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ABSTRACT

Lead, Sr, and Nd isotope analyses of Mesozoic and Cenozoic rocks
from the southern part of Guerrero terrane in Mexico provide a better
understanding of their origin. Metamorphic rocks collected south of
Arteaga (Zihuatanejo terrane) have similar Pb isotope values to base-
ment rocks from Nevado de Toluca, indicating a possible connection
of the basement in these areas. Lead isotope ratios of rocks from the
Mesozoic Guerrero and Paleozoic Mixteca terranes are similar to those
of north Peruvian Mesozoic Olmos and Paleozoic Maraidn complexes,
but more radiogenic than Grenville-age basement of southeast Mexico
(Guichicovi complex) and north Colombia (Garzon massif and Santa
Marta massif).

Present-day Pb, Sr, and Nd isotope ratios of Mesozoic sedimentary
rocks from Zihuatanejo and Teloloapan terranes define two clusters:
rock from the Huetamo region (Zihuatanejo terrane), with less evolved
isotopic signatures, and rocks from the Coastal belt (Colima and
Purificacion areas in Zihuatanejo terrane) and from the Teloloapan
area (Teloloapan terrane) with higher isotopic ratios. Pb, Sr, and Nd
isotopic ratios suggest the involvement of a more evolved component,
possibly the basement rocks, in the generation of the sedimentary rocks
from the Coastal belt and south of Teloloapan area compared to the
sedimentary rocks from the Huetamo area.

Cenozoic plutonic rocks from La Verde have more radiogenic
isotopic ratios than samples from Inguaran, El Malacate, and La
Esmeralda. These differences could result from assimilation of differ-
ent rocks (Arteaga complex or sedimentary rocks) or different extents
of contamination. Initial Sr and Nd isotopic values of the Cretaceous
granitoids from Manzanillo and Jilotldn plot very close to the igneous
samples from Inguaran, El Malacate, and La Esmeralda; this similarity
may indicate that they had a common source. Isotopic compositions
of Cenozoic plutonic rocks are consistent with subduction-related
magmatism and suggest involvement of crustal material by assimila-
tion during the rise of the magma, or by incorporation of subducted
sediments, or both.

Key words: radiogenic isotopes; thermal ionization mass spectrom-
eter; multi-collector inductively coupled plasma mass spectrometer;
Guerrero terrane; Zihuatanejo terrane; Mexico.

RESUMEN

Andlisis isotdpicos de Pb, Sr y Nd de rocas mesozoicas y cenozoicas
de la parte sur del terreno Guerrero en México contribuyen una mejor
comprension de su origen. Rocas metamorficas colectadas al sur de
Arteaga (terreno Zihuatanejo) tienen valores isotépicos de Pb similares a
los de rocas del basamento del Nevado de Toluca, indicando una posible
conexion del basamento en esas dreas. Las relaciones isotdpicas de Pb de
rocas de los terrenos Guerrero del Mesozoico y Mixteca del Paleozoico
son similares a las de los complejos Olmos del Mesozoico y Marafion del
Paleozoico del Pert, pero mds rediogénicas que las del basamento de edad
grenvilliana del sureste de México (complejo Guichicovi) y del norte de
Colombia (macizos Garzén y Santa Marta).

Las relaciones isotdpicas actuales de Pb, Sr y Nd de rocas sedimen-
tarias mesozoicas definen dos grupos: rocas de la regién de Huetamo
(terreno Zihuatanejo) con firmas isotépicas menos evolucionadas, y
rocas del cinturon costero (dreas de Colima y Purificacion en el terreno
Zihuatanejo) y del drea de Teloloapan (terreno Teloloapan) con relaciones
isotépicas mds elevadas. Las relaciones isotopicas de Pb, Sr y Nd sugieren
la participacién de un componente mds evolucionado, posiblemente las
rocas del basamento, en la generacién de las rocas sedimentarias del cin-
turén costero y de la region al sur del drea de Teloloapan, en comparacion
con las rocas sedimentarias del drea de Huetamo.

Las rocas plutonicas cenozoicas de La Verde tienen relaciones isot6pi-
cas mds radiogénicas que las muestras de Inguardn, El Malacate y La
Esmeralda. Esas diferencias pueden ser el resultado de la asimilacién de
diferentes rocas (complejo Arteaga o rocas sedimentarias) o de distintos
grados de contaminacion. Valores isotdpicos iniciales de Sr y Nd de los
granitoides cretdcicos de Manzanillo y Jilotldn grafican muy cerca de
las muestras igneas de Inguardn, El Malacate y La Esmeralda. Esta
similaridad puede indicar que esas rocas tienen una fuente comiin. La
composicion isotépica de las rocas plutonicas cenozoicas es consistente
con magmatismo relacionado a subduccion y sugiere la participacion
de material cortical por procesos de asimilacién durante el ascenso del
magma o de incorporacién de sedimentos subducidos, o ambos.

Palabras clave: isétopos radiogénicos; espectrémetro de masas de
ionizacién térmica; espectrometro de masas multicolector con plasma de
acoplamiento inductivo; terreno Guerrero; terreno Zihuatanejo; Meéxico.
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INTRODUCTION

More than 300 different tectonostratigraphic suspect terranes,
whose presence reflects accretion-collision tectonics, have been
recognized around the Circum-Pacific region (Howell et al., 1983;
Ben-Avraham, 1989). Their original paleogeography and origins are
still intensely disputed; they may have formed elsewhere and subse-
quently accreted due to plate tectonics processes (Howell and Jones,
1989). The North American Cordillera forms the northeastern part of
this circum-Pacific system of mountain chains, island arcs, trenches,
and faults (Coney, 1989). It consists of (1) unmoved cratonic North
American Precambrian basement and its late Precambrian to Jurassic
miogeoclinal cover, and (2) rock assemblages found in the suspect
terranes, whose lithotectonic assemblages record a very complex and
variable history (Coney et al., 1980).

The southern part of the Cordillera is located in Mexico and it
records a very complicated evolution: in this region, features typical
of Cordilleran tectonics are encountered, as well as elements of the
Paleozoic Appalachian-Ouachita orogen and features related to the
opening of the Gulf of Mexico in early Mesozoic time (Coney, 1989).
Based on petrologic, tectonic, and geochronological differences in the
Precambrian and Paleozoic basement, as well as on the petrologic and
tectonic nature of Mesozoic terranes bordering the old continental
nucleus, it has been suggested that southwestern Mexico consists of
five tectonostratigraphic terranes: Guerrero, Mixteca, Oaxaca (the
southernmost part of the larger Oaxaquia terrane), Judrez, and Xolapa
(Figure 1) (Campa and Coney, 1983).

The Guerrero composite terrane (Figure 1) represents the second
largest tectonostratigraphic unit of the Cordilleran collage of North
America, after Wrangellia (Centeno-Garcia et al., 1993a). Debate
continues over the paleogeographic evolution of this terrane and over
the nature, origin, and evolution of its crustal rocks. Some authors
(Lapierre et al., 1992; Tardy et al., 1994; Dickinson and Lawton, 2001)

favor the allochthonous models and argue that the Guerrero terrane
is an exotic intra-oceanic arc proceeding from the paleo-Pacific do-
main whose accretion to the Mexican mainland during the late Early
Cretaceous was triggered by the subduction and consumption of the
oceanic Mezcalera plate (Dickinson and Lawton, 2001). The Mezcalera
plate represented the basement of a large pre-Late Jurassic (Martini et
al., 2012) or pre-Late Cretaceous (Martini et al., 2011) oceanic basin,
named Arperos basin by Tardy et al. (1994). Talavera-Mendoza et al.
(2007) postulate that the Guerrero terrane is a Jurassic-Cretaceous
intra-oceanic multi-arc system developed in the paleo-Pacific domain
along distinct subduction boundaries bordering the Mexican craton. In
this scenario, the intra-oceanic arcs were separated from the continental
margin by small oceanic basins that closed as the oceanic lithosphere
was subducted, causing the accretion of the arcs to the mainland.
Talavera-Mendoza et al. (2007) suggested that the accretion occurred
during latest Cretaceous — early Paleogene, triggering the Laramide
deformation across the Mexican Pacific margin. Yet other scientists
(Lang et al., 1996; Cabral-Cano et al., 2000; Centeno-Garcia et al., 2008;
2011; Martini et al., 2009, 2011) favor the para-autochthonous models,
which suggest that the Guerrero terrane is a detached slice of the North
American leading edge, which drifted out into the paleo-Pacific realm
during the opening of the Late Jurassic — Early Cretaceous back-arc
Arperos basin. The detachment was triggered by a great amount of
extension (probably due to the rollback of the eastward subducting
Farallon plate) that resulted in trenchward arc migration during the
Late Cretaceous. Subsequently, the detached slice, more precisely the
Zihuatanejo terrane (see Figure 1), was re-accreted to the nuclear
Mexico between Santonian to Maastrichtian, during Laramide short-
ening (Centeno-Garcia et al., 2008).

In this study, we focus on the southern part of the Guerrero
composite terrane, located south of the Trans-Mexican Volcanic
Belt (TMVB), where the exposures of the Mesozoic arc assemblages
are widespread. We present new Pb, Sr and Nd isotope results for
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Figure 1. Schematic sketch of Mexico showing the Cenozoic volcanic cover (Sierra Madre Occidental, Sierra Madre del Sur, and the Trans-Mexican Volcanic Belt),
the main tectono-stratigraphic terranes, and the distribution of the five terranes that belong to the Guerrero composite terrane (after Centeno-Garcia et al., 2008).
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Isotopic characteristics of lithologies from the Guerrero composite terrane

Mesozoic-Cenozoic metamorphic and sedimentary rocks, and for
Cenozoic igneous rocks formed after accretion of the Guerrero ter-
rane to nuclear Mexico. We also incorporate previously published data
from south-east Mexico, North America and South America in order
to provide a clearer picture of the provenance of the sampled rocks
from the Guerrero terrane.

GEOLOGIC SETTING AND GEOCHEMICAL
CHARACTERISTICS OF THE DOMINANT LITHOLOGICAL
ASSEMBLAGES FROM THE TELOLOAPAN AND
ZIHUATANEJO TERRANES

The Guerrero composite terrane (Figure 1) is mostly exposed in
the Sierra Madre del Sur, south of the TMVB (which divides it into
two major parts), and makes up most of western Mexico (Campa and
Coney, 1983; Mendoza and Suastegui, 2000; Centeno-Garcia et al.,
2008). North of the volcanic belt, most Guerrero terrane assemblages
are covered by Cenozoic volcanic rocks of the Sierra Madre Occidental
and are exposed only along the Pacific coast and in the Guanajuato
and Zacatecas areas (Mendoza and Suastegui, 2000).

The Guerrero terrane consists of Late Jurassic (Tithonian)-Late
Cretaceous (Cenomanian) volcanic-sedimentary arc sequences, and
metamorphic complexes exposed in certain areas may represent their
basement rocks (Centeno-Garcia et al., 1993a). The eastern portion
of the Guerrero terrane was thrust over the Cretaceous platform car-
bonates or clastic sediments of the Mixteca terrane in Laramide time
(Figure 1) (Campa-Uranga and Ramirez-Espinosa, 1979; Campa and
Coney, 1983). The northeastern border is represented by continental
margin strata of the Oaxaquia, Central, and Parral terranes (Figure 1)
(Centeno-Garcia et al., 2008). Although the Guerrero terrane underlies
most of western Mexico, the Mesozoic submarine volcano-sedimentary
assemblages outcrop over less than five percent of its surface, being
represented by erosional windows within the Cenozoic volcanic and
sedimentary strata of the Sierra Madre Occidental, Sierra Madre del
Sur, and TMVB (Mortensen et al., 2008).

On the basis of differences in the dominant lithological assemblag-
es, geochemical and isotopic characteristics, and inferred depositional
ages, the Guerrero composite terrane has been subdivided into several
subterranes (Campa and Coney, 1983; Sedlock et al., 1993; Talavera-
Mendoza et al., 1995; Mendoza and Sudstegui, 2000; Centeno-Garcia,
2005; Centeno-Garcia et al., 2008). According to the latest subdivision
(Centeno-Garcia et al., 2008), they are represented by the Zihuatanejo,
Arcelia, and Teloloapan terranes, situated south of the Trans-Mexican
Volcanic Belt, and the Tahue and Guanajuato terranes, located north of
the volcanic axis (Figure 1). The northeastern part of the Zihuatanejo
terrane, previously called the Zacatecas subterrane (Mendoza and
Sudstegui, 2000), is also located north of the volcanic belt (Figure 1).
The Arcelia and Guanajuato terranes are distinctive by consisting of
deep-marine sedimentary rocks and basaltic lava flows with primitive
arc and OIB - MORB geochemical signatures (Centeno-Garcia et al.,
2011). Scattered outcrops of basaltic pillow lavas and volcaniclastic
turbidites exposed at Sierra de Guanajuato and Arcelia (Tardy et al.,
1994) have been interpreted as remnants of the Arperos basin and
should mark the suture boundary between the Guerrero terrane and
nuclear Mexico (Martini et al., 2011). The two terranes that are relevant
to the present study, the Teloloapan and the Zihuatanejo terranes, are
described in more detail below.

The Teloloapan terrane

The eastern Teloloapan Terrane (Figure 1) is a 100 km wide and
300 km long N-S trending belt that is thrust over either Lower to mid-
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dle Cretaceous carbonates or Upper Cretaceous clastic strata of the
Mixteca terrane in a Laramide low-angle thrust fault (Campa-Uranga
and Ramirez-Espinosa 1979; Campa and Coney, 1983). It consists of
shallow-marine (east) and deeper (west) volcanic and sedimentary
marine arc assemblages (Guerrero-Sudstegui et al., 1991; Talavera-
Mendoza et al., 1995; Mendoza and Sudstegui, 2000).

On the eastern side, the lithostratigraphic column (Figure 2) con-
sists of a more than 3000 m thick succession of Hauterivian-Aptian
lavas (basalts, 85 %; andesites, 10 %; dacites-rhyolites, 5 %) and pillow
breccias grouped into the Villa de Ayala Formation (Talavera-Mendoza
et al., 1995); this formation is capped by around 1500 m of Aptian
to Turonian sedimentary cover (reefal limestone and volcaniclastic
rocks; sandstone and shale) grouped into the Teloloapan and Pachivia
formations (Campa-Uranga and Ramirez-Espinosa 1979; Mendoza
and Sudstegui, 2000; Guerrero-Sudstegui, 2004; Centeno-Garcia et
al., 2008). On the western side, characterized by deeper assemblages,
the Villa de Ayala Formation is covered by Aptian-Cenomanian
sedimentary sequences (volcanic shale and sandstone; deep-marine
limestone; turbiditic sandstone-shale) of the Acapetlahuaya, Amatepec,
and Miahuatepec formations (Figure 2) (Campa-Uranga and Ramirez-
Espinosa, 1979; Talavera-Mendoza et al., 1995; Guerrero-Sudstegui,
2004; Centeno-Garcia et al., 2008).

The lavas (island arc calk-alkaline affinity) are enriched in LFSE
(low-field strength elements) and LREE (light rare-earth elements),
and show an important negative anomaly in Nb, Zr, and Ti typical of
subduction-related suites (Mendoza and Sudstegui, 2000). The ey
values of the Teloloapan terrane sequences (between +1.6 and +4.6)
are more primitive compared to those of the adjacent Mixteca terrane
and do not show influence of old continental crust in the magma
generation (Centeno-Garcia et al., 1993a; Mendoza and Sudstegui,
2000). Cabral-Cano et al. (2000) suggested that the arc volcanism of
the Mixteca and Teloloapan terranes are part of a single arc-backarc
system, with volcanism of the Mixteca terrane being related to the
backarc basin. However, Guerrero-Sudstegui (2004) interpreted these
two terranes as being part of different arcs, separated by the double-
dipping subduction of an oceanic basin.

According to Elias-Herrera and Sanchez-Zavala (1990/1992),
the Tejupilco metamorphic suite, exposed in the Tejupilco and Taxco
regions, may represent the basement of this terrane. Elias-Herrera
et al. (2000) obtained ages for this suite that vary from Late Triassic
(Carnian) to Late Jurassic (Oxfordian). The suite consists of more than
2000 m thick greenschist facies metamorphic rocks and a mylonitic
augen gneiss of granitic composition called the Tizapa metagranite
(Elias-Herrera et al., 2000). Available Nd (initial ey, of -3.5, and depleted
mantle Nd model ages of 1.27 Ga) and Sr (initial Sr/*Sr of 0.7078)
isotope data for the Tejupilco metamorphic suite suggest inherited
Precambrian zircon in this unit (Elias-Herrera et al., 2000).

The Zihuatanejo terrane

The western Zihuatanejo terrane (Figure 1), extending north of
the TMVB and along the Pacific coast of Mexico, is the most exten-
sively exposed Guerrero terrane, including a coastal belt, a basin at
Huetamo, and a belt in central Mexico at Zacatecas (Ramirez-Espinosa
et al., 1991; Talavera-Mendoza et al., 1993; Mendoza and Sudstegui,
2000; Centeno-Garcia et al., 2008). Its basement consists of Triassic
(Norian) quartz-rich turbidites (sandstone and shale) that form a
matrix within which there are blocks of pillow basalts, diabase, banded
gabbros, chert, and limestone (Campa et al., 1982; Centeno-Garcia et
al., 1993a, 1993b; Centeno-Garcia et al., 2008). These rocks have differ-
ent names at different outcrops: Zacatecas Formation (near Zacatecas
city), Arteaga Complex (around Arteaga city), Las Ollas Complex
(near Zihuatanejo city), and Rio Placeres Formation (near Huetamo)
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Figure 2. Chronostratigraphic columns of various regions from the Zihuatanejo and Teloloapan terranes (modified after Martini et al., 2010). References for the
Zihuatanejo region: Martini et al. (2010); for the Huetamo region: Guerrero-Sudastegui (1997), Pantoja-Alor and Gémez-Caballero (2003), Martini et al. (2009);
for the Teloloapan terrane: Campa and Ramirez (1979), Guerrero-Suastegui et al. (1991), Talavera- Mendoza et al. (1995), Guerrero-Sudstegui (2004), Centeno-

Garcia et al. (2008).

(Burckhardt and Scalia, 1906; Centeno-Garcia et al., 1993a; Centeno-
Garcia and Silva-Romo, 1997; Talavera-Mendoza, 2000; Pantoja-Alor
and Gémez-Caballero, 2003). Their metamorphism varies from none
to high-greenschist and amphibolite facies; blueschist facies rocks
have been found in the Las Ollas Complex (Talavera-Mendoza, 2000;
Centeno-Garcia et al., 2003). These rocks are interpreted to represent
an Upper Triassic(?) - Lower Jurassic subduction-related accretionary
complex (Centeno-Garcia et al., 2008). The pillow lavas of the Arteaga
Complex have ey, values higher than most MORBs (+13.1 and +13.2),
and ¥Sr/*Sr;, 0f 0.7047 and 0.7048 (Centeno-Garcia et al., 1993a); the
sediments of the same complex (exq) of -6.2 and -7.2, and ¥Sr/*Sr,
of 0.7163 and 0.7244), with a very distinctive sandstone composition
that can help separating it from younger succession, suggest that they
have been supplied from an evolved continental crust (Centeno-Garcia
et al., 1993a).

The Middle-Late Jurassic and Early Cretaceous arc successions
(Figure 2) range from Tithonian to Cenomanian in age and consist
of andesitic, basaltic, and rhyolitic volcanic and volcaniclastic rocks,
interbedded with limestone, evaporites, and red beds (Grajales and
Lopez, 1984). According to the latest subdivision (Martini et al., 2010),
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in the Zihuatanejo area this arc succession is grouped into the Playa
Hermosa assemblage, while earlier studies (Vidal-Serratos, 1984;
Mendoza and Sudstegui, 2000) grouped it into the Zihuatanejo volcano-
sedimentary sequence. The Playa Hermosa assemblage consists of the
Early Cretaceous Posquelite, Playa Hermosa, and Ixtapa formations
(Figure 2) (Martini et al., 2010). In the Huetamo area, the arc assem-
blage consists of the Angao, San Lucas, Comburindio, El Cajén, and Mal
Paso formations (Figure 2) (Pantoja-Alor, 1959; Guerrero-Suastegui,
1997; Pantoja-Alor and Gémez-Caballero, 2003), grouped into the
Huetamo Sequence by Mendoza and Sudstegui (2000).

The arc succession was deformed prior to the intrusion of large
granitoids of latest Cretaceous to Paleogene age (Schaaf et al., 1995).
Late Cretaceous continental to shallow marine rocks (La Unidn-
Zihuatanejo assemblage in the Zihuatanejo area and Cutzamala
Formation in the Huetamo area) (Figure 2) rest unconformably on
all previous units (Centeno-Garcia et al., 2008; Martini et al., 2010).
It has been suggested (Martini et al., 2010) that the Cretaceous layers
are not part of the tectono-stratigraphic Guerrero terrane but rather
represent an overlap succession that post-dates the possible accretion
of this terrane to nuclear Mexico. The Upper Cretaceous units are
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unconformably overlain by horizontally bedded Eocene volcanic and
volcaniclastic rocks and intruded by large igneous bodies (Figure 2)
(Martini et al., 2010).

The geochemical signatures of the Lower Cretaceous andesite and
dacite lava flows (island arc calc-alkaline affinity) of the Zihuatanejo
Formation (Mendoza and Sudstegui, 2000) are similar to those en-
countered in subduction-related tholeiitic and calc-alkaline magmatic
suites: important negative anomalies in Zr and Ti, enrichment in
LFSE and depletion in HFSE (high-field strength elements) relative
to N-MORB, and enrichment in LREE relative to HREE (heavy rare-
earth elements) (Mendoza and Sudstegui, 2000). Available Sr and Nd
isotopic data of two andesites (&5, = -2.6 and -8.7, and &yqq) = +8.1
and +8.3) are typical of intra-oceanic arc suites (Freydier et al., 1993).
The scarce Berriasian-Valanginian basaltic lavas (island arc tholeiite
affinity) of the Angao Formation in the Huetamo region (Guerrero-
Sudstegui, 1997) tend to show increasing LREE and LFSE enrichment
relative to N-MORB from the bottom of the sequence to the top; all
samples show negative anomalies in Zr and T, indicating provenance
from an island-arc source (Mendoza and Sudstegui, 2000). Overall, the
geochemical and isotopic characteristics of the Cretaceous volcanic
rocks suggest a transitional composition between oceanic island arcs
and active continental margins, and are more evolved than rocks of
the Teloloapan and Arcelia terranes (Freydier et al., 1997; Mendoza
and Sudstegui, 2000; Centeno-Garcia et al., 2008). The presence of
vertebrate fossils suggests proximity to the continent (Centeno-Garcia
et al., 2008).

Post-accretional characteristics

The tectonic evolution of the Guerrero composite terrane during
the Cenozoic is quite complex: from the early Paleogene and until
around 29 Ma the Farallon plate was subducted eastward beneath
southern Mexico; between 29 and 12.5 Ma subduction of the Guadalupe
plate, formed by fragmentation of the Farallon plate, occurred; since
approximately 12.5 Ma the Cocos and Rivera plates have been overrid-
den by the North America plate along the Middle America (Acapulco)
Trench (Schaaf et al., 1995; Moréan-Zenteno et al., 1999).

The subduction of the Farallon plate beneath the North America
plate created the NNW trending Sierra Madre Occidental (SMO)
province (Figure 1), which records three different volcanic episodes
(Moréan-Zenteno et al., 1999). The first one is the Laramide volcano-
plutonic succession of the Lower Volcanic Supergroup (McDowell
and Keizer, 1977) of Late Cretaceous to Paleogene age, made up of
calc-alkaline, granodioritic to granitic batholiths that intrude volcano-
sedimentary rocks (Moran-Zenteno et al., 1999; Valencia-Moreno
et al., 2001). In the southern area, the batholith belt was emplaced
into Mesozoic island-arc-related volcanic and sedimentary rocks of
the Guerrero terrane (Valencia-Moreno et al., 2001). The second
and third volcanic episode in the SMO province formed the Upper
Volcanic Supergroup (McDowell and Keizer, 1977) in early Oligocene
and early Miocene time; rocks from this supergroup consist of silicic
ignimbrites, rhyolitic domes, and basaltic to andesitic lavas (Moran-
Zenteno et al., 1999). The Cenozoic igneous rocks from La Verde,
Inguaran, El Malacate, and La Esmeralda analyzed in this study are
phases of the La Huacana granodiorite-quartz diorite pluton (Coochey
and Eckman, 1978), which is part of the Cordilleran arc-related
plutons and batholiths that extend from the Isthmus of Tehuantepec
to Sinaloa-Sonora.

The southernmost outcrops of volcanic rocks belonging to the
TMVB delineate the northern limit of the Cenozoic magmatic rocks of
the Sierra Madre del Sur (Figure 1), formed during subduction episodes
along the Pacific margin prior to, and partly contemporary with, the
margin truncation due to the displacement of the Chortis block (for lo-
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cation of this block, see Figure 6) (Schaafet al., 1995; Moran-Zenteno et
al.,2004). The displacement was responsible for the change from Sierra
Madre del Sur magmatism to an E-W trending mafic to intermediate
TMVB volcanism during the Miocene, around 16 m.y. ago (Schaaf et
al., 1995; Moran-Zenteno et al., 2007). The intrusive rocks consist of
a chain of calc-alkaline, dioritic to granitic batholiths commonly cut
by silicic and mafic dikes, and smaller intrusive bodies that outcrop
along the southwestern continental margin of Mexico (Moran-Zenteno
et al., 1999). The plutons from Sierra Madre del Sur intrude Mesozoic
units ranging from volcano-sedimentary arc sequences of the Guerrero
terrane to metagraywackes, quartz-amphibolites, quartz-feldspathic
gneisses, and marble lenses in the Xolapa terrane (Figure 1) (Ortega-
Gutiérrez, 1981; Schaafet al., 1995). The extrusive rocks are represented
by a series of volcanic fields consisting of subalkaline rhyolites to
basaltic andesites (Moran-Zenteno et al., 1999; Martiny et al., 2000).

SAMPLING AND METHODOLOGY

The samples for this study were collected in the summer of 1996
by A.W. Macfarlane, with the assistance of Cia. Minera Pefioles, S.A.,
from surface outcrops and mine workings. The location and brief
descriptions of the samples are shown in Figure 3 and included in
Appendix I, respectively. Rock samples (igneous, sedimentary, and
metamorphic) lacking visible signs of weathering and alteration were
selected for analysis, in order to minimize the effects of these late-
stage processes.

Procedures for Pb isotope measurements

Whole-rock samples were chemically processed in the class 100
radiogenic isotope clean laboratory at Florida International University
(FIU) in Miami. Approximately 500 mg of whole rock powder was
dissolved in 3 ml of a 3:2 Optima grade (Fisher Scientific) HF-HBr
mixture and allowed to sit overnight. Two ml of HBr were then added
to the dissolved samples and evaporated in laminar flow boxes with
0.3 um particle filter size (standard HEPA filter). The dried samples
were re-dissolved in 0.5N HBr and dried down three times to ensure
complete removal of HE. Four to 5 ml of 0.5N HBr was added to the
samples, ultrasonicated for around 5 minutes, and transferred to clean,
HNO:;-leached, centrifuge tubes. The samples were centrifuged for
about 15-20 minutes and the clear, liquid part of the samples (exclud-
ing the residue, if any, from the bottom part) was transferred to clean,
HNO:;-leached, centrifuge tube and diluted with 0.5N HBr to final
volume of 10 ml and centrifuged twice (opposite sides) for about 15
minutes. The Pb was separated and purified using cation exchange
columns and an HBr medium (Manhes et al., 1978). Lead blank levels
for water distilled at FIU, and for 0.5 N HBr and 0.5 N HNO; prepared
from Seastar reagents are uniformly better than 1.2 pg/g.

Lead isotope ratios were determined by thermal ionization mass
spectrometry on a VG-354 multicollector mass spectrometer, equipped
with five Faraday cups. An amount of solution corresponding to 1 pg of
Pb was loaded on outgassed rhenium (Re) single filaments with silica
gel and phosphoric acid. The isotopic composition was determined
by static multicollection and represents an average of 150 ratio meas-
urement. The data were corrected for instrumental fractionation by
comparison with replicate analyses of the National Bureau of Standards
SRM-981 lead standard. Measured average values of 43 analyses of
this standard are as follows: 2°Pb/>*Pb=16.9118; *’Pb/***Pb=15.4475
and **Pb/***Pb=36.5756. Normalization of these values against the
average values published for that standard by Todt et al. (1996)
(*Pb/***Pb=16.9356; *"Pb/***Pb=15.4891; ***Pb/***Pb=36.7006) yielded
a correction for fractionation factor of 0.8 permil/amu. Replicate analy-
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ses of standards and samples demonstrate the overall reproducibility
to be better than +0.05 percent/amu; analytical errors are thus smaller
than the symbols indicate.

Procedures for Sr and Nd isotope measurements

Whole-rock samples were processed in the Geochemistry
Laboratory at the National High Magnetic Field Laboratory in
Tallahassee, FL. Around 90 mg of sample powder was weighed in a
clean beaker and 5-7 ml HE:HCIO, (4:1) dissolution mix was added
to it (the above quantity is needed to ensure complete digestion of the
samples). The solution was covered and left overnight on the hot plate
at 125 °C. The next day the beaker was opened and the temperature
was slowly increased to around 220 °C to allow complete evaporation
of the perchloric acid. Approximately 3 ml 6 N HCI was added while
carefully washing down the beaker sides, and let evaporate to dryness
at 120 °C. This 6 N HCl step was repeated twice to ensure removal of
all perchloric acid. Then, 0.2 ml 2.5N HCI was added to the cooled
dry sample. After one hour the solution was centrifuged at 15,000 rpm
for around 2 minutes. The Sr and Nd separation chemistry followed
the procedure described by Hart and Brooks (1977) and Richard et al.
(1976), respectively.

Strontium isotope ratios were determined by thermal ionization
mass spectrometry on a Finnigan MAT 262 RPQ mass spectrometer,
equipped with seven Faraday cups. Strontium was loaded on outgassed
tungsten (W) single filaments. The data were acquired by static mul-
ticollection and represented averages of between 77 and 167 isotope
ratio measurements each (when the 2se on the average ratios reached
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0.000007, the data acquisition was halted). Filament temperature
ranged between 1400 °C and 1500 °C and the beam intensity of *Sr
varied between around 3.5 and 8 V. The ¥Sr/*Sr ratios were corrected
for mass fractionation using *Sr/*Sr = 0.1194. During the time period
of our data acquisition, the ¥Sr/*Sr for the Eimer and Amend (E&A)
standard was measured at 0.708002 (n = 5) which agrees with the long
term (years) average of the E&A standard (assumed “true” value of
0.70800). In most cases, the 2se of the ¥Sr/*Sr ratio for samples and
E&A standard was +0.000007.

The Nd isotopic compositions were determined using a Thermo
Finnigan NEPTUNE multi-collector inductively coupled plasma mass
spectrometer. One milliliter high purity 2 % HNO, was added to the dry
Nd-separate and 300 pl of the solution was placed in cleaned polypropyl-
ene vials just prior to the analysis. This solution was further diluted with
2 % nitric acid to obtain a beam intensity of *‘Nd between 10 and
15 V. The sample was introduced into the plasma by an APEX intro-
duction system (Elemental Scientific). The solution uptake rate by
the nebulizer is 63 pl/min. The reported ratios are the average of 60
measurements, four seconds long each. The 2se on the *Nd/"*Nd
ratio was £0.000003 or +0.000004. '*Nd/'**Nd were normalized for
instrumental mass fractionation using '**Nd/"**Nd = 0.7219. "*Nd/"*Nd
value for the La Jolla standard over the course of data collection was
0.511838 (n =27) which agrees with the long term average measured for
this standard. Nd isotope ratios are normalized to 0.511850, resulting
in a correction factor of +0.000012. Overall, the 2se on the standard
varied between +0.000004 and +0.000008 and the beam intensity of
44Nd ranged between 3.7 and 6.2 V.
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Figure 3. Locations where samples from the Guerrero terrane were collected, superimposed on the simplified geologic map of southwestern Mexico (geologic map

modified after Lang et al., 1996).
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Procedures for trace element concentration analysis

Uranium, Th, Pb, Rb, Sr, Sm, and Nd concentrations were deter-
mined for a selected group of whole-rock samples. The whole-rock
samples were chemically processed in the Department of Earth and
Environment at FIU and their trace elements concentrations were
determined at the Trace Evidence Analysis Facility at FIU, using a
quadrupole ELAN DRCII inductively coupled plasma mass spec-
trometer operated in standard mode (Perkin Elmer LAS, Shelton,
CT USA). Around 100 mg of sample powder was weighed in a 23 ml
Savillex beaker, and 4 ml 8N HNO; and 2 ml HF were added to it. The
solution was covered and heated to 150-200 °C for 8 hours after which
it was dried down. Eight ml 8N HNO,; was added to the dried sample
and the beaker was capped and heated to 150-200 °C for 8 hours. Ten
ml of double-distilled water was subsequently added. The mixture was
heated up for at least 20 min, transferred to clean 250 ml polypropylene
bottles, and diluted by 2000 times the original weight with double-
distilled water. The diluted solution was shaken for about 45 min on a
wrist-arm shaker. Ten ml of this solution was transferred to centrifuge
tubes and part of it was used for trace elements measurements. Rock
standards (BIR-1, DNC-1, W-2, BHVO-2, AGV-2, and QLO-1) were
processed the same way and measured along with the samples in order
to build calibration curves and constrain the accuracy and reproduc-
ibility of the measurements. The six standards were run three times
in the sequence: at the beginning, midway, and at the end, with each
measurement representing the average of three different readings. The
first batch was used to build the calibration curves, and the average
of the second and third ones (Appendix II) to constrain the accuracy
and reproducibility of the data. For building the Pb and U calibration
curves, all but the BHVO-2 standards were used. For building the Th
calibration curve, only W-2, AGV-2, and QLO-1 standards were used.
Replicate analyses of USGS standards for elements with available rec-
ommended values are all better than 2 % and have bias less than 7 %
(Appendix II). Four blanks were run after the first batch of standards.

RESULTS

Radiogenic isotope compositions of Mesozoic-Cenozoic
metamorphic and sedimentary rocks

Lead isotope ratios of five metamorphic rock samples collected
south of Arteaga, part of the Zihuatanejo terrane (Figure 3), were
measured. One of the samples, described as granoblastic schist
(96MR107; Appendix I), may be part of one of the Cenozoic SW-NE
shear zones that cut through the area; therefore, the age of the sample
can be as young as Late Cretaceous to early Cenozoic (Centeno-Garcia,
personal communication). The results are given in Table 1 and shown
in Figure 4. They have present-day Pb isotope values ranging between
18.854 and 18.995 for 2Pb/>**Pb, 15.628 and 15.699 for 2’Pb/**Pb, and
between 38.894 and 39.204 for **Pb/2**Pb. In conventional Pb isotope
plots, these values plot far to the right of the average Pb crust evolu-
tion curve of Stacey and Kramers (1975) and also to the right of the
orogene evolution curve of Zartman and Doe (1981) (Figure 4). On the
27Pb/2Pb vs. 2°Pb/*Pb diagram, they generally plot below but close
to the upper crust evolution curve of Zartman and Doe (1981) and are
located to the right of the orogene growth curve. Strontium and Nd
isotope compositions were determined for two out of the previous five
whole-rock metamorphic samples (Table 2), yielding ¥Sr/*Sr values
0f0.70838 and 0.72649, and *Nd/***Nd ratios of 0.51257 and 0.51213
(Table 2). They plot in the enriched quadrant of the Sr-Nd correlation
diagram (Figure 5).

Lead isotope ratios of thirteen sedimentary rocks from the
Zihuatanejo terrane and three samples from the Teloloapan terrane

RMCG | v. 31 | nim. 2 | www.rmcg.unam.mx

(Figure 3) were determined, the results being presented in Table 1 and
shown in Figure 4. Present-day Pb isotope values of five siltstones, mud-
stone, and shale collected from the Coastal belt area of the Zihuatanejo
terrane (Figure 3) range between 18.759 and 19.433 for **Pb/?**Pb,
15.585 and 15.648 for 2’Pb/***Pb, and 38.498 and 38.880 for 2**Pb/***Pb
(Table 1 and Figure 4). Six sedimentary rocks (sandstones, siltstones,
and shale) collected between Altamirano and Huetamo (Huetamo
region; Figure 3) have present-day **Pb/***Pb values between 18.626
and 18.994, 2"Pb/**Pb between 15.568 and 15.646, and 2**Pb/**Pb
between 38.369 and 38.598 (Table 1 and Figure 4). Two other samples
(siltstone and mudstone) collected near Huetamo show values of 18.626
and 18.763 for 2°Pb/**Pb, 15.588 and 15.629 for 2’Pb/***Pb, and 38.357
and 38.513 for 2%Pb/**Pb.

Rocks from these two areas (Coastal belt and Huetamo region) of
the Zihuatanejo terrane define two different clusters in conventional
isotopic plots (Figure 4). On the thorogenic diagram, rocks from the
Huetamo region plot between the orogene and upper crust reservoir
of Zartman and Doe (1981); samples from the Coastal belt area are
shifted to more radiogenic values, plotting between the 0 Ma and 400
Ma values of the upper crust reservoir of Zartman and Doe (1981).
On the uranogenic diagram, samples from the Huetamo region define
a field located along the orogene growth curve of Zartman and Doe
(1981) and the Coastal belt rocks plot to the right of the same evolution
curve (Figure 4). In both conventional isotopic plots, the Huetamo
samples define a field below and close to the 0 Ma value of the average
Pb crustal evolution curve of Stacey and Kramers (1975), whereas the
Coastal belt samples plot far to the right of the same evolution curve
(Figure 4).

Three meta-sedimentary samples from the Teloloapan terrane
(sandstone and siltstone), collected south of Teloloapan (Figure 3), have
present-day Pb isotope ratios ranging between 19.028 and 19.252 for
206ph/204Ph, 15.649 and 15.652 for 27Pb/>**Pb, and between 38.768 and
39.086 for *Pb/>*Pb (Figure 4). On conventional Pb isotope diagrams,
they plot close to the rocks from the Coastal belt area of the Zihuatanejo
terrane (Figure 4), suggesting similar Pb sources.

Strontium and Nd isotope compositions were determined for five
out of the previous sixteen whole-rock sedimentary samples. Two silt-
stones from the Coastal belt (96MR067 and 96MR069) have ¥Sr/%Sr
ratios of 0.70885 and 0.70936, and *Nd/'*Nd value of 0.51275 (Table
2 and Figure 5), plotting in quadrant I of the Sr-Nd isotopic correla-
tion diagram. One siltstone sample collected between Altamirano and
Huetamo (96MR117) has ¥Sr/%Sr value of 0.70530 and *Nd/'*Nd of
0.51281 (Table 2), plotting above the °cyyr(Nd) and to the right of the
€%r(Sr) (Figure 5). One mudstone sample (96MR127) from Huetamo
yields isotopic ratios of 0.70758 for ¥"Sr/**Sr and 0.51257 for "*Nd/"Nd.
In contrast to the siltstone sample, the Nd isotope ratio of the mudstone
falls below that of Bulk Earth and plots in the enriched quadrant of the
Sr-Nd isotope correlation diagram, implying that it might have been
derived from more evolved crustal rocks (Figure 5).

Radiogenic isotope analyses of the Cenozoic igneous rocks

The Pb isotopic data for whole-rock igneous samples from La
Verde (Figure 3 and Table 1) are from Potra and Macfarlane (2014).
Additional samples from Inguaran, El Malacate, and La Esmeralda have
been analyzed. They are shown in Table 1 and represented in Figure 4.
Most of the samples are granodiorite, granite, diorite, and monzonite
collected from porphyry copper deposits located in the central part of
the Zihuatanejo terrane. A study by Barton et al. (1995) (and references
therein) on porphyry copper and other intrusion-related mineralization
in Mexico constrained the age of the intrusions from Inguaran and La
Verde to around 35 Ma; therefore, when calculating the initial Sr and
Nd isotopic ratios of the igneous samples, a 35 Ma was used (Table 3).
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Table 1. Present-day Pb isotope compositions of analyzed samples and U, Th and Pb concentrations for a selected group of rocks from the Guerrero terrane.

Sample Rock type 205pb/*Pb error  *’Pb/***Pb error 28ph/2%“Ph error U (ppm) Th (ppm) Pb (ppm)
(20) (20) (20)
Metamorphic rocks
Zihuatanejo  96MR101  schist 18.854  0.019 15.646  0.023 38.894  0.078  0.89+0.02 6.120.1 7.340.1
terrane 96MR102  schist 18977  0.019 15.628  0.023 38.924  0.078 N.D. N.D. N.D.
96MR103  schist 18953 0.019 15.670  0.024 39.063  0.078 N.D. N.D. N.D.
96MR105  schist 18.995  0.019 15679  0.024 39.190  0.078  1.78+0.04 11402 5.7+0.1
96MR107  schist 18.958  0.019 15699  0.024 39.204  0.078 N.D. N.D. N.D.
Sedimentary rocks
Zihuatanejo  96MR055  shale 19.047  0.019 15.648  0.023 38.535  0.077 N.D. N.D. N.D.
terrane - 96MR057  mudstone 19433 0.019 15.640  0.023 38.880  0.078 N.D. N.D. N.D.
Coastal belt  9gMR067  siltstone 18997  0.019 15.606  0.023 38783 0.078  1.34+0.03  3.72+0.07  2.66+0.05
96MR068 siltstone 18759  0.019 15585  0.023 38.498  0.077 N.D. N.D. N.D.
96MR069 siltstone 19.049  0.019 15.627  0.023 38.837 0078  1.60£0.03  4.24+0.08  3.11+0.06
Zihuatanejo  96MR114  shale 18.994  0.019 15.633  0.023 38.598  0.077 N.D. N.D. N.D.
terrane - 96MR116 siltstone 18.645  0.019 15.646  0.023 38.575  0.077 N.D. N.D. N.D.
Huetamo 96MR117 siltstone 18.626  0.019 15568  0.023 38369 0077  1.21%0.02  3.12£0.06  4.77+0.09
region 96MR118 siltstone 18792 0.019 15.637  0.023 38.550  0.077 N.D. N.D. N.D.
96MR119  sandstone 18.692  0.019 15.608  0.023 38392 0.077 N.D. N.D. N.D.
96MR121  sandstone 18701  0.019 15587  0.023 38470  0.077 N.D. N.D. N.D.
96MR127  mudstone 18.763  0.019 15629  0.023 38513 0.077  1.32£0.03  2.75%0.05 5.7+0.1
96MR128 siltstone 18.626  0.019 15.588  0.023 38357  0.077 N.D. N.D. N.D.
Teloloapan ~ 96MR129  (meta)siltstone 19252 0.019 15651  0.023 39.086  0.078 5.8+0.1 18.3+0.4 8.240.2
terrane 96MR131 (meta)sandstone 19.029  0.019 15652  0.023 38.795  0.078 N.D. N.D. N.D.
96MR133  (meta)siltstone 19.028  0.019 15.649  0.023 38.768  0.078 N.D. N.D. N.D.
Cenozoic igneous rocks
96MRO71*  granodiorite 18964  0.019 15.600  0.023 38.892  0.078 N.D. N.D. N.D.
96MRO76*  diorite 18.986  0.019 15570  0.023 38.699  0.077 N.D. N.D. N.D.
96MR078*  granodiorite 18.840  0.019 15.603  0.023 38.760  0.078 N.D. N.D. N.D.
96MR079*  granodiorite 19.029  0.019 15.634  0.023 38.971  0.078 N.D. N.D. N.D.
96MR083*  granodiorite 18701  0.019 15618  0.023 38562 0.077 N.D. N.D. N.D.
96MR088*  granite 18.879  0.019 15659  0.023 38.862  0.078 6.3%0.1 25.7+0.5 20.6+0.4
96MR095  granodiorite 18.835  0.019 15.626  0.023 38742  0.077  4.23+0.08 17.540.3 8.50.2
96MR096  granodiorite 18761  0.019 15.625  0.023 38.651  0.077  3.36+0.07 12+0.2 11.740.2
96MRO96R** granodiorite 18761  0.019 15.625  0.023 38.651  0.077  3.11+0.06 11.340.2 12.540.2
96MR099  granodiorite 18772 0.019 15544  0.023 38461  0.077 6.240.1 22.2+0.4 11.6+0.2
96MRO9IR*** granodiorite 18.766  0.019 15533 0.023 38.440  0.077 6.220.1 22.240.4 11.640.2

N.D. = not determined; * Data from Potra and Macfarlane (2014); ** Replicate analysis (measured only for U,Th, and Pb concentrations); *** Replicate analysis

(measured only for Pb isotope ratios).

Six granodiorite, granite, and diorite samples from La Verde have
present-day 2Pb/>**Pb values between 18.701 and 19.029,*7Pb/***Pb
between 15.570 and 15.659, and 2°Pb/?**Pb between 38.562 and
38.971 (Table 1 and Figure 4). A granodiorite collected from Inguaran
(96MRO095) shows isotopic ratios of 18.835 for ***Pb/**Pb, 15.626 for
27Pb/**Pb, and 38.742 for **Pb/***Pb. Two granodiorite samples from
the small porphyry copper mine called El Malacate (96MR96) and
from La Esmeralda (96MR99) display values of 18.761 and 18.772 for
206ph/204Pb, 15.625 and 15.544 for 27Pb/>**Pb, and 38.651 and 38.461 for
2%8Pb/**Pb. The Pb isotope range of the igneous rocks resembles that of
the orogene reservoir in the plumbotectonics model of Zartman and
Doe (1981), although a few samples from La Verde are shifted to more
radiogenic values (Figure 4). On both conventional isotopic diagrams,
the samples plot to the right of the average Pb crust evolution curve of
Stacey and Kramers (1975).

Strontium and neodymium isotope compositions were determined
for four out of the previous nine whole-rock igneous samples (Table
2 and Figure 5). One Cenozoic granite sample collected from the La
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Verde (96MR088) quarry yields *’Sr/*Sr of 0.70878 and **Nd/'*'Nd of
0.51264. One massive granodiorite from Inguaran has isotopic ratios of
0.70491 for Sr/*Sr and 0.51277 for '*Nd/"**Nd. Two Cenozoic grano-
diorite samples from the El Malacate mine and from La Esmeralda dis-
play values of 0.70491 and 0.70576 for Sr/*Sr, and both have 0.51277
for "“Nd/"Nd. The narrow ranges and generally low ¥Sr/*Sr ratios,
and "*Nd/"**Nd values above that of Bulk Earth, of the igneous rocks
from Inguaran, El Malacate, and La Esmeralda suggest a relatively low
degree of crustal contamination. In contrast, the isotopic values for
the La Verde site may indicate more crustal contamination or a more
evolved crustal component (Figure 5).

DISCUSSION
Isotopic characteristics of metamorphic and sedimentary rocks

Present-day Pb isotope ratios of metamorphic rocks collected
south of Arteaga (Figure 6 - location 5) resemble those of metamorphic
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xenoliths (represented by phyllite, schist, and gneiss) from continental
crust beneath Nevado de Toluca volcano (Martinez-Serrano et al.,
2004; Figure 6 - location 4, and Figure 7); this may indicate a possible
connection of the basement in these areas. They are also similar to
the Pb isotopic compositions of rocks (mainly schist) of the Paleozoic
Acatlan Complex (Martiny et al., 1997), which is the basement of the
Mixteca terrane (Figure 6 - location 6, and Figure 7). Metamorphic
basement rocks from the northern Peruvian Olmos and Marafién
Complexes (155 Ma and 435 Ma, respectively) (Figure 6 - locations 12
and 13), represented mainly by schist, have Pb isotope compositions
(Macfarlane and Petersen, 1990) similar to metamorphic basement
from the Mixteca (Martiny et al., 1997) (Figure 7). Considering that
these blocks have similar isotopic ages, it is possible that they had been
related spatially and shared a common history prior to ending up in
their current location.

Overall, present-day Pb isotope compositions of the analyzed
metamorphic rocks are substantially more radiogenic than published
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data (Martiny et al., 2000) on high-grade metamorphic rocks
(metagabbro and charnockite) from the Grenvillian-age Oaxaca terrane
(Figure 7). On conventional Pb isotope diagrams, the samples from the
Oaxaca Complex plot in a narrow range below the average Pb crust
evolution curve of Stacey and Kramers (1975), close to the 1000 Ma field
of the growth curve, whereas samples from both metamorphic suites
in the Guerrero terrane plot to the right of the curve, falling in a more
scattered area (Figure 7). The nonradiogenic Pb isotope compositions
of the granulites from the Mesoproterozoic Oaxaca Complex (Figure
6 - location 7), the oldest known metamorphic belt in southern Mexico
(900 - 1100 Ma; Ortega-Gutierrez et al., 1977), is related to the loss of
U during the Grenville orogeny.

Present-day Pb isotope compositions of whole rocks from the
Grenville-age Oaxaca Complex are within the field of Grenville-age
rocks in the Santa Marta Massif in northernmost Colombia (Figure
6 - location 9, and Figure 7). Samples from the Mesoproterozoic
Guichicovi Complex, exposed at the boundary between the Maya
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Table 2. Present-day Sr and Nd isotope compositions and Rb, Sr, Sm, and Nd concentrations for a selected group of rocks from the Guerrero terrane.

Sample Rock type 8Sr/%Sr 2se "3Nd/"*“Nd 2se Rb (ppm) Sr (ppm) Sm (ppm) Nd (ppm) ¥Rb/*Sr *Sm/'*Nd
Metamorphic rocks
Zihuatanejo terrane
96MR101 schist 0.70838  7.00E-06 0.51257 2.76E-06 51+1 83+2 4.08+0.08 18.5+0.4 1.791 0.132
96MR105 schist 0.72649  7.00E-06 0.51213 2.72E-06 104+2 59+1 6.5+0.1 33.7+0.7 5.142 0.116
Sedimentary rocks
Zihuatanejo terrane — Coastal belt
96MR067 siltstone 0.70885  7.00E-06 0.51275 3.83E-06 68+1 98+2 3.75+£0.07 16.7+0.3 2.008 0.135
96MRO069 siltstone 0.70936  7.00E-06 0.51275 2.88E-06 77+2 89+2 3.78+£0.07 16.1+0.3 2.518 0.141
Zihuatanejo terrane - Huetamo region
96MR117 siltstone 0.70530  7.00E-06 0.51281 3.31E-06 11.1+0.2 349+7  2.89+0.06 14.1+0.3 0.092 0.123
96MR127 mudstone 0.70758  1.00E-05 0.51257 3.14E-06 64+1 189+4  2.57+0.05 11.9+0.2 0.975 0.130
Teloloapan terrane
96MR129 (meta)siltstone 0.72295  7.00E-06 0.51268 2.87E-06 209+4 53+1 5.2+0.1 23.4+0.5 11.315 0.133
Cenozoic igneous rocks
96MRO088 granite 0.70878  7.00E-06 0.51264 2.68E-06 321+6 14613 5.6%0.1 27.3+0.5 6.363 0.124
96MRO095 granodiorite 0.70486  7.00E-06 0.51277 3.58E-06 104+2 195+4 5.1£0.1 23.6+0.5 1.539 0.129
96MR096 granodiorite 0.70491  7.00E-06 0.51277 3.75E-06 149+3 249+5  4.52+0.09 20.8+0.4 1.705 0.130
96MRO96R* granodiorite 0.70491  7.00E-06 0.51277 3.75E-06 145+3 2505  4.54+0.09 21.1+0.4 1.705 0.130
96MR099 granodiorite 0.70576  7.00E-06 0.51277 2.51E-06 206+4 162+3 8.2+0.2 37.4+0.7 3.673 0.132

* Replicate analysis (measured for Rb, Sr, Sm, and Nd concentrations).

and the Judrez terranes (Figure 6 - location 8), have highly hetero-
geneous Pb isotopic values (Ruiz et al., 1999) and define a field lying
along the average Pb crustal growth curve and close to the field, also
quite heterogeneous, defined by samples from the Garzén Massif, the
southernmost Colombian Grenville-age massif (Figure 6 - location 11,
and Figure 7). This led Ruiz et al. (1999) to consider that these now
widely- separated basement blocks shared a common history in the
late Proterozoic: the Oaxaca Complex with the Santa Marta Massif,
and the Guichicovi Complex with the Garzén Massif. It has been sug-
gested (Yaiez et al., 1991; Restrepo-Pace et al., 1997; Ruiz et al., 1999)
that they were part of Gondwana during the early Paleozoic, and that
the Oaxaca and Guichicovi complexes were transferred from that part
of northwestern Gondwana presently occupied by Colombia to the
southern end of Laurentia during Paleozoic orogenies related to the
opening and closing of the proto-Atlantic Ocean.

Overall, it appears that common occurrences of higher ***Pb/***Pb
and *Pb/***Pb are present on the western side of Mexico (Nevado
de Toluca xenoliths, and exposures in the Acatlin Complex from
the Mixteca terrane, and metamorphic rocks south of Arteaga) and
northern Peru (with exposures of the Olmos and Marafién complexes),
whereas areas of lower **Pb/***Pb and *"Pb/***Pb are located on the
southeastern part of Mexico (with exposures of the Oaxaca and
Guichicovi complexes) and Colombia (Santa Marta and Garzén mas-
sifs). The radiogenic Pb in rocks from the Mixteca terrane, Guerrero
terrane, and the north Peruvian complexes, reflecting a history of
elevated U/Pb relative to bulk earth models, reveal a different history
from that of the ancient Oaxaca terrane, Guichicovi Complex, and the
Colombian massifs, which reflect variable depletion of U relative to Pb.

Two schist samples collected south of Arteaga plot within the
enriched quadrant of the Sr-Nd isotopic correlation diagram and
show variable ratios (Figure 5), implying a larger interaction of the
source rocks with the crust. One of the samples plots close to the
field defined by rocks (sandstone and shale) of the Arteaga Complex
(Centeno-Garcia et al., 1993a), suggesting a common source (Figure 5).
The field defined by these two schist samples also resembles the field
defined by xenoliths found in the Lower Toluca pumice of Nevado de
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Toluca volcano (Martinez-Serrano et al., 2004) (Figure 5). The similar
Pb, Sr, and Nd isotopic ratios of metamorphic rocks collected south
of Arteaga and Nevado de Toluca xenoliths suggest that they had
been derived from a similar evolved continental source. Neodymium
isotope results of Pepechuca high-grade gneiss xenoliths found in a
Cenozoic volcanic field (La Goleta), around 50 km SW of Nevado de
Toluca, indicate continental affinity (exq = -6.7 and -7.3 and Tpy of
1.54 and 1.79 Ga; Elias-Herrera et al., 1996) and are similar to values
of Grenvillian rocks in Mexico. The basement rocks (phyllite, schist,
and gneiss) under Nevado de Toluca have similar Tpy, between 1 and
1.8 Ga (Martinez-Serrano et al., 2004). These results and the similar Pb
isotope ratios of the Toluca metamorphic rocks to those of the rocks
collected south of Arteaga (Figure 4) suggest that the old component
in the latter rocks may have been derived from the Grenville belt
that extends from central Chihuahua to Oaxaca. Grenville-age rocks
outcrop widely along the entire Appalachian Provice (King, 1959) and
continue south into Mexico (Ortega-Gutierrez, 1981), but the cratonic
rocks of Sonora, northern Chihuahua, and western United States are
not suitable as primary sources for the sediments because they have
much older Tpy, (1.7-2.3 Ga) (DePaolo, 1981; Ruiz et al., 1988a; Nelson
and Bentz, 1990; Centeno-Garcia and Silva-Romo, 1997). These results
indicate the existence of an old (pre-Mesozoic) continental crust under
the south-western part of Mexico, which was covered by Mesozoic arc
sequences of the Guerrero terrane. It has been suggested (Centeno-
Garcia et al., 2011) that the basement of the Zihuatanejo terrane has
abundant Grenville, Pan-African, and Permian zircon populations,
considered to have a Gondwanan / eastern Mexican signature, and
therefore the Guerrero terrane is not exotic to mainland Mexico.
Isotopic dating of garnets (Sm-Nd) and hornblende (K-Ar) from
four Grenvillian exposures in eastern and southern Mexico (Los Filtros
metagranites and amphibolites, Novillo Gneiss, Huiznopala Gneiss,
and Oaxaca Complex; Figure 6 - locations 1, 2, 3, and 7) yield meta-
morphic cooling ages between 0.9 and 1 Ga (Patchett and Ruiz, 1987;
Ruiz et al., 1988a; Ruiz et al., 1988b). These imply a cooling history
following Grenville metamorphism (1.05 - 1 Ga). Tpy for the same
exposures vary between 1.37 and 1.6 Ga, which led Patchett and Ruiz

RMCG | v. 31 | nim. 2 | www.rmcg.unam.mx



Isotopic characteristics of lithologies from the Guerrero composite terrane

0.5132
Metamorphic rocks
@ South Arteaga - Zihuatanejo terrane
Sedimentary rocks
A Coastal Belt area - Zihuatanejo terrane
A Huetamo area - Zihuatanejo terrane
Island-arc volcanics A South Teloloapan - Teloloapan terrane
lg rocks - Zih 2jo terrane
0.5128 - @ La Verde
m @ Inguaran
ko] O El Malacate
; ‘ @ La Esmeralda A Bulk Earth
= 1) o
g \ \ l I0DP-DSDP487-488 sediments Crustal contamination
g <4V
\
Mantle Array \ - = ~
0.5124 1 . / ~
| N Arteaga Complex
£ /‘ -
©
w
i; Nevado de Toluca basement
o
1y 1v
0.5120 T T T
0.7000 0.7075 0.7150 0.7225 0.7300
87 86
Sr/*Sr

Figure 5. Strontium and Nd isotopic compositions of metamorphic, sedimentary, and igneous rocks from the Guerrero terrane analyzed for the present study. Data
for building the IODP-DSDP 487-488 sediments field are from Verma (2000), for the Nevado de Toluca basement field from Martinez-Serrano et al. (2004), and

for the Arteaga Complex field from Centeno-Garcia et al. (1993a).

(1987) to conclude that these basement rocks originated from crustal
protoliths that had been separated from the mantle roughly 0.5 Ga
before the Grenville orogeny. The same authors suggested that the
Mexican Precambrian outcrops represent mixtures between recycled
Proterozoic crustal material and around 80 % of new material derived
from the mantle during 1.1-1 Ga, as a result of tectonic and magmatic
processes during the Grenville orogeny.

According to Centeno-Garcia et al. (2011) and references therein,
the stratigraphic section in the north-central part of the Huetamo area,
part of an inland belt of the Zihuatanejo terrane, where two of our
samples were collected (Appendix I, samples near Huetamo), is up to
4600 m thick and ranges in age from Kimmerdgian to Cenomanian.
The upper part of the sequence is represented by 1000 m of shallow-
marine clastic and calcareous rocks of the Mal Paso Formation, of
Albian - Cenomanian age (Pantoja-Alor, 1959; Martini et al., 2009).
The section in the southern Huetamo, the region where six of our sam-
ples were collected (Appendix I, samples collected between Altamirano
and Huetamo), is only about 800 m thick and contains the Mal Paso
Formation that ranges in age from early Albian (clastic lower member)
to early Cenomanian (calcareous member); this formation unconform-
ably overlies the basement rocks represented by the Triassic Arteaga
Complex (Centeno-Garcia et al., 2011). In the Colima area, part of the
Coastal belt of the Zihuatanejo terrane, where three of our sedimentary
rocks were collected (Appendix I, samples collected south of Colima),
non-marine rocks of the Cerro de la Vieja Formation (Santonian -
Maastrichtian) form a more than 500 m thick section of sandstone,
conglomerate, and siltstone, with silicic lava flows in the middle part
of the section (Centeno-Garcia et al., 2011). This formation may be
part of a compressional arc assemblage that developed atop three
older assemblages: (1) a Triassic — early Jurassic accretionary complex
(Arteaga complex), (2) a Jurassic — earliest Cretaceous extensional arc
assemblage, and (3) an early Cretaceous extensional arc assemblage
(Centeno-Garcia et al., 2011).

The sedimentary rocks from the Zihuatanejo terrane sampled in
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the study area define two different clusters on conventional present-
day Pb isotope diagrams, with samples from the Huetamo area being
less radiogenic than samples from the Coastal belt area (Figure 4).
Samples from the Huetamo area plot close to the radiogenic end of the
MORB-East Pacific Rise (EPR) field (White et al., 1987) and are very
similar to the published data for the sediments from the IODP-DSDP
Leg 66 Sites 487 and 488, Cocos Plate (Verma, 2000) and for the Pacific
Ocean sediments (Hemming and McLennan, 2001) (Figure 4). The
samples from this sequence plot close to the 0 Ma field of the Stacey
and Kramers (1975) Pb growth curve and define a narrow field just
below this reference line; overall, they are fairly typical of the orogene
reservoir of Zartman and Doe (1981).

In the Teloloapan area, the approximately 3000 m thick succes-
sion of volcanic succession (Hauterivian-Aptian) is capped by around
1500 m of Albian - early Cenomanian sedimentary cover represented
by greywacke and tuffaceous shale, reefal and bioclastic limestones, and
flysch-like sandstone and shale (Campa-Uranga and Ramirez-Espinosa
1979; Guerrero et al., 1990; Mendoza and Sudastegui, 2000). Samples
from this area have similar Pb isotope ratios, and on the Sr-Nd isotopic
correlation diagram they plot within the same quadrant, as samples
collected along the Coastal belt area of the Zihuatanejo terrane (Figure
5), suggesting similar sources. Pb, Sr, and Nd isotopic ratios suggest

Table 3. Time-integrated* Sr and Nd isotope ratios for the analyzed cenozoic
igneous rocks from the Guerrero terrane.

Sample 8Sr/*Sr SNd/'"**Nd
96MR088 0.705621 0.512612
96MR095 0.704095 0.512743
96MR096 0.704062 0.512735
96MR099 0.703929 0.512741

* Initial Sr and Nd ratios were recalculated with ages of 35 Ma for the igneous
rocks (see text for discussion).
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Figure 6. Structural schematic map of the North and South American Cordilleras showing the locations of basement exposures (and in parentheses their isotopic
ages) discussed in this study (1 through 13). GT = Guerrero terrane; MT = Mixteca terrane; OT = Oaxaca terrane; JT = Judrez terrane; 1 = Los Filtros; 2 = Novillo
Gneiss; 3 = Huiznopala Gneiss; 4 = Nevado de Toluca; 5 = Arteaga Complex; 6 = Acatlan Complex; 7 = Oaxaca Complex; 8 = Guichicovi Complex; 9 = Santa Marta
Massif; 10 = Santander Massif; 11 = Garzén Massif; 12 = Olmos Complex; 13 = Marainén Complex (modified after Tardy et al., 1994 and Sundblad et al., 1991).
References for isotopic ages and the minerals/rocks used (where information is available): 1: Mauger et al., 1983 (hornblende); 2, 3, and 7: Patchett and Ruiz, 1987
(garnet); 5: Grajales and Lopez, 1984 (metapelites); 6: Yafez et al., 1991 (garnet); 8: Ruiz et al., 1999 (zircon); 9 and 10: Restrepo-Pace et al., 1997; 11: Alvarez and

Cordani, 1980; 12 and 13: Macfarlane, 1999 (whole-rock).

the involvement of a more evolved component in the generation of
the sedimentary rocks from the Coastal belt and south of Teloloapan
areas compared to the ones from the Huetamo area. One possibility
would be involvement of the more radiogenic basement rocks of the
Arteaga Complex, maybe to a lower extent for the south Huetamo
rocks and to a larger extent for the south Colima and Purificacién
(Coastal belt area) rocks.

Isotopic characteristics of Cenozoic igneous rocks

Lead in plutonic rocks from the La Verde area is more radiogenic
than any other analyzed igneous rocks from the Guerrero terrane, plot-
ting along and to the right of the orogene reservoir of Zartman and Doe
(Figure 4). The isotopic compositions of Pb in the igneous rocks from
La Verde are compatible with derivation from ocean-floor basalts from
the Cocos plate that have been enriched with radiogenic Pb (Figure
4). Since the Pb isotopic composition is close to the field defined by
metamorphic xenoliths representing the basement under Nevado de
Toluca (Figure 4), and this may be correlated with the basement under
La Verde area, the radiogenic component may have been contributed
by the basement rocks. Sr and Nd isotopic results (Figure 5) correlate
well with the Pb isotopic results. On the Sr-Nd isotopic correlation
diagram, the igneous sample from La Verde suggests a certain degree
of evolved crustal contamination, which appears to be the basement
represented by the Arteaga complex (Figure 5).
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Subduction-related igneous rocks from Inguaran, La Esmeralda,
and El Malacate have Pb isotope compositions that overlap the isotopic
compositions of both, subduction sediments and sedimentary rocks
from the Huetamo area (Figure 4). Lead in subducted sediments
may be expelled in fluids as the downgoing slab is metamorphosed
and accumulate in the overlying mantle wedge (Barreiro, 1984). The
igneous rocks have homogeneous and generally low ¥Sr/*Sr ratios,
and *Nd/"“*Nd above that of bulk earth, similar to the values of
present-day intra-oceanic island arcs (Figure 5) and in agreement
with the Pb isotope data. These results suggest a relatively low degree
of evolved crustal contamination, but are consistent with involvement
of subducted sediment. Differences between rocks from La Verde and
Inguardn, El Malacate, and La Esmeralda could result from assimilation
of different rocks (Arteaga Complex or sedimentary rocks) or different
extents of contamination.

West of the study area, the late Cretacoeus granitoid complexes
from Puerto Vallarta (~80-100 Ma), Manzanillo, and Jilotlan (~65 Ma)
(Schaaf et al., 1995; Ducea et al., 2004; Moran-Zenteno et al., 2007)
(Figure 3) intruded Late Triassic to Early Cretaceous volcano-sedimen-
tary arc units of the Zihuatanejo Sequence, located on the southern
part of the Guerrero terrane (Freydier et al., 1997). The Puerto Vallarta
intrusives have lower eyq values and higher Sr/*Sr ratios compared to
the Manzanillo and Jilotlan complexes (Figure 8). These two different
trends are surprising, considering that the batholiths intruded rocks
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of the same Zihuatanejo-Huetamo subterrane. Freydier et al. (1997)
argued for the emplacement of the Puerto Vallarta batholith on an oce-
anic crust thickened by continent-derived sediments or a continental
lithosphere as an explanation for the more evolved isotopic signatures.
On the contrary, the positive ey, values and lower Sr/*Sr ratios in
the SE intrusions (Manzanillo and Jilotlan; Figure 8) suggest younger
basement rocks and less crustal contamination (Schaaf et al., 1990).
The isotopic values of the Manzanillo and Jilotlan complexes overlap
partly with the field defined by the arc-related rocks of the Guerrero

terrane and plot very close to the igneous samples from Inguaran, El
Malacate, and La Esmeralda (Figure 8; Table 3). This similarity may
indicate that they had a common source or that they were contami-
nated by assimilation of materials from the accreted arc volcanic and
volcaniclastic rocks of the Guerrero terrane. However, Solis-Pichardo
et al. (2008) argued for a mantle origin associated with Cordilleran
subduction processes for the SE continental arc intrusives to account
for their relatively primitive Sr and Nd isotopic ratios (Figure 8). Schaaf
et al. (1991) suggested a multicomponent and multistage magma evolu-
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Figure 8. Sr-Nd isotopic correlation diagram for Cenozoic igneous rocks collected from the Zihuatanejo terrane. The compositional fields for Cretaceous granitoids
along the Pacific coast (Schaaf et al., 1990; Schaaf et al., 1991), Guerrero terrane arc-related rocks (Centeno-Garcia et al., 1993a; Mendoza and Sudstegui, 2000),
basement from the southern part of the Guerrero terrane (Centeno-Garcia ef al., 1993a; Elias-Herrera et al., 2003), and Pacific MORBs are also shown.
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tion as an explanation for the heterogeneous ey, (between -7 and +3)
and less uniform Nd model ages (Tpy between 500 and 1400 Ma) of
the Puerto Vallarta intrusives. On the basis of the more homogeneous
isotopic signature and more uniform Nd model ages (Tpy between
250 and 500 Ma), the same authors argued for a single-stage magma
generation for the SE granitoids.

The overall nonradiogenic *Sr/*Sr ratios and '*Nd/'*Nd above
that of bulk earth of Jurassic-Cretaceous arc-related rocks from
Guerrero terrane (Mendoza and Sudstegui, 2000; Centeno-Garcia et al.,
1993a; Figure 8) are similar to the values of present-day intra-oceanic
island arcs (Figure 5). They have lower initial ¥Sr/**Sr and higher initial
3Nd/"*Nd than basement rocks (e.g., the Arteaga Complex; Figure 8),
suggesting that the basement rocks did not influence the magmatism
and were not involved in the production of the Jurassic-Cretaceous
arc assemblage (Centeno-Garcia et al., 1993a).

CONCLUSIONS

We conclude that Pb isotope compositions of the Mexican base-
ment rocks more closely resemble those of the northern part of South
America (Colombia and northern Peru) than exposures from North
America: the Oaxaca Complex (Mexico) is similar to the Santa Marta
Massif (Colombia), the Guichicovi Complex (Mexico) is similar to the
Garzén Massif (Colombia), and the Acatlan, Arteaga, and Tejupilco
Complexes (Mexico) are similar to the Olmos and Marandn Complexes
(northern Peru). Common occurrences of high °Pb/?**Pb are present
on the western side of Mexico (Nevado de Toluca xenoliths, and
exposures of the Arteaga Complex and Acatldan Complex) and north-
ern Peru (with exposures of the Olmos and Marafién complexes),
whereas areas of low °Pb/*'Pb are located on the southeastern part
of Mexico (with exposures of the Oaxaca and Guichicovi complexes)
and Colombia (Santa Marta and Garzén massifs). The radiogenic Pb
in rocks from the Mixteca terrane, Guerrero terrane, and the north
Peruvian complexes, reflecting a history of elevated U/Pb relative to
bulk earth models, reveal a different history from that of the ancient
Oaxaca terrane, Guichicovi Complex, and the Colombian massifs,
which reflect variable depletion of U relative to Pb.

The sedimentary rocks from the Zihuatanejo terrane, represented
by two isotopically-distinct sequences, seem to have originated from
different sources. Samples from the Huetamo area, the less radiogenic
ones, appear to be the result of mixing between oceanic basalts and

a small input of radiogenic material from the basement rocks rep-
resented by the Arteaga Complex. Rocks from the Coastal belt area
of the Zihuatanejo terrane have higher isotopic ratios, which can be
explained by input of material from a more radiogenic member or input
of a higher percentage of radiogenic component compared to rocks
from the Huetamo region. Sedimentary samples from the Teloloapan
terrane have similar Pb, Sr, and Nd isotopic compositions to samples
from the Coastal belt area of the Zihuatanejo terrane, suggesting
similar sources.

Overall, it is apparent that there was involvement of crustal material
at some stage in the evolution of the subduction-related Cenozoic igne-
ous rocks. This could be by assimilation during the rise of the magma,
or by incorporation of subducted sediments, or both. Assimilation of
crustal material during magma ascent is a possibility in the Guerrero
terrane, where the igneous rocks were emplaced through the Mesozoic
metamorphic basement. The slightly higher Pb and Sr isotope ratios of
the igneous rocks from La Verde may be the result of contamination
with older crustal components to a larger extent than the igneous rocks
from Inguardn, La Esmeralda, and El Malacate, or a greater extent of
assimilation. Current data indicate that igneous rocks from La Verde
may have assimilated a more evolved crustal component that any other
magmatic rock from southern Mexico.
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APPENDIX I
Location and description of analyzed samples

Sample Latitude (N) Longitude (W) Area Material
Metamorphic rocks
Zihuatanejo 96MR101 18°19.361' 102°17.111'  South of Arteaga Schist
terrane 96MR102 18°19.361' 102°17.111'  South of Arteaga Schist
96MR103 18°19.361' 102°17.111'  South of Arteaga Schist
96MR105 18°18.879' 102°17.142"  South of Arteaga Coarse-grained schist
96MR107 18°18.406' 102°16.995'  South of Arteaga Granoblastic schist
Sedimentary rocks
Zihuatanejo 96MR055 19°40.000' 104°04.000'  Northwest of Colima Calcareous shale
terrane ~ 96MRO057 19°40.000' 104°43.000'  Purificacién area Mudstone
Coastal belt— g6\1Ro67 19°03.570 103°39.124'  South of Colima Calcareous red siltstone
96MR068 19°03.570' 103°39.124'  South of Colima Calcareous white/green siltstone
96MR069 19°03.570' 103°39.124'  South of Colima Calcareous red siltstone
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APPENDIX I (cont.)
Location and description of analyzed samples

Sample Latitude (N) Longitude (W) Area Material
Sedimentary rocks (cont.)
Zihuatanejo 96MR114 18°28.594' 100°43.091'  Between Altamirano and Huetamo ~ Shale
ferrane - 96MRI116 18°34.133' 100°50.085'  Between Altamirano and Huetamo  Siltstone
Huetamo region  genipy17 18°34.133' 100°50.085'  Between Altamirano and Huetamo  Siltstone
96MR118 18°35.221' 100°56.717"  Between Altamirano and Huetamo Red siltstone
96MR119 18°35.221' 100°56.717'  Between Altamirano and Huetamo Coarse-grained, red sandstone
96MR121 18°32.412' 100°58.402'  Between Altamirano and Huetamo Coarse-grained, red sandstone
96MR127 18°40.511' 100°51.471'  Near Huetamo Mudstone
96MR128 18°40.332' 100°51.481'  Near Huetamo Siltstone
Teloloapan 96MR129 18°23.174' 100°14.722"  East of Arcelia (meta)-Siltstone
terrane 96MR131 18°23.754' 100°05.098'  South of Teloloapan (meta)-Sandstone
96MR133 18°22.547' 099°40.596'  Southeast of Teloloapan (meta)-Siltstone
Igneous rocks
Zihuatanejo 96MR071 19°05.098' 102°02.880'  La Verde - mine area; West Hill Potassically altered granodiorite
terrane 96MRO076 19°05.190' 102°02.748'  La Verde - mine area; East Hill Altered and silicified diorite
96MR078 19°04.904' 102°03.203'  La Verde - near the mine Much fresher granodiorite
96MR079 19°05.223' 102°02.044'  La Verde - mine area; East Hill Altered, silicified granodiorite
96MR083 19°05.038' 102°01.800'  La Verde - mine area Fresh-looking granodiorite
96MR088 19°09.460' 101°58.322'  La Verde - big quarry Fresh granite
96MR095 18°53.566' 101°38.600'  Inguardn Massive granodiorite
96MR096 18°54.003' 101°34.282'  El Malacate mine; altitude ~ 1300 m Fresh granodiorite
96MR099 18°53.502' 101°37.013'  La Esmeralda Slightly altered granodiorite
APPENDIX II
Detailed analyses of USGS reference materials
Element Avg. BIR-1 Avg.dev. (%) Recommended Bias Avg. DNC-1 Avg. dev. (%) Recommended Bias
U 0.039 2.795 N/A** - 0.081 2.020 N/A -
Th 0.021 8.777 N/A - 0.199 1.018 N/A -
Pb 3.467 0.280 N/A - 6.332 0.616 N/A -
Rb 0.974 4.725 N/A - 4.210 0.114 N/A -
Sr 102.388 1.171 110+2 -6.9 138.479 0.188 144+1.8 -3.8
Sm 1.033 0.133 N/A - 1.377 0.147 N/A -
Nd 2.518 0.965 2.5+0.7 0.7 5.109 0.675 5.2+0.56 -1.8
Element Avg. BHVO-2 Avg.dev. (%) Recommended Bias Avg. AGV-2 Avg. dev. (%) Recommended Bias
U 0.433 1.070 N/A - 1.883 1.284 1.88+0.16 0.2
Th 1.145 0.810 N/A - 5.991 0.686 6.1+0.6 -1.8
Pb 2.129 0.033 N/A - 12.947 0.653 13+1 -0.4
Rb 9.611 0.968 9.8+1 -1.9 67.260 0.707 68.6+2.3 -2
Sr 397.831 0.031 389+23 2.3 678.608 0.130 658+17 3.1
Sm 6.246 0.211 N/A - 5.807 0.251 N/A =
Nd 24.706 0.546 25+1.8 -1.2 31.321 0.851 30+2 4.4
Element Avg. W-2 Avg.dev. (%) Recommended Bias Avg. QLO-1 Avg. dev. (%) Recommended Bias
U 0.505 0.170 N/A - 1.872 0.520 1.9+0.12 -1.5
Th 2.240 0.329 2.4+0.1 -6.6 4.691 0.410 4.5+0.5 4.1
Pb 8.289 0.011 N/A - 19.871 0.351 20+0.8 -0.6
Rb 19.973 0.381 21+1.1 -4.9 71.570 0.157 74+3 -3.3
Sr 187.811 0.112 190+3 -1.2 345910 1.554 340+12 1.7
Sm 3.343 0.808 3.3+0.13 1.3 4.850 0.449 4.9+0.2 -1
Nd 13.272 0.270 13+1 2.1 23.954 0.181 N/A -

* Source of data: http://crustal.usgs.gov/geochemical_reference_standards/powdered_RM.html.
** N/A = no recommended data are available, only information values or no values.
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