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ABSTRACT 

The present study investigates the effects of basement variations on the geochemicaJ 

composition of the Laramide plutonic belt of northwestern Mexico, and implications for 

the development of the associated porphyry copper mineralization. In the north part, the 

belt intruded rocks of the North America and Caborca terranes representing cratonic 

basements juxtaposed by Mid-Jurassic strike-slip faulting. The central part of the belt 

was emplaced in the Cortes terrane which contains Paleozoic eugeoclinal sequences 

accreted to North America between Mid-Permian and Late Triassic times. The southern 

part of the belt intruded island arc-related sequences of the Guerrero terrane, accreted to 

North America during the Late Cretaceous. A suite of 30 samples of granitoids were 

studied to characterize the geochemical composition of the belt. The samples range from 

56% to 75% SIOt and have mid to high-K calcalkaline and mostly metaluminous 

compositions. REE results show more evolved chondrite-normalized plots in the north 

part of the belt, characterized by higher ZREE and Laxf/Yb\ ratios, and more pronounced 

negative Eu anomalies. Southward, the samples show a progressive flattening, eventually 

with almost no Eu anomalies in the Guerrero terrane. ^Sr/^^Sr initial ratios higher than 

0.7062 and initial £Nd below -4 characterize the granitoids from the north part of the belt. 

Slightly less evolved isotope signatures ocair in the central part, whereas ^Sr/^^Sr ratios 

below 0.7063 and more positive eNd values characterize the samples from the south. The 



data suggest a garnet-bearing source for the granitoids emplaced in the north and central 

parts of the belt, whereas much less garnet fractionation is needed in the southern part. 

The effect of different crustal domains on the porphyry copper mineralization is less 

obvious. Hypogene Cu grades do not vary much along the belt, but the associated metals 

such as Mo. W, and Au show a certain degree of spatial control. Higher Mo grades are 

associated with the North America and Caborca terranes. Tungsten deposits are not 

terrane-constrained, but the more conspicuous mineralization occurs in central Sonora. 

mainly associated to the Caborca terrane. Higher Au values seem to occur in porphyry-

copper and associated breccia deposits in the Guerrero terrane. In general, the associations 

CU-M0-WO3 in terranes of North America affinity, and Cu-Au in the Guerrero terrane 

suggest basement control. 



Chapter 1 

INTRODUCTION 

The plutonic rocks related to the Laramide orogenic event (80-40 Ma) occupy a 

large volume of the geologic exposures in northwestern Mexico, particularly in the states 

of Sonora and Sinaloa. The exposures form a broad and almost continuous NW-SE 

elongated belt that constitutes one of the greatest batholiths in the world. Despite their 

abundance, these rocks remain little studied. Only a few studies provide some degree of 

compositional geochemical information from relatively local areas. 

The granitic plutons through most of the Laramide belt are generally fresh and well 

exposed. They plutons were emplaced into contrasting basements of at least four major 

tectonostratigraphic terranes. The geologic nature of these terranes is generally well 

understood, although they are defined from scattered exposures of the basement rocks. 

The boundaries of the terranes, however, are largely inferred. 

This dissertation work is organized in two main parts, which correspond to the 

chapters two and three. Minor repetitions in some sections are needed because both 

chapters are intended to be published independently. Chapter Two represents the main 

scientific contribution of the present study and deals with the geochemical study of the 

Laramide granitoids of northwestem Mexico. Primarily, the data presented in this part 

offer a contribution to characterize the geochemical composition of the Laramide belt in 



IS  

this part of the countrv' Also, the geochemical data were employed to investigate the 

possible systematic variations in the composition of the granitic rocks derived from 

contamination from the different terrane basement materials. Chapter Three deals with a 

study of the extension of the associated porphyry copper province of southwestern 

North .America into northwestern Mexico. In this part, geological, geochemical. and 

geochronological data were integrated to investigate the possible effects of the basement 

variations in the distribution of metals in the porphyry copper and related ore deposits. 
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Chapter 2 

GEOCHE\nSTRY OF LARAMTOE GRANITOIDS IN NW MEXICO 

ABSTRACT 

The Laramide plutonic belt of northwestern Mexico extends NW-SE through basement 

assemblages of different terranes. In the north, the belt intrudes Precambrian and 

Paleozoic reeks of North .Ajnerican affinity, partly displaced southeast and known as the 

Caborca terrane. In the central part, the belt was emplaced in early to late Paleozoic deep 

water sequences of the Cortes terrane and Late Triassic sediments of the Barranca Group. 

In the south, the Laramide intrusives were emplaced into mid to late Mesozoic island arc-

related sequences of the Guerrero terrane. 

A suite of 30 samples of Laramide granitoids from northwestern Mexico was 

studied to evaluate the effect of major basement variations in the composition of these 

bodies. The smdied rocks range in composition from 56% to 75% SiOi and include 

quartz-diorite, tonalite, granodiorite, quartz-monzonite, and granite. The suite of rocks 

fits a typical calc-alkaiine trend, and can be classified as mid to high-K metaluminous to 

weakly peraluminous. Na20/K20 ratios increase southwards, perhaps indicating a lesser 

upper continental crust component in the magma. The northern part of the belt have 

higherZREE (92-499 ppm) and La^ATij^ratios (6.8-32.9), and generally largernegative 

Eu anomalies (mean Eu/Eu*=0.62). A progressive flattening of the chondrite-normalized 
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plots occurs southward. In the southern part of the belt, the samples are characterized by 

lower IREE (59-100 ppm) and Las/Ybs ratios (4 3-11.6), and less developed negative Eu 

anomalies (mean Eu/Eu*=0 83). '^'Sr/^^Sr initial ratios range from 0 7062 to 0 7103 in the 

north; from 0.7064 to 0.7079 in the central part of the belt; to 0,7036 to 0 7063 in the 

south. Initial eNd values are below -4 in plutons emplaced in the north, although the 

lowest values occur within a narrow region along the Caborca-Cortes terrane boundary 

South of this region, the £Nd values range between -3 6 and -3 9. and become more 

positive, between -12 and +3 .2 in the southern part of the belt. Geochemical and 

isotopic results suggests an old garnet-bearing source of derivation (perhaps a granulite) in 

the northern and central parts of the belt, whereas the data from the granitoids emplaced 

in the southern part suggest a younger gamet-free magma source (perhaps a basaltic 

crust). 



rNTRODLCTlON 

Northwestern Mexico has a geologic record that provides insights about the 

accretionary history of Mexico to the southern edge of the North American craton. 

However, the accreted basements can be studied only through relatively small windows 

left after numerous episodes of tectonic uplifting and erosion. The lack of exposures of 

the basement, coupled with structural complications, make attempts to reconstruct the 

geologic evolution of northwestern Mexico, a complex problem. 

Provided that plutonic magmas have interacted with the basement lithologies and 

retained some of their geochemical signatures the geochemistry of granitic rocks have been 

used to investigate the nature of unexposed basement (e.g., Kistler and Peterman, 1973, 

Chappell and White, 1974; DePaolo, 1981; DePaolo and Farmer, 1984). In this sense, 

granitic rocks may yield important information to characterize major crustal block 

variations. 

The belt of Laramide granitoids extends nearly perpendicular to the suggested 

position of several tectonic boundaries, which constrain three major allochtonous 

tectonostratigraphic terranes in northwestern Mexico. Because crustal assimilation 

normally occurs in the evolution of granitic magmas, these terranes would represent 

different sources of contamination. For this reason and because of the generally good 

preservation and exposures of the intrusive bodies, northwestern Mexico offers an 



excellent opponunity to investigate the effect of major basement variations, m the 

geochemical composition of granitic magmas. 

GEOLOGIC BACKGROUND 

Only part of northern Mexico evolved on basements that are authochtonous to 

North America, and about 80% of the Mexican territory is thought to be underlain by 

accreted terranes (Campa and Coney, 1983). At least three major pre-Laramide 

allochtonous terrane blocks have been recognized in northwestern Mexico. They are the 

Caborca, Cortes, and Guerrero terranes (Fig. 2.1). 

The Caborca and North America Terranes 

Crystalline rocks of the North .American craton crop out widely in Sonora, where two 

domains of Early Proterozoic age have been recognized (Anderson et al.. 1983). One is a 

metaplutonic 1.8 to 1.7 Ga old domain exposed in northwestern Sonora. The other 

domain consists of strongly deformed but moderately metamorphosed volcanic and 

sedimentary rocks with ages between 1.7 to 1.6 Ga exposed in northeastern Sonora (Fig. 

2.1). These Precambrian blocks were locally intruded by granites at 1.4 and 1.1 Ga ago 

(Anderson et ai, 1983; Gehrels and Stewart, 1997). The extension of Proterozoic North 

America into Chihuahua is poorly known, but allochtonous blocks of metamorphic rocks 

of Grenvillean (1.3-1.1 Ga) age occur near Rancho Los Filtros in central Chihuahua (Fig. 
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Figure 2.1Northwestern Mexico terrane map; modified from Coney and Campa 
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2 1) (Blount, 1983. Mauger et al. 1983). This age was also confirmed from xenolith-

bearing young mafic volcanics in central and northern Chihuahua (Ruiz etai, 1988; 

Rudnick and Cameron, 1991). Precambrian continental crust underlying western 

Chihuahua at the Sierra El Nido block has been inferred from geophysical and geochemical 

data (Goodell, 1993). 

Much has been written about the cratonic rocks of Sonora, since Silver and 

Anderson (1974) postulated the Mid-Jurassic Mojave-Sonora Megashear (MSM). Their 

model assumes a 700 to 800 km offset produced by a left-lateral displacement that 

juxtaposed two Early Proterozoic domains. The SE transported slice of North America 

holding the older Proterozoic crystalline rocks overlain by thick Late Proterozoic and 

Paleozoic miogeoclinal strata, constitutes the Caborca terrane defined by Campa and 

Coney (1983) (Figs. 2.1 and 2.2). Late Proterozoic and Paleozoic miogeoclinal facies of 

North America affinity recognized in the NE tip of the Baja California peninsula (Gastil et 

al, 1991) may constitute part of this terrane disrupted by the younger San Andreas fault 

system (Fig. 2.1). 

The Cortes Terrane 

The Cortes terrane was originally proposed by Coney and Campa (1987), who 

defined it as a composite terrane with Mesozoic and early and late Paleozoic rocks. This 

terrane underlies most of the southern half of Sonora (Fig. 2.1), and is constituted by 
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rocks o f  a marginal-ocean environment characterized by a deformed pile of Ordovician 

through Permian eugeoclinal rocks (Poole ei ai, 1991) (Tig. 2.3) 

The eugeoclinal sequences of the Cortes terrane contain large stratiform bodies of 

exhalative barite, which have been mined since the early 80"s in the Barita de Sonora mme, 

east of Mazatan in central Sonora (Fig. 2.1). Similar deep water assemblages occur south 

of Isla del Tiburon (Fig. 2.1) in the Sonoran coast (Poole, 1993), and some other localities 

along the eastern side of the Baja Califomia peninsula (Gastil et ai, 1991), approximately 

constrain the northern limit of the terrane. The Cortes terrane was accreted to North 

.\merica between Mid-Permian and Late-Triassic times (Poole at al.. 1991). The lower 

limit is defined by the age of the youngest deformed rocks within the sequence. The 

upper limit is defined by the Late Triassic to early Jurassic continental clastic and minor 

marine sediments of the Barranca Group (Fig. 2.3), which were deposited along post-

accretional rift-related basins (Stewart and Roldan-Quintana, 1991). 

The source of the clastic materials in the sequences of the Cortes terrane, has been 

evaluated with detrital zircon U-Pb geochronology Zircons from an Upper Devonian 

turbidite bed near the Barita de Sonora mine area (Fig. 2.1), yielded an average date of 

about 1.67 Ga suggesting a possible provenance in the 1.7-1.6 Ga crustal province of 

southeastern Arizona, northeastern Sonora, and northwestern Chihuahua, (Poole et 

ai, 1991). However, individual zircon grains from Ordovician quartzite beds studied by 

Gehrels and Stewart (1997) yielded U-Pb ages in the range of 1.07 to 2.75 Ga. The 
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detntal zircon ages may reflect in part derivation from igneous suites that are widespread 

in southwestern North .American craton. However, the older ages may suggest sediment 

from far reaching sources, perhaps located in northwestern Canada (Gehrels and Stewan, 

1997). 

The southern boundary of the Cortes terrane is not exposed; however, since the 

Barranca Group sediments are typically found within the Cortes terrane cover, their 

exposures near Navojoa in southern Sonora (Fig. 2.1) provide a minimal constraint for the 

location of the southern extension of this terrane. .AJso, the westernmost outcrops of the 

Barranca Group rocks exposed about 2 km south of Hermosillo (Fig. 2.1), suggest that the 

northern limit of the Cortes terrane crosses slightly south of the city 

The Guerrero Terrane 

The Guerrero terrane is the largest in Mexico, and was defined by Campa and 

Coney (1983) as a composite of three subterranes with poorly known relations, that 

contain late Mesozoic volcanic and sedimentary rocks. The Guerrero terrane has been 

studied in southern Mexico (e.g., Centeno-Garcia et ai, 1993; Talavera et al., 1993, 

Miranda-Gasca etal., 1993), but its extension into northwestern Mexico and its 

depositional basement are still largely unknown (Rold^-Quintana et ai, 1993; Ortega et 

ai, 1994). The northernmost exposures of the Guerrero terrane are reported in northern 

Sinaloa, east of the town of Sinaloa de Leyva (Fig. 2.1). The outcrops consist of Late 



Jurassic meta-andesites and tuffs (Serv ais et al.. 1986) tectonically overlain by an Early 

Cretaceous ophiolitic complex formed by pelagic sediments, basaltic pillow lavas, and 

associated mafic and ultramafic bodies (Ortega-Gutierrez, et al.. 1979. Servais, et al.. 

1986) (Fig. 2 4), The basement of the Guerrero terrane is not observed in this area; 

however, exposures of metamorphosed deep water rocks of probable late Paleozoic age, 

were formerly documented in the areas of El Fuerte fMullan, 1978) and San Jose de 

Gracia (Carrillo-Martinez, 1971) (Fig. 2.1). This age was later confirmed by Gastil and 

coworkers (1991), who reported the presence of conodonts of mid-Pennsylvanian to 

Early Permian age in the eugeoclinal rocks of San Jose de Gracia. .AJso, a sequence of 

quartzofeldespathic and epidotic gneisses of probable Late Triassic age (Anderson and 

Schmidt, 1983), known as the Sonobari Complex, is exposed west of El Fuerte in the 

Sierra de Francisco. The exposures of these rocks are relatively small and isolated, and 

their relation to the late Paleozoic deep water sequences is not observed (Mullan, 1978; 

Gastil, et al., 1991). A couple of undated mafic and ultramafic intrusions are also reported 

in the area of El Fuerte (Mullan, 1978), but they seem to represent an early stage of the 

late Mesozoic Cordilleran arc plutonism of western Mexico, related to the Gabbro Belt of 

Gastil et al., (1983). 
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Figure 2.4.- Composite stratigrphic column for northern Sinaloa. Bacurato area: 1.- Borahui Complex: meia-andesiles, volcanic 

breccias, and tuffs; 2.-Pueblo Viejo-Alisos ophiolitic unit; ultramafic rocks, layered gabbros, and basaltic pillow lavas; 3.-

Gonzaga fm: metamorphosed cherts, tuffs, and limestones with basalt layers; 4.- Porohui fm: radiolarian chert, and tuffs; 5.-
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limestone; 4.- Macochin intrusion; mafic and ultramafic inirusives. 
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PRE-L\RWnDE \L\G.\L\TISM IN NW MEXICO 

Several episodes of pre-Laramide calc-alkaline magmatism have been recognized in 

northwestern Vfexico. However, the older ones are poorly preserved and only known in 

local outcrops. The best recorded episodes occurred during Jurassic and Cretaceous times 

Exposures of those ages are widespread in the region and constrain the position of the 

various magmatic arcs reasonably well (Fig. 2.5). 

The Permo-Triassic Arc (287-232 Ma) 

.A. belt of Permo-Triassic granitoids extends across Mexico, from the southwestern 

part of the United States to the Guatemalan border (Torres-Vargas et al., in press). This 

belt although not well exposed, can be traced from southwestern United States into 

northwestern Sonora. The belt disappears in north-central Sonora, but continues again 

along eastern Mexico, This interruption has been interpreted to be the a result of 

displacements along the left-lateral MSM (Anderson and Silver, 1979)CFig. 2.1). 

However, it has also been thought as a result of the original plate geometry (Sedlock et al.. 

1993; Torres-Vargas et al., in press). These authors conclude that the geometry of the belt 

mimics the boundary of western North America and eastern Mexico with the Pacific 

plate, and that the break in the belt represents a subduction/transform combination. 
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Figtire 2.5.- Reconstruction of the Mesozoic through Cenozoic magmatic arcs 
in northwestern Mexico. The Baja California peninsula was restored to its 
approximate pre-rift position. The magmatic arc in the Figure 6A was traced 
from scarse exposures without restoring possible motions along the Mojave-
Sonora megashear. Arrows in C and D indicate direction of volcanic arc migration. 



The Late Triassic-Jurassic Arc (225-150 Ma) 

A Late Triassic-Jurassic belt of calc-alkalic volcanic and plutonic rocks is recorded 

in the Cordillera, from the southwestern United States to central-north and eastern 

Mexico (Fig. 2.5a) The distribution of the oldest igneous rocks along the belt is irregular, 

and particularly scarce in Arizona and Sonora. Only one small Late Triassic pluton (225 

Ma) has been reported in the northwestern tip of Sonora, very close to the US border 

(Stewart etai. 1986). However, several outcrops of igneous rocks of this age occur in 

central-north and eastern Mexico (Grajales et ai, 1992). Early to Mid-Jurassic magmattc 

rocks are on the contrary widespread, forming a more consistent belt along the southern 

Cordillera from Nevada to southern Mexico (Damon et al., 1981). .An abrupt termination 

of the exposures in north-central Sonora (Anderson and Silver, 1979) which reappear 

again in the region of Durango and Coahuila, has been mentioned as an evidence of the 

MSM (Grajales et ai, 1992). 

The Early to Late Cretaceous Arc (140-80 Ma) 

.After the extinction of the Late Jurassic arc located in north-central Sonora and 

southern Arizona, the arc returned towards the trench near the Pacific coast (Coney and 

Reynolds, 1977). Between 140 and 105 Ma ago, the magmatic activity continued along a 

nearly static magmatic arc, once continuous from southern California to Baja California 

(Silver and Chappell, 1988). Then, the arc migrated slowly inland reaching what is now 
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the western region of Sonora (Damon t?/a/.. 1983), Slnaloa (Henry. 1976), Jalisco, and 

Guerrero (Schaaf ei ai. 1995) (Fig. 2.5b). 

THE LARAJVODE MAGMATIC BELT 

During the Laramide event, about 80 Ma ago, the rate of convergence between the 

North .\merica and the Farallon plates increased notably, when North America separated 

from Eurasia (Coney, 1990). The rapid convergence due to the change in the relative plate 

velocity from 1 to 3 cm/yr, produced intense calc-alkaline magmatism along the 

southwestern North America Cordillera, which progressively shifted across the 

continental margin into northwestern Mexico (Coney and Reynolds, 1977; Silver et ai. 

l993;GastiI, 1983; Damon era/., 1983). 

.•\ccording to the Coney and Reynolds (1977) model, during the Laramide 

Orogeny the locus of magmatism gradually migrated inboard up to 1000 km. The 

eastward migration of the arc was also coupled with changes in the composition of the 

magma products from calc-alkaline to more alkaline (Damon ei al.. 1981). .-Kbout 40 Ma 

ago, the subduction angle diminished and the arc moved back towards the trench (Fig. 

2.5c), marking the end of the Laramide Orogeny (Coney and Reynolds. 1977; Damon et 

ai, 1981). The end of the Laramide event was apparently followed by a magmatic hiatus 

after which, silicic explosive volcanism took place (McDowell and Clabaugh, 1979), 

building most of the vast Sierra Madre Occidental mid-Tertiary volcanic province. 



The exposures of the Laramide magmatic rocks extend along most of the Pacitlc 

coast of Mexico, being widespread across much of northern Mexico, especially in Sonera 

and Sinaloa (Fig. 2.6). where they form a NW-SE elongated belt that can be compared in 

size with the Sierra Nevada and die Peninsular Ranges batholiths (Damon, 1986). The 

exposures are considerably more restricted to the south (Barton et ai. 1995). although 

numerous plutons of this age occur in the states of Jalisco. Colima, and Guerrero (Schaaf, 

et ai, 1995). 

The extrusive constituents of the belt consist of altered andesites. conformably 

overlain by a sequence of rhyolites and rhyodacites, locally containing sedimentary lenses 

(Amaya and Gonzalez, 1993). The relation with the intrusive rocks is not fully known, 

but in some places the volcanic rocks are intruded by sUghtly younger plutonic bodies 

CMcDowell and Clabaugh, 1979; Clark er ai. 1993). The Laramide volcanics are abundant 

in northern and central Sonora, but they become scarce to the south. In the eastern 

portion of the belt, the Laramide volcanic rocks are better preserved beneath the younger 

mid-Tertiary Sierra Madre Occidental ignimbrites, where they host numerous ore 

deposits (McDowell and Clabaugh, 1979). 

PREVIOUS WORKS 

Despite the great abundance of Laramide granitoids in northwestern Mexico, few 

studies has been reported. Most of the published work has focused on the ore deposits 
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associated with the Laramide igneous event. The which mineral deposits cluster along a 

fairly continuous metallogenetic region that extends from the Great Basin to western 

Mexico (Barton. 1996). .Among the ore deposit types that are of Laramide age. the most 

significant case is a porphyry copper belt that extends from southwestern North America 

to northwestern Mexico, forming one of the richest copper metallogenic provinces on 

earth (Titley. 1982; Titley, 1993). Because of this, most of the studies concerning the 

magmatism in northwestern Mexico have been directed to understanding the porphyry 

copper mineralization (e.g., Dsimon et al., 1983a and 1983 b; Damon, 1986; Clark et al.. 

1979 and 1988). 

The available geochemical and gcclcgicai information of this magmatic event is 

mostly concentrated in Sonora and Sinaioa where the best exposures occur. Plutonic rocks 

have also been studied in western and central Chihuahua beneath the Sierra Madre 

Occidental volcanic rocks (McDowell and Clabaugh, 1979; McDowell and Mauger. 1994; 

Bagby et al.. 1981; Shafiqullah et ai, 1983), and in western Durango (Clark et al.. 1979; 

McDowell and Clabaugh, 1979; Damon etal., 1983b). Former smdies done by Fredrikson 

(1974) and Henry (1975) greatly contributed to die geology and geochronology of 

batholithic rocks in Sinaioa. Damon and coworkers (1983a and 1983b) dated the Sonora 

and Sinaioa batholiths and the related porphyry copper deposits. In addition, they also 

used Rb-Sr isotopic data, to evaluate the presence of variations of the ̂ ^Sr/^^Sr initial 
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ratios Their work showed a trend of more radiogenic Sr toward the North Amencan 

craton 

In east-central Sonora, Rold^-Quintana (1991) studied the geology of the Sierra 

El Jaralito and associated tungsten skam deposits, and its relation to younger more 

peraluminous granitic bodies including two mica granites at the Sierra de Aconchi. The 

younger bodies were later studied by Radelli (1992) who included REE and other trace 

element data. In the area of Batopilas in western Chihuahua, Bagby et al. (1981) studied 

the compositional differences between the Laramide plutonic rocks and the mid-Tertiarv' 

Sierra Madre Occidental volcanics. According to their results, the '' Sr/'^'^Sr initial ratios for 

the Batopilas plutonic suite fail in range between 0.7045 and 0.7053, and the mid-

Tertiary rocks have a median value of 0.7046. 

OBJECTIVES OF THIS STUDY 

Since many of the terrane boundaries in Mexico are hidden beneath younger 

overlap assemblages, the basement configuration of the terranes must be inferred from 

surface geologic expressions (Ruiz and Coney, 1993). In the present study, geochemical 

information from Late Cretaceous-early Tertiary granitic rocks is used to investigate 

changes in their chemistry derived from major variations in the nature of the intruded 

basement. 
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It has been noticed that the evolution of granitic magmas involves assimilation of 

crustal matenals into the mantle-derived magmas (DePaoio and Farmer, 1984). In the case 

of the Laramide belt of northwestern Mexico, the arc magmatism advanced well inboard 

(Coney and Reynolds, 1977) suggesting that assimilation of upper crustal materials into 

the magma was highly probable. In fact, the vast areas occupied by the Laramide 

batholiths. where scattered patches of the basement rocks can be seen, support this idea. 

-Aiso, since the major terrane blocks known in this part of the country have specific 

lithologic attributes, the rising magma must have been contaminated with cmstal materials 

derived from distinctive sources. In the northern part of Sonora, the sources are 

Precambrian and Paleozoic crust of North .American affinity ; in the central part of Sonora. 

the crust is early to late Paleozoic deep water sequences of the Cortes terrane, and the 

Late Triassic sediments of the Barranca Group; and in northern Sinaloa, the crust is mid 

to late Mesozoic island arc-related volcanic and sedimentary rocks of the Guerrero 

terrane. Consequently, systematic basement-controlled geochemical variations in the 

magmatic products can be reasonably expected. 

Although Laramide volcanic rocks are well exposed in some are?s, this study 

was focused on the geochemistry of the granitoids because the outcrops of these rocks 

are more continuous and generally better preserved than the volcanic rocks. Also 

plutonic rocks are generally more contaminated by crustal rocks. The characterization 

of the geochemical composition of the Laramide granitic belt of northwestern Mexico, 



and the analysis of the chemical effects of the major changes in the nature of the 

basement are the mam goals of the present paper 

PETROGRAPHY 

A total of 30 samples collected from the Laramide belt in Sonora and northern 

Sinaloa were studied (Table 2.1 and Fig. 2.6). Most of them come from fairly fresh 

outcrops, and display very good petrographic characteristics. The term granitoids is used 

here as proposed by Clarke (1992) for granite-like rocks where quartz constimtes 

between 20% and 60% of the total quartz + alkali feldspar plagioclase. The studied 

samples are fresh medium to coarse grained rocks characterized by the presence of quartz, 

K-feldspar, and plagioclase, biotite and hornblende as the main mafic minerals, and 

clinopyroxene, sphene, and epidote as the main accessory phases. Quartz occurs as 

phenocrysts and also as matrix, in proportions greater than 10%. K-feldspar is orthoclase 

or microcline, frequently found as large masses displaying myrmekitic and microperthitic 

intergrowths. In the more felsic samples, K-feldspar forms patches up to 1 cm-long. 

Plagioclase varies in composition from An? to An34, but oligoclase and andesine 

plagioclase are most common. Normative albite occurs in proportions between 24% to 

40%, while anorthitic plagioclase is normally less than 21% with the exception of a 

couple of samples. Biotite and hornblende are invariably present constituting the main 



TABLE 2.!. SAMPLE LOCATION 

Sample Locality Rock (ype Coordinates Age (Ma) Melliod Min. Age Relcrencc 
MV-1 San Nia)l&s granodioriie 28"26'I()"N i()y"i()'2r'w 56.7±0.2 11) . ,1V . 

A t l  Ar Hb Gims iy97 
MV-3 San Javier quartz-diorite 28"36'()8"N i()y"44'()4"W 62.0±l.7 K-Ar lib Diunon <// 1^8 
MV-4 Tecoripa granodioriie 28"36'49"N 10y"54'()7"W 62.()±1.7 K-Ar lib Diuiion (i/ iy8)a 
MV-5 Suaqui Grande granodioriie 28"2ri6"N l()y"57'3l"W 58.8±1.6 K-Ar lib l)iUiiont'/w/ iy83a 
MV-6 Riuictu) El Encino ntoiizoiiite 29"52'.')4"N l()y"2ft'54"W 5y.6±1.3 K-Ar Hi Dajnoi) c/«/. )y8^a 

MV-7 NE of Pueria del Sol granile 2y'34'()5"N ll()"01'()5"W 57.0±3 U-Pb Zr Anderson t'l (j/. 1980 

MV-9 Cerro Boia granodioriie 28"36'i6"N II()"0i'l4"W 62.0±1.7 K-Ar lib Diunon t?/(//. lys^a 

MV-10 San Prancisct) granite 28"29'27"N ll()"28'()8"W 62.y±1.5 K-Ar Hb Diuiion f/(i/. iy83a 
MV-II GraniU) Hennila granile 28"48'49"N ll()"37'43"W 62.y±l..') K-Ar lib Diuiion (W. 198 3a 
MV-12 Hemioiiillo graJitMJioriie 2y"()h'4y"N 1I()"56'I9"W f>4.1±l,4 K-Ar Hb Diunon c l  a l .  1983a 
MV-14 Hemiosillo granodioriie 29"()5'()2"N ll()"56'l()"W 64.l±l.4 K-Ar Hb Diuiioii e l  ( i l .  1983a 
MV-15 Hemiosillo granodioriie 29"()3'(K)"N ll(n6'.'i6"W 64.l±l.4 K-Ar Hb Diunon t'/«/. 1983a 

MV-17 Cru/. GiUvcz. granodioriie 28"53'51"N in"07'43"W 64.l±l.4 K-Ar Hb Diunon (i/. 1983a 

MV-18 Villa Pesqueira granodioriie 29"()6'4l)"N U)y"58'45"W 58.0±3 U-Pb Zi Anderson e t  i l l .  1980 
MV-SP Villa Pesqueira quart/nion/. 2y"17'43"N l()9"52'48"W 58.()±3 U-Ph Zr Anderson e l  u l .  1981 
MV-19 Barita de Sonora granile 28"53'5l"N IOy"54'l6"W 62,0±l U-Pb Zr Poole 1991 
MV-21 San Carlos tonalile 27"56'29"N lll"()4'23"W 83±2/8l±3 K-Ar Hh/hi Mora-Alvare/ 1992 
MV-22 Raiiclu) El Bayo granile 28"I2'45"N IIO"58'33"W 76.y±2.8 K-Ar Bi Mora-Alvarez 1992 
MV-23 San Nicolas de Kino granodioriie 28"45'49"N N 1 "54'I9"W 83±2/8l±3 K-Ar llb/Bi Mora-Alvare/ 1992 
MV-24 Ranclu) San Enrique granodioriie 2y"()ri3"N IH"25'25"W - - - -

MV-25 Rancho La Salada granile 2y"26'3l"N 11()"59'()5"W 64.l±l.4 K-Ar Ser Damon cf . 1983a 
MV-27 El Fuerle granodioriie 26"27'36"N l()8"35'15"W 57.2±1.2 K-Ar Bi Diunoiu-n//, 1983b 

MV-28 Road El Fuerle-Clioix quart/iuon/.. 26"36'42"N l()8"23'24"W 57.2±1.2 K-Ar Bi Diunon <'/(//. 1983b 
MV-29 Tetaroba lonalite 26"23'I.V'N l()«"2'r()6"W .'i7.2±l,2 K-Ar Bi D i u u o n  e / ( i J .  1983b 
MV-3() Chinobainpo lonalile 26"23'42"N l()8"2l'54"W .S7.2±1.2 K-Ar BI DiUiioii e l  t i l .  1983b 
A-163 Sieaa El Man/anal granodioriie 3()"3y'3()"N ll(n(V3()"W 68 K-Ar Hb (ion/iile/-L e l  a l .  199'i 
59-96 Maycoba granodioriie 28"24' N 1()8"38' W 63 K-Ar lib Roldiln-Q. Ill piep. 
44-88 Ranciu) El Encino granodioriie 2y"53' N l()y"27' W 5y.6±I ^ K-Ar BI Damon e l  a l .  1983a 

Agch from Uic iicurc.si duled iiiuloii witiiiii (lie hudioliUis 
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Figure 2.2.- Sample location map. Shaded areas represent exposures of Late 
Cretaceous-early Tertiary plutonic rocks, modified from Ortega-Gutierrez et al. 
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mafic minerals. Hornblende crystals up to 15 cm-long dominate in the samples from the 

Sonoran coast bathoiith, while biotite becomes the most important mafic mineral in 

granitoids located to the east and also in the northern Sinaloa batholith Augite is an 

important accessory mineral in samples N'fV-S, MV-5, MV-6, and MV-I8, constituting 

small grains sometimes rimmed by hornblende. Sphene is commonly present, especially in 

the granodiorites of Hermosillo, where they can be seen as perfect diamond-shaped 

crystals up I cm-long, which are easily distinguished by their honey-like yellow color 

Apatite is also commonly present as minuscule prismatic sections. 

SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES 

The samples were hammered to fist-size fragments and selected avoiding 

weathered surfaces. The selected fragments were washed with distilled water, dried and 

then crushed in a steel jaw crusher to cm-sized gravel. This gravel was selectively hand 

picked and washed again, and after drying, a fraction of it was powdered in a AI2O3 

"shatter box" mill for chemical analyses. Major element concentrations were commercially 

analyzed by X-Ray fluorecence techniques at XRAL Laboratories in Ontario, Canada, 

and trace element and isotope analyses were done at the University of Arizona. 

Rare earth elements and Cs, Rb, Sr, Ba, Zr, Y, U, Th, Ta, Hf, and Nb were 

analyzed using a TS Sola inductively coupled plasma-mass spectrometer (ICP-MS). 

Sample dissolution for trace element analyses was performed by placing about 50 to 100 



43 

mg of the powdered samples imo 23 ml PTFE teflon containers. The samples were first 

treated with about 10 ml of a 9; 1 HF HNOs solution and evaporated to total dryness on a 

hotplate to initiate silicate dissolution. The HF HNOs treatment was repeated in an oven 

at 140°C for one week, using stainless steel jackets (Parr Bombs) The teflon sample 

containers were removed from the steel jackets and the samples were dried on a hotplate 

A boracic acid solution was added and heated to dryness in order to evaporate BF3 and 

hence remove fluorides. To assure full solution of the sample after this step, the samples 

were treated with 6M HCl on hotplate, and evaporated down to near dryness, and heated 

again in 2M HNO3 in the oven at 140°C for 12 hours. In the final step, the samples were 

spiked with 150 fil of a 10 ppm Re-In spike solution, and allowed to equilibrate on 

hotplate until analysis. 

The run procedure consisted of a blank, 2, 5, and 10 ppb calibration 

multielement solutions prepared in 2% HNO3 from stock analytical standards (SPEX 

high-purity), followed by 8 unknowns including a USGS rock standard (RGM-1) and 

a sample blank. Single-element solutions of Ba, Ce, La, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 

Hf, and Ta were run to estimate oxide production in order to minimize element 

interference. The final concentrations detected by the instrument in parts per billion 

(ppb) were entered into a spreadsheet program that performs oxide corrections and 

internal standard adjustments to obtain the final rock concentrations in parts per million 

(ppm). Analytical uncertainties are described by Roberts and Ruiz (1989). 



The Rb-Sr and Sm-Nd sample isotope analyses were done by Damian Hodkinson 

under the auspices of the University of Arizona-Mining Industry Mexico Consortium 

The analytical procedures were those described by Gleason (1994) Approximately 400 

mg of sample was dissolved using the same procedures described for the trace element 

analyses. A '"'^d/'^'^d spike was combined with the dissolved sample solution. The 

concentrated and equilibrated spiked sample solutions were diluted to several ml"s of 2 5 

M HCl, centrifuged, divided into two aliquots and loaded on 8.9 ml quartz ion exchange 

columns using AG50W-X12 cation exchange resin. REE were collected as a group using 

2.5 M HCl and 6.0 M HCl as eluents. The REE fraction was dried down and treated with 

HCL04to destroy any organics picked from the column. A second stage chemical 

separation of REE was performed by reverse-phase chromatography using HDEHP 

(hydrogen di-2~ethylhexyl phosphate)-coated PTFE powder as the column resin in 1 7 

ml quartz-ion exchange columns, and Nd and Sm eluted with 0.18 M HCl for Nd and 0 5 

M HCl, 

Between 1 and 5 micrograms of sample were loaded as chlorides on two Ta side 

filaments in a Ta-Re-Ta triple filament assembly and run on a solid source VG 354 

thermal ionization mass spectrometer equipped with six Faraday collectors. Nd isotopic 

ratios were normalized for isotopic fractionation to ''*^Nd/'''^Nd = 0.7219 and 

fractionation-corrected values computed on line. Oxygen isotopes were measured for a 
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few samples using a laser tluorination line and analyzed in a Deita-S Finnigan mass 

spectrometer , according to procedures described by Sharp (1990) 

GEOCHE\aSTRY 

Major Elements 

The XRF results for major elements and the CIPW norm calculation for the 

studied samples are listed in Table 2.2. The samples contain from 56 to 75 wt % silica, 

and represent a plutonic suite with compositions that include quartz-diorite, tonalite, 

granodiorite, quartz-monzonite, and granite. Homblende-biotite granodiorites are by far 

the most important constituent by volume of the northwestern Mexico batholiths. 

The rocks were classified on the basis of normative feldspar content. Tonalites 

were separated from granodiorites because of a relatively low orthoclase content, 

while quartz-monzonites were defined by a larger amount of normative orthoclase + 

albite compared to anorthite. Only one quartz-diorite was included in this suite of 

samples, which was characterized by low quartz and orthoclase contents and a high 

anorthite proportion. According to the normative feldspar compositions, most of the 

samples plot in the region of granodiorites (Fig. 2.7). 

Marker silica variation diagrams show a linear decrease in most of the oxides with 

respect to silica, with the exception of K2O that shows a vague increasing trend (Fig. 2.8). 

In general, not obvious systematic enrichments correlated with the basement type are 



TABLE 2.2. MAJOR ELEMENT ANALYSES ANDCIPW NORMS FOR LARAMIDE (iRANlTOIDS PROM NW MliXlCO 

Cuborca and North America terranes Curies terrane 
MV-6 MV-7 MV-12 MV-14 MV-15 MV-n MV-18 MV-SP MV-19 MV-25 'A-163 MV-I MV--^ MV-4 

Major clcnicnt-s in wt % 
SiOi 61.7 69.0 64.8 66.7 67,5 62,9 64.0 67.1 71,1 70.9 67,17 65,8 560 66,1 

AljOj 16.0 14.8 16.2 15.1 15,6 15,7 15.6 15,8 14,7 15,2 14,42 15,5 17.4 15 6 
MgO 2.15 1.3 1.98 1.31 1,09 2,43 2.03 0.93 1,17 0,34 1,27 1 78 1,99 1,91 
CaO 4.35 2.78 4.43 3.45 3.32 4.84 3.92 2.89 2.51 2.35 2.60 4,09 7,06 4 16 

NajO 3.78 3.22 3.63 3.68 4.04 3.1 3.63 4,13 3.62 1,86 1.23 3,26 3.01 1,09 
KjO 3.57 4.39 2.84 2.84 3.1 2.91 3.06 3.82 3.01 3.86 4.41 1,46 1.86 1,14 

FcjOj 2.16 1.46 1.40 1.2 0.99 2.65 1.36 1.09 I.I 0.62 1.59 1.15 <,01 1,77 
FeO 2.82 1.55 2.95 2.52 2,08 2.44 2.85 2.05 1.48 1.18 1.88 2.87 4,24 2,11 

TiOi 0.75 0.44 0.59 0.59 0,53 0.62 0.54 0.49 0.32 0.24 0,53 0,54 0.81 0,48 
MnO 0.09 0.05 0.07 0.07 0.05 0,08 0.09 0.06 0.06 0.02 0.07 0,06 0,12 0,06 
hOs 0.18 0.1 0.16 0.17 0.16 0.16 0.19 O.ll 0.1 0.07 0.10 0.12 0,2 0,12 
LOl 0.61 0.62 0.83 1.13 0.68 1.22 0,77 0.90 0.47 0.65 1,47 0,71 1,17 1,06 
total 98.2 99.7 99.9 98.8 99.1 99.0 98.0 99,4 99.6 ~T9.3 98.92" - - 1/075 98,0 KKTfi 

CIPW Norms 
Q/ 13.9 25.4 19.6 24.3 22.9 20.1 19.0 20.3 31.0 27.7 24,6 21,4 10,1 240 
C 0.0 0.0 0.0 0.1 ().() 0,0 0.0 0,0 1.2 0.6 0.0 0.0 0,0 0,0 

Or 21.1 25.9 16.K 16.8 18,3 17,2 18.1 22.6 17.8 22.8 26,7 20,4 11,0 18,6 
Ab 32.0 27.2 30.7 31.1 34.2 26,2 10.7 34.9 .10,6 32.7 28,0 27,6 25,5 26,1 
An 16.1 1.1.0 19.5 16.0 1.5,1 20,1 17.2 13,1 11,8 1 1 2  12,2 17,4 28,5 19,4 
Di 2.5 0.1 0.7 0.0 0,1 1.7 0.5 0,1 0.0 0.0 0,1 10 11 0,1 
He 0.9 0.0 0.4 0,0 0 1 0.4 0,3 0.1 0.0 0,0 0.1 0.7 1,1 0,1 
Mt 3.1 2.1 2.0 1.7 14 1.8 2,0 1,6 1.6 0,9 2,4 2,0 4,4 2,6 
Ap 0,4 0.2 0.4 0.4 0,4 0.4 0.4 0,3 0.2 0,2 0,2 0,1 0,5 0,1 

II 1.4 0.8 1.1 1.1 1,0 1.2 1.0 0,9 0,6 0,5 1 () 1,0 1,6 0,9 
En 4.2 3.2 4.6 3.3 2,7 5,2 4.8 2 2 2,9 0,8 1,1 40 8,5 4,7 
Fs 1.8 1.0 3.2 2.8 2,2 1,2 1,2 2,1 1.4 1,1 1,4 10 1,5 2,0 

total 97.6 99.1 9^.1 9T6 9i"5 97 8 " 9 7 , 3 '  98:5 - () (y j " 9 8 , 6  lOf):D 98,8 97:7 9 9 0  

a: l.ci')!! e l  u l  ,  (  



TABLE 2.2 (CONTINUED) 

Cortes terrane (iuerrero (crraiie 
MV-5 MV-() MV-lfl MV-11 MV-51 MV-22 MV-23 MV-24 MV-57 MV-58 MV-50 MV-30 

Major i:lcnicnl.s in wl % 
SiOi 66.5 66.1 75,1 68,3 62.4 68,0 66,7 66,7 67.4 69,5 66 8 65,2 

AI2O3 15.3 14.9 13,3 14,7 16.6 14,5 15,1 15,5 15,7 14 5 15,9 16, < 
MgO 1.93 1.H3 0.32 1,33 2.57 0,99 1,70 1.44 1,62 1,12 1,29 1,68 
CaO 4.29 3.74 1.18 3,14 5.12 2,72 3,83 3,77 V60 2,79 3.3^ 4,22 

NazC) 3.21 2.84 3.39 3.26 3.20 4'l8 3.19 3,67 4,45 3,20 4,79 i.97 
KiO 3.23 3.96 4.55 3,87 2.34 3,73 2.80 2.86 2,37 4,H 2.12 1,97 

FU2O3 1.64 1.62 0.27 1,54 1.71 0.90 1.36 1.23 1,10 0,97 1,14 1,42 
FeO 2.15 2.12 0.56 1,50 3.23 1.71 2.58 2.32 2,08 1,83 2,15 2.68 

TiOz ().4« 0.46 0.12 0,40 0.68 0.34 0.53 (>'49 0,47 0,37 0,55 0.45 
MnO ().07 0.06 0.03 0,06 0.08 0.05 0.07 0,06 0,05 0,04 0,04 0.09 
PiOs 0.11 0.1 0.04 0,09 0.14 0.07 0.11 0,13 0,12 0,07 0,15 0.14 
LOI 0.69 l.(M 0.66 0,52 0.75 2.55 0.95 0,95 0,60 0,85 0,70 0.95 
total 99.6 98.8 99.5 98,7 98.8 99.7 98.9 99,1 - OTO '7; 1 

CIPW Niinus 
Qi 23.4 23.5 34.8 25,8 I8.y 22.1 25.7 23,5 21,9 26,8 21,2 22,0 

C 0.0 0.0 0.7 0,0 0.0 0.0 0.1 0,0 0,0 0,0 0,0 0,3 
Or 19.1 23.4 26.9 22,9 13,8 22.0 16.5 16,9 14,0 24,4 12.5 11,6 
Ab 27.2 24.0 28.7 27,6 27,1 35,4 27,0 31,1 37,7 27,1 40.5 V3,6 
An 17.8 16.2 5.6 14.0 24.0 9,8 l«,3 17,4 15.9 13,0 15.5 20,0 
Di 1.7 1.0 0.0 0,6 0,3 1,6 0,0 0,2 0,7 0,2 0.0 0,0 
He 0.6 0.4 0.0 0,1 ( ) , !  1,1 0,0 0,2 0,^ 0,1 (1.0 0,0 
Mt 2.4 2.3 0.4 2.2 2,5 1,3 2,0 1,8 1,6 1,4 1.7 2,1 
Ap 0.3 0.2 O.l 0,2 0,3 0,2 0,3 0,3 0 3 0,2 0.3 0.^ 

11 0.9 0.9 0.2 0,8 1,3 0,7 1,0 0,9 0,9 0,7 1.0 0.9 
Ell 4,0 4.1 0.8 3,0 6,3 1,7 4.2 3,5 3.7 2,7 3.2 4,2 
Fs 1.6 1.7 0.7 09 3,5 1,3 2,9 2,5 2.1 2,0 2 2 V2 

(otal 98.0 ~D7.7 98.0 ' 98T* OITT 07,2 o?.n~ oirr 90 0 ~ os:5' oiT ' 08:1 
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Figure 2.7.- Nomative feldspar composition for samples of Laramide granitoids 
from northwestern Mexico. Open squares; Caborca and North America terranes; 
open circles; Cortes terrane; solid triangles; Guerrero terrane. 
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Figure 2.8.- Harlcer silica variation diagrams of major elements of Laramide granotoids from 
northwestern Mexico. Open squares: Caborca and North America terranes; open circles; Cortes 
terrane; solid triangles; Guerrero terrane. 
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seen from the major element compositions. P;05 and in a lesser proportion TiO^, seem to 

be slightly more enriched in plutons that were emplaced to the north, in the Caborca and 

North America terranes N'aiO and K^O are scattered, but the NaiO/TC^O ratios plotted 

versus the geographic latitude seem to increase systematically to the south (Fig. 2 9) 

The samples describe a typical caJc-alkaline trend in the .Af^I diagram (Fig. 

2 10), and plot largely into the medium and high K fields of the K;0-Si02 variation 

diagram (Fig. 2.11). Despite the scattering observed in this figure, it is interesting to 

notice that three of the four samples from the Sinaloa batholith have the lowest 

KiO/SiO; ratios On the basis of their relatively low A/CNK ratios (1 1>A/CNK > 

10) defined by the molar proportions of AI2O3 versus CaO ^ K,0 -i- Na^O, the 

samples can be classified as metaluminous to weakly peraluminous (Fig. 2.12). 

Trace Elements 

The ICP-MS results for rare earth elements (REE) and some other trace elements 

are shown in the Table 2.3. For most cases, these elements are scattered in the silica 

variation diagrams, with the exception of the light REE and Sr which seem to be more 

enriched in granitoids emplaced in the Caborca and North America terranes (Fig. 2.13). Rb 

is scattered too, however the lowest enrichments are observed in samples located in the 

Cortes and the Guerrero terranes. 
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Figure 2.9.- Diagram of Na20/K20 ratios against the geographic latitude for 
samples of Laramide granitoids from northwestern Mexico. Open squares: 
Caborca and North America terranes; open circles; Cortes terrane; triangles; 

Guerrero terrane. 
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Figure 2.10.- APM diagram showing the boundary between the calc-alkaline 
and tholeiitic series according to Irvine and Baragar (1971). 
A: Na20 + K.2O; M: MgO; F; Fe total as FeO. Open squares: Caborca terrane; 
open circles: Cortes terrane; solid triangles: Guerrero terrane. 
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Figure 2.12.- Alkali ratio versus silica variation diagram. A/CNK; molar 

.Al203/(Ca0+Na20+K20). Open squares; Caborca and North America terranes; 

open circles; Cortes terrane; solid triangles; Guerrero terrane. 



The IREE values range between 92 and 499 ppm for the group of samples from the north 

part of the belt; bervveen 82 to 154 ppm for the samples from the central part; and 

between 59 to 100 ppm for the samples collected in the southern part. In order to make a 

more realistic analysis of the REE contents, the samples were restricted to compositions 

in the range of 62 to 68 wt % SiOi. 

The sample REE contents normalized to the C1 chondrite abundances of Anders 

and Grevesse (1989) were plotted in groups according to the respective intruded terrane. 

The granitoids emplaced in the Caborca and North .America terranes are steeper, with 

Las/\T3s ratios from 7 7 to 32.9, while La abundances reach over 500 times chondrite. 

These samples show a generally well developed negative Eu anomaly with Eun/Eu* ratios 

from 0.20 to 0.68 (Fig. 2.14). The three granodiorites from the area of Hermosillo are 

similar in most of the REE characteristics; however, they lack Eu anomalies (Fig. 2.17). 

The REE patterns for granitoids intruded in the Cortes terrane are slightly flatter 

compared to the samples from the Caborca and North America terranes, with Las/Ybs 

ratios between 6.4 and 14.8, and generally showing only minor differences in the size of 

the negative Eu anomaly (Eu/Eu* ratios from 0.5 to l .04)(Fig. 2.15). The REE patterns 

for samples from the southern part of the belt are clearly less evolved showing much 

flatter slopes characterized by LaNAT3>j ratios from 4.3 to 11.6 and relatively small Eu 

anomalies, although the HREE side does not show significant variations among the three 

groups (Fig. 2.16). 



TABLE 2.3. REE AND OTHER TRACE ELEMENT ANALYSES OF LARAMIDE GRANITOIDS FROM NW MEXICO 

Cuhorcu and N<»rth America terruiies C()rtc.s tvrraiif 

MV-6 MV-7 MV-12 MV-14 MV-15 MV-17 MV-18 MV-SP MV-19 MV-25 "A-163 "44-89 MV-1 MV MV-4 

La 3L72 106.76 28.42 27.70 18,43 114,87 33,91 21.89 135,82 23.48 .34,11 51,57 22,59 iy.79 21 74 
Ce 78,78 208.37 54,42 57.81 48,(«) 225,62 68,37 51,07 259,53 37.35 62,58 114,96 45,49 49 14 47.48 
Pr 7.99 15.50 5.13 5,70 5,07 18,38 6,90 6,50 21,85 5,59 6.89 11,80 4.40 5,47 5.40 

Nd 30.29 43.64 17.84 20,09 18,03 47,31 22,18 22,12 56.12 18.49 28,44 43,74 15.23 20.42 19.02 
Sni 7.03 8.09 3.81 4,01 4.76 6,80 4,12 3.71 7,17 2.25 5.11 7.14 2.56 4.54 3.92 
Eu 0.95 0.82 1.10 1,03 1,31 0,71 0.86 0.78 0,52 0.29 0.34 0.88 0.74 ( ) ,«« 0,()8 
Gd 6.64 7.74 3.24 3,46 3,18 5,51 3.84 3.40 5,16 1.51 5.49 6,08 1.93 4.63 4 21 
Tb 0.85 1.06 0.62 0,62 0,50 0,63 0.58 0.56 0,77 0.19 0,84 0.84 0.32 0.79 0.86 
Dy 5.95 5.99 3.96 3,64 2,56 3.60 3.35 3.38 4,38 1.13 4,87 5 .34 2.19 4 33 4 16 
Ho 1.23 1.28 0.81 0.67 0,42 0.79 0.78 0.64 0,98 0.21 1,06 l.(K) 0,49 0.89 0.86 
Er 3.30 3.56 2.19 1.85 1,10 2.27 2.16 2.(M) 2,87 0,63 3.03 3.13 1.10 2.36 2.33 

Tin 0.42 0.45 0.27 0.24 0,13 0.36 0.25 0.28 0,48 0,09 0,44 0.44 0.17 0.29 0.28 
Yb 2.91 3.17 1.95 1.73 0,98 2.46 2.01 1.80 2,99 0,72 3,53 3.44 1.08 1 89 1.76 
Lu 0.35 0.47 0.27 0.25 0,14 0.32 0.31 0.20 0,35 0,06 0,11 0.48 0.14 0.28 0.26 

IREE 178.41 406.90 124.03 128.78 104,61 429.63 149.63 118,33 499,(K) 92,(K) 156,83 250.83 98.43 115.70 112.96 
LaN/YbN 7.67 23.69 10.25 11.29 13,16 32.89 li,86 8.54 31,97 22,88 6,80 10.54 14.67 7.36 8.67 

Eu»/Eu 0.43 0.32 0.97 0.86 1,(H 0.36 0,67 0.68 0,27 0,48 0,20 0.41 0.60 0.52 

Cs 8.48 7.72 1.91 2.52 2,43 4.31 3,65 4.36 3,20 . 10,82 17,67 8.24 2,0^ 10.62 
Rb 172 214 71 1(X) 129 116 110 91 114 81 166 314 33 53 118 
Sr 309 229 360 343 548 447 535 119 339 207 193 245 67 438 263 
Bu 821 837 833 794 803 792 808 999 829 1628 520 641 804 637 955 
Zr 14 117 171 102 I I I  230 136 79 167 133 882 206 248 142 102 
Y 18 20 8 7 5 13 13 20 9 8 34 33 9 11 11 
U 8.90 8.46 1 60 2,93 2,26 9.72 5,30 2.91 3.72 1,32 14.22 16.36 2 93 2.39 7.05 

Th 16.50 32.35 5.83 6,08 4,35 80,22 7,84 1 3,50 24,28 8,35 32,78 58.60 21.35 5.15 21.68 
Ta 2.93 2.72 0.79 5,42 0,41 3,30 3,30 1,16 - 0,26 - 3.25 0.48 4.77 0.79 
HI 7,92 5.90 4.61 3,66 3,05 4,63 4,63 1,55 4 24 2,36 - 8,41 3.47 4,03 2.34 
Nb 24,67 21.73 17.86 23,31 16,09 23,72 23,72 14,15 33,31 7,75 11,00 22,14 9.16 20,13 5.92 



TABLE 2.3 (CONTINUED) 

('ortes terraiie (luerrcr*) terruiie 

MV-5 MV-9 MV-10 MV-ll MV-21 MV-22 MV-23 MV-24 "59-96 MV-27 MV-28 MV-29 MV-30 Taiii 1 Mai-108 

La 23.27 20.56 16.87 34.57 21.53 19.85 31.18 16,64 30,42 12.20 12.99 12,20 9.41 19.97 18,79 
Cc 55.65 49.68 36.25 74.31 46.81 44.68 69.12 36,61 68.17 28.59 32,77 28.39 22.10 41,57 41,72 
Pr 5.69 5.69 3.77 6.79 5.40 5.42 8.21 4,30 7,35 3.66 4.57 3.60 2,84 4,62 4,55 

Nd 17.00 23.09 13.55 19.07 I9.(K) 17.76 26.86 14.89 28.56 14.17 17.45 14.15 10,77 18,58 18,61 
Sin 3.25 5.15 3.34 4.12 3.24 3.32 3.84 2.56 5.34 2.71 3.77 4.27 3.68 1,51 3,75 
Eu 0.74 0.85 0.51 0.61 0.78 0.56 0.76 0.48 1.09 0.56 0.54 0.74 0,77 1,20 0,89 
Gd 2.99 4.17 2,87 3.45 3.11 2.90 3.42 2.29 4.03 2.29 3.44 2.68 2.38 3.05 3,01 
Tb 0.48 0.69 0.51 0.53 0.45 0.44 0.50 0.30 0.48 0.31 0,61 0.38 0,43 0,50 0,45 
Dy 3.02 4.82 3.43 3.15 2.75 2.70 2.86 1.76 3.29 1.73 3.65 1.87 2.54 2.55 2,56 
Ho 0.66 1.09 0.74 0.76 0.53 0.53 0.50 0.32 0.71 0.30 0.69 0.37 0,54 0,52 0.51 
Er 1.89 3.03 2.02 1.94 1.62 1.70 1.49 0.93 1.97 0.81 2.10 0.93 1 52 1 50 1.44 

Tin 0.22 0.39 0.29 0.25 0.25 0.26 0.24 0.11 0.28 0.10 0.30 0.09 0 21 0.24 0.20 
Yb 1.79 2.26 2.02 1.87 1.54 1.86 1.52 0.79 1.97 0.74 2.06 0.74 1,52 1,65 1.40 
Lu 0.30 0.44 0.32 0.35 0.14 0.25 0.16 0.05 0,28 0.04 0.26 0,12 0.25 0,27 0.19 

IREE 116.95 121.92 86.50 151.78 107.15 102.22 150.67 82.03 153.95 68.19 85.21 70.54 58,97 99 76 98.06 
LaN/YbN 9.15 6.41 5.88 12.99 9.83 7.49 14.45 14.78 10,84 11,60 4.43 11.62 4.35 8,51 9.44 

Eu*/Eu 0.73 0.57 0.51 0.50 0.76 0.55 0.65 0.61 0,73 0.70 0.47 0.68 O.l^ 1. n 0,82 

Cs 5.98 8.51 4.11 7.40 0.25 4.66 . 6,29 . . . . V85 6.94 
Rb 135 31 31 158 59 124 73 63 162 48 116 48 4^ 94 161 
Sr 299 60 29 271 168 128 150 183 402 178 140 184 1.50 ^94 137 
Ba 767 651 933 912 793 842 882 1166 897 1165 1132 1(M6 987 121 441 
Zr 109 269 147 15 19 63 58 12 135 66 69 87 150 140 257 
Y II 18 16 10 18 21 18 13 33 10 26 10 17 15 14 
U 6.66 12.(K) 4.91 6.89 1.75 12.78 7.74 0,89 4,36 1,30 8,82 106 0.98 2X0 4,02 

Th 14.41 36.59 12.16 24.43 8.99 20,14 32.57 4.75 16,19 2,55 18.39 3 .36 2.40 8,95 15.21 
Ta 3.69 1.96 0.85 - 1.18 0.65 i.lO 0.55 1.30 0.32 1.40 0.33 1,86 ().()4 
HI 3.99 10.04 ().()2 4.71 0.42 2.88 I 79 - 5 24 2.71 2,54 3,19 I 46 1.56 6.72 

Nb 15.59 14.69 6.14 39.58 9.69 14.26 12,35 11.87 10,71 7.27 13,44 7,6<> y,«7 12 IX II ()4 

Tlic unulytic'ul errors uiul iiiiccrlaiiiiic.s arc iliscusscil liy Kubcris aiul Kiii/., (I'JK'J) ,i. Cioii/alc/ I.cdii f i  a l .  (I'J9K), (>. KuKlaii Quini.iti.i. IINAM. I'll I> 

ilisscrlalion (in prep), t: Univcisily ol Ari/una Mining liulusU^ Mexico C\msorUiim ilal.ilia.')C lia.^cil on Naniples culiccieil hy I iik.is /uidici 
i j \  
-J 
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Figure 13.- Harker silica variation diagrams of various trace elements in ppm. 

for Laramide granitoids from northwestern Mexico. Squares; Caborca and North 

.America terranes: open circles: Cortes terrane: solid triangles; Guerrero terrane. 
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The tectonic setting for the studied suite of Laramide plutonic rocks is 

geochemically characterized in the (Nb^Y) versus Rb discrimination diagram of Pearce ei 

a/. (1984), which shows that ail of the samples are clustered within the volcanic arc 

granites region (Fig. 2 18). 

Isotopic data 

Some of the samples were analyzed for Rb-Sr. Sm-Nd, and o.xvgen isotopic ratios, 

and the results are presented in the Table 2.4 '*^Sr/'*^Sr initial ratios roughly fall between 

0 7103 and 0.7062 for the samples collected north of latitude 29° N. in the Caborca and 

North .America terranes (Fig. 2.19) The Sr isotope compositional range 

becomes just a little bit more restricted for the region of the Cortes terrane where the 

values fall between 0.7079 and 0.7064 The samples of granitoids emplaced in the 

southern part of the belt dominated by the Guerrero terrane sequences, yield lower 

^^Sr/'^^Sr initial ratios between 0.7063 and 0.7036. 

Neodymium isotopic data also support this southward progression to less 

evolved signatures, with eNd initial values lower than -4 for plutons emplaced in northern 

Sonora and northwestern Chihuahua. Southward in central Sonora and southwestern 

Chihuahua, the sNd initial values are about -4, and become positive in Sinaloa, below 

latitude 26° N where the values are between -1.2 and -^3.2 (Fig. 2.20). An isotopically 

anomalous E-W elongated zone occurs south of the Cortes-Caborca terrane boundary in 
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Figure 2.18.- Sample tectonic setting of Laramide granitoids from northwestern 

Mexico according to the (Nb+Y) versus Rb diagram of Pearce (1984). VAG; 

volcanic arc granites; WPG: within plate granites; ORG: ocean ridge granites; 

syn-COLG: syn-collisional granites. Open squares: Caborca and North America 

terranes; open circles: Cortes terrane; solid triangles: Guerrero terrane. 



TABLE 2.4. LSOTOPIC DATA OF LARAMIDE GRANITIC ROCKS FROM NW MEXICO 

Sample Location "'RbASr "'Sr^Sr "'SrAr esr Sm Nd '•"Nd'^^Nd Wm ,1-M. , , Nd Nd ENd,, 8"'0(%..) 

measured measured initial initial measured measured initial initial plat' 
MV-I San Nicole 1.468 0.70854±21 0.70735 41 0.12094 0.51242()±10 0.512375 -3.7 8.9±0.l 

MV-4' Tecoripa 1..116 0.7076 0.7064 29 - - - -

MV-9 Cerro Bola 1.453 0.70915±31 0.70787 49 0.10670 0.512342±8 0.512298 -5.1 -

MV-6' Puerto El Encino 4.230 0.7109 0.7073 41 0.11614 0.512389±8 0.512343 •4.2 -

MV-7 NE Puerta del Sol - - - - 0.12261 0.512381±6 0.51233(1 -4.5 9.1 ±0,1 

MV-M' Granito Hcnnita 2.282 0.7092 0.7072 39 - - - - -

MV-12 Hemiosillo 0.463 0.70922±9 0.70879 62 0.10713 0.512362±6 0.512318 -4.6 9,2±0,1 

MV-17 Cruz GAIvez 0.720 0.70764±I6 0.70698 36 0.11659 0.512331±7 0.512283 -5.3 9,0±().l 

MV-19 Bariia <Je Soinm 0.869 0.70969±10 0.70889 f>4 0.10162 0,512322±7 0.512281 -5,4 9,l±0 1 

CH-006' Suaqui Grande - - 0.7067 33 0.11384 0.512404±7 0.512360 -3.9 8,6±0,l 

CH-010' Suaqui Grande - - 0.7067 33 0.11639 0.512420±7 0.512377 -3.7 7,9±().l 

MAL-74' Malpica 0.950 0.70337±68 0.70257 -26 0.13367 0.512702±6 0.512593 1.7 5.7±0.l 

MAL-108' Malpica - - - - 0.11597 0.512686±7 0.512592 1,6 9,9±0,l 

TAM-1' Taineapa 0.177 0.7()639±7 0.70624 26 0.12286 0.512771 ±9 0.512671 3,2 9.8±0,1 

TAM-71' Tanieapa - - - - 0.15512 0.512645±5 0.512520 0,5 ll.ltO.I 
MV-25a Sonobari complex 0.521 0.70868±102 0.70701 39 0.09421 0.512394±5 0.512256 -1.8 -

MV-25b Sonobari complex 0.063 0.70635±141 0.70615 27 0.18014 0.512829±7 0.512565 4.2 -

Unccrtiiiiilics in ''"Sm/''"Nd ratius < 0.5%. Nil rulio.s mirniuli/.cii K) ''"'Nil/''"Nil= 0.72ly. tNil values cakuiuCcJ u.sing 

present day CHUR values of '''^Sin/'"Nd= 0.19(16 and ''"Nd/''"Nd= ().5l2h.^S. Uncertainties in '"Rl)/"'Sr ratios <1.0%. 

Sr ratios normalized to '"'Si/''Sr= 0.1194. 

' Kb-Sr data recalculated Iroin Dainon et. al., I^Kib. ' Data I'roin the University of Ari/onu-Mining Industry Mexico 

Consortium database based on samples collected by l.ukas /urcher and analyzed by Duinian Ht>dkinson. '"Sr/''°Sr initial 
ratios fur samples CH'(M)6 and CH-010 are tlie average of tluee nearliy data points from Dainon I'l. ill , l9K.)a. 

CT\ ' J )  
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Figure 2.19.- Map of 87Sr/86Sr initial ratios of Laramide granitoids in northwestern 

Mexico. The lines are tectonic terrane boundaries as shown in Figure 2.1. The 

lower ratios in the Guerrero terrane suggests influence of isotopically more 

primitive materials. Strontium localities include data from Damon et al.. 1983a 

and 1983b; Bagby et al., 1981; Mead et al., 1988; Shafiqullah et al., 1983; and 

unpublished information generated by the University of Arizona-Mining Industry 

Mexico Consortium. 
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Figure 2.20.- Map of initial eNd from Late Cretaceous-Tertiary plutonic rocks 

in northwestern Mexico.The samples of metamorphic rocks from the Sonobari 

Complex (SC) are also indicated. The lines are tectonic terrane boundaries as 

shown in Figure 2.1. The more positive values to the south suggest contamination 

from less crustally evolved materials. Data include unpublished isotopic information 

generated by the University of Arizona-Mining Industry Mexico Consortium. 
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centra] Sonora, in the region considered the terrane suture (Roldan-Quintana et ai. 1993). 

In this zone, some of the data yield isotopic signatures characterized by high ^^Sr/^®Sr 

initial ratios (higher than 0.7070) and low initial sNd values (lower than -5) (Pig. 2.21). 

In a Nd-Sr isotope correlation diagram (Fig. 2.22), the samples from northern and 

central Sonora plot in the lower right quadrant where most crustal rocks lie. The samples 

from Sinaloa plot in the upper left quadrant, where most of the mantle-related reservoirs 

lie(DePaolo, 1988). 

Oxygen isotopic relations for a very limited amount of samples show typical S'^O 

values for unaltered granites with an average of +9.0 ?^o, although one of the samples from 

die Sinaloa batholith shown in Table 4 is depleted in 5'^0 (+5.7 %o). Beside this, the 

highest values correspond to granitoids intruded in the samples presumably associated 

with the Guerrero terrane (-i-lO 0 to +117 %o). The lowest 5'^0 values correspond to 

samples located in the Cortes terrane (+7.0 to +8.7 9^). A combined 5'^0-Nd diagram 

(Fig. 2.23) does not show a progressive trend although the higher 5'^0 - '•*^Nd/''*^Ndo 

values occur to the south, in the Sinaloa batholith. 

The Sonobari Complex 

Because the Sonobari Complex may constitute part of the basement of the 

northern margin of the Guerrero terrane, two samples collected from the type locality at 

the Sierra de Francisco, west of El Fuerte were also studied (Table 2.5). One of them is a 
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Figure 2.21.- Map of isolopic compositions of l.aramidc granitoids from northwestern Mexico: I.eft side; '^^Sr/ ^^Sr 

initial ratios; right side; epsilon Nd initial values. I'he shaded area shows an unexpected region of crustally evolved 

signatures in central Sonora (See text for discussion). I he lines are tectonic terrane boundaries as shown in I'igure 

2 .1 .  Da ta  inc lude  i so top ic  loca l i t i e s  r epor ted  by  Damon c t  a l . ,  1983a  and  1983b ;  Bagby  c l  i l l . ,  1981 ;  Mead  c i  i iL ,  

1988; and unpublished information from the University of Arizona-Mining Industry Mexico Consortium database. 
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Figure 2.22.- Sr-Nd isotope correlation diagram for samples of Laramide granitoids 

from northwestern Mexico. The samples of metamorphic rocks from the Sonobari 

complex are also indicated. Crosshairs represent the bulk earth composition. The 

shaded area shows the plotting region of oceanic basalts (mantle array). Open 

squares: Caborca nad North America terranes; open circles: Cortes terrane; open 

triangles: Guerrero terrane. 
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Figure 2.23.- i43Nciyi44Nd initial ratios plotted against 6180 values for samples 

of Laramide granitoids from northwestern Mexico. Open squares: Caborca and 

North America terranes; open circles: Cortes terrane: solid triangles: Guerrero 

terrane. 
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quartzofeldespathic gneiss (MV-25a) that represents the most voluminous pan of the 

complex, and the other is a dark amphibolitic rock (MV-26b). The results show a 

fairly evolved REE pattern for the felsic gneiss vvith Lav Ybv ratio of 11.9 and 

Eus'/Eu* equal to 0 6, while the mafic sample showed a primitive flat REE pattern 

(LaN/Ybs =16) vvith no Eu anomaly, and total REE abundance only about 30 times 

the chondrite (Fig. 2.24). Isotopic relations show £Nd and "Sr/'^^Sr initial values of 

-^4.2 and 0.7060 respectively for the mafic member, and -1.8 and 0.7070 for the felsic 

gneiss. The amphibolite plots slightly to the right of the mantle array in the first 

quadrant of the Sr-Nd correlation diagram, whereas the felsic gneiss plots in the fourth 

quadrant, close to the samples from the north and central parts of the granitic belt 

(Pig. 2.22). 



TABLE :.5.-M.-VJOR. TR.-\CE ELEMENT. .\ND CIPW NORMATIVE 
.VIINER.\LS FOR SAMPLES OF THE SONOB ARI COMPLEX 

FG A FG 

Si02 72.10 47.30 La 20.40 6.72 

AliOi 14.50 16.10 Ce 44.85 18.39 

MgO 0.67 6.11 Pr 5.26 2.79 

Cab 2.78 9.97 Nd 17.23 13.35 

Na,0 3.60 2.72 Sm 2.55 3.95 

KjO 2.69 0.60 Eu 0.47 1.45 

FeOt 5.93 3.05 Gd 2.15 5.03 

TiO. 0.28 1.58 Tb 0.33 0.84 

MnO 0.05 0.24 Dy 2.00 5.30 

P;05 0.07 0.21 Ho 0.38 1.07 

LOl 0.30 1.25 Er 1.13 3.29 

Qz 33.3 0.0 Tm 0.16 0.52 

C 0.8 0.0 Yb L21 2.90 

Or 15.9 3.5 Lu 0.15 0.38 

Ab 30.5 23.0 Rb 66.14 3.10 

.\n 13.3 29.9 Sr 146 178 

Di 0.0 9.9 Ba 1421 131 

He 0.0 4.9 Zr 120 28 

Fa 0.0 0.7 Y 14.33 34.23 

Mt 1.2 5.9 U 1.85 0.43 

Ap 0.2 0.5 Th 8.04 0.48 

11 0.5 3.0 Ta 0.74 0.76 

En 1.7 9.0 Hf 2.00 0.12 

Fs 1.8 5.1 Nb 11.57 3.51 

FG; felsic gneiss; A; amphibolite 



1000 

(U 

cd 

I 

La Cc Nd Sm iui (id Tb l)y Ho Mr im Yb l.u 

l-'igurc 2.24." Choiidriie-nornializcd Rlvlv concenlralions orsuiiiplcs from the Sonobari Complex. 

Open circles; lelsic gneiss (sample MV-26a); solid circles; amphibolilic gneiss (sample MV-

26b). i he shaded area represents ihe field of l .aramide graniloids from ihe Sinaloa balholilh. 



75 

DISCUSSION 

The scattenng observ ed in most of the major and trace elements versus silica plots 

indicates that the bulk composition of the Laramide granitoids was not strongly 

influenced by the type of substrate in which these bodies were emplaced. It perhaps 

reflects the variety of factors that could have regulated die final magma composition. 

These factors, mostly driven by sustained changes of physical conditions caused by the 

eastward migrating locus of magmatism, include thermal regime, state of stress, crustal 

thickness, and conditions of the magma flux (Barton, 1996). The variable degree of 

assimilated upper crustal materials, and more locally, the level and size of the emplaced 

granitoids as well as post-emplacement interactions dealing with the partial removal of 

mobile elements or mineral phases, may also have contributed to minor changes in the 

bulk rock composition. Moreover, the fact that the assimilated materials were not 

necessarily fully integrated into the granitic melt, may complicate a simple straight 

relation between pluton lithology and geochemical changes. This is mainly caused by the 

high viscosity of this type of magma, which prevents the development of an effective 

convective system, resulting in certain inhomogenieties (Harris, 1996). 

Nevertheless, Na20/K20 ratios, some trace elements, especially the LREE, and 

particularly the Rb-Sr and Sm-Nd isotopic relations provides some evidence of basement 

influence in the chemistry of the Laramide granitoids. 



NaiO/KjO ratios 

It was noticed by Chappell and White (1974) that the I type granitoids of eastern 

Australia were relatively more enriched in Na^O than the S type. Since K2O is more 

enriched in the upper continental crust, the Na20/K20 ratios may be a measure of the 

degree of upper crustal contamination. The lower Na20/K20 ratios seen in the northern 

and central parts of the plutonic belt, possibly indicate certain involvement of K-rich 

materials incorporated in the magma mixing (Fig. 2.9). However, the southern part of the 

belt shows higher ratios suggesting derivation from a meta-igneous source (Roberts and 

Clemens, 1993). 

Rare Earth Elements 

The steeper chondrite-normalized REE for samples emplaced northward in the 

belt reflect the influence of an evolved old crustal component into the magma. The 

samples from the north part of the belt are characterized by steep patterns which perhaps 

reflects that melting derived primarily from a pyroxene or garnet-bearing source, such as 

the granulitic lower crust described by Ruiz etai, (1988) as the main source for the 

voluminous mid-Tertiary volcanism of the SMO. Partial removal of these minerals could 

explain the high LREE/HREE ratios. Also the well developed negative Eu anomalies 

observed in most of these samples, require a strong plagioclase fractionation. The three 

samples of granodiorites from Hermosillo MV-12, MV-14, and MV-15 are however a 



notable exception since they lack the Eu anomaly This is not likely to be a result of a 

single-stage process, presumably because these plutons derived from the same primary 

source that underwent plagioclase fractionation. The REE composition in granodiorites 

appears to be strongly controlled by the presence of minor mineral phases particularly 

allanite, sphene, and apatite (Gromet and Silver, 1983). In the case of the samples from 

Hermosillo. perhaps most of the REE fraction resides in sphene and apatite crystals 

which are common; however, these minerals do not explain the lack of the expected 

negative Eu anomaly According to Cullers and Graf (1984), an alternative model for REE 

patterns with no Eu anomaly requires subsequent hornblende crystallization which have 

an opposite effect on Eu than plagioclase, causing no net anomaly in the melt. It however, 

depends on the oxygen fligacity, because under more reducing conditions, Eu*^ in 

equilibrium with hornblende is more strongly partitioned into the melt than Eu~^ and the 

rest of the REE. 

The samples of granitoids in the Cortes terrane, were collected relatively close to 

the Caborca-Cortes terrane boundary. The sample MV-19 and perhaps the sample MV-

17 are located just slightly south of this limit but were grouped with the Caborca terrane 

samples because at this location the thrust geometry is essentially dominated by the 

lower plate. The REE concentrations of the samples from this terrane, especially close to 

the north boundary, are LREE-enriched, with ZREE, and Eu/Eu* values in general 

suggesting a similar pyroxene and/or gamet-bearing plagioclase-rich primary source. 



[n the southern pan of the belt, the REE panems for the granitoids are flatter. 

with a smaller, though still well developed negative Eu anomaly (Eu/Eu* between 0 7 and 

0 8). These patterns differ greatly from the granitoids emplaced northward, and are 

thought to be derived from a different primary source. This source requires no garnet 

fractionation to avoid high LREE^HREE ratios, and also a modest plagioclase fractionation 

to produce relatively small negative Eu anomalies. Melting of a basic source with no 

garnet or hornblende is implied as a suitable source to generate similar REE patterns m 

island arc settings (Cullers and Graf, 1984). 

It is interesting to notice the similarity that exists between the REE patterns of the 

northern Sinaloa granitoids and the felsic gneiss of the Sonobari Complex. From the Figure 

2.24, it seems that a simple felsic-mafic gneiss mix could reproduce the REE patterns for 

the granitoids; however, any amount of the mafic gneiss raises much the HREE content, 

as well as the concentration of certain major oxides such as CaO and MgO. In thin 

section, the texture of the felsic gneiss suggests an intrusive protolith of granite or 

granodiorite composition, while the REE similarity possibly suggests a similar source. 

Isotopic Composition 

Isotope data from the Mesozoic granitic batholiths of western United States show 

a clear crustal dependence (e.g., Kistier and Peterman, 1973; Taylor and Silver, 1978; 

DePaolo, 1981; Fanner and DePaolo, 1983; DePaolo and Farmer, 1984). The data show 



systematic vanations which are explained by a simple two-end member mixing model, 

with mantle-derived rocks at one end and Paleozoic sedimentary rocks at the other end 

(DePaolo. 1981). The samples from the Laramide plutonic belt of northwestern Mexico 

also show clear variations in the Sr and Nd isotopic data, which depend on the type of 

intruded basement. The plutons emplaced north of latitude 29° N, in the Caborca terrane 

have £ N'd initial values around -4. Just crossing the suggested position of the Caborca-

Cortes terrane boundary, the values are surprisingly lower about -5, and become slightly 

around -4 in central and eastern Sonora, perhaps reflecting lesser influence form the 

craton. On the contrary, the positive e Nd initial values of the samples from the Sinaloa 

batholith, are a clear indication of more mantle-related origin, without much involvement 

of an evolved crustal component. 

The Nd data correlate well with the Sr isotope relations. ''^Sr/^^Sr initial ratios 

show a regular progression, with more radiogenic Sr in samples from the Caborca and 

North America terranes. Also anomalously high ®^Sr/^Sr initial ratios are observed in the 

Caborca-Cortes terrane suture zone. This zone perhaps corresponds to an E-W elongated 

tectonic depression which continuously received evolved clastic materials from the region 

underiain by the North American craton. This is supported by the fairly old detrital 

zircon ages reported by Gehrels and Stewart (1997) from Ordovician rocks near to the 

Barita de Sonora mine area. The considerably lower ^Sr/^^Sr initial ratios seen in the 
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southern part of the belt strongly correlate with the more positive e Nd initial values, 

suggesting the presence of a terrane underlain by a more juvenile crust. 

Oxygen isotope relations in the western North .America batholiths showed a 

regular variation with higher 5'®0 values correlating with the higher ^'Sr/^Sr initial ratios 

(Taylor and Silver, 1978; DePaolo, 1981). The limited 5 '^O data addressed in this work 

do not show obvious systematic variations. The Figure 2.23 shows that 5 '^O of samples 

from the Caborca and the Cortes terranes correlates with Nd isotope data. However, only 

one of the four samples from the Guerrero terrane follows this tendency, with the lowest 

S'^O value coupled with a high ''^^Nd/''*^Nd initial ratio. The three samples from the 

Guerrero terrane that do not fit the expected progression show the highest 5 '*0 values. 

This samples come from the porphyry copper districts of Tameapa and Malpica in 

Sinaloa, and perhaps were subject to intense meteoric water interaction. 
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Chapter 3 

BASEXIENT EMPLICATIONS IN THE \lETALLOGE>rESIS 

OF THE PORPHYRY COPPER BELT OF NW \IEXICO 

ABSTRACT 

The rich porphyry copper province of southwestern North America extends south along 

most of western Mexico The porphyry copper occurrences are particularly localized in 

the northwestern part of the country in the states of Sonora, Sinaloi Chihuahua, and 

Durango. where about 35 deposits have been recognized. However, most of these 

deposits are prospects and only two of them are considered as world-class deposits 

Cananea and La Caridad in northern Sonora. The porphyry copper systems in 

northwestern Mexico are strongly associated with the Laramide belt (80-40 Ma), which 

was emplaced in three major terrane types; The North America and Caborca terranes to 

the north, which evolved on a cratonic basement; the Cortes terrane in central and 

southern Sonora, characterized by Paleozoic marine basin rocks; and the Guerrero terrane 

in northern Sinaloa, composed by Mesozoic island arc-related volcano-sedimentary 

sequences. Systematic variations in the geochemical composition of the granitoids along 

the belt, particularly REE and radiogenic element information, suggest contamination from 

the terrane basement rocks. The effect of these crustal changes in the porphyry copper 

mineralization is less obvious, perhaps due to differences in the level of exposure of the 
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systems The hypogene Cu grades do not vary much along the belt, but the associated 

metals such as Mo, W, and Au seem to show a spatial control. The highest Mo grades 

occur in the north part where the belt was emplaced into the North .\merica and the 

Caborca terranes. Tungsten deposits are apparently not constrained by the terrane type, 

but are more conspicuous in central Sonora. Gold occurs along most of the belt, but higher 

values seem to be associated with porphyry copper occurrences in the Guerrero terrane 

The metal distribution, particularly the associations Cu-Mo-WOi in terranes of North 

America affinity (perhaps including also the Cortes terrane), and Cu-Au in the Guerrero 

terrane, strongly suggest basement control. The economic importance of the deposits 

however, seems to be restricted to the efficiency of supergene enrichment, which was 

very important to die north in Cananea and La Caridad. 
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rNTRODLCTION 

Northwestern Mexico contains a large fraction of the mineral deposits known in 

the country, most of which are closely related to the Laramide igneous event (80-40 Ma) 

From a variety of metal commodities and mineralization styles, the most conspicuous 

event is the porphyry copper belt that extends from southwestern United States to 

perhaps southern Mexico. However, the largest deposits occur only in the northern part 

of the belt, around southern Arizona, western New Mexico, and northern Sonora. The 

porphyry copper occurrences in central and southern Sonora and Sinaioa exhibit 

differences in size, metal contents, and metal grades, perhaps largely influenced by 

variations in the composition of the pre-Laramide geologic substrate. Campa and Coney 

(1983) noticed that most of the Mexican territory is underlain by tectonic terranes 

attached to North America, mainly during Mesozoic time. They suggested that the nature 

of the terranes played an important role in the spatial distribution of certain metals such 

as Au, Pb, and Zn. However, most of these terranes are only partially known from 

scattered exposures of basement. Many of their boundaries are hidden beneath thick 

younger overlap sequences, and are only inferred from surface expressions (Ruiz and 

Coney, 1993). 

The apparent relationship between the nature of the substrate and the ore 

deposits in Mexico requires a better understanding of the basement configuration. Also, 

after years of exhaustive mining exploration programs in Mexico, the possibilities of 
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finding large exposed ore deposits are considerably reduced This makes it important to 

improve methods to detect and explore unexposed targets, requiring not only a better 

knowledge of the substrate geology, but also a better understanding of the processes that 

controlled hvdrothermal fluid circulation and concentration of metal ores 

OBJECTIVES 

Magmatic rocks of Laramide age in northwestern Mexico are well recorded along a 

broad belt that extends NW-SE almost perpendicular to the various major terrane limits 

The exposures show that the Laramide igneous activity penetrated well into the 

continent, suggesting that the magma had to rise through a considerably thick continental 

crust. This may have induced important levels of contamination from geochemically and 

isotopically distinctive crustal materials producing geochemical variations in the magma 

products. Also, the vast associated mineral deposits suggest that on their ascending way, 

the cooling magmas concentrated anomalous amounts of Cu, Mo, W, and Au, particularly 

during late sub-volcanic activity. The source of the metals is yet largely unknown, but 

differences along the belt of porphyry copper and associated skam deposits in 

northwestern Mexico, suggest that the metal distribution was at least partially controlled 

by the type of basement. 

The present paper integrates geochemical, isotopic, and geochronologic 

information of mineralized and unmineralized Laramide igneous plutonic rocks to 
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investigate the role of major basement variations in the metallogenesis of the porphyry 

copper belt in northwestern Mexico 

GEOLOGIC FRAxVlEWORK 

NW Mexico Terrane Geology 

Various tectonic terranes are recognized in northwestern Mexico (Fig. 3.1). The 

Caborca terrane located to the north, is a disrupted slice of North .America displaced to 

the SE along the Mid-Jurassic Mojave-Sonora megashear (Anderson and Silver, 1979) 

(Fig. 3 1). It is composed of Proterozoic crystalline basement including 18 to 1.7 Ga-old 

meta-plutonic rocks overlain by thick Late Proterozoic and Paleozoic miogeoclinal strata 

(Campa and Coney, 1983). The North American craton to the north of the Mojave-

Sonora megashear is characterized by a strongly deformed but little metamorphosed 

sequence of 1 7 to 1.6 Ga-old volcanic and sedimentary rocks (Anderson and Schmidt, 

1983). 

The Cortes terrane defined by Coney and Campa (1987), is located in the central 

part forming the basement of most Central and southern Sonora. It consists of Ordovician 

through Permian moderately to deep marine basin rocks accreted to the north onto the 

continental margin between Mid-Permian and Late-Triassic times (Poole et ai, 1991). 

Exposures of similar Paleozoic eugeociinal sequences extend to the Sonoran coast (Poole, 

1993), and the eastern side of the Baja California peninsula (Gastil et al., 1991). 
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Figure 3.1.- Northwestern Me.xico terrane map; modified from Coney and Campa 

(1987). CZV: Cenozoic volcanics; LP: La Paz; VZ: Vizcaino; SA: Santa .Ana; G: 

Guerrero terrane; C: Caborca terrane; Cs: Cortes terrane; NA; North America 

terrane. Horizontal lines; Paleozoic eugeoclinal facies; bricks; Paleozoic 

miogeoclinal facies;. MSM; Mojave-Sonora megashear. Cb: Caborca; H; 

Hermosillo; M: Mazat^; N: Navojoa; Ch Chihuahua; EF: El Fuerte; Cu; Culiac^. 
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The Guerrero terrane extends to the south of the Cortes terrane along most of the 

western side of the country It is the largest terrane of Mexico, and comprises a 

composite of three poorly icnown sub-terranes, which contain late Mesozoic volcanic and 

sedimentary sequences (Campa and Coney, 1983). The northernmost exposures of the 

Guerrero terrane occur in northern SinaJoa. They are represented by Late Jurassic meta-

andesites and tuffs, tectonically overlain by pelagic sediments (Servais. et al.. 1986), and 

basaltic pillow lavas with associated mafic and ultramafic bodies of Early Cretaceous age 

(Ortega-Gutierrez, et al.. 1979). The basement is not well known (Ortega-Gutierrez et al. 

1994), but late Paleozoic deep-water sequences and a sequence of amphibolitic gneisses of 

possibly Late Triassic age exposed near El Fuerte and San Jose de Gracia (Fig. 3.1), 

probably underlie these sequences (Muilan, 1978; Servais t?/a/., 1986; Carrillo-Martinez. 

1971). 

Arc Magmatism in ^^W Mexico 

Various episodes of Cordilleran arc magmatism have been recognized in Mexico 

since Permian times (Torres-Vargas et al., in press). In northwestern Mexico however, the 

record starts at Late Triassic time, although igneous rocks of this age are only reported in 

one locality of northwestern Sonora (Stewart et al., 1986). Exposures of Early to Mid-

Jurassic magmatic rocks are on the contrary widespread in northern Sonora (Anderson 

and Silver, 1979; Damon et al., 1981; Grajales et al., 1992), although the outcrops 
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terminate abruptly in north-central Sonora, perhaps due to displacements along the 

VIojave-Sonora megashear (.\nderson and Silver, 1979). Between 140 and 105 Ma ago, 

the arc returned to the trench site near the Pacific Coast, producing intense magmatism 

mostly along Baja California (Silver and Chappell, 1988). Then the arc migrated slowly 

inland reaching western Sonora about 90 Ma ago (Damon et al., 1983), and western 

Sinaloa about 100 Ma in Sinaloa (Henry, 1975). 

During the Laramide Orogeny (80-40 Ma), the volcanic arc migrated rapidly to the 

east well into the continent. This produced a broad belt of calc-alkaline plutonic and 

coeval mostly intermediate volcanic rocks along most of western Mexico, especially in the 

region of Sonora and Sinaloa (Fig. 3 .2). At the end of the Laramide event, the arc initiated 

a fast return toward the trench site (Damon et al., 1979). The arc return was accompanied 

by a great ignimbrite explosion that built most of the Sierra Madre Occidental mid-

Tertiary volcanic province (McDowell and Clabaugh, 1979). 

THE LARAMTOE PORPHYRY COPPER BELT 

Generalities 

The Laramide Orogeny is recognized as one of the most productive metallogenetic 

epochs in southwest North America. A variety of mineral ore deposit types are found 

associated with the vast Laramide igneous activity. In most of the cases, the 
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mineralization appears to be closely related to centers of intrusion (Barton etal , 1995). 

being the most conspicuous example of this, the belt of porphyry copper deposits. 

The conception of a generally well accepted model for the porphyry copper 

systems, based on concentric alteration and mineralization shells (Lowell and Guilbert. 

1970), was possibly due to its clear spatial and temporal association with relatively small 

porphyrytic intrusion centers (Tidey, 1993). These intrusions are usually less than 2 

kilometers in diameter, but the hydrothermally altered zone may occupy tens of cubic 

kilometers of rock (Norton, 1982). The distribution of the ore minerals and alteration 

products in both, the wall rock and the cooling pluton, is clearly associated with vigorous 

hydrothermal activity. However, the mechanisms of emplacement of the porphyry stocks 

and the ultimate source of metals still remain little understood. 

The porphyry copper deposits have a relevant position in the mining activity in 

southwestern North .America, chiefly because they may exhibit large volumes and metal 

contents, that allow a relatively low-cost extraction (Titley, 1982). These mining 

attributes along with widespread occurrences have promoted continued research and field 

exploration programs, which have been the source of a voluminous literature (e.g., Titley, 

1966 and 1982; Fiedrich, etai, 1986; Pierce and Bolm, 1995). 
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Time-Space Distribution 

Porphyry copper mineralization in southwestern North America occurred since 

Jurassic through mid-Tertiary times However, most of the deposits were emplaced 

during a specific time span between 75 and 45 Ma ago. The porphyry copper deposits of 

southwestern North .America lie within a narrow NW-SE elongated belt, that follows the 

trajectory of the Laramide voicano-plutonic arc The belt seems to be much wider to the 

north perhaps due to mid-Tertiary extension, or because part of it remains covered 

beneath younger volcanic rocks to the south. The region around .Arizona, western New 

Mexico, and northern Sonera, contains the economically most imponant and best studied 

deposits. Southwards, the porphyry copper occurrences are fairly continuous from 

central Sonora to southern Sinaloa (Fig. 3.3). However, despite the considerably large 

number of deposits recognized in diis region, most of them are considered as prospects 

World-class deposits are only known in two mining districts in northeastern Sonora: 

Cananea and Nacozari. 

IGNEOUS ROCKS 

Geochronoiogy 

The magmatism associated with the Laramide orogenic event in northwestern 

Mexico, is well constrained in terms of geochronoiogy, particularly concerning the 

plutonic activity. In general, the batholithic facies evolved eastwards during the inboard 
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Figure 3.3.- Map of the porphyry copper occurrences in northwestern Mexico. 

Numbers are referred to Table 3.1. The solid circles represent the pre-Laramide 

deposits Fortuna del Cobre (FC) and El Arco (EA). The open circles indicate the 

Laramide occurrences. 



arc migration from a pre-Laramide arc position near the Sonora and Sinaloa coasts (Fig. 

3 4) It seems that the migration of the plutonic activity was much more prominent in 

northern and central Sonora, but it was more static in southern Sonora and Sinaloa. 

However, this may be only apparent because the southern part of the belt could be 

partially buried beneath the mid-Tertiary volcanics. Minor plutonic activity between 60 

and 56 7 Ma ago reported for central Chihuahua (McDowell and Mauger, 1994), reveals 

that it is well possible that the Laramide plutonic belt extended farther east beneath the 

Sierra Madre Occidental Province. 

The porphyry stocks related to the copper mineralization were produced during 

most of the Laramide time, and are time-congruent with the main equigranular facies. 

which host or root them. Damon et al., (1986) compared K-Ar ages of mineralized and 

unmineralized plutonic rocks from six Mexican porphyry copper deposits along the belt. 

Their results showed an average age difference of 4.4 ± 1.4 Ma; however, four of them 

had age differences between 3 .3 ± 1.7 Ma and 1,7 ± 1.6 Ma. This suggests that the 

porphyry stocks were perhaps produced during the cooling stage of the main plutons. 

Lowell in 1974 noticed that the distribution of ages along the porphyry copper belt 

showed a N-S progression, with the older ages to the north. This idea seems to work fine 

for those porphyry copper occurrences emplaced in a basement with North American 

affinity. However, this progression of the ages is not seen in the southern part of the belt 

(Fig. 3.5). 
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Figure 3.4.- Map of dated Late Cretaceous-early Tertiary bathoiithic rocks in 

northwestern Mexico. The lines represent a highly idealized location of the eastern 

front of the Laramide batholith at various times. Age data from Damon et al. (1983a) 

and (1983b), Poole et al. (1991), Mora (1992); Gans (1997); Henry (1975), Gastil 

and Krumenacher (1977), Anderson et al. (1980), Clark et al. (1988), Shafiqullah 

et al. (1983), Bustamante (1986), and Mead et al. (1988). 
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Figure 3.5.- Map of dated Laramide porphyry copper deposits in southwestern North 

America. Dashed lines approximately constrain the boundaries of the belt. Data from 

Damon et al., (1983a) and (1983b); Clark et al., (1988); and Keith and Swan, (1995). 
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Geochemistry 

The Laramide belt of northwestern Mexico is characterized by large composite 

batholiths, remnants of mostly-intermediate volcanic strata, and sub-volcanic intrusive 

complexes. The plutons within the batholiths vary in composition from diorites to 

granites, but biotite ± hornblende granodiorites are by far the most abundant variety. 

Tonalites and hornblende granodiorites are common in the Sonora-Sinaloa coastal region, 

whereas granites frequently occur in the inner part of the belt. The geochemical 

characteristics of the sub-volcanic intrusive complexes are less known, mainly because 

they are normally accompanied by a strong hydrothermai alteration. The complexes are 

composed by multiple relatively-small stocks with porphyritic textures, often forming 

the center of Cu mineralization systems (Titley, 1992). In the case of the Mexican 

deposits, the systems are dominated by two types of intrusions, homblende-biotite 

granodiorites-granites and nyroxeixC-hornblende diorites-granodiorites (Barton et al., 

1995). However, with exception of the largest deposits of northern Sonora, little is known 

from literature about the whole rock chemistry of the porphyry intrusions, and the metal 

characteristics of their associated deposits. 

The geochemical analyses of pre-mineraiization Laramide granitic rocks show mid 

to high potassium enrichments, alkali ratios in the region of metaluminous to weakly 

peraluminous compositions, and a typical calc-alkaline trend (Fig. 3 .6). Besides the 

Na20/K20 ratios that are clearly smaller in the Guerrero terrane (Fig. 3.7) , the bulk rock 
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Figure 3.6.- Major element composition of Laramide plutonic rocks from porptiyn.' 

copper districts in Arizona and New Mexico (solid diamonds) and northwestern Mexico 

(open squares). The shaded area represents the field of about 50 samples of equigranular 

Laramide plutonic rocks firom northwestern Mexico. 3.6a: AFM diagram. A; NazO+KzO: 

F; total Fe as FeO; M: MgO; 3.6b; KzO-SiOl diagram; 3.6c; Alkali ratio-Si02 diagram. 

.-VCNK; molar Al203/(Ca0+Na20+K20); 3.6d: (MgO + Fe0t0tai)-Si02 diagram. 

Composition for the equigranular rocks include data from Roldan -Quintana, 1991. 

Bagby ei al., 1981, and Wodzicki 1995. Data for the porphyry copper-related plutons 

from the University of Arizona-Mining Industry Mexico Consortium database. 
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composition do not show obvious systematic changes along the belt. However, average 

compositions from relatively large groups of samples shown in the Table 3 1 show an 

interesting variation with the type of intruded crust. A more felsic composition is seen in 

the Caborca and North .America terranes characterized by higher SiO^ and K2O contents, 

and lower proportions of MgO, CaO, and total Fe as FeO. The belt in the Guerrero 

terrane has the most mafic average composition, whereas the part of the belt emplaced in 

the Cortes terrane averages an intermediate composition. 

The REE data shows that the granitoids from the North America and Caborca 

terranes, generally have larger ZREE and steeper chondrite-normalized ElEE slopes with 

large negative Eu anomalies. In the Cortes terrane, the plutons have smoother slopes with 

smaller negative Eu anomalies, particularly off the Caborca-Cortes terrane boundary. The 

granitoids from the Guerrero terrane have the lowest REE enrichments, showing much 

flatter chondrite-normalized shapes with little or no Eu anomalies (Fig. 3 8). Besides the 

Cananea district, geochemical studies of the hypabyssal stocks in the porphyry copper 

deposits of northwestern Mexico are not available at this time. Available data from 

porphyry intrusions show similar compositions Studies done by Wodzicki (1995) in the 

Cananea area, allow a comparison of the REE concentrations between the pre-ore Cuitaca 

Granodiorite, and an ore-associated feldspar porphyry intrusion. The former has a steep 

chondrite-normalized REE pattern showing a large negative Eu anomaly, whereas the 

latter has a lesser total REE enrichment, a steep LREE slope becoming concave toward 
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T.\BLE 3.1.- AVERAGE COMPOSITIONS OF SAMPLES FROM 
THE LAR.AMIDE BATHOLITHIC BELT OF NW MEXICO 

C + NA Cs G 

Si02 67.43 67.23 64.09 

Ai^O, 15.85 15.73 16.81 

MgO 1.65 1.82 2.41 

CaO 3.43 4.04 5.13 

NajO 3.66 3.39 3.86 

K.O 3.51 3.21 2.03 

FeO 3.70 3.89 4.79 

TiO. 0.53 0.51 0.63 

MnO 0.07 0.07 0.09 

P.O5 0.17 0.11 0.16 

N 26 12 18 

C: Caborca terrane; NA; North America terrane; Cs: Cortes terrane; G: Guerrero 
terrane. N means number of samples. Averaged compositions include data from 
Roldan-Quintana, 1991; Bagby and Cameron. 1981; Wodzicki, 1995; and Mora-
Alvarez. 1992. 
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the HREE side, and a positive Eu anomaly (Fig. 3 .9). These results are in a general 

agreement with data summarized by Tidey (1992) for three major copper districts in 

southern Arizona. Because both plutons are thought to be genetically related, the Eu 

anomalies suggest strong plagioclase fractionation in the parent magma, and a subsequent 

cooling stage in equilibrium with hornblende. 

Damon and coworkers (1983a) studied first the strontium isotope composition of 

the mineralized Mexican porphyries. They observed that there is a clear basement control 

in the initial ^^Sr/^®Sr values with the higher values occurring north of latitude 28° N, 

perhaps due to assimilation of Precambrian sialic crust. In this paper, a considerably large 

number of available isotopic data including new Sr and Nd localities were integrated to 

study the effect of major basement changes in the composition of the Laramide plutonic 

belt of northwestern Mexico (Fig. 3 .10). As a general observation, the granitoids from the 

North America and Caborca terranes have relatively high ^^Sr/^®Sr initial ratios normally 

greater than 0.7063, and are coupled with e Nd initial values below -4.2. The data from 

samples located in the Cortes terrane show just minor variations compared to the terranes 

to the north. However, the samples of granitoids emplaced in the Guerrero terrane, have 

the more positive e Nd values between -1.2 and +3.2, and *^Sr/^^Sr ratios between 0.7062 

and 0.7026 (Figs. 3.11 and 3.12). 
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Figure 3.9.- Chondrite-normaiized REE patterns for plutonic rocks in 

the Cananea district. Open squares for the pre-mineralization Cuitaca 

Granodiorite, and solid diamonds for a mineralized quartz-feldspar 

porphyry. Data from Wodzicki 1995. 
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SYNOPSIS OF THE PORPHYRY COPPER DISTRICTS 

Cananea 

The Cananea mining district is the largest of Mexico, and is recognized as one of 

the world's principal porphyry copper occurrences (Bushneil. 1988). It is located in the 

northern part of the state of Sonora, about 250 ion to the NE of Hermosillo. and about 

160 km south of Tucson, Arizona. The mineralized zone extends NW-SE, including the 

Cananea, La Mariquita, Maria, El Alacran, Puertecitos, and Milpillas as the most 

important individual deposits (Table 3 .2). 

The geologic record in the Cananea district contains about 1000 m of deformed 

Cambrian through Carboniferous quartzite and limestone strata, floored by a Precambrian 

1440 ± 15 Ma-old granite (Anderson and Silver, 1977). These rocks are unconformably 

overlain by a thick pile of Triassic C') and Jurassic intermediate to felsic tuffs and flows 

of the Elenita and Henrietta Formations of Valentine (1936), which were intruded by the 

Jurassic El Torre Syenite (Ochoa-Landin and Navarro-Mayer, 1979). This volcanic pile is 

also unconformably overlain by about 1,500 m of Laramide basalt, andesite, and dacite 

flows related to the Mariquita and Mesa Formations (Meinert, 1982; Bushneil, 1988). 

The Laramide volcanism was accompanied of several stages of coeval intrusions, which 

include the Tinaja Diorite, the Cuitaca Granodiorite, and the Chivato monzo-diorite. 

Samples from the last two intrusions yielded U-Pb zircon ages of 64 ± 3 Ma and 69 h 1 



TABLE 3.2 - CHARACTERISTICS OETHE PORPHYRY COPPER AND ASSOCIATED DEPOSITS IN NW MEXICO 
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1995; l2:S(itaiu>-Kiai, 1975; 13: Slialiqullati 1983; M: McMielal., 1988. 
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Ma respectively ( Anderson and Silver, 1977). This magmatic stage was followed by 

multiple quartz-feldspar porphyry stocks and rhyolite plugs ranging in age from 59 9 ± 2 

Ma to 54 2 ± 2 Ma, which intrude the entire rock section at Cananea (Wodzicki. 1995). 

Most of the Cu production of the Cananea district comes from open pit mining of 

supergene-enriched blankets of sulfide mineralization, closely related to a northwest 

trending series of quartz-feldspar porphyries (Meinert, 1982; Wodzicki, 1995). However, 

the higher copper accumulations occur associated with several breccia pipes, which were 

mined separately in the past, but still continue to be of great economic importance 

(Bushneil, 1988). .AJso, skam deposits dominated by bomite and chalcopyrite 

mineralization, were mined during the early times of the Cananea district at Puertecitos, 

Elisa, and Capote Basin, NW of the Cananea Mine (Meinert, 1982; Enaudi, 1982). 

Estimated resources include approximately 1,800 million tons with 0 7% Cu, 0.02% Mo, 

and 0 1 gr/ton Au (Barton et ai, 1995). The La Colorada breccia pipe structure is the 

most important mineralized breccia containing about I ppm Au, 70 ppm Ag, 3% Zn, 

0 5% Pb, and up to 0.7% Cu (Damon et al., 1983 a). 

The Maria deposit is a relatively small but high-grade deposit, located 

approximately 8 km NW of the Cananea Mine. A detailed description of the geology, and 

a geochemical model for the origin of the mineralization at Maria, was done by Wodzicki 

(1995). He described two main types of ore bodies. One is a chalcopyrite-bearing 

stockwork associated with a quartz-feldspar porphyry stock, which contains about 7 



million tons of 0 8% Cu and 0 04% Mo The other consists of a massive sulfide 

brecciated pegmatite containing 1 6 million tons of 6% Cu, 0 36% Mo, and 31 gr/ton of 

Ag. 

The Milpillas and La Mariquita, and El .AJacran deposits located about 14 km 

N'W, and 17 km SE of the Cananea Mine, respectively, are currently undeveloped and 

little known in literature. The mineralization at La Mariquita and El .AJacr^ deposits 

consists of pyrite and chaicopyrite disseminated in stockwork and breccias, and 

chalcocite associated with supergene enrichment processes. An estimate of the resources 

for these deposits is given in Table 3 .2. 

Nacozari 

Nacozari is the second largest porphyry Cu-Mo district in the country, being also 

an important copper producer at world scale. The district is located in northeast Sonora, 

about 185 km to the northeast of Hennosillo, being the main mining area located 

approximately 1.5 km east of the town of Nacozari de Garcia. The deposits within the 

distria include La Caridad, Pilares, Florida-Barrigon, La Lily, Los Alisos, La Bella 

Esperanza, and El Batamote as the most important deposits. 

The oldest rocks consist of early Cretaceous sediments of the Bisbee Group, 

which are well exposed in the northern part of the district, in the areas of the Florida-

Barrigon and La Lily mines (Theodore and Priego de Wit, 1978). Most of the district is 
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extensively covered by Laramide intermediate to felsic flows and tuffs, that are cut by 

multiple sub-volcanic Laramide plutons. These plutons are clearly associated with the 

mineralization event, whereas the sequence of altered Laramide volcanics served as an 

important host for the Cu-Mo ores. The La Caridad Mine, located about 14 km SE of 

Nacozari de Garcia, is by far the most important deposit within the district, and the only 

one that is presently active. The mineralization occurs as pyrite, chalcopyrite, 

molybdenite, and chalcocite in stockwork, dissemination and breccia filling, related to 

quartz monzonite and quartz diorite porphyry stocks (Perez-Segura, 1985). Sericite from 

phyllic alteration yielded 54.5 ± 0 9 Ma, what indicates the age of the mineralization 

(Damon etai, 1983a and 1983b). The resources are estimated in 1.200 million tons with 

0.65% Cu and 0.012% Mo (Barton et ai, 1995). 

The El Batamote deposit is located about 12 km north of Nacozari de Garcia, and 

comprises about 4.4 million tons of ore averaging 0.36% Cu in stockwork and breccia 

filling (Perez-Segura, 1985), related to a quartz monzonite porphyry pluton, that yielded 

a K-Ar age of 56.8 ± 1.2 Ma (Damon a/., 1983a and 1983b). The Florida-Barrigon 

deposit locates 3 km west of Nacozari de Garcia. Theodore and Priego de Wit (1978) 

described this deposit as a chalcopyrite-bearing quartz-calcite-chlorite stockwork hosted 

in andesite, and temporally associated with the Sierra Cobriza granite. The estimated 

resources include 90 million tons with 0.3% Cu and 0.015% Mo (Barton et al., 1995). 

The La Lily Mine is located less than I km north of La Florida-Barrigon, and consists of 
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an inactive gamet-pyroxene skam developed on early Cretaceous limestone of the Bisbee 

Group (Theodore and Priego de Wit, 1978). Sericite from altered granite at this place 

yielded a K-Ar age of 52.4 ± 1.1 Ma (Damon e/a/., 1983a and 1983b). The La Bella 

Esperanza prospect locates about 12 km south of Nacozari de Garcia, and consists of 

stockwork, disseminated and breccia filling Cu mineralization hosted in Laramide 

andesites. The alteration and mineralization is found associated with a quartz monzonite 

stock that yielded a K-Ar age of 55.9 ± 1.2 Ma, whereas sericite from alteration yielded a 

K-Ar age of 55.5 ± 1.2 Ma (Damon etal., 1983a and 1983b). The Pilares Mine, located 

about 7.5 km SE of Nacozari de Garcia, and approximately 10 km west of La Caridad, 

was one of the first places to have mining activity in the district, although it is presently 

inactive. The deposit consists of a breccia pipe with pyrite, chalcopyrite, scheelite, 

sphalerite, galena, and tetrahedrite mineralization, which produced 19 million tons of ore 

with 2.6% Cu, and still has resources for 44 million tons with 0.7% Cu (Perez-Segura, 

1985). The Los Alisos prospect is located about 22 km east of Nacozari de Garcia, and is 

one of the least known in current literature. The deposit consists of stockwork, 

dissemination, and breccias containing pyrite mineralization and nearby Pb-Zn-F (Perez-

Segura, 1985). Resources for this prospect are not accurately known; however it is 

considered that the mineralized area which is associated with a rhyolite porphyry 

averages 0.13% Cu (CRM, 1992). 
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Cumobabi 

Although inactive at present time, a few years ago the Cumobabi district was the 

major Mo producer of Mexico. It is located in central-eastern Sonora about 150 km 

northeast of Hermosillo. and approximately 30 km northwest of the town of Moctezuma. 

Its importance was centered on the San Judas breccia deposit, although the mining district 

contains about 50 reported breccia bodies. However, only a few of them have been 

recognized to hold economic Mo-Cu mineralization. These are the Transsvaal, 

Washington, Cobre Rico. La Verde, and El Molibdeno deposits (Fig. 3 .3). 

The district geology is rather simple in the sense that there are no known 

exposures of the pre-Laramide basement. The oldest rocks units are andesites and dacites 

intruded by a monzonitic pluton with a K-Ar age of 63 .1 ± 1.7 Ma, exposed between the 

San Judas and Transvaal deposits (Scherkenbach et al., 1985). Also, a granodioritic pluton 

that yielded a K-Ar age of 56 4 ± 1.2 Ma was dated in the Washington mine area, some 15 

km west of the San Judas-Transvaal area (Damon, et al., 1983b), approximately 

constraining the age of the pre-mineralization Laramide intrusions in the Cumobabi 

district. 

Scherkenbach and coworkers (1985) have identified two stages of mineralization in 

the Cumobabi district. One is strongly associated with potassic alteration consisting of 

molybdenite, pyrite, quartz, chalcopyrite, K-feldspar, biotite, anhydrite, and apatite. The 

second overprints the first stage, and is closely related to sericitic alteration. It includes 



chalcopyrite, ilmenite, anhydrite, tetrahedrite, sericite, calcite. sphalerite, galena, sidente, 

and tourmaline According to them, the Cu grades in the district are irregular, but high Cu 

and high Mo values are coincident. Mineralized breccias in the San Judas-Transvaal area 

usually contain more than 10% Mo, whereas the quartz-monzonite pluton and overlying 

volcanics contains less than 0.01% Mo. In the Washington Mine, the mineralized breccia 

pipes are dominated by pyrite, chalcopyrite, molydenite, and scheelite, occurring closely 

associated phyllic and potassic alteration (Simmons and Sawkins, 1983). 

The age of the mineralization is not yet totally clear. Alteration biotite from the 

San Judas-Transvaal-El Molibdeno area yielded a K-Ar age of 56.7 ± 1.3 Ma 

(Scherkenbach et al., 1985), whereas K-Ar ages of 40.0 ± 0.9 Ma and 45 7 ± 1.0 Ma from 

secondary biotite and sericite from breccia filling in the areas of San Judas and the 

Washington Mine respectively, were obtained by Damon et ai, (1983). 

El Creston 

The El Creston porphyry copper occurs as an isolated deposit at approximately 

100 km north of Hermosillo, and about 5 km south-southwest of the town of Opodepe. It 

is to the west and relatively close to the Cumobabi district, however the surrounding 

geology seems to be very distinctive. The EI Creston deposit is located in a NW-SE 

elongated sierra of Laramide granitic rocks, just west of the El Jaralito and Aconchi 
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batholiths. Most of the lithology is constituted by the Creston granite, but wail rocks 

include schists and gneisses of probable Precambrian age (Perez-Segura, 1985). 

The mineralization is essentially molybdenite and minor chalcopyrite 

disseminated in the Creston granite, which contains a zone dominated by phyllic and 

potassic alteration, with molybdenum values greater than 0.1% (Leon and Miller. 1981). 

Perez-Segura (1985) has estimated 0.16% Mo for 100 million tons, however the Cu 

values are minimal and localized. Sericite from the fractured Creston granite yielded a K-

Ar age of 53.5 ± 1.1 Ma (Damon et a/., 1983), which may represent an approximate age 

for the mineralization event. 

Suaqui Grande-San Nicolas 

The Suaqui Grande-San Nicolas district is located in the central-eastern part of 

Sonora, extending east from about 150 km east-southeast of Hermosillo. It includes the 

Suaqui Verde, Cuatro Hermanos, Lucia, Aurora, San Antonio de La Huerta, Tres Piedras, 

and Los Verdes as the main deposits. None of these however, are presently considered 

economic, although intense exploration programs have been developed recently in the 

areas of Cuatro Hermanos and San Antonio de La Huerta. 

The Suaqui Grande-San Nicolas district shows geologic features that differ gready 

from the those observed in the porphyry coppers of northern Sonora. The most notable 

is that this region shows no exposures of the Precambrian crystalline basement and its 
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Precambrian and Paleozoic miogeoclinal cover. The basement consists of ver\' deformed 

Paleozoic eugeoclinal rocks of the Cortes terrane, unconformablv overlain by a thick 

package of Late Triassic clastic sediments of the Barranca Group. Exposures of Laramide 

volcanic and plutonic rocks occur everywhere in the area. The volcanics are regionally 

known as the Tarahumara Formation, and consists of thick sequences of strongly altered 

andesitic to dacitic agglomerates and flows (McDowell et al., 1994). The Laramide 

intrusives occur as large composite equigranular batholiths that vary from quartz-diorites 

t o  g r a n i t e s .  K - A r  a g e s  f r o m  f o r  s o m e  p l u t o n s  w i t h i n  t h e  d i s t r i c t  r a n g e  f r o m  6 3  3  ± 3 3  M a  

to 49 6 ± 1.2 Ma (Damon t;/a/., 1983a and 1983b; Mead er a/.. 1988; Gans, 1997). The 

equigranular facies were also intruded by a variety of nearly contemporaneous porphyry 

stocks mainly of quartz-diorite and quartz-monzonite compositions, some of which 

centered the Cu-Mo mineralization occurrences. The K.-Ar dates for some of the deposits 

reported by Damon and coworkers (1983a), vary between 53.6 ± 1.6 Ma and 58.8 ± 1.3 

Ma. 

It is interesting to notice that the deposits in the Suaqui Grande-San Nicolas 

district are included within the Barranca Group basin, which is thought as a major E-W 

rift-related structure (Stewart and Roldan-Quintana, 1991). A subtle E-W orientation in 

the distribution of the porphyry copper deposits, perhaps suggests that fractures along 

this structure exerted certain control in the mineralization. The available information 

concerning the characteristics of the deposits, metal grades and resources is very scarce. 
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The San Antonio de La Huena deposit developed on Paleozoic marine basin rocks and 

overlying Late Triassic sediments of the Barranca Group. The mineralization is mostly 

related to breccia pipes with molybdenite and chalcopyrite and less chalcocite, covelite, 

and digenite. replacing chalcopyrite; resources include also 207 4 ton of U3OS (Barton et 

al. 1995; Perez-Segura. 1985). Au-Ag values are found in quartz veins and replacements 

around breccias (Barton et al., 1995). The Aurora deposit is slightly south of the San 

.Antonio de La Huerta deposit. It is smaller and much lesser known, however maximum 

values of 0.1% Cu and 0.015% Mo were reported by Solano-Rico (1975). The Cuatro 

Hermanos porphyry deposit consists mainly of mineralized breccias containing pyrite. 

chalcopyrite, and molybdenite, and also chalcocite in a small supergene-enriched zone 

with 0.42% Cu and 0.022% Mo (Barton et al., 1995; Perez-Segura, 1985). The Suaqui 

Verde deposit shows a zone of potassic alteration around a quartz-dioritic pluton with 

pyrite, chalcopyrite. and molybdenite averaging 0.1% to 0.15% Cu, and a zone of 

supergene enrichment with chalcocite and oxides averaging 0.3% to 0.5% Cu (Barton et 

al., 1995; Perez-Segura, 1985). The Lucia deposit is slightly west of Suaqui Verde, and 

consists of Cu-Mo mineralization (metal grades not reported) controlled by stockworks 

and breccias, related to a tonalite pluton (Perez-Segura, 1985). 

The two easternmost deposits occur near to the San Nicolas and Santa Rosa 

towns, close to the Sonora-Chihuahua state boundary. The Tres Piedras deposit is located 

near Santa Rosa, and consists of a mineralized breccia pipe associated with a granodioritic 
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intrusion. The mineralization include pyrite, chalcopyrite, bomite. and molybdenite, and 

also tungsten m the form of wolframite and scheelite (Mead et al. 1988). The Los Verdes 

deposit is located just to the south of the same granodioritic intrusion, near San Nicolas. 

According to Barton and coworkers (1995) the deposit consists of three types of 

mineralization. A gamet-epidote-quartz-calcite skam with fluorite. pyrite, chalcopyrite. 

and powelite; pegmatite dikes with wolframite, molybdenite, pyrite, chalcopyrite, 

chalcocite, and scheelite; and a granite greisen alteration zone with scheelite and 

chalcopyrite. They also reported that between 1916 and 1945 this district produced 

around 90,000 tons of ore, averaging 1.3% WO3. Also, Perez-Segura (1985) indicated 

resources of 10 million tons in breccias containing 0.25% Mo, 0.2% Cu, and 0.2% WO3 

for the Los Verdes deposit. 

Piedras Verdes 

The Piedras Verdes prospect in southern Sonora is an isolated deposit, located 

approximately 18 km NE of the city of Alamos, and approximately 95 km SE of Ciudad 

Obregon. The wall rocks are mainly meta-sediments perhaps of the Barranca Group 

(Perez-Segura, 1985), whose last well-identified outcrops occur N-NW in the Baroyeca 

area. However, Dreier and Braun (1995) observed that most of the bedrock at Piedras 

Verdes consists of thinly layered and tightly folded metasediments that resemble 

turbidites or submarine fan deposits. This description perhaps is coincident with 
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lithologies observ ed south in northernmost Sinaloa near El Fuerte, where deformed late 

Paleozoic eugeoclinal sequences have been recognized (Mullan, 1978; Gastil et al., 1991). 

The metasediments are intruded by Laramide equigranular granodiorite, which is 

also cut by a family of granodiorite porphynes (Dreier And Braun, 1995). The age of the 

igneous events is not known in this area, but hornblende and biotite from a quartz-monzo-

diorite pluton located about 22 km N-NE in the San Alberto Mine area, yielded K-Ar ages 

of 56.4 ± 1.8 Ma and 46.5 ± 0.8 Ma respectively (Mead et ai, 1988). 

The Piedras Verdes is a Cu-dominated deposit genetically related the cooling of 

the granodiorite porphyries. According to Dreier and Braun (1995), the hypogene 

mineralization occurs as a pyrite, chalcopyrite, and molybdenite stockwork, which 

contains 0.15%-0.3% Cu and abundant Mo in the inner parts, decreasing outwards to less 

than 0.1% Cu and almost no Mo. However, they concluded that the economic importance 

of the deposit depends entirely on supergene enrichment of low-grade pyrite-chalcopyrite 

proto-ore. 

Sara Alicia 

The Sara Alicia prospect is located in southern Sonora about 80 km NE of the city 

of Navojoa. It consists of a skam deposit containing polymetallic mineralization, 

characterized by the association Au-Cu-Co (Perez-Segura, 1985; Perez-Segura et aL, 
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1995). The skarn developed at the contact between undifferentiated Mesozoic sediments 

and Laramide granitoids (Perez-Segura, 1985). 

Batopilas 

The Batopilas district is located in southwestern Chihuahua near to the Sonora-

Sinaloa-Chihuahua state intersection, about 70 km south of Creel. The district comprises 

many deposits, some of which used to be famous mines because of the native silver 

production from veins, accomplishing about 300 million ounces of silver (Goodell, 1995). 

Although only two of these deposits are reported as truly porphyry copper deposits, the 

silver ores of the district are thought to have been generated by circulating fluids 

associated with a porphyry copper magmatic-hydrothermal system (Wilkerson et ai, 

1988). 

The older rocks exposed within the Batopilas district consists of exposures of the 

Laramide volcano-plutonic complex named the Lower Volcanic Complex by McDowell 

and Clabaugh (1979). It is composed by pervasively altered andesites and coeval 

granodioritic and quartz-dioritic plutonic rocks (Bagby et al., 1979). This complex is 

unconformably overlain by a sequence of mid-Tertiary volcanic breccias, conglomerates, 

rhyolite tuffs, and massive rhyolite ignimbrites (Wilkerson et al., 1988). 

Porphyry copper mineralization is known in the Satevo-Tahonas and Cerro 

Colorado areas (Barton et al., 1995). The first contains a gold-bearing surface oxidized 



zone named the Corralitos gossan, which developed on the Tahonas granodiorite and the 

Pastrana dacite The mineralization may be related to a 51.6 ± 1 1 Vfa-old microquartz-

diorite. which intruded the Pastrana dacite (Wilkerson et al, 1988) Estimated resources 

include more than 4 million Tons of ore averaging 4% Cu, and more than 2 million tons 

with 2 to 3 gr/ton Au and variable copper in the upper gossan region (Barton et al. 1995) 

The mineralization at Cerro Colorado is associated with a domai granodiorite intrusion 

that developed auriferous pyrite-quartz stockworks with estimated resources of 3 million 

tons of ore containing 0.3% Cu and 0.4 gr/ton Au (Barton et al., 1995). 

Choix 

The Choix district is located in NW Sinaloa, about 25 km N-NW of the town of 

Choix. It contains the Santo Tomas, La Reforma, El Magistral, and La Barranca deposits, 

all them included within the Choix batholith (75-40.1 Ma). Only the Santo Tomas is 

considered as a true porphyry copper deposit (Bustamante-Yanez, 1986). It consists of a 

quartz-monzonite porphyry sill with disseminated copper mineralization, which cuts a 

sequence of Cretaceous limestone and metamorphosed and mineralized andesites (Clark et 

al., 1988). A K-Ar age for the mineralization was obtained by Damon and coworkers at 

57.2 ± 1.2 Ma. An estimate of the resources gives 250 million tons of 0.45-0.52% Cu, 

including a supergene-enriched blanket of 14 million tons with 0.74% Cu, no Mo and 0 05 

gr/ton Au (Barton etal., 1995). The area of El Magistral Mine is located a few kilometers 



SE of Santo Tomas. and consists in several breccia bodies associated with the Choix 

granodiorite The breccias contain a surface oxidation zone with free gold at El Orito and 

El Platano, which has been the target of a strong "gambussino" mining (Bustamante-

Yanes, 1986) The La Barranca is another nearby breccia deposit which contains copper 

and gold mineralization associated with a supergene-enriched blanket, that shows 

evidences of a past mining activity (Bustamante-Yanez, 1986). At La Reforma, located 

about 7 5 km north of Santo Tomas, Zn-Pb-Cu-Ag mineralization occurs as contact 

replacement in Cretaceous limestone intruded by a 59.9 Ma old biotite granodiorite, and a 

59 2 Ma porphyry granite (Clark etal., 1988; Damon etal, 1983a). 

La Guadalupana and Cerro Colorado 

La Guadalupana is a small isolated deposit located in southwestern Chihuahua, 

near the boundary with the state of Sinaloa. The deposit consists of a 59 4 ± 1.2 Ma old 

biotite-bearing granodiorite crosscut by fissure veins that contain copper, molybdenum, 

and tungsten mineralization dated at 51.1 ± 1.5 Ma (Damon et al., 1983a). The Cerro 

Colorado (Los Hidalgos ?) prospect, is located about 50 km S-SE of La Guadalupana. It 

consists of a breccia filling mineralization of molybdenite and pyrite, containing sericite 

that yielded a K-Ar age of 46.3 ± 1.2 Ma. The breccia body cuts a granodiorite pluton 

that bears biotite that yielded a very close K-Ar age of 48 ± 1.2 Ma (Shafiquilah et al, 

1983; Bustamante-Yanez, 1986). 
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Tameapa 

The Tameapa district is located in eastern Sinaloa, at about 30 km N-NE of the 

town of Badiraguato. It includes the Tameapa, San Jose del Desierto, and Los 

Chicharrones deposits. The mineralization at Tameapa consists of a stockwork and 

breccia bodies related to a 54.1 ± 1.1 Ma old biotite quartz monzonite that intruded a 

hornblende granodiorite dated at 56.9 ± 1.2 Ma (Damon et al., 1983a). The mineralized 

stockwork contains 2% to 7% combined Cpy-Mo-Py, whereas the breccias contain 0.2% 

Cu with 58 ppm Mo (Barton et ai., 1995). The San Jose del Desierto deposit is located in 

NW Durango near to the intersection of the states of Chihuahua, Sinaloa, and Durango. 

The mineralization includes copper, molybdenum, and tungsten in breccia filling and 

dissemination related to quartz diorite and quartz monzonite stocks (Clark et al., 1988; 

Bustamante-Yanes, 1986). Sericite from breccia filling yielded a K-Ar age of 63 .3 ± 1.3 

Ma, while biotite collected from dissemination yielded a K-Ar age of 59 I ± 1.2 Ma 

(Damon et al., 1983a). The Los Chicharrones prospect located approximately 15 km 

south of Tameapa, is a stockwork with Mo mineralization in veinlets and disseminations 

(Bustamante-Yanes, 1986), related to a 56.2 ± 1.2 Ma-old quartz monzonite intrusive 

(Damon et al., 1983a) that cut a sequence of Cretaceous sediments and andesites. Other 

possibilities for this district mentioned by Bustamante-Y^ez in his report, are the 

Virginia-Washington, and the Pirindongos deposits which are not yet studied, but show 
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good indications of Cu mineralization. Gold values in the surface oxidation zone have led 

to a strong "gambussino" mining activity in these places. 

Las Higueras 

The Las Higueras prospect is located in central-eastern Sinaloa, about 30 km N-

NE of Culiacan, the capital city. It consists of molybdenite and chalcopyrite mineraliztion 

in quartz veins and disseminations (Bustamante-Yanez, 1986). Sericite from a granodiorite 

stock associated with the Cu-Mo mineralization yielded a K-Ar of 49 0 ± 1.0, whereas 

the main pre-ore granodiorite pluton gave a K-Ar age of 54.9 ± 1.2 Ma (Damon et al, 

1983a). 

Cosala 

The Cosala district is located in SE Sinaloa, close to the boundary with Durango, 

and about 90 km SE of CuliacM. It includes several deposits that developed past mining 

activity, like Nuestra Senora, Promontorio, Mamut, Verde, Proveedora, Bolanos, and 

Cerro San Rafael. The district consists of Cu-Pb-Zn-Ag-Au mineralization as skam, 

replacement and veins in Cretaceous limestone, related to a granodiorite intrusion that 

yielded K-Ar biotite and hornblende ages of 59.5 ± 1.2 and 58.5 ± 1.2 Ma, respectively 

(Barton et al., 1995; Damon et al., 1983a). An estimate of the district production reported 

by Barton et al., (1995) comprises 15 million tones of ore from skam with 4.1% Cu, 
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25 5% Zn, 15 2% Pb, 1,400 gr/ton Ag, and 3.4 gr/ton Au; 5 million tons from replacement 

containing 2.5% Cu, 4 8% Zn, 5 7% Pb, 720 gr/ton Ag, and 1 gr/ton .\u; and about 2 

million tones from veins with 0.9% Cu, 1.9% Zn, 3.6% Pb, 3.270 gr/ton Ag, and 1.2 

gr/ton Au. 

.Vlalpica 

The Maipica prospect is located slightly south of the town of Concordia in 

southern Sinaloa. The deposit includes three tourmaline breccia pipes associated with 

quartz diorite and granodiorite porphyry stocks, which yielded hornblende and biotite K-

•Ar ages at 54.2 ± 1.2 and 53 .8 ± 0,6 Ma respectively (Barton et al., 1995; Damon etal, 

1983a). Pre-mineralization granodiorite yielded a K-Ar age of 57.3 ± 0.6 Ma (Damon et 

ai, 1983a). The mineralization occurs as breccia filling and as stockworks, with limited 

supergene enrichment. The estimated resources include 2 million tons of 0.89% oxide Cu; 

0.4 million tons of 1.07% mixed Cu; and 0.95% Co-Mo sulfide (Barton et al., 1995). 

Bustamante-Yanez (1986) also mentioned two more prospects north of Maipica named 

Los Naranjos and La Azulita, where interesting Cu-Mo breccia structures occur. 
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DISCUSSION 

Basement-Controlled Igneous Geochemistry 

The average bulk rock compositions shown in the Table 3 1 indicate that the 

basement may have been an important control in the geochemical composition of the 

Laramide granitoids in northwestern Mexico. .Also, some parameters such as Na20/K20 

ratios. flEE, and the radiogenic isotope composition show good indications of basement 

influence. 

The lower Na20/K20 ratios observed in the North .America and Caborca terranes 

suggest contamination with materials derived from a potassium-rich meta-sedimentary 

crust, whereas the higher ratios in the samples from the Guerrero terrane indicate that the 

magmas interacted with a more igneous-related crust (Fig 3 .6). 

The chondrite-normalized REE plots show also more evolved patterns to the 

north, characterized by larger REE enrichments and steep slopes with well-developed 

negative Eu anomalies. These patterns are also seen in the northernmost part of the 

Cortes terrane, where the Paleozoic eugeoclinal sequences form only a thin skin on the 

Caborca terrane. More to the south in the Cortes terrane, the samples are less REE-

enriched but REE shapes are still quite similar. The REE slopes in general suggest that the 

granitoids in the North America, Caborca, and Cortes terranes had a similar crustal source, 

which underwent a strong fractionation of plagioclase and garnet. On the contrary, the 

samples from the Guerrero terrane are characterized by more primitive REE patterns with 



lower ZREE, flatter slopes, and little or no Eu anomalies. This suggests a gamet-free 

crustal magma source, where not much plagioclase was fractionated. 

The initial strontium isotope ratios and E Nd values, show that the basement 

effectively modified the isotopic composition of the plutons along the Laramide belt of 

northwestern -Mexico. The higher ^^Sr/^^Sr ratios and lower e Md values in samples from 

die North .\merica and Caborca terranes, suggest that the original magma was 

contaminated by assimilation of crustally evolved materials derived from the North 

American craton. Similar signatures in the Cortes terrane perhaps indicate a comparable 

magma evolution but a progressive less influence from the craton. The more positive e Nd 

values and much lower ^Sr/^^Sr initial ratios in the samples from the Guerrero terrane 

indicate a more mantle-related origin in the source of the granitoids, suggesting that this 

region lacks a cratonic crustal component. 

Distribution of Metals 

The metallogenesis of the porphyry copper belt of southwestern North America 

is not yet fully understood, particularly concerning the origin of metals. Geochemical data 

including stable and radiogenic isotope information, provide insight into the source of 

magmas, degree of crustal contamination, origin of circulating waters, etc. The source of 

metals constitutes a different problem, since they could have been accumulated early in 

the magma process, extracted from the crust during the ascent and cooling of the sub-
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volcanic stocks, or both. One of the problems to analyze the role of the crust in the metal 

distribution throughout the porphyry copper belt of northwestern Mexico, is that the 

metal grades from most of the deposits are in general poorly known, and distinction 

between hypogene and supergene mineralization is rarely made (Barton et al., 1995). 

Also, the porphyry copper systems display a varying degree of exposure and 

preservation (Barton, 1996; Perez-Segura, 1985). However, even at this level of 

information, some interesting observations can be made. 

The porphyry copper ores in the north part of the belt are largely hosted in thick 

piles of intermediate to felsic Laramide volcanics. These rocks are poorly preserved in the 

region of central and southern Sonora and northern SinaJoa, suggesting deeper erosion. The 

result was that for most cases, only a fraction of the porphyry systems survived making 

more difficulty in establishing a comparison with the porphyries of the north. The 

porphyry copper belt is notably wider in northern Sonora, southern Arizona and westem 

New Mexico, perhaps mainly due to mid-Tertiary extension. However, Damon et al., 

(1983a) considered that extension exposed part of the belt to the north, but the southern 

continuation could be partially hidden beneath the Sierra Madre Occidental volcanic 

complex. The Late Cretaceous (?) Fortuna del Cobre prospect located in the Sonoran 

coast near Puerto Libertad, is far west from the rest of the porphyry copper deposits, 

suggesting that the westem part of the belt was more exposed to erosion. 
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The largest accumulations of metals related to porphyry copper mineralization 

occur in the north part of the belt, particularly in the Cananea and Nacozari districts, 

w here Cananea and La Caridad mines accomplish most of the Cu and Mo production of 

the country The largest concentrations of Mo occur also in deposits located to the north, 

like the San Judas breccia pipe in the Cumobabi district, and El Creston. These deposits 

are considered deeper parts in the porphyry copper systems, dominated by circulation of 

magmatic water (Perez-Segura et al., 1995). Moiydenite in stockwork veins and breccias 

is commonly present in the porphyry coppers of Central Sonora, but the highest reported 

Mo value is 0 22 % at Cuatro Hermanos (Barton et al, 1995). Molybdenum grades are 

minor in the south part of the Cortes terrane (Piedras Verdes) and in the Guerrero terrane 

Tungsten mineralization occurs along most of the length of the Laramide plutonic belt, 

associated with pegmatites and skam deposits mostly developed in Paleozoic limestone 

and granite cupolas (Mead etal., 1988). However, the most important mineralization is 

widespread in central and central-north Sonora (Hermosillo, Washington Mine, San Judas, 

and Tres Piedras). On the contrary, the limited data about hypogene Cu grades, do not 

show much variation along the belt, suggesting that the primary copper mineralization do 

not correlate with the terrane type. 

There are some porphyry copper and associated deposits in the Cmerrero terrane 

that contain gold as an important commodity. Good examples of this are the Satevo and 

the Cerro Colorado deposits in the Batopilas district of western Chihuahua. The best 
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documented Au-bearing poqjhyry copper in Mexico is El Arco deposit located almost in 

the middle of the Baja California peninsula, which consists essentially of gold but lacks 

other metals (Barton et al.. 1995). .Although this deposit is pre-Laramide in age (107 Ma), 

the fact that it was emplaced in a Vlesozoic island arc-related crust similar to the Guerrero 

terrane represented by the .Alisitos Formation, supports the idea of more constant gold 

values in the porphyry copper deposits of the southern part of the belt. The Sara .Alicia 

Cu-.Au skam deposit located in southern Sonora which also contains cobalt 

mineralization, suggests involvement of more mantle-related materials (Pix^z-Segiira et 

al. 1995). There are several Au-bearing hydrothermal breccias in the state of Sinaloa 

reported by Bustamante (1986) and the CRM (1992). which may be related to porphyry 

copper systems. They include the El Orito, EI Platano, Maria Cristina, and La Barranca in 

the area of Choix in northern Sinaloa; Virginia-Washington and Pirindongos in central-

north Sinaloa near to the Los Chicharrones prospect; and Las Patillas. Copalquines, and 

La India breccia bodies located in Southern Sinaloa. 
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Chapter 4 

SLM^LVRY CONCLUSIONS 

1 - The Laramide granitic belt of northwestern Mexico was emplaced in four major 

tectonostratigraphic terranes. Each of these terranes posses distinctive lithologic, 

geochemical, and isotopic characteristics, which seem to have modified the trace 

element and isotopic composition of the Laramide granitoids. The geochemical data 

presented in this work ailow a better constraint of the position of the terrane 

boundaries, particularly between the Cortes and Guerrero terranes. 

2 - The Caborca and North American cratonuc terranes located in die north part of the 

belt, are characterized by old cratonic and miogeoclinal lithologies. The samples of 

granitoids emplaced in these terranes had more crustally evolved signatures with low 

Na20/K.;0 ratios, high LREE/HREE and Eu/Eu* ratios, and more evolved ^Sr/'^^Sr and 

'•*^Nd/''""Nd initial isotope ratios. 

3 .- The Cortes terrane located in the central part of the belt, is mostly constituted of 

Paleozoic eugeoclinal and Late Triassic marine and continental rocks. The studied 

samples of granitoids that were intruded in this basement type showed slightly less 

evolved isotopic signatures, with lower LREE/HREE and Eu/Eu* ratios. 

4.- The Guerrero terrane, located in the southem part of the belt is characterized by mid 

to late Mesozoic island arc- associated sequences. The granitoids emplaced in this 
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terrane had the most primitive signatures of the belt, characterized by flatter REE 

patterns with a much smaller negative Eu anomaly, larger N'a20/K;0 ratios, lower 

Sr/'*''Sr initial ratios, and more positive eNd initial values. 

5 -The age of the Laramide plutons seems to become younger to the east as a result of 

migration of the volcanic arc However, a considerably large part of the belt may be 

buried beneath the Sierra Madre Occidental volcanics. 

6 -The porphyry copper belt of northwestern Mexico extends as the southern 

continuation of the well-known porphyry copper province of southwestern North 

America and is largely associated with the Mesozoic through Cenozoic cordilleran 

magmatic activity The mineralization is clearly linked in time and space to relatively 

small sub-volcanic stocks, which vary in composition from quartz-diorite to granite. 

Most of the porphyry copper occurrences in .Arizona and New Mexico fall in the 

range between 75 and 55 Ma, whereas in northwestem Mexico the ages lie mostly in 

the range between 60 and 40 Ma. 

7.-Similarly to the equigranular facies, the porphyry copper occurrences of northwestem 

Mexico also shows some evidences of compositional variations along the belt. The 

hypogene Cu grades seem to be consistent through the belt, showing no systematic 

changes. The largest Mo grades however, occur in the north part where the basement 

is dominated by the North America and Caborca terranes. The tungsten mineralization 

extends along most of the belt, but it is more conspicuous in central Sonora where 
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Paleozoic limestone s of the Caborca terrane intruded by Laramide plutons are 

common. Gold mineralization is reported along most of the belt, but the highest values 

occur in the porphyry copper deposits empiaced in the Guerrero terrane. The metal 

distribution, particularly the associations CU-M0-WO3 in terranes of North .\merica 

affinity and Cu-Au in the Guerrero terrane, seem to be a clear evidence of basement 

control during the evolution of the porphyry copper mineralization. 

8 -The economic importance of the porphyry Cu mineralization in northwestern Mexico 

seems to be restricted to the efficiency of supergene enrichment, which was very 

important for the porphyries of the north like Cananea and La Caridad. The level of 

exposure of the porphyry copper deposits in northwestern Mexico shows great 

variations due to block uplifting and erosion. In the north part of the belt, the Cu 

deposits were most effectively protected against erosion, allowing a thick pile of the 

Laramide volcanics to survive. In many cases, these rocks served as an important host 

for the copper mineralization. 



APPENDIX A; SAMPLE DESCRIPTIONS 

M V-1 

Rock characteristics: VIedium-grained quartz-monzonite composed of plagioclase of albite 

to andesine compositions, quartz, and less K-feidspar partially altered to sericite. 

Hornblende and biotite in nearly similar proportions are the main mafic minerals. Augite 

is also present in small grains. 

Sample Location: Topographic sheet INEGI H12-I2 Tecoripa scale 1:250,000. 

Coordinates 28°26' 10" N and 109°10'21" W. The sample was collected to the north side 

of the arroyo El Moro, in the N-NE limit of the town of San Nicolas, in eastern Sonora. 

This pluton extends through a large area crossing by Santa Rosa to the north and near 

Yecora to the East. 

MV-3 

Rock characteristics: Medium-grained quartz-diorite composed of andesine to oligoclase 

plagioclase and clinopyroxene. Quartz is in much lesser proportion. Clinopyroxene occurs 

as augite and titaniferous augite sometimes rimmed by hornblende. Hornblende and 

biotite are minor constituents. 

Sample Location: Topographic sheet INEGI H12-12 Tecoripa scale 1:250,000. 

Coordinates 28°36'08" N and 109°44'04" W. The sample was collected to the N-NE of 



the mining town of San Javier, on the southern slope of Cerro Pobre near to the mine 

Santa Rosa and the cerro Nahuila. The pluton intrude rocks of the Late Triassic Barranca 

Group 

MV-4 

Rock characteristics: Coarse-grained granodiorite composed of quartz, large grains of K-

feldspar frequently showing myrmekithic texture, and albitic plagioclase. Hornblende and 

less biotite are the main mafic minerals. Epidote and clinopyroxene occur as accessory 

phases. 

Sample Location: Topographic sheet INEGI H12-12 Tecoripa scale 1:250,000 

Coordinates 28°36'49" N and 109°54'07" W The sample was collected about 5 km east 

of the town of Tecoripa on the south side of the road Hermosillo-Yecora. The pluton 

shows abundant fine-grained xenoliths of similar composition. 

MV-5 

Rock characteristics: Coarse-grained granodiorite showing large grains of quartz and 

plagioclase of albite to oligoclase composition. K-feldspar is in lesser proportion 

occurring as microcline and perthite. Biotite is the main mafic mineral, whereas augite and 

sphene occur as accessory minerals. 
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Sample Location. Topographic sheet INEGI H12-12 Tecoripa scale I 250,000 

Coordinates 28°2l 16 N and 109°57'3 T W The sample was collected about 7 km SW 

of the town of Suaqui Grande, approximately 30 km south of Tecoripa, and some 500 m 

NW of Rancho Los Otates near the NW tip of Sierra La Jicariia. This pluton is cut by a 

fine grained granodiorite which is well exposed to the W in the Sierra Chichiquelite. 

MV-6 

Rock characteristics: Medium-grained monzonite composed of plagioclase of albite to 

oligoclase compositions, K-feldspar as microcline and perthite, and less quartz. Biotite is 

the main mafic mineral, whereas augite and sphene occur as accessory mineral phases. 

Sample Location: Topographic sheet INEGI H12-9 Madera scale 1:250,000. Coordinates 

29°52'54' • N and I09°26'54" W. The sample was collected about 23 km east of the town 

of Moctezuma near Puerto El Encino. The pluton shows abundant xenoliths of a more 

mafic fine-grained rock. 

MV-7 

Rock characteristics: Coarse to very coarse grained pegmatitic granite constituted by large 

orthoclase and quartz grains and little lesser amount of albitic plagioclase. Minor 

proportions of biotite and homblende occur as the main mafic minerals. 
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Sample Location: Topographic sheet [NEGI H12-8 Heraiosillo scale I 250.000 

Coordinates 29°34 05 ' N and 110°01 05 " W The sample was collected about 10 km east 

of Mazocahui and about 2 km N-NE of Rancho Mariscal on the SW slope of Sierra Pima 

This pluton is crosscut by abundant pegmatite and mafic dikes. 

MV-9 

Rock characteristics: Medium to coarse-grained granodiorite composed of quartz, albitic 

plagioclase. and K-feldspar commonly displaying perthitic texture. Hornblende and 

biotite in similar amounts occur as the main mafic minerals. 

Sample Location: Topographic sheet INEGI H12-11 Sierra Libre scale 1:250,000 

Coordinates 28°36' 16" N and 110''0114" W The sample was collected about 6 km VV of 

Tecoripa and some 2 km south of the main road to Hermosillo on the N-NE slope of 

Cerro Bola. This pluton intruded rocks of the Late Triassic Barranca Group. 

MV-10 

Rock characteristics: Medium-grained granite composed of quartz, K-feldspar, 

plagioclase, and biotite. 

Sample Location: Topographic sheet INEGI H12-11 Sierra Libre scale 1:250,000. 

Coordinates 28°29'27" N and 110''28'08" W. The sample was collected about 10 km S-
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SE of the graphite mining town of San Jose de Moradillas, and approximately 1 km N-NE 

of the San Francisco mine. This intrusive cuts rocks of the Late Triassic Barranca Group 

MV-11 

Rock characteristics; Medium to coarse-grained granite showing abundant quartz, K-

feldspar as microcline and perthite, and albitic piagiociase. Biotite and less hornblende are 

the main mafic minerals. Sphene occurs as accessory mineral. 

Sample Location: Topographic sheet INEGI HI2-11 Sierra Libre scale 1 250,000. 

Coordinates 28°48'49" N and 110°37'43" W. The sample was collected about 39 km E-

SE of Hermosillo and approximately 6 km west of La Colorada. This pluton was referred 

as Granite Hermita by Damon et ai, 1983a. 

MV-12 

Rock characteristics: Coarse to very coarse-grained granodioite constituted by orthoclase, 

microcline, quartz, and less piagiociase. Biotite and hornblende are the main mafic 

minerals. 

Sample Location: Topographic sheet INEGI HI2-8 Hermosillo scale 1 250,000. 

Coordinates 29°06'49" N and 110°56'19" W. The sample was collected to the east side 

of the city of Hermosillo near to the Abelardo L. Rodriguez water reservoir and near the 
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old presently inactive cement plant of Hermosillo The pluton is cut by multiple 

pegmatite and aplite dikes 

MV-14 

Rock characteristics; Coarse-grained granodioite composed of large grains of quartz, albitic 

plagioclase, and K-feldspar as microcline and perthite. Biotite and less hornblende are the 

main mafic constituents. Accessory sphene crystals are commonly seen. 

Sample Location. Topographic sheet INEGI HI2-8 Hermosillo scale 1 250,000 

Coordinates 29°05'02" N and 110°56'I0" W The sample was collected to the south 

limit of the city of Hermosillo. 

MV-15 

Rock characteristics: Coarse-grained granodioite composed by large phenocrysts of 

quartz, albitic plagioclase, and K-feldspar. Biotite and minor hornblende are the main 

mafic constituents. Sphene occurs as an accessory mineral, although sometimes it forms 

large phenocrysts up to I cm-long. 

Sample Location: Topographic sheet ENEGIH12-8 Hermosillo scale 1:250,000 

Coordinates 29°03'00" N and 110°56'56" W. The sample was collected to the north limit 

of the city of Hermosillo. 
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MV-17 

Rock characteristics: Medium to coarse-grained granodioite composed of nearly similar 

proportions of quartz, K-feldspar. and albite. K-feldspar occurs as microcline. 

orthoclase. and perthite. Large phenocrysts of partially chloritized hornblende and less 

biotite are the mafic minerals. Sphene occurs as accessory mineral. 

Sample Location; Topographic sheet INEGI H12-11 Sierra Libre scale 1 250,000 

Coordinates 28°53 '5 I N and 11 r07'43'' W. The sample was collected about 1 5 km 

SW of Rancho La Puerca near the gate to Ejido Cruz Galvez and about 25 km south of 

Hermosillo Pre-batholithic rocks are not known in this area, but highly recrystallized 

sedimentary rocks of uncertain stradgraphic position are exposed to the E-SE of Ejido 

Cruz Galvez. 

MV-18 

Rock characteristics: Medium-grained granodiorite constituted by quartz and orthoclase, 

microcline, and lesser proportions of plagioclase of albite to oligoclase compositions. 

Bioitite and less hornblende are the main mafic minerals, and augite occurs as an accessory 

mineral. 

Sample Location: Topographic sheet INEGI HI2-9 Madera scale 1:250,000 Coordinates 

29°06 '40 " N and 109°58'45 " W. The sample was collected about 1.5 km southwest of 

the town of Villa Pesqueira in the arroyo Las Milpillas. 
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MV-SP 

Rock characteristics: Medium-grained granodiorite consisting of quartz, K-feldspar as 

orthoclase and microcline, and intermediate plagiociase. Biotite is the main mafic mineral 

Sample Location. Topographic sheet INEGI H12-9 Madera scale 1 250,000 Coordinates 

29°17'43 N and 109°52'48' W The sample was collected about 15 km west of the 

town of San Pedro de La Cueva, about 22 km N-NE of Villa Pesqueira, and approximately 

5 km N-N'E of Rancho La Nona de Varela. 

MV-19 

Rock characteristics: Coarse-grained granite showing large poikilitic grains of K-feldspar 

with perthitic texture, abundant quartz phenocrysts, and less albite. Biotite is the main 

mafic mineral. 

Sample Location: Topographic sheet ENEGI H12-12 Tecoripa scale I 250.000 

Coordinates 28°53 '51'' N and 109°54' 16" W. The sample was collected about 10 km east 

of the Barita de Sonora Mine, and approximately 110 km east of Hermosillo. The pluton 

is exposed south of Cerro Los Novillos near to the gate to Rancho Las Guasimas and cuts 

deformed sequences of Paleozoic eugeoclinal rocks. It was referred as the Granite of El 

Estribo by Poole et ai, 1991. 
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M\'-21 

Rock characteristics: Coarse-grained tonalite composed by large phenccrysts of 

intermediate plagioclase and quartz. Hornblende crystals up to 2 cm-long and biotite are 

the main mafic minerals. 

Sample Location: Topographic sheet INEGIG12-2 Guaymas scale 1 250.000 

Coordinates 27°56'29" N and 111°04'23 " W. The sample was collected in the west side 

of the San Carlos bay NW of Cerro Chichis de Cabra, and about 20 ion west of Guaymas. 

MV-22 

Rock characteristics: Medium to coarse-grained granite composed of large K-feldspar 

grains, quartz, hornblende, and biotite. 

Sample Location: Topographic sheet INEGI HI2-11 Sierra Libre scale 1 250,000 

Coordinates 28°12'45" N and 110°58'33 " W. The sample was collected about 2 km west 

of Rancho El Bayo, and approximately 35 km N-NW of Guaymas. This pluton was 

named the El Bayo Granodiorite by Mora-Alvarez, 1992. 

MV-23 

Rock characteristics: Coarse-grained granodiorite composed of plagioclase, microcline and 

quartz. Hornblende and biotite partially altered to chlorite are the main mafic 

constituents. 
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Sample Location: Topographic sheet ENEGI HI2-11 Sierra Libre scale I 250.000 

Coordinates 28°45 '49'" N' and 111°54' 19" W The sample was collected near to Rancho 

San Nicolas, in the San Nicolas beach, about 10 km south of Kino bay This rock is 

characterized by large hornblende crystals and looks very much like the sample M\'-2I 

Pegmatite, aplite and mafic dikes are seen elsewhere cutting the pluton. 

.VlV-24 

Rock characteristics. Coarse-grained granodiorite constituted by plagioclase of 

intermediate composition, phenocrysts of K-feldspar partially altered to sericite, and 

quartz. Large crystals of hornblende and less biotite are the main mafic minerals, and 

sphene occurs as an accessory mineral. 

Sample Location: Topographic sheet INEGI H12-8 Hermosillo scale 1:250,000 

Coordinates 29°0r 13 " N and 111°25 '25" W. The sample was collected approximately 1 

km N-NE of Rancho San Enrique, about 50 km west of Hermosillo. This sample also 

resembles the samples MV-2I and MV-23. It comes from a small outcrop where aplite 

and mafic dikes are seen crosscutting the pluton. 

MV-25 

Rock characteristics: Coarse to very coarse pegmatitic granite composed of large grains of 

K-feldspar intergrowing with albite, and quartz. Biotite is the main mafic mineral. 



Sample Location: Topographic sheet INEGI Hi2-8 Hermosillo scale 1 250,000 

Coordinates 29°26 3 I N and 110°59'05 W The sample was collected about 40 km 

north of Hermosillo on the east side of the road Hermosillo-Nogales and approximately 3 

km north of Rancho La Salada. 

VfV-27 

Rock characteristics: Medium to coarse granodiorite composed of large grains of K-

feldspar, intermediate plagioclase, and quartz. Biotite is the main mafic mineral; however, 

the sample shows inclusions of a more mafic rock containing abundant hornblende and 

epidote crystals. 

Sample Location: Topographic sheet [NEGIG12-6 Huatabampo scale 1:250,000 

Coordinates 26°27'36" N and 108°35' 15" W The sample was collected about 6 km N-

NE of El Fuerte, about halfway to the Miguel Hidalgo water reservoir .More to the north, 

this pluton is seen intruding late Paleozoic eugeoclinal rocks. 

MV-28 

Rock characteristics: Medium-grained quartz-monzonite composed by abundant K-

feldspar, albitic plagioclase, and quartz. Partially chloritized biotite and less hornblende 

are the main mafic minerals. Also as in the sample MV-27, this sample contains 

inclusions of a more mafic rock containing epidote and pyroxene. 
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Sample Location: Topographic sheet INEGI G12-6 Huatabampo scale 1 250.000 

Coordinates 26°36 42 N and 108°23 '24 W The sampled pluton form part of the large 

batholith of Choix, which extends north. The sample was collected in the southern tip of 

Loma La Higuera, about 2 km XE of the intersection of the road El Fuerte-Choix and the 

road to Santa .\na. approximately 30 km N'-NE of El Fuerte. 

MV-29 

Rock characteristics: Medium-grained tonalite showing plagioclase of intermediate 

composition, quartz, and less K-feldspar as microcline. Biotite is the main mafic mineral 

and sphene occurs as an accessory mineral. 

Sample Location: Topographic sheet INEGI G12-6 Huatabampo scale 1 250,000 

Coordinates 26°23 ' 15" N and 108°29'06" W The sample was collected in the east side 

of the town of Tetaroba, about 15 km east of El Fuerte. The pluton is seen intruding a 

sequence of Late Paleozoic eugeoclinal sediments, which is better exposed in the area of 

the Miguel Hidalgo reservoir. 

MV-30 

Rock characteristics: Medium-grained tonalite showing plagioclase of intermediate 

composition, quartz, and less K-feldspar. Hornblende as large phenocrysts and biotite are 

the main mafic minerals. 
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Sample Location: Topographic sheet INEGI G12-6 Huatabampo scale I 250,000 

Coordinates 26°23'42" N and 108°2r 54'' W. The sample was collected approximately 

500 m north of the town of Chinobampo, about 30 km east of El Fuerte and some 15 km 

east of the location of sample M\'-29 

.VIV-26A 

Rock characteristics: Medium to coarse-grained quartz-feldspar gneiss of the Sonobari 

Complex composed of quartz, K-feldspar, plagioclase, biotne and epidote. 

Sample Location: Topographic sheet INEGI G12-6 Huatabampo scale 1 250,000. 

Coordinates 26°19'52 " N and 108°53 '42" W. The sample was collected in the Sierra de 

Francisco a few meters west of the San Francisco Micro-ondas Station about 28 km VV-

SW of El Fuerte, 

MV-26B 

Rock characteristics: Dark amphibolitic rock from the Sonobari Complex mostly 

consisting of hornblende, epidote, and less plagioclase. 

Sample Location: Topographic sheet INEGI G12-6 Huatabampo scale 1:250,000 

Coordinates 26''15'08" N and 108°5r45" W. The sample was collected in the south tip 

of the Sierra de Francisco, on a roadcut located approximately 9 km south of the MV-26A 

sample location site and about 30 km W-SW from El Fuerte. 
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