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Abstract Wide-angle and multichannel seismic data
collected on the Malpelo Ridge provide an image of
the deep structure of the ridge and new insights on
its emplacement and tectonic history. The crustal
structure of the Malpelo Ridge shows a 14 km thick
asymmetric crustal root with a smooth transition to
the oceanic basin southeastward, whereas the transi-
tion is abrupt beneath its northwestern flank. Crustal
thickening is mainly related to the thickening of
the lower crust, which exhibits velocities from 6.5
to 7.4 km/s. The deep structure is consistent with
emplacement at an active spreading axis under a
hotspot like the present-day Galapagos Hotspot on the
Cocos-Nazca Spreading Centre. Our results favour the
hypothesis that the Malpelo Ridge was formerly a
continuation of the Cocos Ridge, emplaced simulta-
neously with the Carnegie Ridge at the Cocos-Nazca
Spreading Centre, from which it was separated and
subsequently drifted southward relative to the Cocos
Ridge due to differential motion along the dextral
strike-slip Panama Fracture Zone. The steep faulted
northern flank of the Malpelo Ridge and the counter-
part steep and faulted southern flank of Regina Ridge
are possibly related to a rifting phase that resulted in
the Coiba Microplate’s separation from the Nazca
Plate along the Sandra Rift.
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Geological setting: tectonic history of the Panama
Basin

The Malpelo Ridge is a part of the Cocos-Nazca vol-
canic province related to the interaction between the
Galapagos Hotspot and the regional spreading centres
(Hey 1977; Lonsdale and Klitgord 1978). These authors
proposed that the earliest stage of regional oceanic
spreading started when the old Farallon Plate split into
the Cocos and Nazca Plates drifting away along the
east-west trending Cocos-Nazca Spreading Centre,
(Fig. 1). The Galapagos Hotspot, currently located
beneath the Galapagos Archipelago, marks the apex of
the V-shaped Cocos and Carnegie Ridges system.
These volcanic ridges are commonly related to the
influence of the Galapagos Hotspot on the Cocos-Nazca
Spreading Centre activity. Magnetic anomalies show
that the thickened crusts emplaced near the spreading
centre have been drifting away since 22.7 m.y.
(Barckhausen et al. 2001) (Fig. 1la). The Cocos and
Carnegie Ridges represent the tracks of the Galapagos
Hotspot on the Cocos and Nazca Plates respectively
(Johnson and Lowrie 1972). The crustal thickness of the
Cocos and Carnegie Ridges, inferred from gravity
modelling and wide angle seismic data range from 15 to
20 km (Bentley 1974; Sallares et al. 2003; Wade et al.
1977).

The Malpelo Ridge is a bathymetric high, 300 km
long and 100 km wide, trending NE-SW, sub-parallel
to the Cocos Ridge (Fig. 1b). The top of the ridge is
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Fig. 1 Location of the study area. (a) Structural sketch of the
Panama Basin. The major reliefs: Malpelo Ridge (MR), Coiba
Ridge (CR), Regina Ridge (RR), Cocos and Carnegie Ridges
are shaded in grey (limit at 2,000 m depth). Plain lines show the
major tectonic features: Cocos-Nazca Spreading Centre (CNSC),
Costa Rica Rift (crr), Malpelo Rift (mr), Sandra Rift (sr), Coiba
Fracture Zone (CFZ) and Panama Fracture Zone (PFZ).
Magnetic anomalies are outlined in grey (after Barckhausen

1-2 km deep, and is studded with sub-circular highs,
interpreted as volcanic edifices; the largest one
emerges at the Malpelo Island. These lavas are a late
manifestation of the Galapagos Hotspot activity
(17.3 = 0.3 Ma) (Hoernle et al. 2002). The northwest-
ern flank of the Malpelo Ridge shows a ~1,500 m high
scarp that contrasts with its gently deepening south-
eastern flank (Fig. 1b). The Malpelo Ridge has been
interpreted as a fragment of the Carnegie Ridge rifted
northward during the Malpelo Rift activity, between 17
and 8 m.y. (Hardy 1991; Lonsdale and Klitgord 1978;
Pennington 1981). Alternatively, the Malpelo Ridge
could rather be the former northward continuation of
the Cocos Ridge, shifted southward along the Panama
Fracture Zone since 12-9 m.y. (Gardner et al. 1992;
Lonsdale and Klitgord 1978; Meschede et al. 1998;
Sallares and Charvis 2003).

Magnetic anomalies show that the Malpelo
Spreading Centre, started activity, east of the Panama
Fracture Zone, 16-17 Ma (Chron 5C) (Lonsdale and
Klitgord 1978; Van Andel et al. 1971), ~14.5 Ma
(Werner et al. 2003) or ~13.5 Ma (Chron 5A-5)
(Lonsdale 2005). Spreading allowed the Carnegie and

@ Springer

81°W

Bathymetry (km)

et al. 2001; Hardy 1991; Lonsdale 2005). Arrows indicate
absolute plate motion, associated velocities are in cm/y (Kellogg
and Vega 1995). The frame indicates location of the bathymetric
map shown in Fig. 1b. (b) Bathymetric map of the Malpelo
Ridge (Sandwell and Smith 1997) with the location of the
wide-angle seismic line, ocean bottom sensors (circles) and
multichannel seismic reflection lines Sis-35 and Sis-33 (dashed
lines). OBSs 110 and 93 shown in Fig. 2 are labelled

Malpelo Ridges to separate, similarly to the present-
day separation of Cocos and Carnegie Ridges at
~90°W. It is widely accepted that from 12 to 9 m.y., the
subduction of the eastern part of the Cocos Plate
beneath the Panama Margin was likely plugged by a
broadside encounter with the northern counterpart
part of the Grijalva scarp (Lonsdale and Klitgord
1978). Most of the authors proposed that the motion of
the Nazca Plate, south of Panama, has been taken up
along a trench-parallel strike-slip fault since 9 m.y.
(Jordan 1975; Molnar and Sykes 1969; Van Andel et al.
1971). This plugging resulted in the opening of a north-
south trending major transform fault, the Coiba Frac-
ture Zone (Fig. 1a), and the progressive spreading
cessation along the rifts segments located to the east of
this fracture zone from 12 to 9.5 Ma (Werner et al.
2003) or 12 to 8-8.5 Ma (Lonsdale and Klitgord 1978;
Lonsdale 2005). Since 9 m.y., the Coiba Fracture Zone
and then the Panama Fracture Zone have separated
two domains of differing tectonic evolution. To the
east, the relative position of the Carnegie and Malpelo
Ridges remained fixed since the spreading had ceased,
while to the west, the Cocos Ridge kept on drifting
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away from the Carnegie Ridge (Hey 1977; Lonsdale
and Klitgord 1978). Finally, these authors pointed out
an E-W trending sinistral shear zone, active since at
least 1 m.y., to the north of the Malpelo Ridge and
likely coincident with the Sandra Rift (Fig. 1a).

Another geodynamic model based on magnetic
reconstruction and seismic studies suggests that the
Panama Basin results from three successive spreading
phases of the Cocos-Nazca Spreading Centre, starting
23 Ma, and separated by ridge jumps at ~19.5 and
14.5 m.y. (Barckhausen et al. 2001; Meschede et al.
1998). During this period the excess melt flux beneath
the Cocos and Nazca Plates was related to the varying
distance between the spreading centre and the Gala-
pagos Hotspot (Werner et al. 1999).

In this paper, we propose a crustal model for the
Malpelo Ridge, inferred from recently acquired wide-
angle and multichannel seismic reflection data and
satellite-borne gravity anomalies. We then discuss the
evidences of volcanic origin for the ridge, related to the
interaction between a hotspot and a spreading centre.
We also examine new evidence for the ridge tectonic
evolution bearing on its crustal structures and rela-
tionships with Regina, Cocos and Carnegie Ridges.

Data analysis and modelling
Wide angle seismic data

During the Paganini experiment (1999) on board the
German R/V SONNE (Bialas et al. 1999), a 244 km
long wide-angle seismic line was shot across the Mal-
pelo Ridge, using three 32 I airguns as seismic source.
Altogether 33 ocean bottom instruments (OBS)
equipped with 3-components seismometers and/or
hydrophones were deployed along this line (Fig. 1b).
The seismic record sections show clear arrivals from
the crust and the upper mantle, traced up to 180 km.
The data mainly exhibit refracted waves in the upper
igneous crust (P1), in the lower crust (P2), and in the
upper mantle (Pn) and reflected waves from the Moho
(PmP) (Fig. 2). A preliminary velocity model was first
constructed on the basis of the simultaneous inversion
of first arrivals (P1 and P2) and PmP arrivals (Sallares
et al. 2003) (see Malpelo Ridge emplacement). This
model exhibits an up to 19 km thick crust with a layer 2
of uniform thickness, whereas thickening is mainly
accommodated by layer 3. Our new Malpelo Ridge
velocity model is derived from forward modelling and
2D iterative damped least square inversion of travel
times of refracted and reflected waves (Zelt and Smith
1992).

Model uncertainty

We assess the quality of the final velocity model using
Root Mean Square (RMS) values (Table 1) which
characterize the generally close agreement between
observed and calculated travel times (Fig. 2) related
to ray coverage (Fig. 3a). The global RMS misfit for
the model is 0.1 s and ranges, for individual layer,
from 0.06 s for the upper crust to 0.15s for the
mantle which is comparable to phase picks uncer-
tainties (Table 1). Moreover the RMS value for each
node of the model shows that the highest misfits are
essentially located along the Moho at the limits of the
line: km 0-60 (OBS 117-122) and km 200-244 (OBS
90-95) (Table 1). These sections are poorly con-
strained because of a low number of ray hits (Fig. 3a).
It is noteworthy that the section of interest of the
Moho in this paper is located between km 60 and 180
(OBS 96-116) which is constrained by a much higher
resolution (except for the shadow zone at km 90-100)
(Fig. 3a). For this central part of the model the global
RMS misfit is 0.08 and for individual layer ranges
from 0.04 for the upper crust to 0.1 for the Mantle
(Table 1). Thus the resolution and uncertainties of the
model are globally good. Moreover the highest po-
tential errors, in Moho depth and/or mantle velocities,
are located at the limit of the model and then would
have a low influence on the Moho geometry and
mantle velocity beneath the ridge axis and flanks,
which are the focus of this paper.

Velocity model

The 244 km long velocity model (Fig. 3), with an
origin corresponding to the northwestern end of the
wide-angle line, consists of three layers from top to
bottom.

Because of the lack of arrival refracted in the sedi-
mentary cover, we assumed for this layer a seismic
velocity of 1.8 km/s, consistent with velocity analysis
along multichannel seismic lines in the area. Its thick-
ness inferred from the refraction (P1) in the upper
igneous crust (Fig. 2) is highly variable from zero on
top of basement highs to ~1.2 km in small basins
defined by basement lows, and in the southeastern half
of the profile (Fig. 3). Moreover, a multichannel seis-
mic line, SIS-33, parallel to the line SIS-35 is coincident
with the wide angle line, between km 110 and km 240
(Fig. 1). The sedimentary cover thicknesses calculated
on this seismic line are closely consistent with our
estimations (Agudelo 2001; Agudelo et al. 2002). In
this paper we mainly use seismic line SIS-35 which
presents a better signal/noise ratio in the crust.
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Fig. 2 Wide-angle seismic sections. (a) OBH record section 093
and (b) OBS record section 110 (location in Fig. 1). Reducing
velocity is 7 km/s. Computed travel times in the final velocity
model (Fig. 3b) are shown for comparison: refraction in the

Table 1 Observed phases and travel time fits for the final model

(Fig. 3)
Layer Phase OBS Pick RMS
uncertainty misfit
Upper crust P1 A+B 0.05 0.06
Lower crust P2 A+B 0.08 0.1
Lower crust P2 B 0.08 0.08
Mantle Pn A+B 0.1 0.12
Mantle Pn B 0.1 0.1
Mantle PmP A+B 0.2 0.15
Mantle PmP B 0.2 0.1

Note that Root Mean Square (RMS) misfits between calculated
and observed travel-time are comparable to pick uncertainties.
We divide the OBS pool in two categories: A/OBS located
beneath the central part of the model (96-116) and B/OBS
located beneath the limit of the model (117-122 and 90-95).
This highlights that the highest RMS misfits are concentrated at
the limits of the models, the RMS values are much lower
beneath the central part of the model which is the focus of this

paper
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upper igneous crust (P1), refraction in the lower crust (P2),
refraction in the upper mantle (Pn) and reflection from the Moho
(PmP)

The velocities in the upper igneous crust, constrained
by refraction P1, range from 4.9-5.1 km/s at the top of
the upper igneous crust to 5.8-6.1 km/s at its bottom. Its
thickness varies gently across the ridge, from 4 km at km
60, to3 km at km 240, and is less than 1.8 km to the north
of the ridge, from km 20 to km 60 of the profile (Fig. 3).

In the lower crust, seismic velocities range from
6.6-6.9 km/s at its top to 7.1-7.5 km/s at its base
(Fig. 3b). Beneath the Malpelo Ridge, the lower crust
thins from ~16 km at km 110, to ~6 km at the south-
eastern end of the profile (Fig. 3b). Between km 40 and
km 60 the lower crust is 10 km thick.

The Moho, constrained by PmP and Pn, reaches a
depth of ~22 km below the shallowest part of the ridge
top, and ~14 km at both ends of the seismic profile. Its
shape is highly asymmetric, rising with a 5° angle to the
southeast and with 14° angle to the northwest end of
the line. Pn arrivals, refracted in the upper mantle are
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Fig. 3 Velocity model of the
Malpelo Ridge obtained from
wide-angle seismic data. (a)
Number of rays travelling in
the model for the final
velocity model shown below.
A large number of rays allow
a better constraint on the
model. Structures in the deep
crust are well constrained for
distances ranging from 50 to
180 km. (b) Final velocity
model. Seismic velocities are
colour coded and contoured.
The Moho and some dipping
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only reversed at the Moho between km 120 and 180.
They are consistent with a uniform velocity of 7.9 km/s
in the upper mantle.

Gravity modelling

The velocities for each layer of the velocity model were
converted into crustal density according to empirical
relations. Because of low lateral velocity variation
within each layer of the seismic model, they were as-
sumed to be bodies with a uniform density except for
the lower crust, which was modelled as two distinct
bodies. The sediment velocity, set to 1.8 km/s, corre-
sponds to density of 1.9 g/cm® (Carlson and Raskin
1984) or 2.0 g/lem® using the relation for shale
p =0.917 + 0.747Vp - 0.08Vp2 (Hamilton 1978). The
upper crust, with seismic velocities ranging from 4.9 to
5.1 km/s at the upper boundary and from 5.8 to 6.1 km/s
at the lower boundary, was modelled as a body of
uniform density 2.6 g/cm® (Carlson and Raskin 1984).
The more recent empiric relation, p = 3.61 — 6.0/Vp,
provide for these seismic velocities, similar densities
ranging from 2.5 to 2.6 g/cm® (Carlson and Herrick
1990). The lower crust was divided into two distinct

80

1 I 1
100 120
Distance (km)

bodies. Using the Carlson and Raskin (1984) relation,
the uppermost part (Vp from 6.6 to 7.1 km/s) and the
lowermost part (Vp from 7.1 to 7.5 km/s) were
modelled as bodies with respective densities 2.9 and
3.0 glem®. A older velocity-density relation for
plagioclase and diabase-gabbro-eclogite, p = 0.375 +
0.375Vp (Birch 1961), which is considered to be more
adequate to model the oceanic lower crust, provide
exactly the same results. Gravity anomalies computed
along the 2D-crustal model using the method of
Talwani et al. (1959), were then compared to satellite-
borne free-air gravity anomalies (Sandwell and Smith
1997) (Fig. 4). It is noteworthy that satellite data
without control from shipboard gravity data are effi-
cient to model long-wavelength anomalies but have
some quality limitations to model the short-wavelength
anomalies as discussed below.

To achieve the fit of the long-wavelength anomalies
(>30 km), either the crustal thickness must be increased
in the southeastern part of the model (km 160 to 244),
or the density of the upper mantle slightly decreased
across the profile (0.05). As the Moho is properly con-
strained by the seismic refraction data (Fig. 3) but also
by multichannel seismic data (next paragraph), we
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Fig. 4 Gravity model of the NW
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choose the second hypothesis and allow the density of
the upper mantle to decrease from 3.30 g/cm’ in the
northwestern part (km 0-100) to 3.25 g/lem® in the
southeastern part (km 100-244) (Fig.3b). Some
adjustment of the basement topography (upper crust,
Fig. 3b) was also necessary to improve the fit of short
wavelength anomalies (~10-20 km). The final fit is
good, only short wavelength discrepancies, between 5
and 10 mgal appear on the residual curve (Fig. 4).
These discrepancies are mainly located along
the northwestern flank and the crest of the ridge
(km 0-140). This part of the wide-angle model is not
constrained by multichannel seismic data suggesting
that the discrepancies are likely related to the poorly
constrained topography of the basement. The discrep-
ancies along the crest of the ridge may also be due to
possible 3D effects related to volcanic edifices on the
top of the ridge.

Multichannel seismic reflection data

During the SISTEUR experiment on board the R/V
NADIR (Collot et al. 2002) a 360-channel seismic
reflection profile, SIS-33, was shot across the southern
flank of the Malpelo Ridge, coincident with the
PAGANINI wide-angle seismic line between km 110
and km 240 (Fig. 1). A second multichannel seismic
line, SIS-35, with a better signal to noise ratio, located
~20 km southward and parallel to the previous one is
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used to illustrate the Malpelo Ridge structure (Figs. 1,
S5a). In this figure These 45-fold seismic data were
recorded using a 451 airgun seismic source tuned in
single-bubble mode and a 4.5 km long streamer.

Seismic lines were processed using the Geovecteur®
software package with the following sequence: (1)
conversion of the data into minimum phase and
deconvolution, (2) gain restitution by an accurate
velocity analysis, (3) anti-multiple, performed in the
FK domain, and by an internal mute of the first
multiple, (4) normal and deep move out, (5) Stack, and
(6) a Kirchoff migration. This processing sequence
improved significantly the signal to noise ratio and
allows some important patterns to be identified.

The southeastern part of the seismic reflection pro-
file exhibits a discontinuous, low frequency reflector at
7-7.5s two-way time (Fig. 5b). According to the
crustal velocity structure, derived from refraction
modelling, this reflector is consistent, in dip and gen-
eral depth, between 11 and 17 km, with the refraction-
derived Moho, although the later departs locally from
the former by ~1 km (Fig. 3b).

A 60 km long segment of the seismic reflection line
also exhibits SE-dipping crustal reflectors. Most are
very discrete features, except along a 22 km long seg-
ment of the profile, where they show relatively strong
amplitudes (Fig. 5b). The dipping reflectors were
depth-converted using the velocity model constructed
from the wide-angle seismic data. The dipping reflec-
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reflection line SIS-35
(location in Fig. 1b). (a) Deep
reflection M likely related to
the Moho (see Fig. 3b for
location in depth). (b)
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organization and a gentle
upward convexity are
interpreted as lava flows. The
rectilinear reflectors (dashed
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Fig. 6 Wide angle model of
the Malpelo Ridge from
Sallares et al (2003). The
isovelocities lines (dotted
lines) derived from our model
highlight the consistency of
both models. The origin of the
models corresponds to the
northwestern end of the wide-
angle line
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tors (Fig. 5b) exhibit a gentle upward convexity. They
are nearly horizontal at their upward extremity and dip
downward from 11 to 20° (Fig. 3). This geometry gives
an overall wedge-shaped appearance to the reflector
sequence without clear basal termination. Some weak
and rectilinear reflectors dipping southeastward with
an angle of ~30°, may crosscut the layer 2-layer 3
boundary (Fig. 3b).

Interpretation
Malpelo Ridge emplacement

The layered model obtained in this study and the
tomography model from Sallares et al. (2003), based

T T T T T T T
75 100 125 150 175 200 225

Distance (km)

on the same data set, are very much consistent
(Fig. 6).

e The main sedimentary basins at km 75, 100 and 150
appear clearly on both models.

e The base of the upper crust (layer 2) in our model
coincides with isovelocity 6.0 km/s in the tomography
model. Both models exhibit a thinning of the layer 2,
from 5 to 2 km, between km 20 and km 60 (Fig. 3).

e Our approach, based on the use of both PmP and Pn
arrivals provide a better constrained on the Moho,
except from km 40 to km 80, where the Moho depth
varies from 15 km, beneath the ocean basin north of
the ridge, to 20 km beneath the top of the ridge.
From km 125 to km 225 on both models, the Moho
rises gently from 22 to 12 km depth.
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e The velocity in the lower crust (layer 3) is similar in
both models (isovelocity 7.0 km/s coincides) except
in the central part of the model (km 100-123),
where our model shows a lower crustal velocity up
to 7.3 km/s down to the Moho, whereas in the
tomography model the velocity remains as low as
7.0 km/s. Nevertheless our model shows that the
highest seismic velocity is reached beneath the
northern part of the model where the crust is only
~10 km thick as discussed by Sallares et al. (2003).

The crust of the Malpelo Ridge reaches a maximum
thickness of 21 km, whereas the surrounding oceanic
crust is 11 km thick north of the ridge and ~10 km
thick southeast of it (Fig. 3b). Because the thickness of
the upper igneous crust remains sub-constant (3-
4 km), the ~11-13 km ridge crustal thickening, appears
to result directly from thickening of the lower crust,
which reaches 10-12 km (Fig. 3b). Seismic velocities
are consistent with volcanic lava flows for the upper
igneous crust (5.0-5.7 km/s) and reach 7.5 km/s at the
base of the crust. Such a velocity structure is commonly
found in oceanic plateaus (Coffin and Eldholm 1994;
Mutter and Mutter 1993) despite the fact that the
maximum seismic velocity (7.4 km/s) is observed in the
lower crust at km 40-60 of the model and not where
the crust reaches its maximum thickness (at 100 km).
Sallares et al. (2003) showed that this feature is also
observed along wide-angle lines sampling the Cocos
Ridge and suggested this could be related to a mantle
melting dominated by moderate to vigorous upwelling
or heterogeneities in the mantle source. The two-layer
igneous crust does not show any marked seismic dis-
continuity between the upper and lower crustal layers,
but only a change in the velocity gradient. These
findings support a magmatic emplacement in a context
of interaction between an active hotspot and a
spreading centre, as described in Iceland (Bjarnason
et al. 1993), on the Kerguelen Plateau (Charvis and
Operto 1999; Charvis et al. 1995) and in other similar
settings (Mutter and Mutter 1993).

Basement dipping reflectors are commonly
described in areas affected by extensive volcanism such
as oceanic plateaus (Schlich et al. 1993), volcanic
margins (Callot et al. 2001; White 1992), and oceanic
crust (Banda et al. 1992; McCarthy et al. 1988; White
et al. 1994). Two models of emplacement of the dip-
ping reflectors are proposed: (1) an isostatic model
assuming that fan-shaped convex dipping reflectors in
the upper crust result of a progressive flexure of the
lavas towards the ridge due to differential loading by
the newly erupted flows (Eldholm 1991; Hinz 1981;
Mutter 1985; Mutter et al. 1982; Palmason 1980); (2) a
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tectonic model interpreting rectilinear reflectors cross-
cutting the whole crust, or part of it, as faults (Barton
and White 1997; Geoffroy et al. 1998; Tard et al. 1991).

On the multichannel seismic line, most of the
southeastward dipping reflectors are confined to the
upper crust. They are associated in fan-shaped
sequences and show an upward convexity, which are
typical features of reflectors related to progressive
flexure of the lavas, as described by the isostatic model
(1). Thus on the southeastern flank of the Malpelo
Ridge, these fan-shaped reflectors ensconced in layer 2
likely reflect lavas flows flexure due to the proximity of
the ancient spreading centre, under a high rate of
magmatism. The Late Miocene interaction of the
Cocos-Nazca Spreading Centre and the Galapagos
Hotspot provided this setting (Sallares and Charvis
2003). Nevertheless some dipping reflectors (in dashed
lines Figs. 3c, 5b) cut across the layer 2-layer 3
boundary as described in the tectonic model (2). Then
these rectilinear reflectors are consistent with low-an-
gle faults described in previous studies (Banda et al.
1992; McCarthy et al. 1988) and rather reflect the
tectonic evolution of the southeastern flanks of the
Malpelo Ridge. They are not associated with offsets of
the basement top, possibly because intense volcanism
masked shallow tectonic effects associated with the
ridge formation (McCarthy et al. 1988).

The thickened crust of the ridge associated with
lavas flows dipping toward the former spreading centre
are consistent with an emplacement of the Malpelo
Ridge, on the northern flank of the Cocos-Nazca
Spreading Centre, under the influence of a high rate of
magmatism provided by the Galapagos Hotspot during
the Late Miocene. We propose, as described below,
that the rectilinear reflectors cross-cutting the layer
2-layer 3 boundary, likely low angle fault planes,
reflect the later tectonic evolution of the southeastern
flank.

Malpelo Ridge tectonic evolution

Magnetic anomalies show that the spreading in the
Panama Basin ceased 9-8 Ma (Lonsdale and Klitgord
1978; Werner et al. 2003). A recent magnetic re-inter-
pretation suggests that the spreading ceased along the
Malpelo Rift shortly after 9 my but continued along
the Sandra Rift (Fig. 7), maybe until 8.5 my (Lonsdale
2005). This interpretation suggests that the Sandra Rift
was a Cocos-Nazca spreading axis that propagated
westward from at least 12 Ma to ~9 Ma overlapping
the concurrently spreading eastern segment of Malpelo
Rift where spreading slowed after 12 my. Since this
period, the Sandra Rift has possibly been rejuvenated
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Fig. 7 Interpretation of the pattern of crustal isochrons (Hardy
1991; Lonsdale 2005) and plate boundaries in the Panama Basin
(modified from Lonsdale 2005). Earthquakes (black dots) and
fault plane solution are from the Harvard University archive of
centroid-moment tensor solutions. Plain lines are active spread-
ing axis and transform faults: Costa Rica Rift (CRR) and
Panama Fracture Zone (PFZ). Dashed and dotted lines are fossil
spreading axis and transform faults: Buenaventura Rift (BR),
Malpelo Rift (MR), Coiba Fracture Zone (CFZ) and Yaquina
Graben. Possible spreading activity along Sandra Rift (SR) is still
in discussion

at times by tension resulting from slab pull forces act-
ing in different directions due to the curvature of the
Colombian trench (Hardy 1991). Moreover, this rift is
still marked by a band of seismicity supporting residual
or reactivated tectonism (Fig. 7). Some authors pro-
posed that a spreading reactivation along the Sandra
Rift may has partially caused a reactivation of a slow
northeast-directed subduction beneath Panama, possi-
bly since 3-5 Ma (de Boer et al. 1988; Silver et al.
1990). Several normal-faulting focal mechanisms along
the Sandra Rift (as the 16/03/82 event) implying a rif-
ted ‘“‘not-quite-abandonned” spreading axis, support
this hypothesis. Alternatively, other authors pointed
out an E-W trending sinistral shear zone, coincident
with the Sandra Rift and active since at least 1 my
(Adamek et al. 1988; Hey 1977; Lonsdale and Klitgord
1978; Sallares and Charvis 2003). Most of the centroid
moment tensor solutions along the Sandra Rift indicate

strike-slip focal mechanism (Lonsdale 2005) consistent
with a sinistral shear zone. This shear zone is thought
to be the southern boundary of the Coiba Microplate
which have a slightly different motion than the Nazca
and Cocos Plates (Lonsdale and Klitgord 1978).
According to these authors the separation of this mi-
croplate from the Nazca plate, altogether with a
westward jump of the Caribbean-Nazca-Cocos triple
junction and a westward jump of the transform fault
from the nowadays fossil Coiba Fracture to the Pan-
ama Fracture Zone, occurred during a recent rifting
phase, likely less than 5 Ma (Sallares and Charvis
2003). Most of the geodynamic models suggest that the
Malpelo and Regina Ridges split and drifted away
while these recent tectonic events, but the mechanism
of this division remains unclear. The Malpelo-Regina
Ridges separation may be related to the spreading
activity along the Sandra Rift, similarly to the present-
day separation of Cocos and Carnegie Ridges at
~90°W, and possibly occurred before the spreading
cessation, 12-9 Ma or during a recent reactivation.
Alternatively the Malpelo-Regina Ridges separation
may be related to the recent rifting phase that created
the Coiba Microplate.

The strong asymmetry of the Moho of the ridge
mirrors the seafloor and basement topography, sug-
gesting that the crustal evolution of northwestern and
southeastern flanks of the ridge was controlled by
processes of different nature. The progressive south-
eastward Moho shallowing, from km 110 to 240,
matches with a gentle seafloor and basement deep-
ening. The sharp northeast Moho rise from km 100 to
60 coincides, near km 60-80, with major seafloor or
basement northeast-facing scarps supporting the
dominant influence of tectonics at the ridge northeast
flank. The crust thinning process also differs beneath
the northern and southern flanks, as indicated by the
relative variations in thickness of the upper and lower
crusts. To the southeast, the ridge thinning is mostly
accommodated by layer 3 thinning from 18 to 6 km,
whereas layer 2 thins only from 4 to 3 km. To the
northwest, from the ridge summit to the 12 km thick
oceanic crust north of the ridge, thinning of layer 2,
(~2.5-fold) is larger than thinning of layer 3 (1.7-fold).
Changes in magmatic activity are known to generate
large thickness variations of crustal layer 3 and only
little variation of crustal layer 2 (Mutter and Mutter
1993). Therefore, the subdued southern flank, which
exhibits dipping reflectors and a strong thinning of the
crustal layer 3, suggests initial ridge construction by
extensive hotspot volcanism near the active spreading
axis and a progressive decrease in magmatic activity
when the active spreading centre drifted away from
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the hotspot. We propose that the low-angle dipping
reflectors cross-cutting the layer 2-layer 3 boundary
are fault planes reflecting this progressive drifting of
the Malpelo Ridge from the hotspot and the related
decrease of magmatic supply. The Malpelo Ridge
drifted until that the spreading along the Malpelo
and/or Sandra spreading axis ceased 9.5 Ma (Werner
et al. 2003), 9-85 Ma (Lonsdale 2005) or 8 Ma
(Lonsdale and Klitgord 1978). The steep and faulted
northern flank of the Malpelo Ridge faces the sharp
and likely faulted southern flank of the Regina Ridge.
Moreover the crustal thinning is not mainly supported
by a progressive decrease of the layer 3 thickness, as
beneath the southeastern flanks, but by a drastic and
abrupt thinning of both crustal layers and especially
the layer 2. These features are inconsistent with a
Malpelo-Regina Ridges separation by a spreading
activity and suggest that the ridges were more likely
separated by a rifting process. This tectonic phase
possibly relates to the rifting phase that created the
Coiba Microplate and has occurred since 8 my
(Lonsdale and Klitgord 1978; Taboada et al. 2000) or
5 my (Sallares and Charvis 2003). In this hypothesis,
the oceanic basin ensconced between Regina and
Malpelo Ridges is likely underlain by stretched ridge
crust thus accounting for layer 2 thinning. Then these
results clearly favour the hypothesis that the Malpelo
Ridge was formerly the continuation of the Cocos
Ridge, emplaced simultaneously with the Carnegie
Ridge at the Cocos-Nazca Spreading Centre, sepa-
rated and drifted southward relative to the Cocos
Ridge by differential motion along the dextral strike-
slip Coiba and Panama Fracture Zones since 12-9 my.
The separation between Malpelo and Regina Ridges
may be due to a recent rifting phase possibly related
to the Coiba Microplate separation from the Nazca
Plate.

Conclusions

Wide-angle and multichannel seismic reflection data
provide new insights on the origin and history of the
Malpelo Ridge.

The Malpelo Ridge exhibits an asymmetric thick-
ened oceanic crust with fan-shaped dipping reflectors
consistent with emplacement at an active spreading
axis with an anomalously high rate of magmatic pro-
duction. The Late Miocene interaction of the Cocos-
Nazca Spreading Centre and the Galapagos Hotspot
provided this setting. The structure of the Malpelo
Ridge suggests that the northwestern and southeastern
flanks of the ridge underwent different tectonic

@ Springer

histories. The southeastward smooth transition from
the ridge to the ocean basin, as well as fan-shaped se-
quence of seaward dipping reflectors within the upper
crust support an initial ridge emplacement at the active
Malpelo spreading centre. Subsequently the Malpelo
Ridge drifted away from the Carnegie Ridge in a
similar fashion to the present-day emplacement of the
Cocos and Carnegie Ridges at 90°W. The dipping
reflectors cross-cutting the layer 2-layer 3 boundary are
likely tectonic features, such as low angles fault planes,
related to this progressive evolution. The steep north-
western flank of Malpelo Ridge as well as the steep
southern one of Regina Ridge reflect intra-plate rifting
activity. This latest tectonic phase gave birth to the
Coiba-Nazca Plate boundary that is presently reacti-
vated by sinistral shearing. Thus, these new results
support a model proposing that the Malpelo Ridge was
formerly the continuation of the Cocos Ridge, em-
placed simultaneously with the Carnegie Ridge at the
Cocos-Nazca Spreading Centre and separated from the
Cocos Ridge northern termination by differential mo-
tion along the dextral strike-slip Coiba and Panama
Fracture Zones.
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