change in crustal thickness across the subAndes is not observed on our results. Only a jump of the iso6.0 km/s P-wave velocity contour occurs at the eastern border
of the Eastern Cordillera, more or less coinciding with the
emergence o f crustal seismicity. The spatial distribution of
this seismicity is not very clear on this general cross-section,
due to the projection on a similar plane of distant events. A
previous study of seismicity and tectonic deformation in the
same area (Dorbath e t al.. 1991) shows that the activity is
concentrated in the eastern foot of thc high chain and defines a
fault striking northwest-southeast and dipping steeply to the
west. The focal mechanisms indicate mainly reverse Caulling
with hypocenter depths reaching 35 to 40 km. The stress
tensor shows a strong compressive regime in a nearly eastwest direction. The seismicity on this fault is associated with
the uplift of the Eastern Cordillera and the widening of the
Andes toward the north-east. Although the whole crust is
competent in the western part of the sub-Andean zone, the
tomographic study does not show anomalous vertical velocity
layering. O n the other hand, the velocity seucture beneath the
Eastern Cordillera differs from the other Andean unila. If the
higher velocity in the upper crust can b e explained by the
outcrouping of Precambrian series, the lower crust presents on
the contrary a velocity lower than the surrounding areas.
Moreover the velocity structure under the Eastern Cordillera is
not symmetrical. Our cross section emphasizes thc diflcrence
between the two Cordilleras. Although the Moho depth is
nearly the same under both, thc vclacity structure of thc crust
i s different. In the uplift of the Andean range. two processes of
crustal thickening act jointly: magma intrusion and horizontal
shortening. A s pointed out by Kono et al. (1989). these two
processes have taken place in spatially separated places in the
central Andes, where the chain is wide and the two cordilleras
separated. The volcattic activity has been very strong in the
Western Cordillera from the beginning of the subduction
process (about 80 My ago), began to diminish 8 My ago. and
disappeared totally during Pliocene time (Noble and McKee,
1977). when the subduction became subhorizontal. The
thickenine of the crust under the Western Cordillera could then
to the addition of magmatic material. O n the
h e d u e ;aidy
other hand, in the eastern edge of the chain, the crust is pushed
strongly to the west by the Brazilian craton, and the
shortening occurs by reverse faulting and folding. T h e
asymmetrical structure of the crust under the Eastern Cordillera
might reflect the compression of the crust. It is strongly
compressed in its eastern part by the craton. the contact
occuring o n steeply dipping trans-crustal faults, and the
deformation gradually diminishes toward the west. The graduai
thickening of the crust under the western part of the Eastern
Cordillera and its sudden thinning undcr its castcm part could
reflect the convergence process.
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