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Magmatic source and metamorphic grade of metavolcanic rocks from the
Granjeno Schist: was northeastern Mexico a part of Pangaea?
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JOSÉ RAFAEL BARBOZA GUDIÑO4, UWE JENCHEN1, JUAN ALONSO RAMÍREZ FERNÁNDEZ1,
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The geochemistry of the metavolcanic rocks from the Granjeno Schist in northeastern Mexico indicates an origin in different tectonic
environments: mid-ocean ridge and ocean island. High ratios of Hf/Th and Th/Nb (4.4–14 and 0.08–0.15), low ratios of LaN/YbN
and LaN/SmN (0.74–1.7 and 0.60–1.4) and depleted LREE patterns in metabasalt display mid-ocean ridge characteristics. In contrast,
the pattern of trace-element ratios and REEs in metabasalt and metapillow lava 60 km to the west indicates a magma source with
ocean-island basalt characteristics. Both areas were metamorphosed during the Late Carboniferous (300 ± 4Ma). Estimated metamorphic
conditions deduced from white mica and chlorite compositions, distinguish greenschist facies (350 °C and 4 kbar) for the mid-ocean
ridge basalt, and prehnite–pumpellyite facies (250 °C and 2.5 kbar) for the ocean-island-type basalt. This metamorphism took place at
an active continental margin during Pennsylvanian time. Our new tectonic model, which differs from earlier models, suggests that the
origin of the Granjeno Schist is related to a subduction zone located at the western margin of Pangaea, active after Laurentia–Gondwana
collision. Copyright © 2015 John Wiley & Sons, Ltd.

Received 21 October 2014; accepted 18 May 2015

KEY WORDS Granjeno Schist; northeastern Mexico; Gondwana; Rheic Ocean; Pangea; Late Carboniferous

1. INTRODUCTION

Gondwana collided with Laurentia to form Pangaea between
ca. 320 and 300Ma (Cawood et al., 2009). During the
interval of approach and collision, several small terranes were
separated from Gondwana and accreted to Laurentia (Ziegler,
1990; Stampfli and Borel, 2002; Blakey, 2007). One of these
small terranes was Oaxaquia, which consists of Grenville-
age granulite-facies rocks. These rocks are distributed
throughout northeastern, central and southern Mexico
(Ortega-Gutiérrez et al., 1995). The Oaxaquia terrane under-
lies most of the Mexican mainland and possibly extends be-
neath Honduras; the total area including the suggested
extension is at least 106 km2 (Cameron et al., 2004). Several
authors (e.g. Ortega-Gutiérrez et al., 1995; Keppie and

Ortega-Gutiérrez, 1995, 1999) have proposed that Oaxaquia
is a microcontinent.

Outcrops of Grenville-age rocks comprising Oaxaquia
occur from northeastern to southernMexico (Fig. 1a). Specific
occurrences include (a) the Novillo Gneiss, Tamaulipas; (b)
lower crustal xenoliths, central Mexico; (c) the Huiznopala
Gneiss, Hidalgo; (d) the Oaxacan Complex and the
Guichicovi Gneiss, Oaxaca; and (e) in the Chiapas Massif,
Chiapas (Fries et al., 1962; Fries and Rincón-Orta, 1965;
Murillo-Muñetón et al., 1994; Ortega-Gutiérrez, 1978;
Ortega-Gutiérrez, 1984; Pantoja-Alor et al., 1974; Patchett
and Ruiz, 1987; Ruiz et al., 1988, Yañez et al., 1991; Silver
et al., 1994).

Vestiges from the late Palaeozoic collision between
Laurentia and Gondwana are scarce but not absent in
Mexico. Visible remnants include the Palaeozoic rocks of
the Granjeno Schist in northeastern Mexico and in the
southern Acatlán Complex (Fig. 1a; Nance et al., 2007).
These rocks have an Oaxaquia inheritance (Stewart et al.,

*Correspondence to: S. A. Torres Sanchez, Facultad de Ciencias de la
Tierra, Universidad Autonoma de Nuevo Leon, Hacienda de Guadalupe,
Carretera a Cerro Prieto, km 8 Linares Nuevo Leon 67700, Mexico. E-mail:
soniatorressan@hotmail.com

Copyright © 2015 John Wiley & Sons, Ltd.

GEOLOGICAL JOURNAL
Geol. J. (2015)
Published online in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/gj.2702



1999) and are remnants of the Palaeozoic Rheic Ocean (Keppie
and Ramos, 1999; Nance et al., 2010). The closure of this ocean
was accompanied by the >10000km Variscan–Alleghanian–
Ouachita Orogeny within the assembled Pangaea superconti-
nent (Nance and Linnemann, 2008).

In Mexico, details of the Laurentia–Gondwana collision
remain controversial (Mickus and Montana, 1999). Even
though several studies have examined the Palaeozoic of
northeastern Mexico (Carrillo-Bravo, 1961; De Cserna and
Ortega-Gutiérrez, 1977; Ramírez-Ramírez, 1978, 1992;
Cossío Torres, 1988; Torres-Sánchez et al., 2013; Castillo-
Rodríguez, 1988; Orozco-Esquivel, 1991; Ortega-Gutiérrez
et al., 1995; Ehricke, 1998), the development of the
Palaeozoic (Silurian to Carboniferous) basement rocks has
received less attention (Keppie and Ramos, 1999; Dowe
et al., 2005; Nance et al., 2007, 2009, 2010; Nance and
Linnemann, 2008; Torres-Sánchez, 2010; Barboza-Gudiño
et al., 2011). The origin and evolution of the Silurian and Car-
boniferous units, which are part of the Palaeozoic basement in
northeastern Mexico, are not completely understood. It is com-
monly accepted that the Granjeno Schist metamorphism was re-
lated to the closure of the Rheic Ocean and the resulting
formation of Pangaea. Those ideas were based on field relation-
ships and petrographic and isotopic characterization of
metasedimentary rocks only (Keppie and Ramos, 1999; Keppie,

2004; Dowe et al., 2005; Nance et al., 2007, 2010; Nance and
Linnemann, 2008). No particular attention has been given to
the metavolcanic rocks of the Granjeno Schist. Hence, until
now, the relation between the protoliths of the
metasedimentary and the metavolcanic rocks and the plate-
tectonic setting has not been considered for plate-tectonic
reconstructions and the implication for the northwestern
Gondwana evolution.
Since the 1970s, the metavolcanic rocks from the Novillo

Canyon have been reported to have an oceanic affinity, but
only field studies were used as evidence (Ramírez-Ramírez,
1974, 1978, 1992; De Cserna and Ortega-Gutiérrez, 1977,
1978; Ortega-Gutiérrez, 1978). This study is the first to
address the petrology and geochemistry of Palaeozoic
metavolcanic rocks in northeastern Mexico. The purposes
of the study are (a) to establish the tectonic setting of the
volcanic protoliths as accurately as possible, (b) to determine
the metamorphic age and metamorphic conditions that
affected these rocks, (c) to establish a geological model for
the evolution of Palaeozoic magmatism in northeastern
Mexico, and (d) to relate it to the evolution of Pangaea. In
order to achieve this, we use primary and secondary mineral-
ogical compositions, mineral and whole-rock chemistry as
well as metamorphic 40Ar/39Ar ages of the metavolcanic
rocks of the Granjeno Schist.

Figure 1. (a) Precambrian and Palaeozoic metamorphic rocks in Mexico. Modified from Campa and Coney (1983) and Ortega-Gutiérrez et al. (1995) and (b)
study area (after Barboza-Gudiño et al., 2011) with the Granjeno Schist.
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2. GEOLOGIC SETTING

The Granjeno Schist is a polydeformed sequence that includes
both sedimentary (psammite, pelite, turbidite, conglomerate
and black shale) and igneous (tuff, lava flows, pillow lava
and ultramafic bodies) protoliths that have been metamor-
phosed under subgreenschist to greenschist facies conditions
(Carrillo-Bravo, 1961; De Cserna and Ortega-Gutiérrez,
1978; Ramírez-Ramírez, 1974, 1992; Dowe et al., 2005;
Torres-Sánchez, 2010). The Granjeno Schist crops out in axes
of anticlines in the Sierra Madre Oriental in northeastern
Mexico, for example, in the Huizachal–Peregrina anticlinorium.
This N-NW-trending, double-plunging structure is located
northwest of Ciudad Victoria in Tamaulipas (Fig. 1b; Zhou
et al., 2006). A major NW–SE-trending dextral fault separates
the Granjeno Schist from the Mesoproterozoic Novillo Gneiss
in this locality. A body of plagiogranite (Ramírez–Ramírez,
1992) with an intrusion age of 351±54Ma (U-Pb in zircon)
and a cooling age of 313±7Ma (40Ar/39Ar in muscovite; Dowe
et al., 2005) is located in the fault contact.
Isolated outcrops of the Granjeno Schist are present in

the Miquihuana and Bustamante Uplift (Tamaulipas)
areas southwest of the Huizachal–Peregrina anticlinorium
(Fig. 1b). In these areas, the Granjeno Schist is unconform-
ably overlain by Early–Middle Jurassic volcanic rocks
and redbeds. The Granjeno Schist also crops out in
the Aramberri Uplift, Nuevo Leon (Fig. 1b), where it is
overlain by Early Jurassic volcanic rocks, Early–Middle
Jurassic redbeds, Late Jurassic breccia and Late Jurassic
evaporite and carbonate rocks (Imlay, 1938; Heim, 1940;
Humphrey, 1954; Mixon et al., 1959; Barboza-Gudiño
et al., 2008).

The metamorphic age of the metasedimentary rocks of the
Huizachal–Peregrina anticlinorium has been investigated in
several studies. Most recently, Dowe et al. (2005) reported
a 40Ar/39Ar plateau age on phengite of 300±4Ma from the
Novillo Canyon. Older Rb-Sr whole-rock muscovite
isochron ages range from 318±10Ma to 257±8Ma (Fries
et al., 1962; De Cserna and Ortega-Gutiérrez, 1977).
Whole-rock Rb-Sr ages of 373±37Ma to 320±12Ma are
recalculated from De Cserna and Ortega-Gutiérrez (1978),
Garrison et al. (1980) and Sedlock et al. (1993). The
metasedimentary rocks from the Aramberri Uplift yield
muscovite K-Ar ages from 270±5 to 294±6Ma (Denison
et al., 1971). This paper provides the first metamorphic ages
of the metavolcanic rocks from the Granjeno Schist.

3. SAMPLING AND ANALYTICAL METHODS

Fifteen samples from the Granjeno Schist, consisting of
massive metabasalt, metabasaltic flows and metapillow lava
were analysed for mineral–chemical composition and major
and trace element contents and 40Ar/39Ar isotopic composition.
Six samples were collected from the Aramberri Uplift, three
from the Bustamante Uplift, one fromNovillo Canyon and five
from Peregrina Canyon. Petrographic analyses were first
accomplished for all 15 samples with a polarizing microscope
(Table 1).

Chemical compositions of minerals were analysed with
the electron microprobe JEOL JXA 8230 at the Institute of
Geosciences of the Friedrich-Schiller University, Jena,
Germany. Chlorite, amphibole, clinozoisite, zoisite, feldspar,
mica, pumpellyite, pyroxene and prehnite compositions

Table 1. Coordinates, lithology, mineral content and methods of the studied metavolcanic rocks from the Granjeno Schist

Sample Location Coordinates (WGS 84) Lithology Mineralogy Method

A12a AU 140410132E, 2667106N Metapillow Chl + Plg +Ac +Qz +Cal MP
A44 AU 140410132E, 2667106N Massive metabasalt Chl + Plg +Qz +Cal GC
A58A AU 140410230E, 2667130N Metapillow Ab+Chl + Pmp+Cal GC
A58B AU 140410230E, 2667130N Metapillow Ab+Chl +Cal GC
A58D AU 140410230E, 2667130N Metapillow Ab+Chl +Cal GC
B1 AU Sample from private company Massive metabasalt Chl + Ta + Px +Ab+Ac +Pmp MP
Bu1 BU 140424088E, 2593846N Metabasaltic flow Cpx +Zo +Ag ti +Am+Prh + Pmp MP
Bu11 BU 140423974E, 2593867N Massive metabasalt Cpx +Czo + Plg + Pmp+Chl GC
Bu11b BU 140423974E, 2593867N Massive metabasalt Cpx +Czo + Plg + Pmp+Chl GC
CNS11 NC 140472256E, 2623140N Massive metabasalt Czo +Chl +Cpx + Prh + Pmp+Ab+Am GC, MP
CPS8 PC 140470007E, 2627535N Metabasaltic flow Chl +Ab +Cal +Czo +Cpx +Mu+Zo +Zr GC
CPS9 PC 140469830E, 2627335N Metabasaltic flow Prh +Ab+Czo +Cal +Qz +Cpx GC
CPS10 PC 140469664E, 2627327N Metabasaltic flow Zo+Czo + Px +Chl +Qz +Plg + Pmp MP
CPS11 PC 140469467E, 2627303N Metabasaltic flow Zo+Czo +Mu+Pmp GC, G
CPS13 PC 140469291E, 2627354N Metabasaltic flow Ab+Chl +Qz +Mu+Zo+Czo +Ac MP

Ab, albite; Ag ti, titaniferous augite; Ac, actinolite; Am, amphibole; Cal, calcite; Chl, chlorite; Cpx, clinopyroxene; Px, pyroxene; Plg, plagioclase; Pmp,
pumpellyite; Prh, prehnite; Qz, quartz; Ta, talc; Zo, zoisite; Czo, clinozoisite; AU, Aramberri Uplift; BU, Bustamante Uplift; NC, Novillo Canyon; PC,
Peregrina Canyon; MP, Microprobe analysis; GC, geochemical analysis; G, Geochronological analysis.
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(Appendices 1–8, see Supporting Information) were deter-
mined from samples of all four study areas. The microprobe
excitation voltage was 15.0kV, and the beam current was
15nA. A beam size of 2–3μm (10μm for albite analysis)
was used. All standards were certified silicates and oxides.

Total abundances of major oxides and trace elements were
measured for ten samples: three metapillow lava, four
massive metabasalt and three metabasaltic flow samples
(Table 1). They were powdered in an agate mill and
analysed with ICP-OES (major element oxides) and ICP-
MS/INAA (Cs, Sr, Ba, Th, Co, Hf, Ta and REE) with an
accuracy of ±5–20% at ACTLABS (Ancaster, Ontario,
Canada). We used the molecular proportions of Al2O3,
MgO, K2O, Na2O and CaO to calculate the Numerical Index
of Alteration (AI= [100]*[[MgO+K2O]/[MgO+K2O+CaO+
Na2O]]), the Chemical Index of Alteration (CIA= [100]*
[[Al2O3]/[Al2O3+CaO+Na2O+K2O]]) and the Plagioclase
Index of Alteration (PIA=[100]*[[Al2O3-K2O]/[Al2O3+CaO+
Na2O-K2O]]) of Ishikawa et al. (1976) and Nesbitt and
Young (1982) in order to evaluate the major-element
mobility from the total abundance estimations. To resolve
the tectonic setting in which the basaltic lavas extruded, the
composition of immobile trace elements was examined and
is presented here with two characteristic ternary and three
simple bivariate traditional tectonomagmatic discrimination
diagrams (Zr/4-Y-2Nb of Meschede, 1986; Th-Nb/16-Hf/3
of Wood, 1980; Ti/1000-V of Shervais, 1982; (La/Sm)n-Δ
Nb and Zr/Y-Nb/Y of Fitton et al., 1997, 2003). The obtained
results were compared with multi-dimensional discrimina-
tion diagrams that were successfully applied for inferring
the tectonic setting of metamorphosed or altered basalt
(Agrawal et al., 2008; Verma and Agrawal, 2011).

In preparation to create multi-dimensional discrimination
diagrams, we adjusted the major-element oxide data
(ADJ) using the programme ‘Igneous Rock Classification
System’ (IgRoCS; Verma and Rivera-Gómez, 2013a).
Adjusted data were further computed using the programme
TecD (Tectonomagmatic Discrimination) from Verma and
Rivera-Gómez (2013b), which evaluates igneous rock
geochemistry data in 20 different multi-dimensional
diagrams. The diagrams are based on natural logarithms of
element ratios (e.g. In (TiO2/SiO2)) and linear discriminant
analysis as elaborated by Verma and co-workers. The
multi-dimensional diagrams are suitable to illustrate differ-
ent tectonic groups (i.e. island arc, continental rift, ocean
island and mid-ocean ridge) in data plots. These diagrams
are based on abundances of major elements and the
immobile elements La, Sm, Yb, Nb, Th, Nb, V, Y and Zr
(Verma et al., 2012, 2013; Verma, 2013; Verma and Verma,
2013; Armstrong-Altrin, 2015).

The metamorphic age of metabasalt CPS11 from
Peregrina Canyon was dated with the Ar–Ar method.
Muscovite crystals were pretreated to remove possible traces

of weathered material, separated by standard techniques and
selected by handpicking under a binocular microscope from
the 50–100μm size fraction. Ar was measured from three
aliquots of a muscovite concentrate of the same groundmass.
We used laser step-heating techniques and a Micromass
5400 mass spectrometer with a Faraday multiplier and an
electron multiplier at the Geochronology Laboratory, Lund
University, Sweden. The sample, which was loaded into a
copper planchette that contains several 3mm holes, was
step-heated using a defocused 50W CO2-laser. Rastering
the laser beam over the sample provided uniform heating
of all grains. An automated analytical process runs on a
Macintosh OS 10.2 platform with software customized for
the Lund laboratory. Regressions to time zero were fitted
to data collected from ten scans over the mass range of
36 to 40. Peak heights and backgrounds were corrected
for mass discrimination, isotope decay and interfering
nucleogenic Ca-, K- and Cl-derived isotopes. Sanidine
standard TCR (t=28.34Ma, Renne et al., 1998) was used,
and J values were calibrated with a precision of ±0.25%.
The samples were irradiated at the Petten reactor. A step-
heating age spectrum plot displays a plateau age interpreted
to be meaningful when the apparent age for at least three
consecutive steps comprises a minimum of 50% of the total
released 39Ar (Dickin, 2005). Isoplot 4.15 software (Ludwig,
2012) was used to calculate a weightedmean age and 2σ errors.
Metamorphic temperatures for the metavolcanic rocks were

determined using the chlorite thermometer of Cathelineau
(1988), which is based on AlIV in chlorite, and compared with
the corrected thermometer by Jowett (1991). The temperature
calculation considers the influence of iron in chlorite and re-
quires that Fe/(Fe+Mg) to be<0.6. Pressures were estimated
by the phengite geobarometer of Velde (1965) and Massonne
and Schreyer (1987). Appendices 1–9 and 11 (see Supporting
Information) provide mineral and whole-rock chemical com-
positions, 40Ar/39Ar data and a list of compositional precondi-
tions for the calculated metamorphic conditions.

4. RESULTS

4.1. Macroscopic description of the metavolcanic rocks in
the Granjeno Schist

The metavolcanic rocks of the Huizachal–Peregrina
anticlinorium crop out in the Peregrina and Novillo Canyons
as metatuff and metabasalt, and in the Aramberri–Bustamante
Uplifts as metatuff, metabasalt and metapillow lava.
The metatuff at the Peregrina and Novillo Canyons

consists of fine-grained, homogeneous, greenish to bluish
lustrous layers with NW–SE-trending foliation, ranging in
thickness from 1 cm to 20m, and rhythmically interbedded
with metapelite and metapsammite (Fig. 2a).
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Two types of metabasalt can be distinguished. Massive
metabasalt in the Novillo Canyon is greenish to greyish,
coarse-crystalline, fractured and with weakly developed
foliation (Fig. 2b). It lacks flow structures and occurs in fault-
parallel contact to the main foliation of the metasedimentary
rocks. Fine-crystalline metamorphosed basalt flows with
internal flow structures in the Peregrina Canyon, occur as
packages up to 2m thick whose contacts are concordant with
metasedimentary rocks (Fig. 2c).
The metatuff at Bustamante Uplift occurs as 2-cm- to

1-m-thick layers interbedded with metapelite. A rhyolitic
dyke cuts the metapelitic sequence perpendicularly.
Metapillow lava at Aramberri Uplift occurs as lithosomes of

coarse-grained greenish rocks intercalatedwithmetasedimentary
layers in packages of 2–5m thickness. Pillow structures are
well preserved (Fig. 2d). Black and dark green zones are
dominated by chlorite–pumpellyite, and light green zones
by epidote.

4.2. Petrographic composition

Themeta-igneous rocks are mainly composed of the metamor-
phic minerals chlorite, white mica, prehnite, pumpellyite,
clinozoisite, zoisite, feldspar and amphibole. Relict clinopyroxene
is recognizable.

In the metapillow lava, metaporphyritic and meta-ophitic
textures predominate. Relict diopside is partially altered to
chlorite. It is present in polymineralic quench crystallites of
albitized plagioclase (Fig. 3a). The groundmass has a low
abundance of hypidiomorphic microcrystals (e.g. quartz,
epidote, actinolite and calcite, ≤0.33mm). The diameters of
amygdules range from 0.5 to 2.5mm. Their original struc-
tures have been replaced by metamorphic minerals.
The amygdules are filled with albite (Ab99), quartz and
pumpellyite or alternatively with albite, quartz and chlorite
(pychnochlorite type; Fig. 3b).

The massive metabasalt has both meta-ophitic and
porphyroblastic textures. Three common types of porphyroblasts
are recognized: (1) subhedral albite with Ab99 composition
(0.5 to 2mm; Fig. 3c), (2) fractured subhedral diopside from
0.5 to 2mm (Fig. 3d) and (3) tabular clinozoisite up to
0.5mm (Fig. 3e). All porphyroblast types are surrounded
by acicular pumpellyite and chlorite (ripidolite) up to
0.5mm in a subhedral prehnite groundmass. Calcite is
present as a secondary mineral.

The metabasaltic flow has a porphyrolepidoblastic texture
with elongated and subhedral, 2.0–3.5mm-sized zoisite–
clinozoisite and up to 2-mm-sized subhedral albite
porphyroblasts. Discontinuously zoned clinozoisite with an
iron-rich core is common (Fig. 3e–f). The zoisite has anoma-
lous blue interference colours. The porphyroblasts are in a fine

Figure 2. (a) Interbedded metatuff from the Novillo Canyon, (b) fractured metabasalt flow in the Peregrina Canyon, (c) microcrystalline metabasalt flow at the
Peregrina Canyon and (d) metapillow lava in the Aramberri Uplift.
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pumpellyite groundmass and surrounded by ca. 0.5-mm-long
fibrous prehnite and chlorite (clinochlore and pycnochlorite).

4.3. Mineral–chemical composition

4.3.1. Relict pyroxene
Relict clinopyroxene occurs as fractured, hypidiomorphic,
granular and colourless crystals (Fig. 4a). The clinopyroxene
in the massive metabasalt and metabasaltic flow from the
Aramberri and Bustamante Uplift areas has a limited composi-
tional range (diopside: Wo45-50En43-50Fs5–15) (Appendix 1,
see Supporting Information). The diopside contains 0.95–
3.17% TiO2, 0.28–0.56% Na2O and 44–51% SiO2 (Fig. 5).

4.3.2. Metamorphic minerals
4.3.2.1. Chlorite. Chlorite, the most common mineral in the
metavolcanic rocks, occurs as tabular crystals in fine-grained

groundmass, irregular interstitial patches inside plagioclase
and filling of amygdules (Fig. 4b). It has been formed from both
alteration of volcanic glass and as a replacement product of ig-
neous pyroxene and olivine. All chlorite is dark yellow to green,
displaying brown anomalous birefringence. Violet/blue birefrin-
gence characterizes chlorite filling amygdules in metapillow
lava and interstitial patches in the massive metabasalt.
Brown chlorite in the metabasaltic flow of the Bustamante

Uplift and Peregrina Canyon has Fe/(Fe +Mg) ratio of
0.4–0.5 and Altot values of 2.1–2.6 atoms per formula unit
(apfu). Brown and violet/blue chlorite in the metapillow lava
of the Aramberri Uplift and in the massive metabasalt of
Novillo Canyon has Fe/(Fe +Mg) ratio of 0.3–0.4 and Altot
values of 1.4–2.6 apfu. Thus, birefringence colours depend
principally upon Altot. These compositions, together with
Si = 2.7–3.7 apfu, classify the chlorite as ripidolite. Higher
Si (3.0–3.8 apfu) for metapillow chlorite at Aramberri Uplift

Figure 3. Representative photomicrographs of the metaigneous rocks. (a) Plane-polarized light image with relic acicular quench texture in metapillow lava
(A58b), (b) amygdule filled with albite, quartz and chlorite in metapillow lava (crossed polars; A12a), (c) metabasalt with phenocrysts of tabular plagioclase
and subhedral quartz in a chlorite groundmass (crossed polars; A44), (d) metabasalt with porphyroblastic texture dominated by fractured subhedral
clinopyroxene porphyroblasts. Calcite and quartz are present as secondary minerals (crossed polars; Bu11), (e–f) subhedral clinozoisite-zoisite with iron-rich
core (crossed polars, CPS10). Ab, albite; Cal, calcite; Chl, chlorite; Czo, clinozoisite; Px, pyroxene; Plg, plagioclase; Prh, prehnite; Qz, quartz; Zo, zoisite.
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classify the mineral as pycnochlorite (Fig. 6a and Appendix 2
(see Supporting Information)).

4.3.2.2. Chlorite geothermometer. The tetrahedral Al (AlIV)
content in chlorite is 0.71–1.07 apfu for the metapillow
lava and flows of the Aramberri and Bustamante Uplifts.
This is in accordance with crystallization temperatures of
165–276 °C (Appendix 2, see Supporting Information; cf.
Cathelineau, 1988). Mean temperatures are 216 °C (n=2;
with a temperature difference of 101 °C) for the Bustamante
Uplift and 235 °C (n=7; largest difference: 46 °C) for the
Aramberri Uplift. The massive metabasalt and flows from
the Novillo and Peregrina Canyons yield AlIV contents of
1.21–1.31 apfu, and correspondingly higher temperatures
of 328–360 °C with mean values of 346 °C (n=6; largest dif-
ference: 32 °C) and 349 °C (n=2; difference: 1 °C), respec-
tively. All analysed chlorite has Fe/(Fe +Mg) ratios of
<0.6, which is taken into account for temperature calcula-
tions according to Jowett (1991). This gives temperatures
that are 40–60 °C higher than the mean temperatures derived
from the Cathelineau (1988) thermometer (Appendix 2, see
Supporting Information).

4.3.2.3. Pumpellyite. Scarce pumpellyite is associated with
albite, clinozoisite, zoisite, chlorite, amphibole and prehnite
(Fig. 4c). Pumpellyite occurs as colourless prismatic crystals
in amygdules, as yellowish acicular and radial crystals in the
groundmass and as brown xenomorphic crystals in rims of
plagioclase and pyroxene. Fe/(Fe +Al) is a uniform 0.15 in

iron-rich pumpellyite, whereas aluminium-rich pumpellyite
from the metabasaltic flow of the Bustamante Uplift has an
Fe/(Fe+Al) ratio of 0.02. In the massive metabasalt of the
Aramberri Uplift and Novillo Canyon, the MgO/(MgO+FeO)
ratio is 0.1–0.2 and 0.92 in the metabasaltic flow of the
Bustamante Uplift (Appendix 3, see Supporting Information).

4.3.2.4. Zoisite and clinozoisite. Epidote-group minerals oc-
cur as fractured hypidiomorphic and prismatic porphyroblasts
associated with pumpellyite, actinolite, chlorite, albite and
quartz (Fig. 4d). In general, unzoned epidote-group minerals
with anomalous blue interference colour are iron-poor with
Fe3+/(Fe3++Al) = 0.06–0.25 (Appendix 4, see Supporting
Information).

4.3.2.5. Amphibole. Ubiquitous amphibole is present as
uncoloured, greenish and brownish phenocrysts, as fibrousmin-
erals in the groundmass and as replacement of relict
clinopyroxene. The amphibole is associated with chlorite, white
mica, epidote, pumpellyite, quartz and albite. Amphibole-
chemical composition is calcic (Appendix 5, see Supporting
Information), dominated by actinolite with <2% Al2O3. The
Mg/(Mg+Fe2+) ratio for actinolite–chlorite coexisting pairs
ranges between 1.7 and 2.0. These values are comparable with
a low-grade metamorphic origin (cf. Coombs et al., 1976).

4.3.2.6. Mica. White potassic mica is present in minor
proportions in all studied rocks. It occurs as tabular crystals,
as small flakes in amygdules, and in veins and preferably in

Figure 4. Backscattered electron images of metavolcanic rocks. (a) Diopside from massive metabasalt (sample B1), (b) chlorite as interstitial patches inside
plagioclase in metapillow lava (sample A12a), (c) xenomorphic pumpellyite in basaltic flow (Sample Bu1) and (d) zoisite and clinozoisite porphyroblasts in

basaltic flow (sample CPS10). Cpx, clinopyroxene; Pmp, pumpellyite; Mi, mica. For further abbreviations, see Fig. 3.
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contact with plagioclase phenocrysts (Fig. 4d). The analysed
muscovite is mainly phengitic with Si/Al ratios in the tetra-
hedral site higher than 3:1 and with a Si content of 3.4 (11 O
per formula unit). Na2O and TiO2 were detected with
<0.15 apfu (Appendix 6, see Supporting Information). This
is comparable to phengite of pumpellyite–actinolite facies.
The cationic ratios a=VIR2+/(VIR2++VIR3+) and b=VIAl/
(VIAl+VIFe3+) are 0.31 to 0.36 and 0.84 to 0.88, respectively,

in the massive metabasalt of the Aramberri Uplift and 0.21 to
0.24 and 0.83 to 0.92, respectively, in the metabasaltic flows
of the Bustamante Uplift and Peregrina Canyon. These values
correspond to phengitic aluminoceladonite and phengite
(Fig. 6b; Kawachi, 1975; Coombs et al., 1976; Guidotti and
Sassi, 1998). The cationic ratios of phengitic
aluminoceladonite are comparable with subgreenschist facies,
whereas the cationic ratios of phengite are similar to
greenschist facies (cf. Wise and Eugster, 1974).

4.3.2.7. Feldspar. Plagioclase is homogeneous albite (Ab99,
Appendix 7, see Supporting Information). Incompletely
albitized plagioclase is absent.

4.3.2.8. Prehnite. Rare prehnite occurs in Novillo massive
metabasalt CNS11 and in Bustamante metabasalt flow Bu1.
Prehnite is colourless to yellow, showing irregular, radial
crystals of low relief. It is presently associated with patches
of plagioclase and quartz, filling amygdules and veins and dis-
persed in the groundmass. Prehnite from the massive Novillo
metabasalt is enriched in iron: Fe/(Fe+Al)=0.19 (Appendix 8,
see Supporting Information), but in the Bustamante
metabasaltic flow, the ratio is only 0.05 (Appendix 8, see
Supporting Information).

5. WHOLE-ROCK GEOCHEMICAL COMPOSITION

5.1. Major- and trace-element composition

In a total alkali-silica classification, whole rocks have a basaltic
composition (SiO2= 40 to 50wt%, Na2O+K2O<5wt%).
The loss on ignition ranges from 4.4% to 11.3%. The major

Figure 5. TiO2-Na2O-SiO2/100 (wt%) for discrimination of clinopyroxene
from basalt from different tectonic settings according to Beccaluva et al.
(1989). MORB, mid-ocean ridge basalt; OIB, ocean-island basalt; BABB,

back-arc basin basalt.

Figure 6. (a) Si versus Fe total/(Fe +Mg) (apfu) for chlorite according to Hey (1954), (b) Mica classification scheme based on Guidotti and Sassi (1998). The
dashed line marks a field that represents the compositional range of the phengite series. VIR2+ =Mg+ Fe2+ +Mn; VIR3+ =Al + Fe3+; VIAl: octahedral aluminium and

VIFe3+ = octahedral iron.
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element mobility estimated by the Numerical Index of
Alteration ranges from 45 to 96. These values match well
with the low ratios of the Chemical Index of Alteration of
25–63 and the Plagioclase Index of Alteration of 25–64.
The elements La, Sm, Th, Nb, Hf and Ti exhibit a good
correlation with the immobile trace element Zr (r≥ 0.85),
whereas incompatible elements K, Sr, Ba and Rb of the
analysed rocks are widely scattered (r< 0.85).
The Mg# is primitive: 48–67 (Appendix 9, see Supporting

Information). TiO2% in Bustamante and Aramberri
metapillow lava and massive metabasalt is relatively high
with 2.4 to 3.3wt%, but 1.5 to 1.8wt% in Peregrina and
Novillo metabasalt and metabasaltic flows (Fig. 7). All sam-
ples have high Cr content >60ppm, which is in accordance
with oceanic basalts (cf. Morales-Gámez et al., 2009; Fig. 7).
Bustamante and Aramberri trace-element compositions are

similar but differ from Novillo and Peregrina compositions.
In the Bustamante and Aramberri Uplift rocks, the large
incompatible elements Sr (0.6–4ppm), K (0.05–10ppm), Rb
(11–21ppm) and Ba (0.8–41ppm; Fig. 8a and b), have
scattering mid-ocean-ridge-basalt (MORB) normalized values
(Fig. 8). This indicates mobility of these elements during
metamorphism (cf. Humphris and Thompson, 1978).
An alkaline affinity is documented for these rocks suites by

Zr/Ti of 0.01 and Nb/Y ratios of 0.80–1.4 (Fig. 9a). Ti/V ratios
of 45–55 both for Bustamante and Aramberri rocks (Fig. 9b)
indicate an ocean-island basalt composition. This is in accor-
dance with Zr/Y of 6–8 and Zr/Nb of 4–9, which point to a
derivation from an enriched mantle source or possible contri-
bution of a mantle plume (cf. Sun and McDonough, 1989).
Values of ΔNb# (1.74+ log(Nb/Y)�1.92× log(Zr/Y)) of 0.0
to +0.4 for the metabasalt and metapillow lava match with
the ΔNb# of enriched MORB. Hf/Th, both incompatible
elements, ranges between 1.5 and 3.1, and the Th/Nb ratio
is between 0.08 and 0.1 (cf. Wood, 1980; Saunders et al.,

1988). These values are typical for ocean-island basalt
(Fig. 9c). The rocks are enriched in light REE with
LaN/YbN of 4.8–8.8 and LaN/SmN of 1.6–2.6 (N=normal-
ized values after Sun andMcDonough, 1989; Fig. 10a and b).
Europium anomalies are not present (Eu/Eu*=0.9–1.1).

Incompatible trace element concentrations in metabasaltic
rocks of the Peregrina and Novillo Canyons are similar to
MORB and differ from the higher trace element concentra-
tions of the Bustamante and Aramberri Uplift rocks.
Likewise, the Bustamante and Aramberri samples, K, Rb
and Ba, have highly scattered values (K=0.2–2 ppm,
Rb=0.4–4.5ppm and Ba=3ppm; Fig. 8c and d) in the
Peregrina and Novillo samples, which mean that the concentra-
tions of these elements were also affected by metamorphism.

A subalkaline affinity is given by Zr/Ti of 0.01 and Nb/Y
of <0.4 (Fig. 9a) for the Peregrina and Novillo Canyons
rocks. The Ti/V ratio of 29–44 indicates an ocean floor
basalt composition (cf. Vasconcelos et al., 2001; Fig. 9b).
A low Zr/Y ratio of 0.9–3 and a clearly higher Zr/Nb ratio
of 14–53 can be referred to a depleted mantle source in the
Peregrina and Novillo Canyons rocks. All rocks have similar
Hf/Th ratios of 4.4–14 and Th/Nb ratios of 0.08–0.15, which
are typical values for MORB (Fig. 9c). The REE patterns of
the Peregrina and Novillo Canyon rocks are flat with
LaN/YbN ratio of 0.74–1.7, and they are partly depleted in
light REE with LaN/SmN ratios of 0.60–1.4, which resem-
ble the average composition of normal MORB (N-MORB)
mantle derived melts (Fig. 10c and d). The only exception
is the metabasaltic flow from the Peregrina Canyon (sample
CPS8), which is slightly enriched in light REE with
LaN/YbN of 3.2, LaN/SmN of 1.5 and depleted in heavy
REE with SmN/YbN of 2.08. This indicates a more enriched
and deeper source, almost like those of the Aramberri and
Bustamante rocks. The Eu/Eu* values for the Peregrina
and Novillo Canyon rocks are 0.9–1.1. All the investigated

Figure 7. Mg# versus TiO2 and Cr for the metavolcanic rocks.
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rocks have low La/Ta of <19, La/Nb <2 and Th/Nb <0.11
indicating no crustal contamination.

Major and trace elements have been widely used in
conventional discrimination diagrams to identify different
tectonic settings (e.g. Pearce and Cann, 1973; Wood, 1980;
Shervais, 1982; Meschede, 1986; Cabanis and Lecolle,
1989). However, their application has been criticized (Verma,
2010) because (a) the discriminations only use bi- or trivariate
data drawn from ‘closed’ arrays, (b) the diagrams were gener-
ally constructed using a limited geochemical database, (c) they
do not incorporate statistical treatment for compositional data
(Aitchison, 1986) and (d) such diagrams only discriminate
broadly grouped settings (cf. Velasco-Tapia and Verma,
2013). Contrastingly, the discrimination diagrams of Agrawal
et al. (2008) and Verma and Agrawal (2011) are based on
equations that use natural logarithm transformed ratios of
TiO2ADJ and the immobile elements La, Sm, Yb and Nb,
using Th as the common denominator.

The rocks from the Aramberri and Bustamante Uplifts
have an ocean-island basalt composition according to the
discriminative functions of Agrawal et al. (2008) and Verma

and Agrawal (2011; Fig. 11; Appendix 10, see Supporting
Information), as well as with traditional discriminants. Sim-
ilarly, the composition of the metabasalt from the Peregrina
and Novillo Canyons, indicated to be N-MORB by its trace-
element ratios, is in agreement with a MORB origin
(Fig. 11).

6. 40Ar/39Ar GEOCHRONOLOGY

The Ar–Ar results for the three aliquots of muscovite from
CPS11 are quite similar (Appendix 11, see Supporting
Information). The plateau ages are 299.6±1.7Ma
(MSWD=1.67), 302.3±1.9Ma (MSWD=0.51) and 298.7
±1.1Ma (MSWD=1.11; Fig. 12). The plateaus have a reli-
able total 39Ar release of 85% for steps 3 to 9 in aliquot 1
(Fig. 12a). Aliquot 2 has 59% of 39Ar release for steps 12 to
14 (Fig. 12b) and aliquot 3 released 75% of the 39Ar during
steps 26 to 30 (Fig. 12c). The average of the three ages is
300±4Ma (MSWD=5.4), which we consider as the age of
metamorphism.

Figure 8. Multi-elemental diagrams. MORB, mid-ocean ridge basalt. Normalizing values after Pearce (1980).
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7. INTERPRETATION

7.1. Alterations

According to low indices of alteration, the mafic rocks have
undergone incipient chemical alteration during seafloor
weathering and regional metamorphism (cf. Ishikawa
et al., 1976; Nesbitt and Young, 1982; Gifkins et al., 2005).
The abundances of most major and some trace elements,

especially alkalis, are susceptible to alteration by metamor-
phism (e.g. Grapes, 1976). The elevated loss on ignition
values and variable abundances of Ba, K, Rb and Sr (Fig. 8)
in the studied samples are attributed to seafloor and meta-
morphic processes. This is supported by the presence of
quartz, calcite, chlorite and phengitic aluminoceladonite-
filled amygdales, which is petrographic evidence for local

mobility of major and some trace elements. The elevated
Na2O content indicates alteration through ocean-floor pro-
cesses and low-grade metamorphism reflected by crystalliza-
tion of albite. Mg-, Ca-, Al- and K-mobility are represented
by the possible replacement of olivine by chlorite and pla-
gioclase phenocrysts by albite, pumpellyite and/or epidote.

In the analysed rocks, most major elements were mobile.
However, the concentration of high field-strength elements,
REE and the transition elements V, Cr, Ni and Sc are
thought to be unaffected by seafloor alteration processes
and low-grade metamorphism (Winchester and Floyd,
1976; Wood, 1980; Bienvenu et al., 1990). Therefore, we
use only immobile element ratios to discriminate the tectonic
setting and provide information about the primary source
for the subgreenschist to greenschist facies metabasalt
(e.g. Pearce and Cann, 1973).

Figure 9. (a) Zr/Ti versus Nb/Y for metavolcanic rocks after Winchester and Floyd (1977), (b) Ti-V discrimination diagram for basalt after Shervais (1982).
The straight lines represent different Ti/V ratios, (c) tectonomagmatic discrimination plot after Wood (1980) and (d) Nb/Y and Zr/Y variation for Icelandic
basalt and normal MORB (after Fitton et al., 1997, 2003). BABB, back-arc basin basalt; MORB, mid-ocean ridge basalt; N-MORB, normal MORB; E-MORB,

enriched MORB; OIB, ocean-island basalt.
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7.2. Tectonomagmatic setting determination

The compositional differences between magma types from
the different areas can be essentially related to different
source characteristics that are associated with formation
in distinct tectonomagmatic settings (e.g. Pearce, 1982;
Shervais, 1982). We assume a mid-ocean ridge origin for
the metavolcanic rocks from the Peregrina and Novillo
Canyon based on their flat REE patterns and the discrimina-
tion functions of Agrawal et al. (2008) and Verma and
Agrawal (2011). The composition of the massive metabasalt
and metabasaltic flows is comparable to subalkaline, tholeiitic
N-MORB from a depleted magma source as evidenced by the
low Zr/Ti, Nb/Y and Zr/Y ratios (Fig. 9a and d) as well as
the negative ΔNb# values and high Hf/Th and Ti/V ratios
(cf. Winchester and Floyd, 1977; Wood, 1980; Shervais,
1982; Meschede, 1986; Fitton et al., 1997, 2003).

In contrast to the rocks from the Novillo and Peregrina
Canyon, the high TiO2 wt%, Nb/Y and Ti/V ratios and
low Hf/Th and Zr/Ti ratios indicate that the alkaline basalt
from the Aramberri and Bustamante Uplifts may be

directly derived from a more enriched, deeper astheno-
spheric mantle source comparable to that of OIB. This is
supported by the relict clinopyroxene phenocrysts in the
Aramberri and Bustamante Uplift basalt (cf. Beccaluva
et al., 1989; Fig. 5). Their high Zr/Y, low Zr/Nb and pos-
itive ΔNb# values also are in accordance with within-plate
basalt, displaying OIB signatures (cf. Sun and
McDonough, 1989). The fractionated REE patterns with
low contents of HREE may also be indicators in regard
of their OIB-like generation. This evidence is further sup-
ported by the discrimination diagrams of Agrawal et al.
(2008) and Verma and Agrawal (2011), showing OIB-like
composition for the metabasalt (Fig. 11). Hence, we can as-
sume that the basalts may represent seamount material re-
lated with a plume-like source.
Only the light REE-enriched metabasaltic flow from

the Peregrina Canyon (sample CPS08) corresponds to
enriched MORB and hence to a different extrusion envi-
ronment. Even so, its REE pattern is similar to that of
the OIB-like basalt from the Aramberri and Bustamante
Uplifts (Fig. 10). The high Zr/Y and Nb/Y ratios indicate

Figure 10. Rare earth element abundances in the metavolcanic rocks. Normalizing values after Sun and McDonough (1989).
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Figure 11. (a) Set of tectonomagmatic discrimination diagrams based on natural logarithm transformation of trace-element ratios discriminant function DF1–
DF2 (according to Agrawal et al. 2008) and (b) natural logarithm-transformed ratios of (TiO2), V, Y, Nb and Zr (according to Verma and Agrawal, 2011). All
data are plotted in the diagrams; only applicable discriminant functions are shown. CRB, continental rift basalt; IAB, island arc basalt; MORB, mid-ocean ridge

basalt; OIB, ocean-island basalt.

Figure 12. Muscovite 40Ar/39Ar plateau age diagrams for the three aliquots of metabasaltic lava flow sample CPS11.
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a source formed by partial melting of a mantle that is
enriched, for example, in Nb relative to N-MORB. This
enrichment may have occurred by addition of a small
fraction of plume-type mantle to a MORB-like mantle
(cf. Fitton, 2007). The fact that the metabasaltic flow from
the Peregrina Canyon is showing an E-MORB signature
supports a possible interaction between depleted MORB
mantle and OIB-type mantle components. This could indi-
cate that all sampled basalts originated more or less coeval
and close-by in a rift and an off-axis situation in the ocean
basin.

7.3. Metamorphic conditions

In all studied samples, metamorphic recrystallization is char-
acterized by the replacement of phenocrysts and interstitial
areas by a varied suite of low-grade metamorphic minerals
such as chlorite, albite and pumpellyite. The albitization of
feldspar released Ca and Al ions and supported the
formation of calcite, mafic phyllosilicates and calc-silicates
(prehnite, pumpellyite and epidote).

Petrographic characteristics suggest that the volcanic
rocks metamorphosed under low-pressure conditions.
According to Winkler (1979), the absence of lawsonite
and/or glaucophane-bearing assemblages indicates pressures
below 3kbar at the calculated temperatures of up to 350 °C.
This is consistent with Si of 3.4 apfu in the phengitic
mica, which corresponds to 2.5–4kbar, i.e. approximately
greenschist facies (cf. Velde, 1965; Massonne and Schreyer,
1987). Furthermore, the presence of pumpellyite, actinolite
and epidote and the absence of prehnite + actinolite in the
MORB-type rocks suggest recrystallization at pressures
near the pumpellyite ± actinolite ± greenschist facies, i.e. at
about 2.5 kbar (cf. Velde, 1965; Massonne and Schreyer,
1987).

In the metavolcanic rocks of the Aramberri and
Bustamante Uplifts, the presence of quartz, calcite, chlorite
and filling of amygdales and veins is consistent with
alteration produced by hydrothermal fluids percolating
under static conditions during ocean-floor spreading. The
assemblages of chlorite + epidote + prehnite + actinolite +
pumpellyite in different combinations are in accordance with
prehnite–pumpellyite and pumpellyite–actinolite facies
metamorphism. Furthermore, the high Si/Al ratio, low
Na2O and TiO2, contents and the high cationic ratios of
the phengitic aluminoceladonite are in agreement with
subgreenschist facies, as well as with the chlorite temperatures
below 300°C.

In contrast to the subgreenschist facies in the Aramberri
and Bustamante Uplift areas, the chlorite temperatures above
300 °C and the generally obliterated primary igneous tex-
tures for the N-MORB rocks in the Peregrina and Novillo
Canyons indicate greenschist facies. This is supported by

the high cationic ratios of the phengite in the Peregrina
Canyon (cf. Wise and Eugster, 1974; Kawachi, 1975;
Coombs et al., 1976; Guidotti and Sassi, 1998). Furthermore,
the diagnostic assemblage actinolite + epidote+ chlorite+
albite and quartz in one investigated metabasaltic flow from
the Peregrina Canyon indicates the onset of greenschist
facies conditions (cf. Bucher and Grapes, 2011). The
timing of greenschist facies conditions is determined by
the Ar–Ar age of 300±4Ma from the Peregrina Canyon,
which is similar to previous Ar–Ar age data of the
metasedimentary part of the Granjeno Schist in the Novillo
Canyon (e.g. Dowe et al., 2005). The Ar–Ar age indicates
the metamorphic phase rather than a cooling age because
the chlorite temperatures are above the blocking tempera-
ture for the K–Ar system in mica. These inferred metamor-
phic conditions disagree from previous studies that are
largely based on petrographic analysis. In former studies,
solely greenschist facies metamorphism was realized for
the Granjeno Schist (Carrillo-Bravo, 1961; De Cserna and
Ortega-Gutiérrez, 1978; Ramírez-Ramírez, 1974, 1992;
Dowe et al., 2005).

7.4. Tectonic model

The metavolcanic rocks of the present study record the
evolution from seafloor volcanism at an ocean ridge, over
the extrusion of alkaline intraplate volcanic rocks onto the
oceanic crust, up to their low-grade metamorphism in a
subduction zone. As there are no indications for geochem-
ical involvement of either continental crust or subduction
magmatism in the volcanic protoliths of the Granjeno
Schist, we suggest that the magmatic evolution was
completely within an oceanic plate. The schematic model
that we propose (Fig. 13a) postulates the extrusion of
N-MORB along a mid-ocean ridge (Novillo and Peregrina
Canyons) with contribution of an alkaline intraplate-type
magma source [Aramberri and Bustamante Uplifts
(Fig. 13a)].
Depositional contacts of clastic (continental) metasedimentary

rocks with the mafic metavolcanic rocks throughout the
Granjeno Schist indicate that the sedimentation was con-
temporaneous with the volcanism, probably as a result of
progradation of continental sediment over the ocean floor.
The age of the basaltic rocks is unknown, but maximum
depositional ages of the coeval metasedimentary rocks are
late Cambrian to Devonian (Barboza-Gudiño et al., 2011;
Torres-Sánchez et al., 2013), possibly indicating a com-
posite unit with a long sedimentation and volcanism history.
Grenvillian (1250–920Ma) and Pan-African (730–530Ma)
zircon crystallization ages suggest that the Novillo Gneiss
of the Oaxaquia microcontinent and the Gondwana conti-
nent may have been the main sediment sources (Barboza-
Gudiño et al., 2011; Torres-Sánchez et al., 2013). Thus,
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the Granjeno Schist can be related to the Rheic Ocean.
Today, the Novillo Gneiss is exposed in the Peregrina and
Novillo Canyons with tectonic contacts to the younger
rocks.
Assuming that the youngest maximum depositional ages

are similar to the youngest depositional part of the Granjeno
Schist, N-MORB igneous activity and sedimentation in the
Novillo and Peregrina Canyon area lasted at least from
Silurian to Devonian time. The extrusion of N-MORB from
asthenospheric magma can be related with rifting and
drifting of the Rheic Ocean during that time.
The OIB in the Aramberri and Bustamante Uplifts as

well as the E-MORB in the Peregrina Canyon indicate
low degree melting of an enriched, deep mantle source,
which often is ascribed to disperse blobs of enriched mate-
rial in the depleted upper mantle or to the involvement of a

mantle plume (cf. Fitton et al., 1997, 2003). This relatively
contemporaneous activity of an enriched source near the
spreading axis also enriched the MORB-type magmatism.
Thus, the OIB may have derived from the deep mantle
melting source itself and the E-MORB magma from
shallower levels, where melts of OIB and N-MORB inevi-
tably mixed. The OIB and the metasedimentary rocks of
the Aramberri Uplift are in fault contact today due to a
younger tectonic event.

Regional studies about the southern and northeastern
Mexico indicate that the closure of the Rheic Ocean did
not result in a continent–continent collision but moved
Gondwana into contact with the Paleo-Pacific Ocean
(e.g. Dickinson and Lawton, 2001; Nance et al., 2007;
Keppie et al., 2008). As a result, dextral transpression took
place and a Pennsylvanian–Permian magmatic arc was
established (cf. Nance et al., 2007, 2012; Keppie et al.,
2010, 2012; Barboza-Gudiño et al., 2011). The metamor-
phic age of 300±4Ma indicates that the metamorphic over-
print of the volcano-sedimentary rocks of the present study
may have taken place in an accretionary prism during
Pennsylvanian to Permian time (cf. Barboza-Gudiño et al.,
2011). The Aramberri and Bustamante OIB rocks would have
been integrated at shallower depth into the accretionary prism
under subgreenschist facies conditions (Fig. 13b). The higher-
grade metamorphism of the Novillo and Peregrina Canyons
rocks took place at larger depths within the subduction channel
(Fig. 13b).

Former interpretations suggest that metamorphism of the
Granjeno Schist was caused by the collision of Laurentia
with Gondwana during Carboniferous time (Garrison
et al., 1980; Ramírez–Ramírez, 1992; Dowe et al., 2005;
Nance et al., 2007). Garrison et al. (1980), Ortega-
Gutiérrez (1981) and Ramírez–Ramírez (1992) assumed
that the volcanic rocks formed along an active margin
in the Iapetus Ocean and underwent greenschist facies
metamorphism during the Pangaea-forming collision of
Gondwana with Laurentia. The estimated low metamorphic
pressures for the Granjeno Schist are not typical for a
continent–continent collision. Instead, obduction and accre-
tion in an evolving active margin is more plausible. It is in
accordance with the metamorphic age of the Granjeno
Schist as well as with the presence of plagiogranite with
syn-collisional and volcanic-arc characteristics, which in-
truded the Novillo Gneiss at ca. 350Ma (Dowe et al.,
2005; De León Barragán, 2012). The time of the enriched
volcanism is unclear. It could be related to Silurian plume
magmatism at the Oaxaquia margin in southern Mexico be-
fore collisional time as suggested by Keppie et al. (2007),
or the OIB source components were present as blobs of
enriched material carried in the upper mantle convective
flow and responsible for OIB seamounts and E-MORB
during the Silurian to Devonian time. Another possibility

Figure 13. (a) Sketch model showing the supposed tectonic setting of the
metavolcanic rocks. 1: extrusion of N-MORB along a mid-ocean ridge, 2:
formation of enriched mid-ocean-ridge basalt and ocean-island basalt. The
ocean-island basalt-type rocks formed from an enriched, deep mantle
source, whereas enriched mid-ocean-ridge basalt formed due to mixing of
the OIB-type and MORB magmas, (b) low-grade metamorphism and juxta-
position of sedimentary and oceanic rocks in a subduction zone at NW
Gondwana during Pennsylvanian–Permian time. N-MORB, normal mid-
ocean ridge basalt; E-MORB, enriched MORB basalts; GSFM, greenschist

facies metamorphism; OIB, ocean-island basalt.
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is the association with a Mississippian–Permian plume
located in the Paleo-Pacific Ocean as described by Tatsumi
et al. (2000).

8. CONCLUSIONS

We suggest a mid-ocean ridge that formed N-MORB ocean
crust during the rifting of the Rheic Ocean. Rifting of the
Rheic Ocean was accompanied by transcurrent faulting that
supported the migration of southwest Gondwana during the
closure of the Rheic Ocean and Pangaea formation. During
the propagation of the ocean floor, the mid-ocean ridge
volcanism was accompanied by alkalic intraplate volcanism
to form both the E-MORB and the ocean-island basalt of the
Granjeno Schist. Our model implies a more complex palaeo-
tectonic framework than earlier assumed for the evolution of
the Granjeno Schist. Contradictory to previous assumptions,
the model implies that northeastern Mexico was not part of a
collisional event between Laurentia and Gondwana. Instead
we emphasize that a circum-Pangaea non-collisional sub-
duction zone, which caused prograde metamorphism in
northeastern Mexico, was active during Pennsylvanian to
Permian time. The metavolcanic rocks of the Granjeno
Schist then became part of Pangaea by accretion. The
processes that formed the Granjeno Schist represent a part
of the closure of the Rheic Ocean and convergence tectonics
along the Paleo-Pacific margin after the Laurentia and
Gondwana collision.
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