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a b s t r a c t

Field, geochemical, geochronological, biostratigraphical and sedimentary provenance results of basaltic
and associated sediments northern Colombia reveal the existence of Middle Miocene (13e14 Ma) mafic
volcanism within a continental margin setting usually considered as amagmatic. This basaltic volcanism
is characterized by relatively high Al2O3 and Na2O values (>15%), a High-K calc-alkaline affinity, large ion
lithophile enrichment and associated Nb, Ta and Ti negative anomalies which resemble High Al basalts
formed by low degree of asthenospheric melting at shallow depths mixed with some additional slab
input. The presence of pre-Cretaceous detrital zircons, tourmaline and rutile as well as biostratigraphic
results suggest that the host sedimentary rocks were deposited in a platform setting within the South
American margin. New results of P-wave residuals from northern Colombia reinforce the view of a
Caribbean slab subducting under the South American margin.

The absence of a mantle wedge, the upper plate setting, and proximity of this magmatism to the
trench, together with geodynamic constraints suggest that the subducted Caribbean oceanic plate was
fractured and a slab tear was formed within the oceanic plate. Oceanic plate fracturing is related to the
splitting of the subducting Caribbean Plate due to simultaneous subduction under the Panama-Choco
block and northwestern South America, and the fast overthrusting of the later onto the Caribbean
oceanic plate.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Near-trench volcanism in convergent margins may be related to
plate flexure in the downgoing oceanic plate (Hirano et al., 2006),
upper plate transtensional rifting (Davis et al., 2010), slab tearing
and associated roll back (Gasparon, 2009; Wortel et al., 2009;
Yamamoto and Hoang, 2009) or the subduction of an oceanic
spreading center (Thorkelson, 1996; Madsen et al., 2006).
, Envigado, Colombia.
.

All rights reserved.
Resolving each of these scenarios in younger or ancient orogens
is crucial for understanding the long term tectonic evolution of
convergent margins and related effects of variable convergence
relations in the magmatic record of the upper plate (Cawood et al.,
2009).

Cenozoic tectonic reconstructions and geophysical data have
suggested that the interactions of the southern margin of the
Caribbean plate against northern South America is characterized by
an oblique and slow E-SE plate convergence and flat subduction
configuration (Van der Hilst and Mann, 1994; Taboada et al., 2000;
Corredor, 2003; Cortés y Angelier, 2005; Weber et al., 2001; Vargas
et al., 2010; Mantilla-Pimiento et al., 2009; Bernal et al., 2012).
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Associated to this plate convergence a large sedimentary
accretionary prism (South Caribbean Deformed Belt: SCDB) has
been growing in the Caribbean-South America plate margin since
the Eocene (Case et al., 1974; Duque-Caro, 1984, Fig. 1A,B). Due to
the slow plate convergence and/or flat slab subduction the conti-
nental margin has been considered as amagmatic, with volcanism
restricted to transtensional pull-apart basins such as the Falcon
Basin in Venezuela (Muessig, 1984).

In this contribution we integrate field, geochemical, geochro-
nological and biostratigraphical data to document the existence of
two new exposures of volcanic rocks, in the town of Puerto
Escondido-Córdoba and Necoclí-Antioquia (between the hamlet of
Mulatos and Zapata), associated to Miocene sediments in the SCDB
(Fig. 1C). These results together with new analysis of P-wave re-
siduals of northern Colombia and regional tectonic synthesis are
used to discuss the existence of a Middle Miocene near trench
magmatism in northern Colombia, associatedwith the formation of
a tear in the subducting Caribbean oceanic plate. The fracturing of
the oceanic plate is considered as a major consequence of the
subduction of the Caribbean plate under two different margins, the
South American and Central American isthmus. This setting follows
the collision of the Panama-Choco block against the South Amer-
ican margin and the associated overthrusting of the later over the
Caribbean plate.

2. Geological setting

The Southern Caribbean Plate Boundary in northern Colombia is
characterized by a series of discontinuous ranges of deformed
marine to transitional sedimentary belts and isolated Pre-Eocene
crystalline massifs (Fig. 1A,B).

Both the basement of the deformed sedimentary belts and the
northernmost segments of the crystalline massifs include the
remnants of Cretaceous intra-oceanic basement accreted to the
continental margin between the Maastrichtian and the Paleocene
(Duque-Caro, 1984; Kerr et al., 1997; Weber et al., 2009, Cardona
et al., 2010; Villagómez et al., 2011).

This older accretionary event is linked to the northeastern
advance and collision of the allochthonous Caribbean plate from a
Pacific position (Burke, 1988; Pindell et al., 1998, 2005; Pindell and
Kennan, 2009). Subsequent Cenozoic oblique convergence between
the Caribbean and the South American plates has ended in the
growth of several transpressional orogens, the formation and
lateral migration of different sedimentary accretionary prisms, and
the growth of different rotational and pull-apart basins (Toto and
Kellogg, 1992; Duque-Caro, 1984; Macellari, 1984; Pindell et al.,
1998; Flinch, 2003; Flinch et al., 2003; Montes et al., 2010).

The northernmost and youngest of these sedimentary prisms
already presented as the SCDB (Fig. 1A,B; Case, 1974) extends along
the offshore margin of the northern South American Plate with
thickness up to 5000 m. Its deformational history and tectonic
position have been interpreted as a major expression of an accre-
tionary prism that grew due to the plate convergence between the
Caribbean and South American plates (Toto and Kellogg, 1992;
Duque-Caro, 1984; Flinch, 2003; Flinch et al., 2003). In northern
Colombia the onshore exposure of this highly deformed belt
include Oligo-Pliocene sediments grouped in the Sinú belt (Fig. 1B,
Duque-Caro, 1984). This belt was deposited in transitional to ma-
rine environments and was deformed during the Pliocene-
Pleistocene associated with significant mud diapirism (Toto and
Kellogg, 1992; Duque-Caro, 1984; Cerón et al., 2007; Mantilla-
Pimiento et al., 2009).

Modern geodynamic configuration of the plate boundary zone
in the northern Colombia is characterized by oblique east-
southeast plate convergence at slow rates of w20 mm/y (Kellogg
and Vega, 1995; Taboada et al., 2000; Perez et al., 2001; Weber
et al., 2001; Trenkamp et al., 2002; Colmenares and Zoback,
2003). Although still controversial, geophysical constraints sug-
gested the existence of a very flat subduction angle (w12e19�) of
the Caribbean slab beneath the continent in Northwestern
Colombia (Van Der Hilst and Mann, 1994; Corredor, 2003; Cortés y
Angelier, 2005; Vargas et al., 2010; Mantilla-Pimiento et al., 2009;
Bernal et al., 2012).

Seismicity defines a WadatieBenioff zone dipping southward
beneath the Panama block, indicating the presence of active sub-
duction along the trailing edge of the Caribbean plate, with earth-
quakes penetrating as far as 80 km depth and 150 km south of the
trench (Camacho et al., 2010). This tectonic configuration may have
started at least since the Early Miocene when increased conver-
gence velocity between the Americas may have caused the onset of
underthrusting of the Caribbean oceanic crust below the South
America borderland with EasteWest migration of the Caribbean
plate (Müller et al., 1999), whichmay have also brought the Panama
block in collision course with northwestern South America (Farris
et al., 2011; Montes et al., 2012a,b).

3. Methods

3.1. Petrography and heavy minerals

Seventeen representative samples were selected for petro-
graphic analysis, including massive volcanic rocks (eight samples),
siliciclastic sediments associated (five samples) and volcanic blocks
from peperitic facies (four samples) which are considered as rocks
formed essentially in situ by disintegration of magma intruding and
mingling with unconsolidated or poorly consolidated, typically wet
sediments (White et al., 2000; Skilling et al., 2002).

Sandstones were point counted to determine their composition
and provenance, following framework analysis after Folk (1980)
and Dickinson (1985). Three sandstone samples associated with
the basalts were selected for heavy mineral analysis. Heavy min-
erals were concentrated with sodium poly tungsten (LST�) at a
density of 2.9 g/cm3 and mounted in a resin (Meltmount�) with a
refraction index of 1.539. Data analysis was performed by the
counting and identification of 350 grains following the Ribbon-
Counting method (Mange and Maurer, 1992).

3.2. AreAr geochronology

40Are39Ar analyses of plagioclase were carried out on three
volcanic rocks samples.

Minerals were pretreated and concentrated by standard labo-
ratory techniques and later selected by handpicking under a
binocular microscope. Analytical results are presented in Table 1.

Two samples from the Puerto Escondido outcrop (Fig. 1C) were
selected for analysis. One sample from the massive volcanic facies
and the other a volcanic block within the peperitic facies. AreAr
step heating analysis were performed at the Geochronology Lab-
oratory of the Departamento de Geología, CICESE, Baja California,
Mexico. The argon isotope experiments were conducted on min-
eral grains with a coherent Ar-ion Innova 370 laser extraction
system on line with a VG5400 mass spectrometer. All the samples
and irradiation monitors were irradiated in the U-enriched
research reactor of the University of McMaster in Hamilton, Can-
ada, at position 5C in capsule CIC-66 for 10hr. To block thermal
neutrons, the capsule was covered with a cadmium liner during
irradiation. As irradiation monitors, aliquots of standard FCT-2
sanidine (27.84 � 0.04 Ma) were irradiated alongside the sam-
ples and distributed among them to determine the neutron flux
variations. Upon irradiation the monitors were fused in one step



Fig. 1. Location of the volcanic rocks from Sinú belt; A. Current configuration of the Caribbean plate (Modified from Cortés and Angelier, 2005); B. Modern tectonic framework of
northwestern Colombia and location of the South Caribbean Deformed Belt including the Sinú and San Jacinto belts (modified from Duque-Caro, 1984; Geotec, 2003; Flinch, 2003;
Guzmán, 2007); C. Regional stratigraphy and geology of the volcanic exposures (modified from Gómez et al., 2007).
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Table 1
A. 40Ar/39Ar ages of the studied basalts; BeC. AreAr step-heating data sample from Puerto Escondido outcrop. D. AreAr step-heating data sample from Necoclí outcrop,
between the hamlet of Mulatos and Zapata.

A)

Sample Rock/Material dated Outcrop Outcrop Coordinate Plateau age (Ma) Isochron age (Ma) (40Ar/36Ar)i MSWD isochron/n

MLC021M2a Basalt/plg Puerto Escondido 09�020N �76�140W 13.24 � 0.64c 14.0 � 2.0 308 � 67 2.1/9
MLC019M5b Basalt/plg 13.43 � 0.40d 12.88 � 0.67 380 � 49 1.2/6
BA06-VBa Basalt/plg Necoclí 08�400N �76�360W 14.40 � 0.30e 14.3 � 0.3 312 � 10 0.14/9

B)

Plagioclase MLC021M2

Pwr 39Ar � 10�6 F39Ar 40Ar*/39ArK Age in Ma %40Ar* 40Ar/36Ar 37ArCa/39ArK

1.50 44.099 0.1107 0.09 � 0.67 0.60 � 4.45 a f 0.32 296 6.78
2.90 38.831 0.0975 3.01 � 0.44 19.99 � 2.91 b 72.32 1068 7.19
4.60 40.087 0.1007 2.15 � 0.37 14.30 � 2.44 c 52.52 622 7.17
5.80 84.241 0.2115 1.77 � 0.19 11.82 � 1.23 d 46.57 553 7.53
12.00 190.960 0.4795 2.06 � 0.12 13.72 � 0.79 e 71.97 1054 7.76
1.00 18.717 0.0390 2.87 � 6.55 19.07 � 43.33 f f 4.31 309 5.21
2.50 73.252 0.1526 1.27 � 0.26 8.50 � 1.70 g f 15.02 348 7.20
4.50 50.019 0.1042 2.06 � 0.25 13.73 � 1.64 h 52.23 619 7.07
5.50 36.113 0.0752 2.66 � 0.39 17.68 � 2.60 i 61.96 777 7.10
7.50 203.264 0.4234 2.16 � 0.05 14.40 � 0.30 j 61.51 768 7.48
10.50 63.339 0.1319 2.49 � 0.16 16.54 � 1.08 k 78.16 1353 7.45
13.00 35.350 0.0736 2.06 � 0.23 13.70 � 1.55 l 58.60 714 7.38

Integrated results

39Ar � 10�6 40Ar*/39ArK Age in Ma %40Ar* 40Ar/36Ar 37ArCa/39ArK

398.2 1.88 � 0.12 12.54 � 0.78 30.67 426.22 7.49
480.1 2.12 � 0.26 14.09 � 1.75 31.17 429.29 7.27

C)

Plagioclase MLC019M5

Pwr 39Ar � 10L6 F39Ar 40Ar*/39ArK Age in Ma %40Ar* 40Ar/36Ar 37ArCa/39ArK

1.16 17.421 0.0604 3.74 � 0.74 24.83 � 4.89 a 36.74 467 7.12
2.50 32.079 0.1112 2.36 � 0.24 15.70 � 1.59 b 80.11 1485 7.33
4.50 30.234 0.1048 2.03 � 0.24 13.50 � 1.60 c 86.58 2202 7.51
5.50 63.394 0.2197 1.81 � 0.14 12.08 � 0.92 d 76.98 1284 7.69
6.00 80.181 0.2778 2.09 � 0.08 13.92 � 0.50 e 90.54 3125 7.45
8.00 65.271 0.2262 1.96 � 0.15 13.04 � 0.98 f 76.86 1277 7.63

Integrated results
39Arx10�6 40Ar*/39ArK Age in Ma %40Ar* 40Ar/36Ar 37ArCa/39ArK
288.6 2.12 � 0.08 14.13 � 0.51 72.63 1080 7.52

D)

Plagioclase BA06-VB

ID Watts Ca/K Cl/K 36Ar/39Ar %36Ar(Ca) 40Ar*/39ArK Mol39Ar %step Cum.% %40Ar* Age in Ma

a 2 11.0141 0.0058 0.4587 0.4 9.6842 0.0139 0.4 0.4 6.7 27.26 � 17.45
b 4 12.9825 0.0026 0.0295 6.6 5.7373 0.1518 3.8 4.2 41.2 16.20 � 1.10
c 6 14.4305 0.0098 0.0047 45.3 5.1506 0.286 7.3 11.5 87 14.55 � 0.78
d 8 13.9277 0.0049 0.0043 48.8 5.0519 0.522 13.2 24.7 88.5 14.27 � 0.31
e 10 13.1088 0.0034 0.0037 53.1 5.0685 0.845 21.4 46.1 90.8 14.31 � 0.32
f 14 14.5845 0.0005 0.0034 63.6 5.0844 0.7066 17.9 64 93.2 14.36 � 0.33
g 18 12.6633 0.0006 0.0024 78.1 5.0970 0.9484 24 88.1 97 14.40 � 0.19
h 22 13.8534 0.0005 0.0032 63.8 4.9426 0.2675 6.8 94.9 93.4 13.96 � 0.91
i 30 14.4943 0.0075 0.0087 55.9 5.0864 0.2030 5.1 100 90.9 14.37 � 1.04

Integrated age 14.4 � 0.4 (MWSD ¼ 0.14)

Plateau age 100% 14.4 � 0.3 (MWSD ¼ 0.46)

-The plateau age from sample MLC021M2 was calculated with the weighted mean of fractions c to e.
-The plateau age from sample MLC019M5 was calculated with the weighted mean of fractions c to f.

a Massive porphyritic basalts.
b Volcanic block from the peperitic facies.
c 79.18% of 39Ar released in 3 consecutive fractions, MSWD plateau ¼ 0.94.
d 82.84% of 39Ar released in 4 consecutive fractions, MSWD plateau ¼ 1.08.
e 50% min-100% of 39Ar released in 3 consecutive fractions, MSWD plateau ¼ 0.46.
f Fractions ignored in the isochron given in the figure.
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while the samples were step-heated. The argon isotopes were
corrected for blank, mass discrimination, radioactive decay of 37Ar,
39Ar and atmospheric contamination. For the Ca neutron inter-
ference reactions, the factors given by Masliwec (1984) were used.
In processing the data, the decay constants recommended by
Steiger and Jäger (1977) were applied. The equations reported by
York et al. (2004) were used in all the straight line fitting routines
of the argon data reduction.



Fig. 2. Location of seismic events used for the P-wave velocity analysis. Selected
earthquakes occurred during 2008, 2009 and 2010, have a magnitude of 5.5 (Ml or
Mw) or greater, and are located at epicentral distances between 30 and 90� from
Bogotá, Colombia (star).
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40Are39Ar analyses in plagioclase also was carried out on a
massive basalt sample from Necoclí outcrop (Fig. 1C; between the
hamlet of Mulatos and Zapata). This was performed at the
Geochronology Laboratory of the Servicio Nacional de Geología y
Minería (SERNAGEOMIN), Chile.

The plateau age was calculated from the weighted mean of
consecutive fractions that were in agreement within 1s. The error
in the plateau, and in the integrated and isochron ages includes the
scatter in the irradiation monitors. The analytical precision is re-
ported as one standard deviation (1s).

For each sample the relevant 40Are39Ar data for all the experi-
ments is presented, and includes the results for the individual steps
and the integrated ages.

3.3. Biostratigraphy

A total of six samples were collected and processed for paly-
nological and micropalentological (foraminifera) analysis following
the standard procedure described in Traverse (2007) for palynology
whereas for micropaleontological purposes samples were dis-
aggregated in water and washed repeatedly through a set of sieves
(149 and 63 mm mesh) and then the residual material was dried in
an oven at 40 �C. Light microscopy and binocular stereo microscopy
were used to examine the palynological and micropaleontological
content of the samples, respectively. At least 200 palynomorphs
were counted in each preparation and all foraminifera present in
the 250 mm, 125 mm and 63 mm fractions were picked from the
residual material. The morphological characteristics of the paly-
nomorphs were compared with descriptions published in the
literature (Jaramillo et al., 2010; Geermerad et al.,1968; Hoorn et al.,
1987; Silva-Caminha et al., 2010) and the foraminifera material was
compared with descriptions published in classic works (e. g., Ellis
and Messina, 1940 et. seq.; Loeblich and Tappan, 1957, 1988;
Kennett and Srinivasan, 1983; Bolli et al., 1985; Morkhoven et al.,
1986; Bolli et al., 1994). The chronostratigraphic interpretation of
the palynological material is based on the palynological zonation
proposed by Jaramillo et al. (2011) for northern South America and
the interpretation for the micropaleontological material is based on
the zonation scheme proposed by Blow (1969) and Berggren et al.
(1995).

3.4. P-wave residuals

We used an analysis of travel time residuals to detect anomalies
in the P-wave velocity. Such residuals are the differences between
measured arrival times and computed arrival times using a stan-
dard Earth model, in this case iasp91 (Kennett and Engdahl, 1991).
Seismic events with magnitudes greater than 5.5, registered at
stations of the National Seismic Network of Colombia (RSNC, Red
Sismológica Nacional de Colombia) during 2008, 2009 and 2010, at
epicentral distances between 30� and 90�, were used for this
analysis (Fig. 2). The origin time and hypocentral location of each
event were taken from the USGS/NEIC catalog. Theoretical arrival
times were computed using the software ‘TauP’ (Crotwell et al.,
1999).

A map view of absolute results of P-wave arrival time, where
location and magnitude of the travel time residuals are shown for
each station, can give a first idea of the presence of features beneath
the area where the earthquakes are being recorded, that are
causing the P-waves to travel slower or faster than they would do
according to the reference model (iasp91). However, the magnitude
and sign of the absolute residual can be due not only to anomalies
near the recorders, but also near the sources. For this reason the
differential travel time residuals are useful in this case. If for the
same seismic event, the travel time residuals at two stations are
subtracted from each other, the effects of the structure near the
source can be considered negligible, and we could identify regions
were the P-wave is conducted faster or slower than other areas, and
these differences will be mainly a function of discrepancies in the
structure of the crust and upper mantle beneath stations (Ding and
Grand, 1994; Zhou et al., 1996).

3.5. Whole rock geochemistry

Eight volcanic samples were analyzed by inductively coupled
plasma-mass spectrometry (ICP-MS) at Acme Analytical Labora-
tories Ltd. in Vancouver, Canada. A 0.2 g aliquot was weighed into
a graphite crucible and mixed with 1.5 g of LiBO2 flux. The cru-
cibles were placed in an oven and heated to 1050 �C for 15 min.
The molten sample was dissolved in 5% HNO3. Calibration stan-
dards and reagent blanks were added to the sample sequence.
Sample solutions were aspirated into an ICP emission spectro-
graph (Jarrel Ash Atom Comb 975) for determining major oxides
and certain trace elements (Ba, Nb, Ni, Sr, Sc, Y & Zr), while the
sample solutions were aspirated into an ICP-MS (Perkins-Elmer
Elan 6000) for determination of the trace elements, including rare
earth elements.

Analytical results are presented in Table 2.

3.6. Mineral chemistry

We have also analyzed the chemical composition of pyroxene,
plagioclase and olivine of 2 volcanic samples from the two main
volcanic outcrops.

One sample was analyzed using a CAMECA SX-50 electron
microprobe at the Department of Lunar and Planetary Sciences at
the University of Arizona, USA. Analyses were performed with a
beam current of 20.0 nA and an accelerating voltage of 15 kV.
Counting time was 10 s for sodium and 20 s for the rest of the el-
ements. Microprobe analytical error varies roughly between �0.01



Table 2
Whole rock analytical results from the analyzed volcanic samples.

Basalts Puerto Escondido outcrop Necoclí o.

Crystalline matrix Vitreous matrix Blocks from peperitic facies Crystalline matrix

ML-002B ML-002E ML-002K ML-002I ML-002J ML-002C ML-002H BA06-VB

Major elements (%)
SiO2 51.68 50.82 50.31 50.11 49.75 47.94 50.02 51.29
Al2O3 17.89 17.41 16.99 16.34 17.37 16.26 16.6 18
Fe2O3 (T) 8.8 9.78 10.58 11.02 10.54 8.02 10.77 8.64
MgO 3.7 3.48 3.66 3.7 4.24 3.48 3.78 3.2
CaO 9.37 9.5 9.55 9.07 9.22 11.14 9.27 9.34
Na2O 3.21 3.26 3.23 2.75 2.96 2.87 2.83 3.45
K2O 2.02 2.09 1.95 1.69 1.67 2.77 1.53 1.99
TiO2 0.73 0.78 0.78 0.74 0.74 0.72 0.74 0.71
P2O5 0.48 0.51 0.5 0.47 0.51 0.5 0.49 0.51
MnO 0.19 0.18 0.18 0.19 0.19 0.35 0.2 0.16
Cr2O3 0.009 0.007 0.008 0.007 0.005 0.006 0.006 0.005
Sc 29 28 29 27 25 26 27 25
LOI 1.6 1.8 1.9 3.5 2.4 5.6 3.4 2.4
Total 99.66 99.63 99.62 99.62 99.62 99.64 99.61 99.68
Traces elements (ppm)
Ba 740 768 761 856 779 897 862 792
Co 28 28.1 31.1 29.9 27.8 23 28.6 22.5
Ga 17.6 18.6 18.4 17.8 18.9 16.8 17.4 17.3
Hf 1.7 1.8 1.7 1.8 1.9 1.6 1.7 1.4
Nb 2.3 2.5 2.1 2.1 2.1 2.1 2.1 2.1
Rb 31.5 24.6 22.8 36.8 18.4 33.6 32.8 25.4
Sr 826.7 805.3 777.2 859.8 912.2 704.5 864.3 889.6
Ta 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Th 1.3 1.3 1 1.3 1.3 1.3 1.3 1.2
U 0.7 0.7 0.5 0.6 0.5 0.6 0.6 0.6
V 295 314 318 311 295 289 295 271
Zr 61.9 57 54.8 55 56.1 52.9 55.3 58.5
Y 17.7 19.1 18.7 18.5 18.7 18.1 18.1 16.8
Cu 0.05 0.02 e e 0.04 0.87 0.03 224.9
Pb 0.04 0.05 0.04 0.02 0.04 0.25 0.03 1.3
Ni 1.9 3.1 2.7 2.6 2 1.9 1.6 11.2
Nb/Yb 1.22 1.36 1.12 1.15 1.17 1.19 1.15 1.19
Th/Yb 0.69 0.71 0.53 0.71 0.73 0.73 0.71 0.68
La/Yb 4.97 5.43 5.05 5.11 5.42 5.25 4.92 5.42
La/Nb 4.09 4 4.52 4.43 4.62 4.43 4.29 4.57
Th/Ta 6.5 13 10 13 13 13 13 12
Ce/Ce* 0.96 0.89 0.91 0.92 0.88 0.92 0.91 0.95
Th/La 0.14 0.13 0.11 0.14 0.13 0.14 0.14 0.13
Ce/Y 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.3
REE (ppm)
La 9.4 10 9.5 9.3 9.7 9.3 9 9.6
Ce 21.7 21.7 21.1 20.8 20.8 20.6 20.1 21.7
Pr 2.95 3.2 3.09 3.03 3.1 2.94 2.95 2.94
Nd 14.3 14.6 14.7 15.2 14.6 14.3 13.8 14.4
Sm 3.46 3.61 3.59 3.44 3.34 3.33 3.44 3.35
Eu 1.17 1.14 1.15 1.11 1.12 1.05 1.07 1.11
Gd 3.71 3.68 3.78 3.54 3.63 3.54 3.48 3.41
Tb 0.59 0.61 0.58 0.58 0.59 0.59 0.58 0.56
Dy 3.33 3.29 3.42 3.13 3.18 3.09 3.25 3.13
Ho 0.66 0.7 0.67 0.69 0.65 0.66 0.65 0.61
Er 2.06 1.95 1.96 1.95 1.89 1.87 1.87 1.76
Tm 0.3 0.29 0.29 0.28 0.27 0.27 0.27 0.26
Yb 1.89 1.84 1.88 1.82 1.79 1.77 1.83 1.77
Lu 0.29 0.28 0.28 0.27 0.28 0.27 0.26 0.26
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and 0.04wt% (1 sigma [1s]). Analytical results are presented in the
supplementary data.

The other sample was analyzed with a JEOL/JXA86005 Superp-
robe at the University of Leicester, UK. Carbon coated surfaces were
analyzed with an accelerating voltage of 15 kv, specimen current of
30 nA and 5e10 mm electron beam diameter. Wollastonite was
used for the standardization of Si and Ca, rutile for Ti, jadeite for Al
and Na, Fe304 for Fe, rhodonite for Mn, MgO for Mg, CHI4
(microcline) for K and pure Cr and Ni for Cr and Ni respectively. All
the running conditions, crystals and the used standard values are
described in detail by Kitsopoulos (1995) and they are available in
the microprobe laboratory of Geology Department at Leicester
University, UK.

Analytical results are presented in Table 3.

3.7. U/Pb geochronology

UePb detrital zircon analyses were carried out on a sample of
the siliciclastic sediments (Sinú belt) associated to volcanic rocks
form Puerto Escondido outcrop (Fig. 1B,C).

UePb geochronology was conducted at the Washington State
University at Pullman following procedures established by Chang



Table 3
Chemical results from the analyzed minerals of the volcanic samples. PE: Puerto Escondido samples; NE: Necoclí samples.

Sample Oxides Cations Member

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Si Ti Al Cr Fe3 Fe2 Mn Mg Ca Na K Total Ws En Fs

Piroxene PE_1 Core 51.02 0.435 2.94 0.000 9.92 0.398 14.62 20.19 0.322 0.013 99.85 1.899 0.012 0.129 0.000 0.073 0.236 0.013 0.811 0.805 0.023 e 4.000 41.8 42.1 16.0
PE_2 Rim 50.25 0.417 3.05 0.015 10.70 0.358 14.30 19.86 0.373 0.011 99.34 1.883 0.012 0.135 0.000 0.102 0.233 0.011 0.799 0.797 0.027 e 4.000 41.3 41.4 17.4
PE_3 Rim 50.45 0.371 2.98 0.023 10.75 0.341 14.49 19.41 0.381 0.000 99.20 1.892 0.010 0.132 0.001 0.091 0.246 0.011 0.810 0.780 0.028 e 4.000 40.5 42.0 17.5
PE_4 Rim 49.27 0.441 3.76 0.036 10.24 0.390 13.77 19.81 0.362 0.031 98.11 1.870 0.013 0.168 0.001 0.093 0.232 0.013 0.779 0.806 0.027 e 4.000 42.2 40.8 17.0
PE_5 Core 47.84 0.380 4.87 0.015 10.20 0.402 13.45 19.00 0.378 0.000 96.53 1.842 0.011 0.221 0.000 0.101 0.227 0.013 0.772 0.784 0.028 e 4.000 41.6 41.0 17.4
PE_6 Rim 50.25 0.359 4.42 0.021 10.23 0.328 14.38 19.05 0.399 0.000 99.43 1.875 0.010 0.194 0.001 0.063 0.256 0.010 0.800 0.762 0.029 e 4.000 40.5 42.5 17.0
PE_7 Core 50.66 0.460 3.64 0.023 10.78 0.380 14.69 19.08 0.410 0.010 100.14 1.880 0.013 0.159 0.001 0.084 0.250 0.012 0.813 0.759 0.029 e 4.000 39.8 42.7 17.5
PE_8 Rim 45.87 0.428 6.17 0.000 9.88 0.384 13.05 18.89 0.323 0.006 95.00 1.792 0.013 0.284 0.000 0.131 0.192 0.013 0.760 0.791 0.024 e 4.000 42.2 40.6 17.2
NE_1 Core 50.25 0.439 2.68 0.042 10.69 0.37 14.51 19.62 0.395 0.002 99.00 1.888 0.012 0.119 0.001 0.107 0.229 0.012 0.813 0.790 0.029 e 4.000 40.7 41.9 17.3
NE_2 Core 46.74 0.139 5.21 0.022 15.40 0.497 11.74 17.40 0.469 0.027 97.64 1.809 0.004 0.238 0.001 0.171 0.328 0.016 0.677 0.721 0.035 e 4.000 38.0 35.7 26.3
NE_3 Core 47.14 0.129 5.06 0.021 15.04 0.427 11.62 18.28 0.457 0.015 98.19 1.814 0.004 0.230 0.001 0.169 0.315 0.014 0.667 0.754 0.034 e 4.000 39.6 35.0 25.4
NE_4 Core 47.34 0.125 5.06 0.007 14.47 0.404 12.08 17.89 0.452 0.021 97.85 1.823 0.004 0.230 0.000 0.151 0.315 0.013 0.693 0.738 0.034 e 4.000 38.9 36.5 24.6
NE_5 Core 46.73 0.164 5.07 0.053 15.27 0.440 11.19 18.53 0.414 0.018 97.89 1.809 0.005 0.231 0.002 0.172 0.323 0.014 0.646 0.768 0.031 e 4.000 40.3 33.8 25.9
NE_6 Core 47.03 0.154 4.71 0.025 14.46 0.438 11.48 18.37 0.427 0.019 97.11 1.830 0.004 0.216 0.001 0.147 0.324 0.014 0.666 0.766 0.032 e 4.000 40.3 35.0 24.7
NE_7 Core 46.66 0.129 5.62 0.003 13.66 0.393 11.95 18.92 0.425 0.028 97.80 1.794 0.004 0.255 0.000 0.182 0.257 0.013 0.685 0.779 0.032 e 4.000 40.9 36.0 23.1
NE_8 Core 46.62 0.126 4.57 0.000 15.48 0.495 11.67 18.03 0.425 0.059 97.46 1.811 0.004 0.209 0.000 0.194 0.308 0.016 0.676 0.750 0.032 e 4.000 38.9 35.0 26.1
NE_9 Core 46.85 0.147 4.52 0.004 16.05 0.444 10.79 18.43 0.425 0.041 97.69 1.824 0.004 0.207 0.000 0.168 0.354 0.015 0.626 0.769 0.032 e 4.000 40.1 32.7 27.2
NE_10 Core 46.64 0.150 5.03 0.013 14.53 0.431 11.65 18.66 0.417 0.000 97.52 1.805 0.004 0.229 0.000 0.184 0.287 0.014 0.672 0.773 0.031 e 4.000 40.4 35.1 24.5
NE_11 Core 46.49 0.145 4.66 0.040 14.83 0.431 11.17 18.76 0.468 0.021 97.01 1.813 0.004 0.214 0.001 0.185 0.299 0.014 0.649 0.784 0.035 e 4.000 40.9 33.9 25.2
NE_12 Core 47.14 0.142 4.88 0.000 15.16 0.000 11.76 17.92 0.000 0.000 97.00 1.841 0.004 0.225 0.000 0.084 0.411 0.000 0.685 0.750 0.000 e 4.000 38.9 35.5 25.7
NE_13 Core 46.46 0.113 5.16 0.004 14.35 0.447 11.89 18.29 0.493 0.021 97.22 1.799 0.003 0.236 0.000 0.196 0.268 0.015 0.686 0.759 0.037 e 4.000 39.7 35.9 24.3
NE_14 Rim 47.44 0.147 5.09 0.034 14.10 0.433 12.65 18.24 0.426 0.012 98.57 1.808 0.004 0.229 0.001 0.178 0.272 0.014 0.719 0.745 0.031 e 4.000 38.9 37.6 23.5
NE_15 Core 47.03 0.125 4.92 0.000 14.32 0.455 11.85 18.51 0.480 0.008 97.69 1.814 0.004 0.224 0.000 0.177 0.284 0.015 0.682 0.765 0.036 e 4.000 40.1 35.7 24.2

An Ab Or
Plagioclase PE_1 Core 52.04 0.00 28.79 0.002 1.31 0.029 0.293 12.21 4.13 0.529 99.34 2.000 0.000 1.304 0.000 0.877 0.042 0.001 0.017 0.503 0.308 0.026 5.077 60.1 36.8 3.1

PE_2 Rim 52.70 0.05 28.58 0.000 0.87 0.000 0.100 11.62 4.48 0.660 99.07 2.024 0.002 1.293 0.000 0.876 0.028 0.000 0.006 0.478 0.334 0.032 5.073 56.6 39.5 3.8
PE_3 Core 51.57 0.03 28.99 0.000 0.83 0.000 0.082 11.75 4.13 0.651 98.02 1.998 0.001 1.324 0.000 0.884 0.027 0.000 0.005 0.488 0.310 0.032 5.068 58.8 37.4 3.9
PE_4 Core 51.33 0.01 28.36 0.012 0.75 0.020 0.091 12.25 4.02 0.597 97.43 2.001 0.000 1.303 0.000 0.889 0.024 0.001 0.005 0.511 0.304 0.030 5.069 60.5 36.0 3.5
PE_5 Core 53.09 0.03 29.09 0.002 0.82 0.000 0.075 11.85 4.55 0.607 100.12 2.021 0.001 1.305 0.000 0.868 0.026 0.000 0.004 0.483 0.336 0.029 5.074 57.0 39.6 3.5
PE_6 Rim 49.19 0.00 31.60 0.019 0.75 0.000 0.075 14.07 3.18 0.321 99.20 1.896 0.000 1.435 0.001 0.879 0.024 0.000 0.004 0.581 0.238 0.016 5.073 69.6 28.5 1.9
PE_7 Core 51.82 0.00 29.35 0.000 0.84 0.003 0.090 12.87 3.98 0.499 99.45 1.988 0.000 1.327 0.000 0.875 0.027 0.000 0.005 0.529 0.296 0.024 5.071 62.3 34.8 2.9
PE_8 Core 51.97 0.07 29.37 0.000 0.82 0.000 0.097 11.88 4.26 0.557 99.02 1.997 0.002 1.330 0.000 0.877 0.026 0.000 0.006 0.489 0.317 0.027 5.071 58.6 38.1 3.3
PE_9 Core 51.77 0.00 29.31 0.000 0.97 0.019 0.146 11.53 4.27 0.610 98.62 1.996 0.000 1.332 0.000 0.880 0.031 0.001 0.008 0.476 0.319 0.030 5.073 57.7 38.6 3.6
PE_10 Core 48.05 0.05 26.43 0.002 0.98 0.000 0.130 10.91 3.79 0.836 91.17 1.981 0.001 1.284 0.000 0.941 0.034 0.000 0.008 0.482 0.303 0.044 5.078 58.2 36.5 5.3
PE_11 Core 53.05 0.02 28.27 0.000 1.18 0.028 0.174 10.85 4.60 0.761 98.93 2.039 0.001 1.280 0.000 0.877 0.038 0.001 0.010 0.447 0.343 0.037 5.072 54.0 41.5 4.5
PE_12 Core 49.83 0.00 30.32 0.000 0.78 0.023 0.092 11.77 3.97 0.545 97.33 1.944 0.000 1.394 0.000 0.890 0.025 0.001 0.005 0.492 0.300 0.027 5.078 60.0 36.7 3.3
PE_13 Rim 50.32 0.01 29.25 0.016 0.87 0.028 0.100 11.42 4.04 0.640 96.71 1.973 0.000 1.351 0.000 0.894 0.029 0.001 0.006 0.480 0.307 0.032 5.074 58.6 37.5 3.9
PE_14 Rim 49.52 0.02 28.78 0.000 0.83 0.006 0.084 11.93 3.89 0.597 95.65 1.962 0.001 1.344 0.000 0.904 0.028 0.000 0.005 0.506 0.298 0.030 5.078 60.6 35.7 3.6
PE_15 Core 52.56 0.03 29.61 0.000 0.83 0.000 0.071 12.48 4.18 0.550 100.31 1.999 0.001 1.327 0.000 0.868 0.026 0.000 0.004 0.509 0.308 0.027 5.069 60.3 36.5 3.2
PE_16 Core 51.87 0.00 29.33 0.045 0.87 0.033 0.094 11.16 4.48 0.726 98.60 1.999 0.000 1.333 0.001 0.880 0.028 0.001 0.005 0.461 0.335 0.036 5.079 55.4 40.3 4.3
PE_17 Core 51.67 0.04 29.03 0.006 0.83 0.051 0.089 11.06 4.53 0.768 98.08 2.001 0.001 1.325 0.000 0.884 0.027 0.002 0.005 0.459 0.340 0.038 5.082 54.8 40.7 4.5
PE_18 Core 48.98 0.03 28.81 0.039 1.65 0.044 0.237 11.70 3.75 0.503 95.74 1.945 0.001 1.348 0.001 0.906 0.055 0.001 0.014 0.498 0.289 0.025 5.084 61.3 35.6 3.1
PE_19 Core 49.03 0.04 28.19 0.035 0.77 0.007 0.085 11.49 4.11 0.617 94.37 1.964 0.001 1.331 0.001 0.914 0.026 0.000 0.005 0.493 0.319 0.032 5.087 58.4 37.8 3.7
PE_20 Rim 50.47 0.00 29.79 0.045 0.77 0.028 0.115 11.47 4.14 0.613 97.45 1.966 0.000 1.367 0.001 0.888 0.025 0.001 0.007 0.479 0.313 0.030 5.077 58.2 38.1 3.7
PE_21 Rim 50.06 0.01 29.93 0.033 0.87 0.033 0.096 11.25 4.24 0.598 97.11 1.956 0.000 1.378 0.001 0.891 0.028 0.001 0.006 0.471 0.321 0.030 5.084 57.3 39.1 3.6
NE_1 Core 53.27 0.07 28.78 0.02 0.88 0.021 0.096 11.79 4.21 0.583 99.72 2.032 0.002 1.294 0.001 0.870 0.028 0.001 0.005 0.482 0.311 0.028 5.054 58.7 37.9 3.5
NE_2 Core 53.15 0.06 28.57 0.01 0.92 0.026 0.090 11.53 4.22 0.626 99.21 2.035 0.002 1.290 0.000 0.874 0.029 0.001 0.005 0.473 0.313 0.031 5.053 57.9 38.3 3.7
NE_3 Core 53.53 0.09 28.92 0.04 0.81 0.012 0.113 11.66 4.52 0.678 100.37 2.032 0.003 1.294 0.001 0.866 0.026 0.000 0.006 0.474 0.333 0.033 5.068 56.4 39.6 3.9
NE_4 Core 52.37 0.10 28.96 0.00 0.71 0.007 0.075 12.08 4.14 0.595 99.04 2.011 0.003 1.311 0.000 0.876 0.023 0.000 0.004 0.497 0.308 0.029 5.062 59.6 36.9 3.5

Fo Fa
Olivine PE_1 Core 37.03 0.00 0.020 0.000 29.28 0.758 33.14 0.279 0.023 0.000 100.53 0.993 0.000 0.001 0.000 0.014 0.643 0.017 1.325 0.008 e e 3.000 66.9 33.1 e

PE_2 Rim 34.43 0.00 1.933 0.014 26.85 0.672 30.69 0.313 0.000 0.000 94.89 0.976 0.000 0.065 0.000 0.000 0.636 0.016 1.297 0.010 e e 3.000 67.1 32.9 e

PE_3 Rim 33.52 0.00 0.630 0.017 28.69 0.631 31.95 0.346 0.000 0.015 95.79 0.942 0.000 0.021 0.000 0.096 0.578 0.015 1.338 0.010 e e 3.000 66.5 33.5 e

PE_4 Rim 37.40 0.03 0.133 0.049 27.82 0.751 33.79 0.339 0.022 0.000 100.33 1.000 0.001 0.004 0.001 0.000 0.622 0.017 1.346 0.010 e e 3.000 68.4 31.6 e

PE_5 Core 36.10 0.00 1.566 0.016 28.86 0.739 31.43 0.315 0.000 0.014 99.03 0.985 0.000 0.050 0.000 0.000 0.659 0.017 1.279 0.009 e e 3.000 66.0 34.0 e
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et al. (2006). Zircon crystals were extracted from samples by
traditional methods of crushing and grinding, followed by separa-
tion with a Wilfley table, heavy liquids, and a Frantz magnetic
separator. Zircons were incorporated into a 100 epoxy mount
together with zircon standards. Themounts were sanded down to a
depth of w20 microns, polished, and cleaned prior to isotopic
analysis. In zircons from detrital samples, the cores of the grains
were analyzed to avoid complex zircon histories (Gehrels et al.,
2006). Details of analytical procedures including instrumentation
are discussed in Chang et al. (2006).

For the detrital samples probability plotswere obtainedwith the
ISOPLOT 3.62 (Ludwig, 2007). Representative age populations were
considered when more than three grains overlap in age (Gehrels
et al., 2006). This statistical assumption relies on the fact that in-
dividual grains may sometimes represent lead-loss trajectories.

Analytical results are presented in Table 4.

4. Results

4.1. Field and petrographic constraints

Due to low relief, continuous geological exposures in northern
Colombia are relatively limited. The studied mafic volcanic rocks
were identified in two main outcrops, which are regionally related
to siliclastic rocks of shallow plattform and low energy deltaic
environments of the upper to Middle Miocene Morrocoy-El Pan-
tano Formation and Pajuil Formation (Fig. 1C Geotec, 1997, 1999,
2003; Guzman et al., 2004; Guzman, 2007; Gómez et al., 2007).
However unpublished, mining reports suggest the existence of
some quarries made of similar volcanic rocks which may be related
to this volcanic province discussed here.

The volcanic outcrop in the town of Puerto Escondido (Fig. 3Ae
L) includes three main lithological units. Massive porphyritic ba-
salts that cuts an intercalation of lithic greywackes, shales and
mudstones and peperitic basaltic volcanic breccias. Field relations
show dyke-like structures with interfingered with the sedimentary
rocks, as well as superimposed normal faulting.

Within the other studied exposure, in the town of Necoclí-
Antioquia, the massive volcanic body is exposed as an isolated
massive rock within a small quarry (Fig. 3MeO).

The massive volcanic rocks from the two localities are moder-
ately fractured porphyritic basalts (Fig. 3AeD and MeO). They are
hypocrystalline and hypidiomorphic, with calcic plagioclase An53-

60 (30e40%), augite (12e30%) and iddingsitic olivine (5e16%) as the
main phenocrysts phase that can reach up to 4.5 mm in size. The
matrix is made of pale brown glass (5e15%), with prismatic
microlites of plagioclase (5e20%) and augite (3e12%). Spherulites
and pearlitic textures, as well as formation of paragonite in their
fractures, are common features. Some phenocrysts show undula-
tory extinction and normal zoning. Other samples present a vitre-
ous matrix making up approximately 40% of the volume.

The immature sandstones are intercalated with shales and
mudstone (Fig. 3EeH). They are subangular and poorly sorted
of middle to fine grain size (1e10 mm), and classified as
conglomeratic to fine grain lithic greywackes. The matrix and
cement (15e35%) include volcanic glass and carbonates, whereas
the framework grains include abundant porphyritic volcanic clasts
(10e20%), felsic igneous and mudstones lithics (6e16%) as well as
bioclasts (2e11%). feldspars (6e26%), quartz (4e23%) and some
augite and hornblende crystals (8e14%) are also common.

The peperitic basaltic volcanic breccia (Fig. 3IeL) consists of a
mixture of sedimentary and igneous components which are
mainly formed by fragments of 0.1e1 m monomictic basalt blocks.
All these volcanic blocks are similar to the massive porphyritic
basalts, these are polyhedral, sub-equant and with curviplanar
surfaces. There are also some sandstone and mudstone blocks
(10e50 cm long), but they are intensely fractured with corroded
edges. All blocks are embedded in a fine to coarse grained matrix
of poorly sorted lithic greywacke, which include glass, bioclasts
and mafic to intermediate volcanic and sedimentary lithics. The
mixture between curviplanar volcanic blocks and sediments,
including the presence of glassy matrix in both the breccias and
the sandstones, the corroded edges of the sedimentary lithics, and
the presence of lithic greywacke in cracks of porphyritic basalt
blocks, are similar to close-packed peperites, which suggest that
magmatism and sedimentation were relatively contemporaneous
(Scrope, 1858; Busby-Spera and White, 1987; White et al., 2000;
Skilling et al., 2002; Wohletz, 2002). Compositionally and geneti-
cally, these facies are classified as peperitic basaltic volcanic
breccia (McPhie et al., 1993).

4.2. AreAr geochronology

Three new AreAr geochronological ages were obtained on the
volcanic rocks samples from northwestern Colombian. Two sam-
ples were from the Puerto Escondido outcrop and the other from
the Necoclí outcrop. Summary of the obtained results are presented
in Table 1 and Fig. 4.

Sample MLC-021-M2 from the massive basalts of Puerto
Escondido, defined a 3-step plateau age of 13.24� 0.64 Mawith the
age spectrum comprising 79.18% of total 39Ar released and an
associated isochron of 14.0 � 2.0 Ma (Fig. 4A). Similarly, sample
MLC-019-M5 from a basaltic block of the peperitic breccia of the
Puerto Escondido outcrop, defined a plateau age of 13.43� 0.40 Ma
in four steps with 82.84% of the released 39Ar, and an isochron age
of 12.88 � 0.67 Ma (Fig. 4B). Sample BA06-VB from the Necoclí
outcrop, presents a plateau age of 14.4 � 0.3 Ma with 50% of the
released 39Ar and an isochron age of 14.3 � 0.15 Ma (Fig. 4C).

These ages are interpreted as related to the magmatic crystal-
lization of the volcanic rocks to ca.13-14 Ma. The similarity in age
between the basaltic block and the 2 massive basalts, and paleon-
tological constraints for the host sediments of these volcanic rocks
(Middle Miocene) confirms the peperitic-like eruption style and
the contemporaneous character of the volcanic activity in the two
studied outcrops.

4.3. Biostratigraphy

4.3.1. Palynological results
Good recovery of palynomorphs with more than 200 individuals

was observed in the sample MLC-018M2. Spores of the genus Psila-
triletes and specimens of Laevigatosporites tibuensis and Poly-
podiisporites spp dominate the palynoflora. It is also common to find
specimensofPsilatriletes peruanus,Crassoretitriletes vanraadshooveni,
Magnastriatites grandiosus and Foveotriletes ornatus, among others. A
few specimens of angiosperm pollen were found including Maur-
itiidites franciscoi var. minutus, Clavainaperturites microclavatus and
Proteacidites triangulatus among others.

The palynological recovery in the sample MLC-019M7 was very
low with only few specimens of Mauritiidites franciscoi var. min-
utus, Polypodiisporites sp., Retitriletes sommeri and Verrucato-
sporites usmensis.

The palynological association, found especially in the sample
MLC 018M2, can be related to the palynological zone T-15
(Jaramillo et al., 2011), which is dated as Middle Miocene (w12.7e
14.2 ma).

4.3.2. Foraminiferal results
The recovery of foraminiferal tests in five samples wasmoderate

to very low ranging from 150 to 5 specimens of both planktonic and



Table 4
UePb detrital zircon analytical results of host sandstones (Sinú belt) from Puerto Escondido outcrop.

Sample 207Pb 1 Sigma 206Pb 1 Sigma Error 238U 1 Sigma 207Pb 1 Sigma 206/238 1 Sigma 207/206 1s Best age 1s

ML-002A 235U % Err 238U % Err Correl. 206Pb % Err 206Pb % Err Age Abs err Age Abs err Ma Abs (Ma)

Use these columns for Wetherill Concordia Use these for Tera-Wasserburg concordia

ML-002A_60 0.7529 0.0186 0.0836 0.0015 0.0810 11.9602 0.0180 0.0653 0.0099 517.6389 8.9628 784.3128 20.5974 517.64 8.96
ML-002A_59 1.8188 0.0455 0.1799 0.0032 0.0709 5.5587 0.0180 0.0733 0.0105 1066.4247 17.6189 1022.9930 21.0247 1022.99 21.02
ML-002A_58 2.3118 0.0594 0.1985 0.0038 0.0639 5.0366 0.0191 0.0844 0.0102 1167.5059 20.4023 1302.8784 19.6087 1302.88 19.61
ML-002A_57 2.1794 0.0597 0.2011 0.0041 0.0681 4.9725 0.0202 0.0786 0.0116 1181.2552 21.7841 1162.0500 22.7705 1162.05 22.77
ML-002A_56 0.0639 0.0022 0.0101 0.0002 0.0947 99.4777 0.0210 0.0461 0.0203 64.4791 1.3478 1.4726 48.2833 64.48 1.35
ML-002A_55 0.0830 0.0025 0.0129 0.0003 0.0997 77.7129 0.0197 0.0468 0.0163 82.4225 1.6111 39.1465 38.5642 82.42 1.61
ML-002A_54 2.1409 0.0634 0.2015 0.0043 0.0686 4.9624 0.0216 0.0771 0.0134 1183.4492 23.2768 1122.5419 26.3936 1122.54 26.39
ML-002A_53 0.0828 0.0028 0.0126 0.0003 0.0896 79.1247 0.0201 0.0475 0.0202 80.9611 1.6203 76.1668 47.3103 80.96 1.62
ML-002A_52 0.0855 0.0029 0.0121 0.0003 0.0924 82.5185 0.0218 0.0512 0.0180 77.6513 1.6807 249.5951 40.9761 77.65 1.68
ML-002A_51 0.0982 0.0037 0.0131 0.0003 0.0827 76.1037 0.0234 0.0542 0.0220 84.1539 1.9584 379.9204 48.7382 84.15 1.96
ML-002A_50 0.0971 0.0031 0.0148 0.0003 0.0976 67.6803 0.0204 0.0476 0.0172 94.5512 1.9142 81.8042 40.3959 94.55 1.91
ML-002A_49 0.2710 0.0072 0.0386 0.0007 0.1026 25.9068 0.0192 0.0509 0.0116 244.1486 4.6048 237.3909 26.4646 244.15 4.60
ML-002A_48 2.5455 0.0630 0.2204 0.0039 0.0626 4.5367 0.0179 0.0838 0.0101 1284.1255 20.8038 1286.8342 19.5153 1286.83 19.52
ML-002A_47 0.0958 0.0031 0.0132 0.0003 0.0856 75.9494 0.0201 0.0528 0.0179 84.3238 1.6800 318.9757 40.2887 84.32 1.68
ML-002A_46 0.5379 0.0139 0.0688 0.0013 0.0907 14.5308 0.0184 0.0567 0.0113 429.0397 7.6167 479.2178 24.8179 429.04 7.62
ML-002A_45 0.3865 0.0107 0.0435 0.0008 0.0773 23.0009 0.0190 0.0645 0.0146 274.3463 5.0914 757.2623 30.5836 274.35 5.09
ML-002A_44 3.6017 0.0809 0.2728 0.0050 0.0623 3.6662 0.0185 0.0958 0.0078 1554.8205 25.4649 1543.2436 14.6250 1543.24 14.63
ML-002A_43 2.9309 0.0691 0.2408 0.0046 0.0661 4.1533 0.0190 0.0883 0.0091 1390.7260 23.6831 1388.7223 17.2934 1388.72 17.29
ML-002A_42 3.4509 0.0784 0.2649 0.0049 0.0623 3.7746 0.0184 0.0945 0.0084 1515.0105 24.8185 1517.5813 15.6694 1517.58 15.67
ML-002A_41 3.4501 0.0767 0.2662 0.0049 0.0638 3.7567 0.0184 0.0940 0.0075 1521.4505 24.8789 1508.1513 14.1454 1508.15 14.15
ML-002A_40 0.3458 0.0099 0.0413 0.0008 0.0842 24.1871 0.0201 0.0607 0.0148 261.1609 5.1423 626.9881 31.6729 261.16 5.14
ML-002A_39 0.0462 0.0017 0.0069 0.0002 0.0911 144.8788 0.0224 0.0486 0.0223 44.3424 0.9886 128.0642 51.6226 44.34 0.99
ML-002A_38 0.0779 0.0022 0.0118 0.0002 0.1012 84.4413 0.0187 0.0477 0.0155 75.8934 1.4145 85.5582 36.3175 75.89 1.41
ML-002A_37 0.3294 0.0089 0.0357 0.0007 0.0755 27.9873 0.0188 0.0669 0.0141 226.3144 4.1817 833.4016 29.0903 226.31 4.18
ML-002A_36 5.3252 0.1200 0.3340 0.0062 0.0516 2.9938 0.0185 0.1156 0.0079 1857.8315 29.8286 1889.7382 14.0976 1889.74 14.10
ML-002A_35 3.6606 0.0870 0.2731 0.0052 0.0600 3.6619 0.0191 0.0972 0.0092 1556.4297 26.4039 1571.5199 17.1142 1571.52 17.11
ML-002A_34 1.8105 0.0424 0.1771 0.0033 0.0783 5.6477 0.0187 0.0742 0.0091 1050.9139 18.1466 1045.7934 18.2454 1045.79 18.25
ML-002A_33 0.2645 0.0061 0.0368 0.0007 0.1068 27.1447 0.0177 0.0521 0.0098 233.2134 4.0469 288.7542 22.3223 233.21 4.05
ML-002A_32 0.8801 0.0207 0.1024 0.0019 0.0928 9.7686 0.0187 0.0624 0.0092 628.2762 11.2067 686.2064 19.5363 628.28 11.21
ML-002A_31 1.8219 0.0415 0.1767 0.0032 0.0784 5.6607 0.0184 0.0748 0.0085 1048.6817 17.7696 1063.1598 16.9470 1063.16 16.95
ML-002A_30 1.8808 0.0520 0.1841 0.0032 0.0614 5.4313 0.0174 0.0741 0.0125 1089.4411 17.3746 1043.9280 24.9543 1043.93 24.95
ML-002A_29 1.0779 0.0325 0.1217 0.0023 0.0710 8.2147 0.0190 0.0642 0.0144 740.5341 13.2514 748.9127 30.1795 740.53 13.25
ML-002A_28 0.2331 0.0071 0.0344 0.0007 0.0990 29.0608 0.0204 0.0491 0.0135 218.0939 4.3759 153.9650 31.3684 218.09 4.38
ML-002A_27 6.4104 0.1717 0.3713 0.0062 0.0363 2.6936 0.0168 0.1252 0.0118 2035.3113 29.2235 2032.1420 20.6685 2032.14 20.67
ML-002A_26 1.9120 0.0526 0.1827 0.0032 0.0612 5.4747 0.0176 0.0759 0.0120 1081.4844 17.5127 1093.0514 23.9179 1093.05 23.92
ML-002A_25 0.9823 0.0306 0.1127 0.0021 0.0701 8.8712 0.0190 0.0632 0.0156 688.5493 12.4188 715.2118 32.8327 688.55 12.42
ML-002A_24 0.2933 0.0095 0.0400 0.0007 0.0768 25.0000 0.0183 0.0532 0.0177 252.8335 4.5421 336.7964 39.6562 252.83 4.54
ML-002A_23 0.0958 0.0029 0.0144 0.0003 0.0938 69.3474 0.0191 0.0482 0.0149 92.2945 1.7492 108.6904 34.8867 92.29 1.75
ML-002A_22 0.0920 0.0035 0.0139 0.0003 0.0824 71.8552 0.0205 0.0479 0.0220 89.0954 1.8180 95.4133 51.2490 89.10 1.82
ML-002A_21 2.0896 0.0592 0.1921 0.0035 0.0584 5.2044 0.0180 0.0789 0.0128 1132.9881 18.6848 1169.0733 25.1960 1169.07 25.20
ML-002A_20 0.3088 0.0091 0.0431 0.0008 0.0847 23.2267 0.0178 0.0520 0.0143 271.7342 4.7433 286.3384 32.3911 271.73 4.74
ML-002A_19 0.5882 0.0171 0.0749 0.0014 0.0800 13.3596 0.0183 0.0570 0.0136 465.3258 8.2032 491.1955 29.7306 465.33 8.20
ML-002A_18 2.3698 0.0675 0.2091 0.0040 0.0593 4.7814 0.0191 0.0822 0.0120 1224.2585 21.2940 1249.8983 23.2912 1249.90 23.29
ML-002A_17 2.9112 0.0824 0.2400 0.0044 0.0537 4.1664 0.0184 0.0880 0.0124 1386.7740 22.9562 1381.9047 23.6221 1381.90 23.62
ML-002A_16 0.1036 0.0040 0.0144 0.0003 0.0783 69.3442 0.0218 0.0521 0.0216 92.2986 1.9994 291.2608 48.7047 92.30 2.00
ML-002A_15 6.4480 0.1891 0.3775 0.0071 0.0374 2.6489 0.0187 0.1239 0.0126 2064.6516 33.0106 2013.3779 22.1894 2013.38 22.19
ML-002A_14 0.0823 0.0038 0.0130 0.0003 0.0793 76.7932 0.0233 0.0458 0.0286 83.4032 1.9275 0.0000 56.2334 83.40 1.93
ML-002A_13 5.6165 0.1617 0.3462 0.0062 0.0382 2.8882 0.0178 0.1177 0.0126 1916.5798 29.5208 1921.4185 22.4852 1921.42 22.49
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benthic forms. Sample MLC-018M2 was barren of foraminifera. The
preservation of most tests was regular to poor.

Sample CCR-04 showed moderate recovery of foraminifera
dominated by benthic forms such as Uvigerina sp., Uvigerina isi-
droensis, Uvigerina cf. Uvigerina rustica, Uvigerina cf. Uvigerina
ecuadorensis, Planulina sp., Sphaeroidina bulloides, Sphaeroidina
sp., Melonis affinis, Melonis sp., Pullenia cf. Pullenia bulloides,
Bulimina mexicana, Siphogenerina sp., Bolivina cf. Bolivina alaza-
nensis, Nodosaria longiscata (fragments), Gyroidina cf. Gyrodina
soldanii, Cibicidoides spp., Oridorsalis sp., Nodosariidae indet.
(fragments), Globocassidulina ? sp. and Lenticulina sp. Among the
planktonic forms were found a few specimens of Globorotalia
peripheroronda, Globorotalia cf. Globorotalia peripheroronda,
Globorotalia mayeri, Globorotalia cf. Globorotalia mayeri, Globor-
otalia cf. Globorotalia archeomenardii, Globigerinoides cf. Globi-
gerinoides rubra, Globigerinoides cf. Globigerinoides immatura,
Globigerinoides indet., Globigerina sp. and Globigerinacea indet.

The recovery amount of sample MLC-019M7 was low and its
microfaunal assemblage was mainly composed of small planktonic
foraminifera (w120 mm) namely Globorotalia peripheroronda, Glo-
borotalia cf. Globorotalia peripheroronda, Globorotalia mayeri, Glo-
borotalia spp., and Globigerina spp. A few specimens of benthic
forms such as Bulimina sp., Cibicidoides sp., Planulina sp. and Tex-
tulariina indet., were also observed.

The assemblage found in sample CCR-05 showed low recovery
of foraminifera and includes a few specimens of Textulariina indet.,
Melonis cf. Melonis pompilioides, Pullenia bulloides, Nodosaria long-
iscata (fragments), Nodosariidae indet., (fragments), Fissurina sp.,
Vasicostella sp., Cibicidoides sp., Planulina wuellerstorfi, Rotalidae
indet., Globorotalia peripheroronda, Globorotalia cf. Globorotalia
peripheroronda, Globigerina bulloides, Globigerinacea indet., Globi-
gerina sp., Globorotalia sp.

Sample CCR-06 was quite similar both in composition and re-
covery to CCR-05. A few specimens of Textulariina indet., Oridorsalis
cf. Oridorsalis ecuadorensis, Anomalina pompilioides, Cibicidoides sp.,
Planulina wuellerstorfi, Glomospirella sp., Gyroidina sp., Rotalidae
indet., Globorotalia cf. Globorotalia peripheroronda, Globoquadrina
venezuelana, Globorotalia sp., were observed.

Only a very few specimens of Bulimina sp., Lenticulina sp. and
Nodosariidae indet., were observed in sample MLC-021M1.

The occurrence in some samples (CCR-04, MLC-019M7 and CCR-
05) of the marked planktonic foraminifera Globorotalia peripher-
oronda is related to the planktonic foraminiferal zones N6-N10
(Blow, 1969) indicating a Middle to Lower Miocene age (Berggren
et al., 1995). The last occurrence (LO) of G. peripheroronda has
been dated as 14 Ma (Berggren et al., 1995).

Palynological and foraminiferal results in the host sediments
from the Sinu belt suggest a Middle Miocene age contemporaneous
to the new volcanic ages.

4.4. P-wave residuals

Travel time of events shown in Fig. 2 and registered by stations
of the RSNC were calculated. Fig. 5 illustrates the mean of the P-
wave travel time absolute residuals at each station, where nega-
tive (positive) residuals correspond to a faster (slower) structure
than predicted by the reference model. It is clear that stations
north of latitude 6.5�N tend to have negative time residuals
whereas stations to the south of such latitude show a predomi-
nance of positive time residuals, suggesting a major difference in
the structure of the crust and/or upper mantle between these
regions. Although, as it was stated above, absolute travel time
residuals can contain the effects of near source anomalies, we can
say that there is a real signal of the local structure because seismic
rays are coming for a variety of back-azimuths and epicentral



Fig. 3. Sketch from Puerto Escondido outcrop and view of the Necoclí outcrop (between the hamlet of Mulatos and Zapata) with images of rock samples and thin sections. Pl: Plagioclase; Px: Piroxene; Ol: Olivine; V: Vitreous matrix; Ls:
Lithic sediments; Lv: Lithic volcanics; Lm: Lithic metamorphics; F: Fossil fragment.
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Fig. 5. Map view of the average absolute P-wave travel-time residual magnitude at
stations of the RSNC. Circle size denotes average residual magnitude. Red (blue) colors
are associated with positive (negative) residuals, corresponding to late (early) observed
arrivals with respect to calculated arrival times. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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distances so that the effects of near source structure can be
considered as random and we expect them to cancel out. However,
we also include results of differential time residuals that should
reflect the effects of near-receiver structure only. Fig. 6 shows
differential time residuals with respect to station MON; the mean
(Fig. 6A) and standard deviations (Fig. 6B) of differential residuals
are presented.

In general, Figs. 5 and 6 indicate that beneath the Caribbean
coast and the northern Eastern Cordillera of Colombia, seismic rays
have to travel through materials that have an associated P-wave
velocity greater than expected from the reference model. We
speculate that this could be due to the presence of a relatively cold
Caribbean Slab. Stations in the Andean region and the Pacific coast
tend to show positive residuals, suggesting slower P-wave veloc-
ities than for the reference models. Stations to the east of the
Eastern Cordillera, which are located on the craton, show negative
or less than 0.5 s residuals in Fig. 5. In Fig. 6 they tend to show
smaller residuals than at station MON; when residuals at stations
on the craton are larger than at MON, they do not exceed those by
more than 0.5 s. However, the absolute value of the mean magni-
tude of the negative residuals on the craton is less than that at
stations on the Caribbean coast, the northern Eastern Cordillera and
theMiddle-LowerMagdalena Valley (between the northern Central
and Eastern Cordilleras).

4.5. Whole rock geochemistry

Summary results are presented in Table 2 and Fig. 7. SiO2 values
for the volcanic rocks vary between 49.75% and 51.68%, with rela-
tively high Al2O3 (15e18%), K2O (1.53e2.77%) and Na2O (2.75e
4.06%) and low TiO2 values (0.68e0.78%). The FeO (T) values range
between 3.95% and 4.95%, whereas the MgO varies between 3.2%
and 4.2%. The samples are classified as high K2O basalts and basaltic
andesites (Fig. 7A,B; Peccerillo y Taylor,1976; Cox et al., 1979; Hastie
et al., 2007; Pearce, 1996).

Chondrite normalized patterns show some enrichment of the
heavy and light rare earth elements (Fig. 7C), with La/Yb ¼ 0.87e
5.43. Cr, Ni and Zr values are low (0.52e61.56 ppm, 1.9e11.2 ppm,
f

a

b
c
d

e

f

g

i

a

c

MLC-021-M2

Plateau age=
13,24 ± 0,64 Ma (MSWD=0,94) 

P
13,43 ± 0,4

Ag
e 

(M
a)

30

20

10

0,2 0,4

Fraction of 39

0,2 0,4 0,6 0,8 1,0

Fraction of 39Ar released

tc=12,88 ± 0,67 Ma 
(40Ar/36Ar)i=380±49

MSWD=1,2; n=6 

0,003

0,001

36
Ar

/ 40
Ar

0,003

0,001

36
Ar

/ 40
Ar

(

0,08
39

0,08 0,016
39Ar/40Ar

A. B.

Fig. 4. AreAr geochronology of the analyzed volcanic rocks; A. Massive volcanic rock from
outcrop; C. Massive volcanic rock from Necoclí (between the hamlet of Mulatos and Zapata
35.5e61.9 ppm), whereas Ba and Sr show some moderate enrich-
ment (740e897 ppm, 704.5e945.2 ppm). Trace elements are
characterized by slight to moderate enrichment of the large-ion
lithophile elements (Fig. 7D), with negative anomalies for Ta, Ti
and Nb.

These chemical features are characteristic of convergent margin
magmatism where fluids or melts from sediments and oceanic
crust from the slab are added to the melt (Wood, 1980; Tatsumi and
Eggins,1995; Pearce,1996; Hollings andWyman, 2005; Haase et al.,
2000; Tatsumi, 2005). This is also seen in the TieV ratios and the
Nb/YeTh/Yb tectonic discrimination diagrams (Fig. 7E,F; Shervais,
1982; Pearce and Peate, 1995). The high Al2O3, NaO2, and
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Fig. 6. Map view of A. average differential P-wave travel-time residual with respect to station MON, whose location is shown, and B. standard deviation of differential travel-time
residuals. Sizes are proportional to magnitudes. Red (blue) colors in part A. are associated with slower (faster) local P-wave velocity structures than at station MON. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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K2O/Na2O values (0.57e0.64), high Sr (>700 ppm), Sr/Y (>38.9),
and Rb/Sr (<0.05), as well as low values of heavy REEs, Nb
(<2.5 ppm), Yb (<1.9 ppm), Y (<19 ppm) are characteristic of high
Al basalts formed by shallow melting of an asthenospheric mantle
(Crawford et al., 1987; Niu et al., 2011).
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Fig. 7. Geochemical diagrams of the analyzed samples. A. Nb/Y vs Zr/Ti classification diagram
(1976); C. Chondrite normalized rare earth elements plot (Nakamura, 1974); D. Primitive ma
tectonic setting discrimination diagram (Pearce and Peate, 1995). F. Ti vs V tectonic setting
4.6. Mineral chemistry

Phenocrysts and matrix clinopyroxenes have a uniform augite
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diagrams also show that both samples are akin to convergent
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margin basalts, plotting within calk-alkaline and volcanic-arc field
(Fig. 8B,C; Le Bas, 1962; Leterrier et al., 1982). Plagioclase pheno-
crysts are mainly labradorite with compositions varying between
An56 to An71 (Table 3 and Fig. 8D), whereas olivine shows forsteritic
contents between 66% and 68% (Table 3 and Fig. 8E).

4.7. Heavy minerals and detrital zircon geochronology

Heavy minerals from the analyzed samples at Puerto Escondido
include abundant zircon, apatite (ultrastable minerals), and abun-
dant augite and hornblende (unstable minerals), together with
epidotes and clinozoisites as well as some tourmaline and garnet
crystals.

Sixty detrital zircons from a lithic greywacke from the Puerto
Escondido outcrop were analyzed (Table 4 and Fig. 9). Zircons are
highly concordant with main age distribution peaks including
Eocene (42 Ma), Late Cretaceous (83-98 Ma), Permian (271 Ma) and
Grenvillian (1036 Ma) as well as older Paleoproterozoic zircons
(Fig. 9). All this ages are characteristics of the northern margin of
South America, including the Central andWestern Cordilleras of the
Colombian Andes (Aspden et al., 1987; Spadea and Espinoza, 1996;
Kerr et al., 1997; Vinasco et al., 2006; Vallejo et al., 2006; Luzieux
et al., 2006; Weber et al., 2009; Cardona-Molina et al., 2006;
Cardona et al., 2010; Ibañez-Mejía et al., 2010; Villagómez et al.,
2011).

5. Tectonic discussion

Field relations, geochemical, geochronological and biostrati-
graphic data record the presence of a Middle Miocene (13-14 Ma)
mafic volcanism in northernmost Colombia that intrudes platform
sediments deposited over the South American plate. This volcanism
intrudes and covers contemporaneous platform to deltaic sedi-
ments. The presence of detrital zircon populations older than ca.
41 Ma including Triassic and Precambrian zircons suggest that the
sediments that host this magmatism were deposited within the
South American margin when the Panama Block and the conti-
nental margin were already juxtaposed (Farris et al., 2011; Montes
et al., 2012a,b).

Results of P-wave travel time residual analysis (Figs. 5 and 6) are
consistent with the presence of a shallowly subducting Caribbean
Slab, with a SE subduction direction. The prevalent negative time
residuals in northern Colombia indicate a faster P-wave velocity in
the near-receiver structure, where negative (blue) residuals corre-
spond to faster structures, suggesting a cold mantle due to absence
of an asthenospheric wedge. According to the anomalies in the P-
wave velocities, the slab could be extending to locations to the SE of
the Sinú area, beneath the Middle-Lower Magdalena Valley and the
Northern Eastern Cordillera of Colombia, as suggested from the
easternmost stations with mean residuals in blue in Figs. 5 and 6.

Published tomographic, seismicity and focal mechanisms ana-
lyses also suggest that a Caribbean oceanic plate is subducting
under the South American continent in the Southern Caribbean
including northern Colombia (Van Der Hilst andMann,1994; Cortes
and Angelier, 2005; Corredor, 2003; Miller et al., 2009; Londoño
et al., 2010; Bezada et al., 2010).

GPS measurements (Perez et al., 2001; Trenkamp et al., 2002;
Weber et al., 2001) together with the analysis of motion of the
Americas relative to the Atlantic-Indian hotspot reference frame
(Müller et al., 1999) suggest that the Caribbean plate has been
obliquely and slowly converging since the Miocene against the
South American plate at a rate of 2.1 mm/y. All these geophysical
constraints also suggest that current subduction of the Caribbean
plate occurs at a very shallow subduction angle of 12�e19�. Such a
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peculiar flat slab convergence suggest that the mantle wedge along
several hundreds of kilometers of the South American continental
margin is not present.

The absence of a typical arc system linked to the existence of a
mantle wedge and its outboard position relatively close to the
trench has been commonly explained by at least three main
different tectonic scenarios: (1) Ridge Subduction, (2) lower plate
flexure before arriving to the trench, and (3) lithospheric scale
extension associated to slab pull (Thorkelson, 1996; Hirano et al.,
2006; Madsen et al., 2006; Gasparon et al., 2009; Wortel et al.,
2009; Yamamoto and Hoang, 2009; Davis et al., 2010).

Model (1) is not plausible as the Caribbean plate does not
include any active spreading ridge system (Mauffret and Leroy,
1997; Pindell and Kennan, 2009). Due to the very low subduction
angle of the Caribbean plate, a flexure of the oceanic lithosphere as
it descends (model 2) is not appropriate (Schoonmaker et al., 2005).
Lithosphere scale extension (3) due to slab pull seems to be also
limited as slab pull is not significant in the proximal segments of
the flat slab settings (Martinod et al., 2010).

We suggest an alternative scenario where fracturing of the
oceanic plate can be caused by splitting of the Caribbean plate in
two slab: one under the Panama block forming the North Panama
Deformed Belt, which is an active accretionary prism since the
Middle Miocene (Bowland, 1984; Kellog and Vega, 1995), with a
normal Wadati-Benioff zone dipping to the southwest at a normal
angle (Camacho et al., 2010). In the other the slab subducts to the
southeast at a very lowangle under the South American continental
plate (Fig. 10). This tectonic condition immediately followed the
middle Miocene collision of the Panama-Choco block (Farris et al.,
2011; Montes et al., 2012a,b) and the increase in the convergence
rates between the North and South America in the Miocene. The
contrasting dips and convergence rates of the slab (normal vs. flat)
created a north-propagating tear in the subducting plate (Fig. 10)
that promoted adiabatic shallow melting of the oceanic astheno-
spheric mantle, forming relatively high alumina and low Ti basalts
with more enriched LREE and flatter HREE patterns (Niu et al.,
2011). The geothermal perturbation due to asthenospheric flow
during fracturing may have also promoted partial melting of thin-
ned lithosphere in the upper plate and sediments from the oceanic
crust, which is reflected in the relative fractionation of Nb from Th
and Ce, which are commonly transferred from the melting of the
slab and associated sediments (Zhao et al., 1993; Pearce, 1996).
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