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ABSTRACT 

The Concepcion del Oro, Providencia, Noche Buena and Santa Rosa igneous centers 

are located in the central sector of the Sierra Madre Oriental, to the southwest from the 

city of Saltillo, in the state of Zacatecas, Mexico. Their associated mineral deposits 

constitute a coherent igneous and metallogenic area. It is characterized by a sequence of 

magmatic bodies intruding a predominantly carbonate sedimentary sequence of Mesozoic 

age. Field reconnaissance, whole rock major, trace and isotope geochemistry, and mineral 

chemistry define three magmatic pulses. The first pulse is characterized by a intermediate 

to mafic, relatively oxidized magma with low contents in halogens that becomes more 

contaminated with crustal material, enriched in fluorine relative to chlorine, and reduced 

as it evolves. The second pulse is at first more oxidized than the previous, but, like its 

later phases, it shows also significant crustal contamination and relatively high halogen 

contents. It becomes significantly more reduced, its overall halogen contents decreases 

and becomes strongly dominated by fluorine towards the late stages. A third magmatic 

pulse constituted by mafic, post-mineralic dikes was recognized but not analyzed. 

Common magma sources and a similar igneous evolution is documented for the 

different intrusions. Available field evidence, geochemical data and documented metal 

suites associated with the intrusives, indicate that mineralization is dominated by copper 

in the earlier phases, and lead-zinc-silver in the later phases. While the lead-zinc-silver 

mineralization has many parallels to other mineralized systems in the Sierra Madre 

Oriental, the significant copper mineralization is uncommon for the region. 
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Chapter I INTRODUCTION AND STATEMENT OF THE PROBLEM 

The present thesis seeks to study the petrography and petrology of several intrusive 

centers around the mineral district of Concepcion del Oro in the central section of the 

Sierra Madre Oriental with the purpose of documenting the relationship between 

magmatism, alteration and mineralization styles, establish a comparison between these 

centers and other areas within this section of the Sierra Madre Oriental, and finally view 

their evolution in the regional geologic and tectonic context. Due to time constraits for 

the completion of this dissertation, much of the new data on the hydrothermal systems in 

the region could not be incorporated. This work represents only a partial report on the 

broader study of mineralization, hydrothermal alteration and magmatism in the central 

sector of the Sierra Madre Oriental originally envisioned. 

The Concepcion del Oro district is located in the central section of the Sierra Madre 

Oriental of Mexico, 126 kilometers to the southwest from the city of Saltillo. In the 

general geologic literature it is one of the more extensively studied and better documented 

areas in northern Mexico. This is partially the result of the presence of the old mining 

district of Avalos, active since colonial times. Also its central location along the route 

between the cities of Zacatecas and Monterrey made it an attractive and easily accessible 

area for geologic inquiry. Its intermediate position between the Sierra Madre Occidental 

and Eastern Mexican magmatic provinces near the eastern limit between the Mexican 

Basin and Range and the Sierra Madre Oriental Foldbelt allows the study of magmatism 

related to the eastern and western margins of Mexico and its interaction with the 
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Mesozoic sedimentary sequences and complex structure of central Mexico. 

The districts around Concepcion del Oro have been one of the largest producers of 

copper, lead and zinc in Mexico for the better part of the 20"^ century, its deposits 

constituting classic examples for skam and high temperature carbonate-hosted 

mineralization styles. From a metallogenic point of view, the mixture of metal suites 

represented in the different deposits and their location relative to the overall tectonic 

structure makes it a rather unusual occurrence within the metallogenic map of Mexico. 

Also the overall igneous petrology of the associated plutons reveals elements more mafic 

than coeval igneous suites of its age in the Mexican Mesa Central region and more akin to 

mafic/alkalic suites in eastern Mexico. Finally, the variety of mineralization styles in the 

area, constitute a representative cross-section of mineralization styles in the region and 

illuminate the relationships between those and the magmatism in the region. 

In this introduction a brief bibliographic review and summary of the geology in the 

different intrusive centers is given, followed by a summary of the regional geotectonic 

setting and a detailed geologic framework of the study area. 
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Figure 1; Synoptic regional geologic map of the central sector of the Sierra Madre 
Oriental with generalized geologic units and their temporal position. Extracted 
from Ortega Gutierrez (1992): Carta Geologica de la Repiiblica Mexicana, 
escala 1:2,000,000. Digital version by the University of Arizona - Industry -
U.S. Geological Survey Mexico Minerals Consortium. 
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1.1 Historical background 

1.1.1 Concepcion del Oro and Providencia 

The district of Concepcion del Oro has been one of the largest copper producers in 

Mexico for the better part of the 20"^ century, being one of the classic examples of skarn-

type mineralization in this country. From a metallogenic point of view, the size and 

copper-rich nature of the mineralization of the district and its location far removed from 

the Pacific subduction front makes it a rather unusual occurrence within Mexico. Also the 

overall igneous petrology of the associated pluton is more mafic than coeval igneous 

suites of its age in the Mexican Mesa Central region and more akin to mafic/alkalic suites 

in eastern Mexico. 

In contrast, the Providencia district, a major producer of lead, zinc and silver in 

Mexico, seems associated with more felsic, porphyritic intrusions. From a metallogenic 

point of view, the mineralization's metal suite appears similar to other districts in the 

Mexican Plateau. The igneous petrology, however, being part of the same intrusion as 

Concepcion del Oro, sets it apart from other lead-zinc districts in Mexico. Also, relatively 

recent evaluation of the copper-rich portions of the district, further emphasizes the 

similarities with the Concepcion del Oro district. 

These two mining districts have been known and exploited since colonial times. After 

a long hiatus in mining activity as a result of mexican independence from Spain, the 

emerging district is featured in a number of geologic studies and fieldtrips presented 

during the 10th International Geologic Congress in 1906. Between the early 1940's and 
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the mid 1970's increasing interest in the Concepcion del Oro and Providencia districts is 

documented in numerous unpublished reports', a series of summaries of the district's 

geology and mineral deposits by Triplett (1952, 1956), the U.S. Geological Survey 

(Rogers et al., 1961, 1963), Buseck (1962), Sawkins (1963), the Mexican Consejo de 

Recursos Naturales No Renovables, today's CRM -Consejo de Recursos Minerales-

(Mapes Vazquez et al., 1964), Rye (1965), and mineralogical and metallogenic articles in 

Economic Geology (Krieger, 1940; Buseck, 1961, 1966; Sawkins, 1964, 1969; Ohmoto et 

al., 1966; Rye, 1966, 1974; Rye & O'Neil, 1968; Rye & Haffty 1969; Stollery et al. 1971; 

Roegge et al. 1974). Of these publications, the investigations on the Concepcion del Oro 

district by Buseck identify it as a contact metasomatic/skarn, copper mineralization. The 

majority of the latter works, however refer to the Providencia district. The 

microthermometric, geochemical and isotopic investigations on the Providencia district 

help establish the deposit model for the igneous-related, high temperature, carbonate-

hosted lead-zinc mineralization systems. These include information on the Concepcion 

del Oro district as well, generally as complementary or ancillary data. 

Both the Concepcion del Oro and Providencia districts are referred to in later articles 

of the 1980's and 1990's. These are generally summaries on specific aspects of mineral 

deposits (Haynes & Kesler, 1988; and to an extent Rye, 1993) or regional metallogenic 

summaries (Keith, 1981), however little new research has been generated on the districts 

since then. 

' A detailed list of references by district is given in tabulated form in Appendix A. 
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Figure 1.1.1: Overview geologic map of the Concepcion del Oro, Providencia and Santa 
Rosa igneous centers, delineated from Rogers et al. (1964). 
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1.1.2 Noche Buena (in the early 20"^ century also known as the Potrero district) 

The district of Noche Buena has remained for the most part unknown. It was 

identified as an analogue to the nearby Providencia for its similar chimney-manto style 

lead-zinc replacements. As such, the differing geologic characteristics were not taken into 

account. From a metallogenic point of view, the metal suite parallels that of the 

Providencia district, including recently evaluated copper-rich occurrences not recognized 

in earlier work. However petrographically the district exhibits both characteristics of 

mafic/alkalic and more felsic, porphyritic rocks. 

Despite the fact that this district was an operating mining camp for a good part of the 

early century, with extensive underground workings, the information on it is very 

scarce. It is mentioned indirectly in unpublished company reports by Wisser (1932, 1943, 

1944) and the Consejo de Recursos Minerales. In the scientific literature, references to 

this district are scattered through reports or review articles dealing mostly with the 

Providencia district. The only reference dealing specifically with it is Puchner & Holland 

(1966), indirectly however it is also mentioned in De Csema (1956), Rogers et al. (1956, 

1961, 1963) and in Roegge et al. (1974). 
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1.1.3 Santa Rosa 

The district of Santa Rosa is virtually unknown. Relative small amounts of 

polymetallic copper-lead-zinc-silver ores were mined along veins, contact zones and 

replacements adjacent to the contact between a porphyritic dacite plug that has been 

compared with a resurgent dome, and mostly upper Jurassic and lower Cretaceous 

limestones. From a metallogenic point of view, its polymetallic Cu-Pb-Zn ± Ag, Au suite 

is not unlike other mineralized centers within the Mexican Mesa Central. 

This district operated from around the turn of the last century until around 1930 

(Wisser, 1932) and had early reviews by Burckhardt (1906) and Barrera (1927). Indirectly 

it is also mentioned in Rogers et al. (1956, 1961) in addition to Wisser (1932, 1943). 

Since then, however, all references to the district disappear from the geologic literature. 
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1.1.4 Other localities 

1.1.4.1 San Feliciano 

The only references known to date about this area are citations in Rogers et al. (1956, 

1961) and a hydrogeologic investigation by the Consejo de Recursos Minerales, in which 

basic geologic work was also carried out (Garcia Calderon, 1976). No major mining 

activity is known for this area and only small-scale work devoted to the extraction of 

hematite for pigment on fracture-hosted or high level hematitic carbonate chimney ores 

near the limestone contact, and distal gold veins to the east ,at Los Gemelos, are reported. 

Nevertheless exploratory geochemistry and drilling was conducted at this site (Martinez 

Rodriguez, 1979). 



Figure 1.1.4: Index geologic map of the Concepcion del Oro area with locations of other studied, assembled from CETENAL 
Carta Geologica de la Republica Mexicana, escala 1:250,000; hojas G-13 12, Juan Aldama, and G-14 10, 
Concepcion del Oro. ^ 



J 
MlftCURlO 

AjAQA 

Cj-lu . lictn(h> 

30 

OURAZNiLLO 
OR 6" 

ESCALA 1:50000 

: wo*."* 
i ar«irtn>*i«rc*HfOu 
; aMlK«T< 
I cir«ut<M utci 

luritk^MSU 

MaaSC*<ONClM>t**M 
CMU MC two 
U(CM 

OCHOOUWltAt 

—a— 
+ 

_Q_ 

r-t fAlUmERU 
— rMcruu 
—I otQur 

|i 

FCiHcmacs 
CUK>D)*MV«fMf*a< 
rtMMEKU TUHSlTiaiC (( 
itfUlM 

. riMUCUUtKMScltKi (» 
MXUS 

• MttHU AMBU 
. cu»c<f3i« ri»(iuL 

V t.CMU(Tr**occvou 
MWTJiwtsrtui 

m - TUMUCUL* If jrncio". 
luooBir 
«1IUS VMS 
llMKtfUWCRTOS 

^ »o«eo 

LItRES 

+ ^ f$IiI»L*CBlHC«C(l 
isiiiiimo 

to 

CMOUCTO 
ew.Twu.Es 

CC»CU BMOU OiVlSlOWStIC 

Figure 1.1.4.1: Overview geologic map of the San Feliciano intrusion, from CETENAL 

Carta Geologica de la Republica Mexicana, escala 1:50,000, hoja G-14 C-

72 Tanquecillos. 



31 

1.1.4.2 Cerro Pedregoso, Coahuila 

The only references known to date about this area are Rogers et al. (1961, 1963). The 

Consejo de Recursos Minerales however has conducted limited geologic reconnedssance 

and geochemistry (Martinez Vacio, 1973; Martinez Ramos, 1986; and Lee Moreno & 

Ramos D., unknown date). 

No major mining activity is known immediately at this location and only small-scale 

work on fracture-controlled, as well more spatially extensive alteration zones, at the El 

Garabatillo and Canada La Pastora workings are mined for vermiculite according to the 

Consejo de Recursos Minerales,. However, to the southwest of the intrusion the 

Clavellinas mine is documented in Rogers (1961). hi the El Garabatillo and Canada La 

Pastora workings, presence of disseminated sulfides and oxidized copper stains on 

fractures lend some credence to local indication of copper and gold beneficiation by 

artisanal methods. More recently the area has attracted some interest from two junior 

Canadian mining companies Canarc Resources Corporation, through its Mexican 

subsidiary Aztec Silver Corporation, and Far West Mining Limited which are conducting 

grassroots exploration in the district^. 

^ This information has been obtained from the website of IMDEX, Inc. - Minera Cascabel S.A. de C.V. at 
http://www.imdex.com/. 

http://www.imdex.com/
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1.1.4.3 El Saltillito, Zacatecas 

The references known to date about this area are an indirect citation in Triplett (1952) 

and the regional geologic report of Rogers et al. (1961). The Triplett (1952) citation 

corresponds to two mine sjmibols plotted on a regional sketch 1:1,000,000 scale of 

mining camps between Providencia, Concepcion del Oro and Monterrey: the Saltillito 

and Laureles mines. The Rogers et al. (1961) report describes the geology of the area very 

succintly but includes a relatively detailed petrographic description of one sample of 

intrusive. 

Major mining activity probably occurred in the early part of the last century, as 

attested by abandoned mine workings at the above mentioned localities. The Saltillito 

mine extracted carbonate- or calc-silicate-hosted copper ore, whereas it is unclear what 

type of ores the Laureles mine beneficiated. Evidence from fieldwork suggests copper-

bearing or pyritic gold ores in strongly altered porphyritic igneous matrix was the ore, to 

judge from tailings. 



L^MSCDISSANCaEZ. /. 
(SANTj^m^ .— 

ESCALA 1:50000 

• l«Tft«&lV* KIO* 
• CUMTe 
IMTKUSW* wifmicMit 

I nT«IAfir« S*SICA 

(it«us<v*Jtc 
•MlfT* 
CITKMIW MTftMOa 
MKMltr* 
exiitu»n>A lAsio 

Alto 

h 

• 

/-• 

fCMAplKN KTAM 

tCMwn ix ftCk Mr 

MDCXM « 
*1>HS0I cc 

ftUMA 
(MMSfO 
enris 

-fV-

jQ_ 

H 

to 

CAaMTCa* 0( MM M OM ( 
s- CMHtnCM rMUMNTAM rftMtCauTMMITiktK {< 

fteSKM MKHM 
MKCUI 
a«tto»i «tM«u 

.WW-tc CMWcrf M ei 
cwKrrw 

CNrvtufS 
eo<rKio«*>o* ftf ^• 

c(M«ii(ao 
«iesK 

sc»«siroM *cu> 
LINTCS CKil ASLlOi 

' (CKMtMDAS 0>vtS>0N!: I 

Figure 1.1.4.3: Overview geologic map of El Saltillito intrusion, from CETENAL 
Carta Geologica de la Republica Mexicana, escala 1:50,000, hoja G-14 C-74 El 

Salado. 



35 

1.1.4.4 Matehuapil and El Rabioso, Zacatecas 

The appear to be no references known about the Matehuapil intrusion, also known as 

Cerro Palacio, to date other than an indirect citation in Triplett (1952), the general 

geologic report of Rogers et al. (1961) and two unpublished reports on general geologic 

and geochemical reconnaissance by the Mexican Consejo de Recursos Minerales 

(Martinez Vacio, 1973; and Martinez Ramos, 1988). The citation in Triplett (1952) 

corresponds to three mine symbols appearing in the regional sketch 1:1,000,000 scale of 

mining camps: Sultana, San Francisco and Boleta. Some mining activity might have 

occurred in the early part of the 20''' century only at Sultana, where copper ores in a 

barite-carbonate gangue have been described by Rogers et al. (1961), but has since 

ceased. 

Similarly, little is known about the nearby El Rabioso area, other than unpublished 

reports by the Consejo de Recursos Minerales (Martinez Vacio, 1973; and Hernandez 

Perez, 1977). It has been often associated with the Matehuapil occurrence, and some 

geologic information about the area is included in bibliographic references of that district. 

No major mining activity is known for this area other than perhaps some minor artisanal 

workings. 
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1.1.4.5 Rocamontes (Guadalupe Garceron), Coahuila 

The only references known to date about this area are in Rogers et al. (1961, 1963) 

and possibly in Triplett (1952). The Consejo de Recursos Minerales, however, has 

conducted relatively extensive geologic reconnaissance, geochemistry, geophysics and 

exploratory drilling (Martinez Vacio, 1973; Arriaga Melendez, 1977; Hernandez Perez, 

1977; Martinez Rodriguez, 1979; Martinez Ramos et al., 1986; and Martinez Ramos, and 

Rivera Martinez, 1992). Some minor mining activity might have occurred in the early 

part of the 20"' century, which corresponds to the indirect citation in Triplett (1952) of an 

unnamed mine symbol at the north end of the Rocamontes anticline (La Guadalupana 

workings). Otherwise no major mining activity is known for this area and only small-

scale artisanal work on mineralized fractures, quartz-sulfide veins and contact zones with 

the limestone host rock are reported in unpublished reports by the CRM. 
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Figure 1.1.4.5: Overview geologic map of the Rocamontes intrusion, from 
CETENAL Carta Geologica de la Republica Mexicana, escala 1:50,000, hoja G-14 

C-63, Presa de San Pedro. 
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1.1.4.6 Melchor Ocampo (San Francisco de Ocampo), Zacatecas 

The district of Melchor Ocampo was known early in the century for its copper-gold 

mineralization. It is presently mined at a small scale for lead, zinc and silver. Overall, 

however, it has remained for the most part unknown. It shares many traits with the nearby 

Concepcion del Oro and Providencia districts for both its copper skarn and chimney-

manto style lead-zinc replacements. From a metallogenic point of view, the metal suite 

parallels that of the Concepcion del Oro district, and petrographically the district exhibits 

both characteristics of mafic and more felsic, porphyritic rocks. 

This district was an operating mining camp in the early 20"^ century and might have 

been known in colonial times. However information about it is scattered through geologic 

articles and reports. Indirect reference appears in Imlay (1938), Wisser (1932, 1944) and 

the general geologic reconnaissance work of Rogers et al. (1961). Particularly in the first 

work, three different mine workings are described: Naranjera, San Francisco and El 

Cajon. It appears as only one mineral occurrence in the regional sketch 1:1,000,000 scale 

of mining camps in Triplett (1952); Naranjera. The mexican Consejo de Recursos 

Minerales has conducted specific work on mineral occurrences within the district during 

the 1980's but the resulting reports have remedned unpublished. After that it disappears 

from the geologic literature, despite the fact that mining has continued intermittently to 

the present day: the Naranjera mine, which apparently is under care and maintenance by 

the local operator Minera Tayahua S.A. de C.V. (Ing. Felix Espinosa, 1997, pers. comm.), 

and small-scale artisanal mining at La Azul and Cabo Terrez workings on mineralized 
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calc-silicate- and carbonate-hosted sulfide zones, and distal silver- and possibly gold-

bearing fractures and veins respectively. 
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Figure 1.1.4.6: Overview geologic map of the Melchor Ocampo intrusion, from 
CETENAL Carta Geologica de la Republica Mexicana, escala 1:50,000, hoja G-14 

C-62, Melchor Ocampo. 
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1.1.4.7 San Rafael, Zacatecas 

The only references known to date about this area correspond to Rogers et al. (1961, 

1963), where he describes the intrusive jointly with the Pico de Teyra intrusion and a 

nearby albitite body; and an indirect citation in Tardy (1980). The Consejo de Recursos 

Minerales included this area in a regional exploration and evaluation of northern 

Zacatecas in the 1960's and produced a few internal reports (Arriaga Melendez, 1973; 

Arriaga Melendez, 1977; de la Fuente Garcia, 1979), which have remained unpublished. 

No major mining activity is known for this area and it is unclear that even small scale 

work takes place despite the report of gold-bearing quartz veins (Tardy, 1980), fractures 

with iron and copper oxides and gossans (reported by the mexican Consejo de Recursos 

Minerales). In particular, Arriaga Melendez (1977) indicates thirty seven mine workings, 

a few known with name: San Francisco, San Jose, Mina de La Masa, Leandra, El Maguey 

and Ave Maria. 
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1.1.4.8 Pico de Teyra, Zacatecas 

The only references known about this area are in Rogers et al. (1961, 1963), Cordoba 

(1964), and its citation in Tardy et al. (1974, 1975), Tardy (1974, 1980). In addition the 

Mexican Consejo de Recursos Minerales has conducted general geologic and 

geochemical exploration work in the area as part of the exploration and evaluation 

program for northern Zacatecas (Arriaga Melendez, 1973; 1977). No major mining 

activity has taken place in the area. 



44 

1.1.4.9 Cerro Prieto, Durango 

The district of Cerro Prieto is almost unknown. It was mined for copper, silver and 

gold early in the 20'^ century. Mineralization was likely of vein or skarn type. From a 

metallogenic point of view, the metal suite is similar to that of the Concepcion del Oro 

district, however there might be no identifiable analogue to this district in the near region. 

Petrographically the district exhibits characteristics of the mafic/alkalic systems in eastern 

Mexico. 

The only references known to date about this area area series of unpublished reports 

by the Consejo de Recursos Minerales and a summary published at the AIMMGM mining 

convention in Acapulco (Saenz Reyes, 1995), the accompanying description to the 

1:100,00 scale geologic map corresponding to the area (Anderson et al., 1988), and an 

earlier master's thesis from Louisiana State University (Lee, 1963). As with the 

Matehuapil area, the CRM opened up this area for exploration in 1997 under the project 

names "Cerro Prieto-Constitucion" and "Cerro Prieto-El Orito" but these were apparently 

not awarded (http://www.mexmin.com/mingov97.asp). The only major mine operation in 

the area appears to have been the underground workings at Veta Constitucion, which 

corresponds to the earlier name of Mina San Miguel, however a number of other 

unnamed prospects exist in the area including El Chivo, Comadreja, Rosikler, Don 

Daniel, Don Lui's, Acuario, and further to the south La Palma, La Palma Uno and EI 

Orito. No major mining activity is otherwise known for this area. 

http://www.mexmin.com/mingov97.asp
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1.2 Regional geologic setting 

Northeastern Mexico consists of variably extended Proterozoic basement terranes and 

a collage of Late Paleozoic and Mesozoic accretted terranes overlain by a thick 

miogeoclinal succession of Mesozoic age into which late Mesozoic and Cenozoic 

magmas are intruded (Campa & Coney, 1983; Silberling et al., 1992, Sedlock et al., 

1993). A complex, incompletely understood Phanerozoic structural history begins with 

the late Paleozoic Ouachita orogeny during which Gondwanan crust was thrust over a 

North American passive margin. The resulting continental margin experienced the 

addition of at least one and possibly two volcanic arcs: the Las Delicias arc in the area 

between the Parras Basin and the San Marcos area, in Coahuila (Jones et al., 1995; 

McKee et al. 1988, 1990, 1999); and an unnamed arc identified with a pre- upper Jurassic 

volcaniclastic sequence in the Sierra de San Julian, south of the Parras Basin, in northern 

Zacatecas (Anderson et al., 1990; Bartolini, 1998). The composite Paleozoic-early 

Mesozoic margin was rifted during the opening of the modem Gulf of Mexico, beginning 

in the Jurassic (Dickinson & Lawton, 2001), becoming a back-arc basin over which a 

miogeoclinal sequence was deposited during the later Mesozoic. This sedimentary 

sequence becomes restricted to the Parras Basin in the upper Cretaceous as uplift, related 

to the accretion of the Guerrero terrane, proceeds to the south and west resulting in an 

influx of terrigenous sediments (Tardy, 1980, Goldhammer, 1999). Magmatic activity is 

evidenced not only in the sediments derived from the distant magmatic arc of the 

Guerrero terrane (Tardy, 1980) but also by the intrusion of mafic plutons. Final closure of 
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the Parras Basin and uplift in the early Tertiary is accompanied by deposition of a 

continental sequence and widespread magmatism related to the Sierra Madre Occidental 

(Aguirre-Diaz & McDowell, 1991; Murillo Muneton & Torres Vargas, 1987; Ohmoto et 

al., 1966; Buseck, 1962 within the region near the study area; Henry et al., 1991; Aguirre-

Diaz, 1988; Henry and Price, 1986; Gunderson et al., 1986; Cameron and Cameron, 

1985; Huspeni et al. 1984; Ruiz, 1983; Keller et al., 1982; Chuchla, 1981; Gregory, 1981; 

Cameron et al., 1980; Cameron and Hanson, 1978; among others for northern Mexico 

overall). 

Magmatic activity in NE Mexico spans the late Paleozoic batholithic rocks of La 

Mula Island, Coahuila (Jones et al., 1984; Lopez, 1997), and Tamaulipas (Lopez Ramos, 

1972; Jacobo-Albarran, 1986; Murillo Muneton & Torres Vargas, 1987), as well as the 

intrusive and volcanic rocks of Las Delicias arc (McKee et al., 1988; Lopez et al., 1996; 

Lopez, 1997); and the unnamed Jurassic volcanic arc in the Sierra de San Julian (Jones et 

al., 1995, 1990; Wilson, 1990); followed by late Cretaceous intrusions and mid- to late 

Tertiary intrusive and volcanic rocks. 

Igneous activity during the Permian appears to result from the interaction of the North 

American craton, the Coahuila and Maya terranes in an active subduction setting with 

subduction verging eastward under Pangea (Torres et al., 1993, 1999). The result of this 

active tectonic phase is a series of intrusions emplaced along the western margins of both 

the Coahuila and Maya terranes (Torres Vargas, 1995; Torres et al. 1999). Jones et al. 

(1995) and McKee et al. (1988, 1999) consider the Las Delicias arc to have developed on 
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continental crust of Grenvillian age but nevertheless of exotic origin. They consider this 

terrane to have been transported along a large sinistral strike-slip structure, identified with 

the San Marcos fault (McKee et al., 1979; 1988, 1990), and emplaced at the southern 

margin of Coahuila in the Triassic. 

An early Mesozoic period of rifting and progressive subsidence from southwest to 

northeast in eastern Mexico (Rueda Gaxiola et al. 1991, 1993, 1997) is generally viewed 

as the onset of passive margin conditions with fme-grained sediments being shed from a 

continental land mass located to the east (Centeno, 1994). To the west, in the Sierra de 

San Julian, the pre-Upper Jurassic age Rodeo-Nazas volcaniclastic sequence (DeCserna, 

1956; Cordoba, 1964; Blickwede, 1981) may constitute a volcanic arc fragment of 

unknown basement accreted onto northeastern Mexico in mid- to late Jurassic times 

(Anderson et al., 1990; Jones et al., 1995; Bartolini, 1998). Continued tectonic quiescence 

led to the deposition of shallow marine to pelagic carbonate sequences, interrupted by 

several regional unconformities (Longoria, 1990). 

With the emplacement of the Jurassic-Cretaceous Zihuatanejo-Huetamo magmatic 

arcs and final accretion of the Guerrrero Terrane in the upper Cretaceous (Centeno et al., 

1993; Centeno, 1994), a long period of magmatic quiescence in north-central and 

northeastern Mexico comes to an end. Tectonic uplift to the south and west accompanied 

by magmatism that appears to be synchronous leads to the development of large tectonic 

nappes (Tardy, 1980; Tardy et al., 1975). This is followed by deposition of continental 

deposits, which have a variety of local names: Ahuichila Conglomerates, Mazapil 
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Conglomerates; and only rarely can be assigned a reliable age. However observation of 

intercalated volcanics indicate them to be roughly contemporaneous with Tertiary 

magmatism as early as Paleocene, but from lithological evidence more likely Oligocene 

in age, and crosscut or overlain by Miocene or younger basalts. 
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1.3 Magmatism in the central sector of the Sierra Madre Oriental: petrography, 

alteration and mineralization 

Igneous activity in the Sierra Madre Occidental of Chihuahua and adjoining northern 

Sierra Madre Oriental has been described by different authors (McDowell & Keizer, 

1977; Swanson et al., 1978; Clark et al., 1979, 1982; McDowell, 1977; Gregory, 1981; 

Mauger, 1981, 1983; Henry and Price, 1984, 1986; McDowell et al., 1990; Henry et al., 

1991; among others) as an extensive period of magmatism that begins in the Paleocene 

with the deposition of predominantly andesitic volcanics with an approximately thickness 

of 1000m, overlain by a similarly thick sequence of rhyolites and ash-flow tuffs in the 

Oligocene in what, to the west has been termed the "ignimbrite flare-up" (McDowell et 

al., 1990). Aguirre-Diaz and McDowell (1991) report for the Nazas area in Durango three 

magmatic pulses: an Eocene event, between 51 Ma and 40 Ma; an Oligocene event, 

around 30 Ma; and a Miocene event, between 24 Ma and 20 Ma. The early magmatic 

pulse is characterized by felsic ash flow tuffs, intermediate lava flows and domes, while 

the intermediate pulse corresponds to a voluminous series of felsic ash flow tuffs, and the 

late pulse comprises alkalic basalt flows. 

Igneous rocks in the Mexican Plateau and adjacent Transversal Ranges of the Sierra 

Madre Oriental, on the other hand, show at least two and possibly three compositionally 

distinct suites or discrete magmatic pulses taking place prior to the Miocene: an Upper 

Cretaceous event, between 100 Ma and 70 Ma; a Paleocene to Eocene event, between 65 

Ma and 40 Ma; and an Oligocene event, between 40 Ma and 27 Ma. The earliest 
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magmatic pulse corresponds to mafic to alkalic intrusions, while the intermediate pulse is 

characterized by intermediate intrusions and intermediate to felsic extrusive rocks, and 

the late pulse comprises felsic extrusive rocks, some intermediate plutons and rare basalt 

flows. Localities and age dates for this region are summarized in Table 1.3. 

We believe based on field work that, despite the paucity of radiometric data, in 

addition to the Paleocene and Oligocene magmatic pulses, which have been documented 

for other areas in northern Mexico, the upper Cretaceous igneous age dates are significant 

and correspond to an earlier magmatic pulse. It can be distinguished from the Tertiary 

events based on geochemistry, alteration and mineralization styles. 



Table 1.3: Age date compilation for intrusive centers in the Mexican Plateau and adjacent central sector of the Sierra Madre 
Oriental. 

Locality Magmatic pulse Citation 
Cretaceous Paleocene-Eocene Oligocene 

Nazas, DGO 87.5 Ma (diorite) 48.8 Ma (andesite) 
45.2 Ma (trachyte) 
42.9 Ma (tuff) 
40.3 Ma (andesite) 

34.0 Ma (rhyolite) 
29.9 Ma (tuff) 
29.5 Ma (tuff) 

Aguirre-Diaz & McDowell (1991) 

Sierra de Jimulco, 
COA 

107 Ma (rhyolite) 
103 Ma (diabase) 

64 Ma (diorite) 
57 Ma (rhyolite) 

32 Ma (basalt) Murillo Muneton & Torres Vargas 
(1987) 

Ochoa, DGO 31 Ma (rhyolite) Huspeni et al. (1984) 
Pedricenas-
Velardeiia, DGO 

40.9 Ma (andesite) 
45 Ma (andesite) 

33.4 Ma (rhyolite) 
33.1 Ma (qtz-latite) 

Aguirre-Diaz & McDowell (1991) 
McDowell unpub. data, in Gilmer 
et al. (1988); 
Gilmer et al. (1988) 

Cerro Pichagiiilla, 
DGO 

70 Ma (andesite, Pb-a) Pantoja Alor & Rincon-Orta 
(1967) 

Parrilla, DGO 87.4 Ma (qtz-diorite) Damon (1978), Clark et al. (1978) 
San Rafael, ZAC 80 Ma (syenite, Pb-a) Pantoja Alor & Rincon-Orta 

(1967) 
Sombrerete, ZAC 30.2 - 24.6 Ma 

(rhyolite) 
Huspeni et al. (1984) 

San Martm, ZAC 46.2 Ma (qtz-
monzonite) 

Damon et al. (1983) 

Dating method is generally, KAr, unless otherwise indicated. 



Table 1.3 (continued). 

Locality Magmatic pulse Citation 
Cretaceous Paleocene-Eocene Oligocene 

Fresnillo-Plateros, 
ZAC 

75.7 Ma (qtz-
monzonite) 

38.4 Ma (felsic 
ignimbrite); 
33.5 Ma (qtz-trachyte) 
32.2 Ma 
(granodiorite); 
32.4-31.6 Ma (qtz-
monzonite); 
29.1 - 27.4 Ma (qtz-
trachyte, rhyolite) 

Clark et al., (1981); 
Lang et al. (1988) 

Providencia, ZAC 40 Ma (granodiorite) 34.5 Ma (sericite) Ohmoto et al. (1966) 
Concepcion del 
Oro, ZAC 

40 Ma (granodiorite) 37.5 Ma (adularia 
vein) 

Buseck (1962, 1966) 

Rocamontes, CO A 80-71  Ma (syen i te )  Murillo Muneton & Torres Vargas 
(1987) 

Cerro Pedregoso, 
COA 

75 Ma (syenite) Murillo Muneton & Torres Vargas 
(1987) 

Real de Catorce, 
SLP 

53 Ma (qtz-latite 
porphyry) 

Murillo Muneton & Torres Vargas 
(1987) 

Santa Maria de la 
Paz, SLP 

36 Ma (granodiorite 
porphyry) 

Murillo Muneton & Torres Vargas 
(1987) 

Charcas, SLP 43 Ma (granodiorite) Murillo Muneton & Torres Vargas 
(1987) 

Guadalcazar, SLP 28 Ma (granite, Rb/Sr 
isochron) 

Tuta (1980) 

Las Cuevas, SLP 32.7 Ma (rhyolite, 
Rb/Sr isochron) 

Ruiz et al. (1980) 

Dating method is generally, KAr, unless otherwise indicated. to 



1.3.1 Magmatism 

Igneous intrusions belonging to the upper Cretaceous early event are, from east to 

west, the Cerro Pedregoso pluton; the Matehuapil stock; the Rocamontes intrusion, also 

known as the Guadalupe Garceron pluton; the eastern part of the Noche Buena intrusion; 

the Nuevo Rodeo and San Rafael stocks; a group of small outcrops at the northern end of 

the Sierra de Peribanez; and finally the Cerro Prieto intrusion. Other intrusives that may 

fall in this category are the El Saltillito intrusive outcrops, the San Feliciano stock and the 

Melchor Ocampo pluton. They form composite calc-alkaline to alkaline, metaluminous 

plutons with compositions going from quartz-monzonites, monzonites and monzo-

diorites to syenites. They have geochemical signatures akin to Volcanic Arc Granitoids 

(Pearce et al., 1984; Harris et al., 1986) with some borderline cases between the fields of 

Volcanic Arc and Within Plate Granitoids (Pearce et al., 1984) and between Late and 

Post-collisional Granites and Within Plate Granitoids (Harris et al., 1986). Both 

composition, trace element and isotopic signatures suggest these could result from 

magmas with a significant mantle component. 

The Oligocene intermediate magmatic pulse includes, from east to west, the El 

Rabioso intrusive outcrop, to the north of the Matehuapil stock; the Concepcion del Oro, 

Parroquias, Providencia, and western part of the Noche Buena intrusions; and the Pico de 

Teyra pluton. Also the El Saltillito, San Feliciano and Melchor Ocampo plutons could 

belong to this group. The main centers in this later phase appear to be much more 

narrowly circumscribed to the central and eastern sector of the northern Mexican Central 



Plateau and Transversal Ranges of the Sierra Madre Oriental. Magmatic centers of this 

later phase build composite calc-alkaline, metaluminous to peraluminous plutons and 

associated porphyries with compositions ranging from quartz-monzonites to 

granodiorites, and dacite to latite porphyries. Porphyritic phases are present at several of 

the previously mentioned plutons. In addition, a few may be related to major intrusions, 

even though there is no evidence at the level of outcrop/sub-crop: the old mining area of 

Santa Rosa, the central Sierra de Santa Rosa, and the Penasquito intrusive breccia. Also 

the Caopas and Pico Europa igneous outcrops, to the west in the Sierra de San Julian, 

could belong to this group. An extension of this later phase might include late volcanic 

necks and flows. These associated bodies are often porphyritic in nature. Late volcanic 

necks and flows are associated to the axial trace of the Sierra de la Caja: in the area 

between the San Marcos and San Eligio mines on the south flank, and the area around El 

Veintidos on the north flank of the Providencia intrusion, at Cerro de la Milanesa and 

nearby plugs on the crest of the sierra, and the area of Cuatro Palmas, south of Noche 

Buena. Overall they have Volcanic Arc Granitoid geochemical signatures (Pearce et al., 

1984; Harris et al., 1986) near the boundary to both Within Plate Granitoid and Syn-

collisional Granitoids and numerous phases falling into those fields, but mainly into the 

Within Plate Granitoid and Late to Post-collisional Granite fields. These are thought 

represent more contaminated and/or evolved magmas related to Mid-Tertiary extension. 

To the west; however, early to mid-Tertiary magmatism becomes more difficult to 

distinguish from the more voluminous mid- and late Tertiary subduction-related volcanics 

of the Sierra Madre Occidental province, as Aguirre-Diaz and McDowell (1991) report. 
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1.3.2 Alteration 

Early mafic/alkalic intrusions display characteristic sodic-calcic to sodic alteration, 

characterized by varying degrees of bleaching of plagioclase in the igneous rock believed 

to be albitization, both associated with veins and with broader, more diffuse areas. 

Asssociated with this tj^e of alteration are also pyroxene-gamet-albite-sulfide veins with 

albite ± epidote haloes, or simple garnet veins with a narrowly bleached haloes; the 

earlier observed at Cerro Pedregoso (thin veinlets at the El Garabatillo mine) and at Cerro 

Prieto (in the Constitucion vein), the latter observed at Cerro Pedregoso and at Noche 

Buena. Intense, apparently fault-controlled, biotite alteration occurs locally, in some cases 

associated with albitization. This type of alteration is most conspicuous in the Cerro 

Prieto and Cerro Pedregoso intrusions. At other locations, the northern end of the 

Rocamontes intrusion and at the San Rafael stock, biotite alteration is disseminated in the 

intrusive rock. In a few of the early mafic/alkalic intrusions, reaction with the limestone 

host rock has resulted in formation of homfels dominated by garnet-epidote ± chlorite. 

Very often, however, only recrystallization near the contact of the intrusive has been 

observed. Similarly, at the contact with shales or phyllites, spotted phyllites occur. In 

Cordoba (1964), the contact between the Pico de Teyra intrusion and phyllites of the 

Taray formation is characterized as a fine-grained andalusite-albite-sericite phyllite, 

although the characterization of the andalusite porphyroblasts mineral was given as 

uncertain. Homfels has been observed in outcrops at the upper portions of the 

Rocamontes intrusion, at the north flank of the Noche Buena pluton, at the San Rafael 



stock, and has been documented at Nuevo Rodeo by Tardy (1980), while examples of the 

contact metamorphosed phyllite have been observed at the Rocamontes intrusion, and at 

the San Rafael stock. More or less intense hydrolytic sericite-chlorite alteration has been 

observed at Cerro Pedregoso, Rocamontes, San Feliciano, Noche Buena, San Rafael and 

Cerro Prieto. 

Later intermediate intrusions show weak and local sodic-calcic alteration 

characterized by actinolite or actinolite-albite ± magnetite; followed by spatially 

restricted, moderately strong, disseminated biotite alteration; and widespread hydrolitic 

alteration either as disseminated, weak sericite-chlorite to moderately strong sericite-

chlorite ± tourmaline, or as structurally controlled, strong sericite-quartz-tourmaline ± 

sulfide assemblages in breccia veins and pipes. While disseminated hydrolj'tic alteration 

is widespread in many intrusive centers, significant outcrops of sericite-quartz-tourmaline 

± sulfide breccias have been only observed at the Concepcion del Oro, Providencia and 

Noche Buena intrusions. Specific areas of strong sericite-clay ± sulfide, clay-sulfate ± 

sulfide alteration with associated silica addition, clay-sulfate alteration and sulfate veins 

have been recognized in connection with porphjritic phases in several intrusive areas: El 

Saltillito in the Laureles mine area; Providencia in the Salaverna and Gloria Estela areas; 

Melchor Ocampo in the Cerro de La Cruz area; the Penasquito intrusive breccia; and 

Noche Buena in the Aurora-Amarillas area. It is also suspected in the Concepcion del Oro 

district, in the area of Tajo de Azules. Further to the west, the igneous outcrops by El 

Rodeo and Pico Europa also show significant sericitic alteration. Alteration at or near the 



contact with the host rocks around this group of intrusions is also significant with the 

development of calc-silicate assemblages on limestones and shales grading into extensive 

recrystallization aureoles. Tables 1.3.3-1 through 7 summarize igneous lithologies, 

isotopic age (where known) and associated alteration types. 



1.3.3 Mineralization 

Mineralization styles related to the early mafic/alkalic intrusions can be classified as 

disseminated Fe-Cu ± Au related to biotite alteration zones and veins: Cerro Pedregoso, 

Rocamontes, San Feliciano, and Cerro Prieto; Fe-Cu ± Au sulfide veins related to 

pyroxene or pyroxene-gamet-albite or quartz-sericite veins: Rocamontes, San Rafael (as 

quoted in Tardy, 1980) and Cerro Prieto (as quoted in Saenz Reyes, 1995); and hematite-

carbonate replacements distal to contact zones with a limestone host rock: San Feliciano. 

Cu-Fe ± Au skarns have been documented in connection with early mafic/alkalic 

intrusions at Matehuapil and Rocamontes; but also at the El Saltillito, El Rabioso and 

Melchor Ocampo, which could belong in this group. 

Later intermediate intrusions are connected to a variety of deposit types: base metal 

skams, carbonate replacements and associated veins, disseminated porphyry copper-style 

occurrences, precious metal veins, base and precious metal breccia pipes and epithermal 

systems, and secondary enrichment base and precious metal deposits. Cu-Fe ± Au and 

Zn-Pb-Ag ± Cu skarns with subordinate distal base-metal veins related to the contact 

zone between these intrusions and both carbonate and shale host rocks: Concepcion del 

Oro (Cu-Fe and Zn-Pb-Ag), Providencia (Cu-Fe and Zn-Pb-Ag) , as well as El Saltillito 

(Cu-Fe only, at El Saltillito mine). El Rabioso (Cu-Fe only, unnamed prospect) and 

Melchor Ocampo Oro (Cu-Fe only, at El Cochino mine). Massive oxide Fe ± Cu-Au 

skarn/replacements have been documented only in the Concepcion del Oro district. Zn-

Pb-Ag ± Au replacements in limestones occur away from the intrusive contact but appear 



to originate at the contact. Narrow mineralized skarn is present in the root zones of some 

Pb-Zn chimneys in Providencia, and possibly Noche Buena. Carbonate replacement 

deposits have been documented in the Concepcion del Oro, Providencia and Noche 

Buena districts, particularly in Providencia, but also at Santa Rosa and Melchor Ocampo. 

Porphyry copper style mineralization related to apophyses on the margin of major igneous 

bodies exist at Providencia, Noche Buena and Melchor Ocampo, and is suspected also in 

Concepcion del Oro. While these systems generally lack secondary enrichment in the 

districts where they occur, it has been documented to play an important role in upgrading 

both skarn and carbonate replacement deposits, mainly in Concepcion del Oro and 

Providencia, but also in the Noche Buena and Melchor Ocampo districts. Apparently 

associated with a concealed porphj^y cupola, the Penasquito base and precious metal 

mineralization constitutes an unusual mineralization style in the region. Distal Au-Ag 

mineralization styles with or without base metals occurs at El Saltillito, Melchor 

Ocampo, and Noche Buena. Correlation between mineralization types, igneous 

lithologies, and occurrences within the central sector of the Sierra Madre Oriental are 

presented on Tables 1.3.3.1 through 1.3.3.7. 

While Cu ± Au dominated mineralization types occur both in early mafic/alkalic and 

later intermediate intrusives, it is in the latter that these are economic. Economic Pb-Zn-

Ag mineralization is also associated primarily with intermediate intrusives. Occurrences 

of Pb-Zn-Ag mineralization related to the early suite are uncommon or absent. This 

suggests that economic Cu ± Au mineralization associated with Paleocene-Eocene 



intermediate magmatism is likely the result of recycling and concentration from sub-

economic mineralization related to Late Cretaceous mafic/alkalic magmatism. Economic 

Pb-Zn-Ag mineralization, on the other hand, appears to be linked with either Paleocene-

Eocene intermediate or Oligocene felsic magmatism, which is consistent with other areas 

of northern Mexico. 



Table 1.3.3.1: Correlation table of localities with documented radiometric ages, mineralization types, occurrences, observed 

igneous lithologies and associated alteration assemblages for selected intrusive centers in the central sector of 

the Sierra Madre Oriental (eastern intrusive centers). 

District/Locality Mineralization Mine/prospect Associated igneous rock and alteration (rock type/assemblage minerals) 
(age/intrusive) style /commodity /occurrence 
Cerro 
Pedregoso COA 
75 Ma (w.r. 
KAr)/ syenite 

disseminated 
Fe-Cu ± Au? 

El Garabatillo 
mine 

Canada La 
Pastora prospect 

syenite/fault-controlled, strong biotite-chlorite-magnetite ± sulfide 
veins; plagioclase alteration to albite 

syenite/pervasive, strong biotite-chlorite-magnetite ± sulfide 

El Saltillito 
ZAC 
unknown age 

Cu-Fe ± Au 
skam 

Au-Ag veins, 
porphyry Cu? 

El Saltillito mine 

Clavellinas mine 

monzonite/gamet-sulfide ± wollastonite-epidote skam in limestone; 
actinolite alteration of hornblende; sericite alteration of plagioclase; 
chlorite alteration of biotite; 

dacite porphyry/sericite-quartz ± sulfide veins; sericite-clay ± sulfide 
alteration 

Matehuapil 
ZAC 
unknown age 

Cu-Fe ± Au 
skam 

prospects Unknown 

El Rabioso 
ZAC 
unknown age 

Cu-Fe ± Au 
skarn 

prospects Unknown 

Rocamontes 
COA 
8 0 - 7 1  M a  ( w . r .  
KAr)/ syenite 

disseminated 
Fe-Cu ± Au? 

Cu-Fe ± Au 
skam 

Guadalupana and 
Nortena workings 

Santa Rosa, 
Caballero and 
Canoas prospects 

monzonite, syenite/pervasive, moderate biotite-chlorite-magnetite ± 
sulfide, sericite-chlorite alteration, quartz-sulfide veins 

gamet-epidote ± chlorite homfels in limestone, spotted andalucite? 
homfels on shales 

ON 



Table 1.3.3.2: Correlation table of observed igneous lithologies and radiometric ages, with mineralization types, occurrences. 

and associated alteration assemblages for the Concepcion del Oro district. 

District/Locality Mineralization 
(age/intrusive) style /commodity 

Mine/prospect 
/occurrence 

Associated igneous rock and alteration (rock type/assemblage minerals) 

Concepcion del 
Oro ZAC 

40 Ma; 37.5 Ma 
(biotite; K-
feldspar KAr)/ 
quartz-
monzonite 
(phase HI) 

Cu-Fe ± Au 
skam 

Pb-Zn-Ag ± 
Cu skam 

massive oxide 
Fe ± Cu-Au 
skam 
/replacement 

Pb-Zn-Ag ± 
Au carbonate 
replacement 

Cabrestante, Tajo 
de Azules' 
Palomas, Cata 
Arroyo, Esperanza, 
Anita and Los 
Reyes mines; also 
Sombrero 
Montado, and 
Aranzazu^ 

La Perlita, 
Cabrestante 

Promontorio, 
Animas, El 
Carmen/ Sol y 
Luna 

La Blanca, La 
Cuachiranga, Los 
Diamantes, 
Angela, La Laja, 
El Balcon 

monzonite, quartz-monzonite/pyroxene ± sulfide skam in limestone 
(Aranzazu), pyroxene-wollastonite ± scapolite skam (Concepcion del 
Oro); gamet ± pyroxene-wollastonite-sulfide skam in limestone 
(Aranzazu, Concepcion del Oro, gamet-sulfide ± pyroxene-wollastonite-
epidote skam in limestone (Aranzazu, Concepcion del Oro), actinolite 
alteration of homblende; sericite alteration of plagioclase; chlorite 
alteration of biotite 

monzonite, quartz-monzonite/gamet-sulfide ± wollastonite-epidote 
skam in limestone; gamet replacement of intmsive matrix; sericite 
alteration of plagioclase 

monzonite, quartz-monzonite/gamet ± pyroxene-wollastonite skam in 
limestone, massive magnetite ± chalcopyrite limestone replacement, 
chalcopyrite-specularite hematite veins with calcite gangue, sericite 
alteration of plagioclase, chlorite alteration of homblende and biotite 

carbonate-sulfide replacement 

The Tajo de Azules pit in Concepcion del Oro contained a number of underground mines: El Porfido, Azules, Azules Arroyo, Elma, and La Mexicana. 
^ The area of Aranzazu includes the following underground mines: San Antonio, Comidos de Jaime, Socavon General, San Carlos, San Juan and El 

Guaje. 



Table 1.3.3.2 (continued). 

District/Locality Mineralization 
(age/intrusive) style /commodity 

Mine/prospect 
/occurrence 

Concepcion del 
Oro ZAC 

40 Ma; 37.5 Ma 
(biotite; K-
feldspar KAr)/ 
quartz-
monzonite 
(phase ni) 

Pb-Ag ± Au 
veins 

secondary 
enriched Cu, 
Au 

Las Guillotinas 
area 

Tajo de Azules, 
Cata Arroyo, 
Esperanza, Anita, 
Palomas(Cu), 
Mina Vieja, 
Concepcion del 
Oro (Au) 

Associated igneous rock and alteration (rock type/assemblage minerals) 

none observed 

monzonite, quartz-monzonite/chlorite alteration of hornblende and 
biotite, clay alteration of plagioclase and K-feldspar, chlorite/clay 
alteration of garnet and pyroxene (Cu), silicification and leaching (Au) 

ON 



Table 1.3.3.3; Correlation table of observed igneous lithologies and radiometric ages, with mineralization types, occurrences. 

and associated alteration assemblages for the Providencia district. 

District/Locality Mineralization 
(age/intrusive) style /commodity 

Mine/prospect 
/occurrence 

Associated igneous rock and alteration (rock type/assemblage minerals) 

Providencia 
ZAC 

40 Ma; 34.5 Ma 
(biotite; 
muscovite, 
KAr)/ quartz-
monzonite 
(phase I) 

Cu-Fe ± Au 
skam 

porphyry Cu 

Pb-Zn-Ag ± 
Au carbonate 
replacement 

secondary 
enriched Au 

Catasillas, Cuerpo 
El Cobre, Gloria 
Estela area 

Gloria Estela area, 
El Cobre area 

San Marcos, San 
Eligio, Albarradon, 
Bonanza, 
Providencia, 
Animas, Zinc 
West, Salaverna, 
San Vicente, El 
Rucio, San 
Gregorio, Via 
Libre 

Refugio, Alicante 

monzonite, quartz-monzonite/actinolite alteration of hornblende, sericite 
alteration of plagioclase, chlorite alteration of hornblende and biotite, 
sericite-clay ± sulfide alteration; alunite veins, clay alteration of 
plagioclase and K-feldspar, gamet-sulfide ± wollastonite-epidote skam 
in limestone, chlorite-clay alteration of garnet 

monzonite, quartz-monzonite/actinolite alteration of hornblende, sericite 
alteration of plagioclase; chlorite alteration of hornblende and biotite; 
sericite-quartz ± sulfide veins; sericite-clay ± sulfide alteration, clay-
sulfate alteration, sulfate veins, clay alteration of plagioclase and K-
feldspar 

carbonate-sulfide replacement 

silicification and leaching 

ON 



Table 1.3.3.4: Correlation table of observed igneous lithologies and radiometric ages, with mineralization types, occurrences, 

and associated alteration assemblages for the Noche Buena district. 

District/Locality Mineralization Mine/prospect Associated igneous rock and alteration (rock type/assemblage minerals) 
(age/intrusive) style /commodity /occurrence 
Noche Buena 
ZAC 

Cu-Fe ± Au 
skam 

San Francisco del 
Alto 

gamet-sulfide ± wollastonite-epidote skarn in limestone, chlorite 
alteration of garnet 

unknown age porphyry Cu? Aurora-Amarillas 
area 

biotite alteration, sericite alteration of plagioclase, chlorite alteration of 
biotite, sericite-quartz ± sulfide veins, sericite-clay ± sulfide alteration, 
clay-sulfate alteration, sulfate veins, gypsum alteration of limestone, 
gamet-epidote ± chlorite-sulfide skam in limestone, actinolite-chlorite ± 
sulfide alteration in shales 

Pb-Zn-Ag ± 
Au carbonate 
replacement 

La Blanca, Beatriz, 
San Jose El Chivo, 
Mina Vieja, Noche 
Buena mines; 
Santo Nino mine, 
Potrero, La Negra 
and La Cruz mines 

gamet-sulfide ± wollastonite-epidote skam in limestone; carbonate-
sulfide replacements 

epithermal 
Pb-Ag-As-Sb 
± Au 

Noche Buena mine none observed 



Table 1.3.3.5: Correlation table of observed igneous lithologies and radiometric ages, with mineralization types, occurrences, 

and associated alteration assemblages for the smaller districts/occurrences in the central sector of the Sierra 

Madre Oriental. 

District/Locality Mineralization Mine/prospect Associated igneous rock and alteration (rock type/assemblage minerals) 
(age/intrusive) style /commodity /occurrence 
Santa Rosa 
ZAC 

unknown age 

Pb-Zn-Ag-Au 
± C u  
carbonate 
replacement 

Santa Isabel mine, 
Tres Marias area, 
La Montaiia area 

dacite, quartz-latite/sericite alteration of plagioclase; sericite-quartz ± 
sulfide veins; sericite-clay ± sulfide alteration, carbonate-sulfide 
replacement 

San Feliciano 
ZAC 

unknown age 

oxide Fe ± Cu 
replacement 

Au-Ag veins 

Puerto del 
Almagre area 

Los Gemelos 

hematite breccias with carbonate recrystallization haloes 

Parroquias ZAC 

unknown age 

unknown unknown Unknown 

El Penasquito 
ZAC 

30 Ma, (method 
unknown)/ 
quartz-feldspar 
porphyry 

stockwork and 
disseminated 
Pb-Zn-Ag-Au 
± Cu in 
breccia pipes 

Chile Colorado, 
Azul, Azul North 
and Outcrop 
(Penasco) breccia 
prospects 

monzonite porphyry, quartz-feldspar porphyry, dacite, quartz-
latite/biotite alteration, epidote alteration of plagioclase, sericite 
alteration of plagioclase and K-feldspar, chlorite ± epidote alteration of 
hornblende and biotite, sericite-clay ± pyrite alteration, calcite-sphalerite 
± pyrite-clay veins 

O 
ON 



Table 1.3.3.6: Correlation table of observed igneous lithologies and radiometric ages, with mineralization types, occurrences, 

and associated alteration assemblages for the Melchor Ocampo district. 

District/Locality Mineralization 
(age/intrusive) style /commodity 

Mine/prospect 
/occurrence 

Associated igneous rock and alteration (rock type/assemblage minerals) 

Melchor 
Ocampo ZAC 

unknown age 

Cu-Fe ± Au 
skam 

porphyry Cu? 

Pb-Zn-Ag ± 
Cu skam 

Pb-Zn-Ag ± 
Au carbonate 
replacement 

Pb-Ag ± Au 
veins 

epithermal 
Pb-Ag-Hg? 

secondary 
enriched Au? 

El Cochino mine 

Cerro de La Cruz 
area 

El Cajon mine, 
Veta Azul, Cerro 
del Oro area 

San Francisco 
mine, Veta Azul, 
Cerro del Oro area 

Naranjera mine 

Cabo Terrez area 

El Cajon mine 

monzonite, quartz-diorite/actinolite alteration of hornblende, chlorite 
alteration of hornblende and biotite, epidote alteration of plagioclase, 
gamet-sulfide ± wollastonite-epidote skarn in limestone; gamet-calcite 
veins in skam 

monzonite, dacite porphyry/biotite alteration of homblende, sericite 
alteration of plagioclase, chlorite alteration of homblende and biotite, 
sericite-quartz ± sulfide veins; sericite-chlorite ± tourmaline 
disseminations; wollastonite ± amphibole-pyroxene? skam in felsite 

monzonite, quartz-diorite/biotite alteration of homblende, sericite 
alteration of plagioclase, sericite-quartz ± sulfide veins, garnet ± epidote 
veins, gamet-sulfide ± wollastonite-epidote skam in limestone, gamet-
calcite veins in skarn 

carbonate-sulfide replacement 

sericite-clay ± sulfide alteration, clay-sulfate alteration and vuggy silica 

silicification and leaching 

ON -J 



Table 1.3.3.7: Correlation table of localities with documented radiometric ages, mineralization types, occurrences, observed 

igneous lithologies and associated alteration assemblages for selected intrusive centers in the central sector of 

the Sierra Madre Oriental (western intrusive centers). 

District/Locality Mineralization Mine/prospect Associated igneous rock and alteration (rock type/assemblage minerals) 
(age/intrusive) style /commodity /occurrence 
Nuevo Rodeo 
ZAC 

unknown age 

unknown unknown Unknown 

Caopas ZAC 

unknown age 

unknown unknown Unknown 

San Rafael ZAC 

80 Ma (w.r. Pb-
a)/ syenite 

Pb-Zn-Ag ± 
Au carbonate 
replacement? 

quartz-Au 
veins 

unknown sericite alteration of plagioclase, biotite alteration of hornblende, 
chlorite alteration of hornblende and biotite; gamet-epidote ± chlorite 
homfels in limestone, carbonate-sulfide replacements? 

Pico de Teyra 
ZAC 

unknown age 

unknown Many small 
workings including 
San Francisco, San 
Jose and La Masa 

Unknown 

Cerro Prieto 
DGO 

unknown age 

skam/vein Fe-
Cu ± Au; 

disseminated 
Fe-Cu ± Au 

quartz-Au 
veins 

Veta Constitucion 

Rosikler prospects 

El Orito prospect 

diorite, syenite/pyroxene-gamet-albite-sulfide veins with albite ± 
epidote haloes, epidote ± sulfide alteration of plagioclase 

syenite? gabbro?/fault-controlled, strong biotite-chlorite-magnetite ± 
sulfide veins; possibly pervasive biotite-chlorite-magnetite ± sulfide, 
albite veins 

sericite-clay ± sulfide alteration of shale 
ON 
00 
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Chapter n PETROGRAPHY AND GEOCHEMISTRY IN THE CONCEPCION DEL ORO AREA. 

2.1 hitroduction 

hi the following chapter, a district-scale geologic summary and petrographic, major, 

trace and rare earth element geochemistry data are presented for each of the four districts 

considered in this study. These are the result of several field seasons during which, in 

addition to sample collection, lithologic and alteration mapping within these districts, 

reconnaissance visits, sample collection and, in some cases, reconnaissance mapping was 

undertaken at a number of other intrusive centers in the northern Sierra Madre Oriental, 

the central sector of the Sierra Madre Oriental, its confluence with the Sierra Madre 

Occidental and northeastern Mexico. 

2.2 Methodology 

2.2.1 Sample preparation 

Preparation of igneous samples for bulk geochemical analysis took place at the 

facilities of the Geosciences Department, University of Arizona. Samples were selected to 

minimize, where possible, alteration effects. Since the igneous intrusions in the present 

work are adjacent to, and often weakly mineralized or related to strongly mineralized 

areas, some samples have nevertheless some degree of alteration or weathering. 

Weathered, rust or varnish-coated surfaces and altered areas within the samples were cut 

with oil-based, 18" Lorton Rock Slab and Buehler Labpro Slab saws, trimmed with a 

water-oil emulsion-based Highland Park Manufacturing 10 TS-R trim saw and washed 

and brushed several times with an Alconox soap-water mix to remove the oil. Locally oil 
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remaining in cracks had to be removed by repeated brushing or with acetone, and in some 

cases the sample was broken open to allow for soap or acetone to access residual oil. The 

samples were subsequently crushed with a Joy Manufacturing Company rock crusher 

featuring iron jaws. Once crushed, the samples were quartered to create splits of the 

original material and powdered with a Spex shatter box alumina mill for about 20 to 25 

minutes. After powdering the split, it was packaged in clean Ziploc freezer plastic bags. 

Before and in between crushing runs all the elements of the jaw crusher in contact with 

the samples were buffed with a steel brush and wiped clean with acetone. Similarly, 

before and in between powdering runs the shatter box alumina mill was cleaned with 

clean quartz, in some cases several times, brushed and cleaned with compressed air and 

the closing rubber ring washed with a commercial dishwashing detergent and air dried. 

Sample splits were sent off to Australia National University for major and trace 

element analysis by X-ray fluorescence (XRF) and neutron activation analysis (NAA) 

techniques. For major element determination (Si02, TiOa, AI2O3, Fe203, MnO, MgO, 

CaO, Na20, K2O, P2O5, SO3), samples were prepared as glass discs following the method 

of Norrish & Hutton (1964), with the exception that the flux used consisted of 12 parts 

lithium tetraborate to 22 parts lithium metaborate. Glass discs were prepared by the 

quench press method, which produces thin glass discs which are critically thick up to Cu-

Ka radiation for the present flux. These glass discs were measured on a Phillips PW2400 

wavelength dispersive XRF spectrometer. Detection limits for the major elements are 

generally around 0.01%. Most trace elements were determined on pressed powder 

samples using a SPECTRO X-Lab energy dispersive XRF spectrometer using secondary 
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targets to modify the primary tube radiation for sample excitation. Detection limits for 

elements with atomic number Z>30 are given by ANU at around 0.3 ppm, while for 

elements around Z=50 (such as Ag, Cd and Sn) they are below 0.1 ppm. In some cases 

samples splits were also sent to XRAL analytical services for complete REE analysis by 

ICP. The detection limits ranged from 0.05 ppm (Eu, Ho, Lu) to 0.2 ppm (Pr). 

Isotopic geochemical analyses for Rb-Sr and Sm-Nd were performed by Damian 

Hodkinson and Clark Isachsen at the Geochemistry Laboratory, while oxygen isotope 

analyses were performed by Mark Rollog and Leo Verdugo at the Stable Isotope 

Laboratory in the Geosciences Department. Uncertainties for ^^Rb/^^Sr and 

ratios are less than 0.5% and 1.0% respectively (Isachsen, personal communication; 

Wodzicki, 1995), while for 5'^0 it is, for the samples in this study specifically, less than 

5.5% and has been documented to be generally around 0.17%o (Rollog, 2003). 

Sample materials for petrography and electron microprobe analysis were prepared by 

Quality Thin Sections, Inc. of Tucson. Petrographic examination was performed on 

polarizing microscopes at the University of Arizona, the U.S. Geological Survey and 

Desert Archaeology, Inc. of Tucson. 
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2.2.2 Data Analysis 

Major and trace element data were corrected using the detection limits provided by 

the analytical service providers. CIPW and mesonormative norms were calculated using 

NewPet geochemical software (Clarke, D., 1987-1993). K2O vs. NaaO and 

log(K20/Na20) vs. LOI are used as a means to characterize as a first approximation the 

alteration of intrusive rocks. According to compiled data in Wilson (1989), unaltered 

samples of volcanic rocks have a proportion of K2O to Na20 relatively close to unity. 

Structurally bound water (as LOI) is another factor used in the assessment of alteration 

intensity in volcanic rocks and in granitoids associated with tungsten skams (van 

Middelaar, 1988; Keith et al., 1989). It is also implicit in the formulation of alteration 

reactions in porphyry coppers (Creasey, 1966; Meyer & Henley, 1967; and many others). 

The limits for Wilson's fresh igneous rock field on a K2O vs. Na20 plot have been 

converted to log units in order to eliminate some of the distortion on the K2O vs. Na20 

diagram and allow the incorporation of LOI in the assessment. These two diagrams will 

be referred in as alteration diagrams. A number of normalization and classification 

diagrams are used, in addition to Harker diagrams, to compare samples in a more general 

petrographic/petrologic framework: C/CNK vs. K/CNK (Ca0/Ca0+2Na20+2K20 vs. 

2K20/Ca0+2Na20+2K20), A/CNK vs. K/CNK (Al203/Ca0-l-2Na20+2K20 vs. K/CNK) 

and A/CNK vs. Si02; K2O vs. Si02 and total alkali vs. silica (TAS or Na20+K20 vs. 

Si02) after Le Maitre et al. (1989); as well as classification diagrams based on molecular 

or CIPW normalization schemes ~ QAP diagram of Le Maitre et al. (1989) after 
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Streckeisen (1976), and peraluminous index -defined as molar 

Al203/y2(Ca0+Na20+K20)- vs. differentiation index -defined as the sum of normative 

quartz, albite and orthoclase. 

Trace elements were generally normalized against chondritic values published by 

Thompson (1982). Alternative values have been used, however, for Ba (Ba=3.85 ppm, 

chondrite, Hawkesworth et al. 1984); as well as for Rb, K (Rb=0.35 ppm, K=120 ppm, 

primitive mantle. Sun 1980) and U (U=0.013 ppm, chondrite and undepleted mantle data. 

Sun 1980). Values for REE have been normalized against chondritic values published by 

Taylor & McLennan (1985). 

Rb/Sr and Sm/Nd isotopes were analyzed by TIMS following the methods of Patchett 

and Ruiz (1987), while oxygen isotopes were analyzed by fluorination extraction and 

catalytic conversion to CO2 according to methods by Clayton (1955) and Taylor & 

Epstein (1962). 
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2.3 Geology, petrography, major, trace and REE geochemistry of igneous rocks in the 

Concepcion del Oro area, by district 

2.3.1 Local geology 

2.3.1.1 Concepcion del Oro 

Located in the north of the Mexican Central Plateau, at the southeastern end of the 

Sierra de La Caja, in northeast Zacatecas state, the Concepcion del Oro stock is an 

intrusion of intermediate composition. Topographically it rises 850m from the town of 

Concepcion del Oro to the summit of Cerro de Los Balcones, 2918m above sea level. It 

can be subdivided in at least three areas: the lower Concepcion del Oro valley occupying 

the northeast flank of the intrusion, the higher Aranzazu dell in the north and northwest, 

and the high central area of Las Mesas to the southwest, south and southeast. 

It comprises rocks ranging in composition from monzonites and quartz-monzonites to 

granodiorites. It is emplaced in the core of a north to northeast vergent arcuate anticline. 

On the northwestern and northern flanks, it comes in contact with the upper Jurassic 

limestones, while on the western, southwestern, and northeastern flanks, it crosscuts the 

upper Jurassic and lower Cretaceous stratigraphic section. On the southwestern flank, the 

intrusive cuts through these units in a straightforward fashion, but on the northeastern 

flank several faults in the lower Concepcion valley allow it to come in contact with the 

lower Cretaceous Taraises, Cupido and Cuesta del Cura formations. Along the ridge 

separating the lower valley from the high mesa, two roof pendants of Zuloaga limestone 

are known: the Animas-Promontorio and the Restauradora-El Carmen roof pendants. 
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As a result of district-scale lithologic and alteration mapping several intrusive phases 

where identified: two different types of an early igneous phase occurring in two different 

outcrop areas of the intrusion; a weakly porphj^ritic to equigranular, as well as a strongly 

porphyritic second phase; and a late equigranular phase with associated aplite dikes. 

Table 2.3.1.1 summarizes estimated frequencies of mineral constituents and their textures 

for the different intrusive phases. The organization of these into the expressed temporal 

sequence is the result, primarily, of observed cross-cutting relationships in the field. 

Along the contacts between the intrusive and the carbonate host rocks massive 

pyroxene, massive garnet and more locally massive magnetite skarn bodies are present, 

grading into irregular garnet skams following lithological contrasts within the limestones 

and into mineralized chimneys, carbonate replacement zones and distal limestone 

recrystallization zones. Toward the central part of the intrusive outcrop at Las Mesas, 

alteration appears associated to a strong northwest structural fabric with the presence of 

quartz- and quartz-tourmaline ± pyrite veins and breccias, locally forming chimneys. 

The distribution of these phases and their variants is only relatively well defined, with 

the early phases la and lb occupying approximately 25% to 30% of the total outcrop area 

mostly in the northwestern part of the intrusion, at Aranzazu, but also around the mine 

and town of Concepcion del Oro on the northeastern flank. The intermediate phases Ila-c 

are present in the central, northeastern and northern flank of the intrusion and occupy 

approximately 35% to 40% of the total outcrop area. The late phase EUa takes 35% of the 

total outcrop area in the central, eastern and southern part of the stock. Late mb phase is 

present as dikes cutting predominantly phase EH, and is of minor importance. 



Table 2.3.1.1; Qualitative mineral composition of igneous phases in the Concepcion del Oro intrusion. 

Igneous phase Petrographic Minor constituents/ Crystallization 
and sample rock compostion Textures Major constituents accessories sequence 
Phase la 
(SMCA-1) 
(SMCA-5) 

hornblende 
quartz-monzonite 

weakly 
porphyritic 

plagioclase, K-feldspar, 
clinopyroxene, hornblende. 

quartz, biotite/ 
magnetite, apatite 

Plagioclase—^opaques^ 
(cpx?)-^homblende^ 
biotite-^K-feldspar^ 
quartz 

Phase lb hornblende 
quartz-monzonite 

porphyritic plagioclase, K-feldspar, 
quartz, biotite 

hornblende/ 
magnetite, apatite, 
zircon 

Phase Ha* 
(SMCA-8) 

homblende-biotite 
quartz-monzonite 

equigranular plagioclase, K-feldspar, 
hornblende, biotite 

quartz/ magnetite, 
clinopyroxene, 
apatite 

Plagioclase^opaques^ 
clinopyroxene^homblende 
^biotite^ K-feldspar^ 
quartz^ (K-feldspar+quartz 
intergrown) 

Phase nb 
(SMCM-6) 

biotite-homblende 
monzonite/ 
quartz-monzonite 

porphyritic plagioclase, K-feldspar, 
hornblende, biotite 

quartz/ magnetite, 
apatite 

Plagioclase^opaques—> 
homblende-^biotite^ 
plagioclase (intersertal)^ 
biotite^(K-
feldspar+quartz 
intergrown) 

Phase He 
(SMCS-7) 

homblende-
(biotite) 
monzonite 

strongly 
porphyritic 

plagioclase, hornblende, 
biotite? 

apatite, zircon, 
pyrite, magnetite 

* This phase includes inclusions of dioritic composition, characterized by an equigranular texture and a mineral composition dominated by about equal 
amounts of plagioclase and pyroxene, with interstitial K-feldspar and minor hornblende. 



Table 2.3.1.1: (continued). 

Igneous phase Petrographic Minor constituents/ Crystallization 
and sample rock compostion Textures Major constituents accessories sequence 
Phase nia 
{SMCM-7) 
(SMCM-9) 
(SMCM-10) 

biotite-
(homblende) 
monzonite 

equigranular plagioclase, biotite, K-
feldspar 

hornblende, quartz/ 
magnetite, apatite, 
sphene, zircon 

Plagioclase-^opaques—^ 
hornblende—^biotite-^K-
feldspar-^quartz 

Phase EHb 
(SMCM-11) 

biotite -bearing 
aplite 

equigranular plagioclase, K-feldspar, 
quartz 

biotite, zircon Plagioclase-^quartz-^ 
homblende^biotite-^ 
opaques^K-feldspar^ 
quartz^ (K-feldspar+quartz 
intergrown) 

* This phase includes inclusions of dioritic composition, characterized by an equigranular texture and a mineral composition dominated by about equal 
amounts of plagioclase and pyroxene, with interstitial K-feldspar and minor hornblende. 
Samples in italics were not subject to geochemical analysis either due to alteration or to avoid repetition. 
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2.3.1.2 

Providencia 

The Providencia stock is located to the northwest, in very close proximity to the 

Concepcion del Oro intrusion, along the axis, but also on the northeastern flank of the 

Sierra de La Caja-Sierra de Concepcion del Oro. Topographically it rises approximately 

750m from the Canada de Providencia, on the north side of the intrusion, to the summit 

of Cerro de La Sorpresa, 3174m above sea level. It can be subdivided into a northwest 

flank, along the Canada de Providencia from the Gloria Estela area to the abandoned 

Providencia camp; a northern and northeastern flank, in the area of the El Veintidos 

prospect; a southeastern flank, around the San Marcos and San Eligio mine areas; a 

southern and southwestern flank, toward Salavema; and a high ridge area around the 

Cerro de La Sorpresa. 

It comprises igneous rocks ranging in composition from monzonites and quartz-

monzonites to granodiorites that on the northern side crosscut the entire Jurassic and 

Cretaceous stratigraphic sequence in the area, while on its southern side comes in contact 

only with the upper Jurassic and lowermost Cretaceous section. The ridge area above 

Puerto de San Eligio toward Cerro del Temeroso and Cerro de La Sorpresa, has several 

areas of calc-silicate alteration, wollastonite and vesuvianite-garnet skarns, and associated 

limestone outcrops with a general NW-SE orientation, that are thought as part of the roof 

of the intrusion but lack the depth continuity to be considered roof pendants. 

On the southwestern flank several highly mineralized high-temperature, carbonate-

hosted chimneys and mantos occur at some distance from the intrusive but originating at 



the contact. A number of porphyritic and subvolcanic phases appear to be associated with 

the Providencia intrusion: On the north flank the area of Gloria Estela is host to a 

porphyry apophysis composed of several igneous phases and associated with calc-silicate 

alteration and mineralization. Further to the east, the area of El Veintidos host a rather 

massive dike that is associated to sericitic and carbonate alteration and minor 

disseminated sulfides. Finally, on the southeastern side, several felsite bodies occur 

between the area around the San Marcos and San Eligio mines. A rhyolitic plug at least is 

also reported to the north of Salavema. At the Salavema mine at least one porphyry dike 

is associated with calc-silicate alteration and possibly disseminated Pb-Zn mineralization. 

In the Providencia intrusion nine intrusive phases were identified. The distribution of 

these phases, including their variants is relatively well defined with the early phase I 

occupying approximately close to 50% of the total outcrop, mostly in the central and 

northeastern part of the intrusion but also in the high ridge area north of the San Eligio 

and San Marcos area; the intermediate phases Ila-c and EUa are limited to the area of 

Gloria Estela in the northwestern flank, while phase Hlb is limited to the area of 

Salavema, making overall up to 10% of the total area. Phase IVa crops also in the 

northwestern side of the intrusion, where it occupies about 15% to 20% of the outcrop. 

Phase rVb is present mainly in the southeastern and eastern part of Providencia between 

San Eligio, San Marcos and the upper Aranzazu dell in Concepcion del Oro, making 

around 20% of the outcrop of the intrusion. Finally, phase V is narrowly limited to the 

northeastern flank of the intrusion and makes probably less than 5% of total outcrop. 
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Table 2.3.1.2: Qualitative mineral composition of igneous phases in the Providencia intrusion. 

Igneous phase Petrographic Minor constituents/ Crystallization 
and sample rock compostion Textures Major constituents accessories sequence 
Phase la 
(SMP-1) 

hornblende 
monzonite to 
quartz-monzonite 

weakly 
porphyritic 

plagioclase, K-feldspar, 
hornblende 

biotite, quartz/ 
magnetite, apatite 

Phase Ha 
(SMPG-1) 

biotite-
(homblende) 
monzonite 

porphjTitic plagioclase, K-feldspar, 
biotite 

hornblende, quartz/ 
magnetite, apatite, 
zircon, epidote, 
hematite, rutile 

Phase nb 
(SMPG-2) 

biotite-
(homblende) 
quartz-monzonite 

porphyritic 
to 
equigranular 

plagioclase, K-feldspar, 
biotite, quartz 

hornblende / 
apatite, zircon, 
clinozoisite 

Phase He 
(SMPG-3) 

biotite-
(homblende) 
monzonite 

strongly 
porphyritic 

K-feldspar, plagioclase hornblende, 
biotite/ apatite, 
zircon 

Phase in 
iSMPG-5) 

biotite monzonite equigranular plagioclase, biotite, K-
feldspar 

quartz/ apatite, 
zircon, rutile 

Phase EHb biotite quartz-
monzonite 

strongly 
porphyritic 

plagioclase, K-feldspar biotite, quartz/ 
pyrite 

Phase rVa 
(SMPW-l) 
(SMPW-3) 

biotite monzonite weakly 
porphyritic 

plagioclase, K-feldspar quartz, biotite/ 
apatite, zircon, 
magnetite, sphene 

Phase rVb (biotite) latite strongly 
porphyritic 

K-feldspar, plagioclase (biotite), quartz/ 
pyrite 

Phase V 
(SMPV-l) 

biotite-bearing 
micro 
granodiorite 

equigranular plagioclase, biotite K-feldspar, quartz/ 
apatite, pyrite 

Samples in italics were not subject to geochemical analysis due to alteration. 
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2.3.1.3 

Noche Buena 

The Noche Buena intrusive center is emplaced at the western end of the Sierra de La 

Caja anticline, to the south and west of the small mining camp of Noche Buena. 

Topographically it rises 430m from the mining camp and close to 500m from the lower 

Canada de Barros creek to the summit of Cerro Beatriz, at 2660m above sea level. It is 

subdivided in this study in an eastern part, comprising the Noche Buena village and mine 

that corresponds to the outcrop of the first phase of intrusion; a southwestern flank, to the 

south of Cerro Santo Nino; and a northwestern flank to the north of Cerro Santo Nino and 

comprising the upper Canada de Barros and the Aurora-Amarillas mine site. 

Lithologically, the eastern mass, emplaced on the northern flank of the La Caja 

anticline and centered around the high ridge of Cerro Beatriz, is made up of a mafic 

diorite while a monzonite to quarz-monzonite body accompanied by several quartz-

monzonite porphyries on the northwestern side constitute the western mass, intruding the 

northern flank of the anticline closer to the axial trace and centered around Cerro Santo 

Nino. 

The eastern mass crosscuts the Cretaceous stratigraphy starting with the Cupido 

formation, while the western intrusion comes into contact with the upper Jurassic and 

lower Cretaceous stratigraphy. Contacts between the eastern intrusion and the clastic 

upper Cretaceous Indidura, Caracol and Parras formations results in the formation of calc-

silicate hornfels, while contact with the predominantly calcareous lower Cretaceous 

section results in narrow garnet-pjroxene skam and, further away, mineralized carbonate 
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replacement chimneys and mantos similar to those in the Providencia district. Contacts 

between the western igneous intrusive and the upper Jurassic-lowermost Cretaceous 

carbonate section on the southwestern side results in massive pyroxene-garnet skam with 

disseminated copper mineralization. Contact with the lower Cretaceous stratigraphy on 

the northwestern side is characterized by calc-silicate hornfels in the clastic horizons, 

garnet-pyroxene skarns but also carbonate replacement in the calcareous members. The 

porphyry apophysis in the area of Aurora-Amarillas is associated with calc-silicate and 

high-level clay-alunite-sulfate alteration and mineralization. 

Late dikes are present on both the northern and southern flanks. Local miners mention 

a blue dike being used as a guide to ore in the Noche Buena mine. Whether these are 

related to alteration and mineralization is, however, unclear. Finally, on the southeastern 

side, a felsite body has been indicated by Rogers et al. (1964), however, it was not visited 

during the course of district-scale map. 

Six intrusive phases were identified in the Noche Buena intrusion. The distribution of 

these phases is approximately as follows: phase I occupies approximately 50% of the total 

outcrop area, in the eastern part of the intrusion; around 30% of the intrusive outcrop 

corresponds to the intermediate phase n, mainly around Cerro Santo Niiio but 

predominantly to the south; the various porphjry phases occupy the remaining 15% to 

20% of the outcrop with phases IHa and lUb making up the majority of it. Phase Die, the 

strongly porphyritic phase immediately around the Aurora mine shaft, and phase IV dikes 

have small outcrop areas and can be neglected with respect to total area proportion (less 

than 5% of total outcrop). 
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Table 2.3.1.3: Qualitative mineral composition of igneous phases in the Noche Buena intrusion. 

Igneous phase Petrographic Minor constituents/ Crystallization 
and sample rock compostion Textures Major constituents accessories sequence 
Phase I 
(SMNN-1) 
(SMNC-1) 
(SMNC-2) 

hornblende-
P5'roxene diorite 

equigranular plagioclase, K-feldspar, 
clinopjToxene 

hornblende/ 
biotite, magnetite, 
apatite 

Phase n 
iSMNA-2) 
(SMNA-4) 

homblende-biotite 
monzonite 

porphyritic plagioclase, K-feldspar, 
quartz, 

biotite, 
hornblende/ 
apatite, zircon 

Phase nia 
(SMNC-4) 

biotite-homblende 
quartz-monzonite 

porphyritic 
to 
equigranular 

plagioclase, K-feldspar, 
hornblende 

quartz, biotite, 
clinopyroxene?/ 
magnetite, apatite, 
epidote, actinolite 

Phase nib 
(SMNM-2)* 

feldspar-biotite 
quartz-latite 
porphyry 

porphyritic plagioclase, K-feldspar, 
quartz 

biotite, 
hornblende/ 
apatite, zircon 

Phase nic strongly 
porphyritic 

K-feldspar, plagioclase, 
quartz 

biotite/ apatite, 
zircon 

Phase rv 
(SMNC-5) 
(SMNC-6) 

feldspar-
hornblende 
quartz-latite 

strongly 
porphyritic 

plagioclase, hornblende K-feldspar, 
quartz, biotite/ 
magnetite, apatite, 
zircon, sphene 

* Sample SMNM-2 was analyzed for oxygen isotopes by Rollog (2003) as sample SMNM-. 
Samples in italics were not subject to geochemical analysis due to alteration. 
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2.3.1.4 Santa Rosa 

This locality constitutes a circular depression located in the central section of the 

Sierra de Santa Rosa range, southeast of Concepcion del Oro. On its southeastern margin, 

Cerro Colorado rises 400m above the floor of the valley to an elevation of approximately 

2930m. 

Lithologically, Cerro Colorado comprises a dacitic porphyry agglomerate with 

relatively large feldspar phenocrysts, fragments and a significant amount of quartz eyes in 

a fine grained matrix. Vesicles and limestone fragments are common. The amount of 

fragments included in the volcanic agglomerate however varies with location, being the 

highest along the contact to the Zuloaga limestone, particularly on the north side of the 

valley, in the area of the old La Montana workings. To the northwest a dike composed of 

a porphyritic dacite similar to that of the main mass can be followed from the vicinity of 

the Santa Rosa valley toward Puerto Blanco pass. 

The Santa Rosa plug intrudes for the most part upper Jurassic limestones of the 

Zuloaga formation at the core of the anticline. On its southeastern and southern side it 

also comes into contact with the uppermost Jurassic unit, the La Caja formation, and the 

lowermost units of the lower Cretaceous section, the Taraises and Cupido limestones. In 

all cases it forms mineralized carbonate replacements and veins, which occur 

preferentially along the northeastern, eastern and southern sides. 



88 

Table 2.3.1.4: Qualitative mineral composition of igneous phases in the Santa Rosa igneous center. 

Igneous phase Petrographic Minor constituents/ Crystallization 
and sample rock compostion Textures Major constituents accessories sequence 
Phase I Homblende- strongly plagioclase, K-feldspar, hornblende. 
(SMRN-1) biotite quartz- porphyritic quartz biotite/ magnetite, 
(SMRN-2*) dacite apatite 

* Sample corresponds to the chilled margin of the dike. 
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2.3.2 Major element geochemistry 

hi this section, major element data for representative samples of the different 

intrusions in the Concepcion del Ore area are presented. Sample preparation and 

analytical methods are discussed in the introduction to the chapter. Major element data, 

mesonormative and CIPW data for the different intrusions in the area can be found in 

Appendix n. 

2.3.2.1 

Concepcion del Oro 

Marker diagrams for the major elements in igneous phases of the Concepcion del Oro 

intrusion are presented on Figure 2.3.2.1.1. Samples belonging to phases lib. Ilia and mb 

(samples SMCM-6, SMCM-9, SMCM-10 and SMCM-11) describe, with progressively 

decreasing concentrations of Ti02, FeaOs total, MnO, MgO, CaO and P2O5, and increasing 

K2O with increasing Si02, what is perceived as a trend based on cross-cutting field 

relationships. Samples from the early phases la. Ha and Dc (samples SMCA-5, SMCA-8 

and SMCS-7) show some differences; they appear in some diagrams to be outliers in 

Ti02, Fe203 totau MnO, MgO, CaO and P2O5, at lower concentrations than the trend 

described by phases lib, EUa and EHb. Some of the early phases appear as outliers at a 

higher concentration of Na20 than the previously described trend. Sample I-l, 

corresponding to a mafic enclave within an outcrop of phase Ha, has significantly lower 

concentrations in Si02, AI2O3, MnO, K2O and P2O5 and higher concentrations in Ti02, 

Fe203 total, MgO and CaO relative to all other samples. 



Within the limits of Wilson's field for fresh igneous rocks and plus or minus two 

percent LOI, all samples can be considered to be unaltered except the late phase mb 

aplite sample SMCM-11, which appears to have noticeable K enrichment with a low LOI 

value (see Figure 2.3.2.1.2). Inclusion I-l on the other hand appears to be noticeably more 

sodic relative to the rest of the samples. 

C/CNK vs. K/CNK, A/CNK vs. K/CNK and A/CNK vs. SiOi show the later phases 

nb, nia and IHb as a trend of decreasing molar Ca and more or less constant molar A1 

with increasing K or SiOa, while the earlier phases la, Ha and He are separate from this 

trend at lower Ca and A1 values. Inclusion sample I-l also shows lower A1 values against 

K and SiOi than the later phases n and EH, and more similar to phases la and Ila-c; it has 

however higher Ca contents than the latter, more in line with the later phases (see Figure 

2.3.2.1.2). 

K2O vs. SiOa and total alkali vs. silica -TAS- closely relate all samples with the 

possible exception of inclusion sample I-l. All samples are high K calc-alkaline rocks 

ranging from borderline andesite-trachyandesite and dacite-trachydacite to rhyolite within 

the subalkaline field or at the limit between the subalkaline and alkaline fields, as defined 

by Irvine & Baragar (1971) and Kuno (1966) respectively (see Figure 2.3.2.1.2). In the 

latter TAS diagram the earlier phases la. Ha and He (SMCA-5, SMCA-8 and SMCS-7) 

have higher total alkali contents then the later phases, close to borderline between the 

subalkaline and the alkaline fields, while inclusion sample I-l belongs in the alkaline 

field. Molecular normalization diagram QAP (lower Figure 2.3.2.1.2) also document 

these outliers. The early phases la, Ha and He range in compositions from quartz-
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monzonitic to borderline granitic/granodioritic and show overall lower modal quartz 

contents than later phases Hb, EUa and Dlb, which range from granodioritic to granitic in 

composition. Overall the different phases can be characterized as intermediate to felsic 

(quartz-monzonitic/granodioritic to granitic). Inclusion sample I-l plots in the silica-

undersaturated field in the QAP diagram. In a peraluminous index vs. differentiation 

index diagram, all samples clearly belong into the I-type granitoid category after Chappell 

and White (1974). 
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Figure 2.3.2.1.1: Major element Harker diagrams for samples of the Concepcion del Oro 
intrusion. 
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Concepcion del Oro samples LOI vs. K20/Na20 plot 
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2.3.2.2 Providencia 

Due to widespread alteration, only two samples from the many collected during 

mapping were considered suitable for bulk geochemical analysis. The major and trace 

element characterization does therefore include for reference the samples from the main 

trend of the Concepcion del Oro intrusion, which is both spatially and temporally closely 

related (see previous section). 

Marker diagrams of Providencia samples show decreasing concentrations of the 

majority of major elements and increasing concentrations of CaO and NaaO with 

increasing Si02 between early phase I sample SMP-1 and late phase V sample SMPV-1. 

Rather strong are particularly the differences in AI2O3, Fe203 total and MgO, as well as 

CaO. Relative to the main trend in the Concepcion del Oro intrusion sample SMP-1 is 

generally close to that trend, while phase V sample SMPV-1 appears unrelated (see 

Figure 2.3.2.2.1). 

On the K2O vs. Na20 diagram early phase sample SMP-1 appears slightly enriched in 

K while late phase sample SMPV-1 is within the field of fresh rocks defined by Wilson 

(1989). On the log(K20/Na20) vs. LOI diagram however, both samples plot outside the 

field defined for fresh rocks suggesting that both samples are altered, particularly late 

phase sample SMPV-1. This is not immediately apparent either in hand sample or in the 

K2O vs. Na20 diagram, hi thin section, however, moderate sericitic alteration of feldspars 

and destruction of mafic minerals occuring near fractures with minor amounts of pyrite is 

recognizable in the latter sample. 
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A C/CNK vs. K/CNK plot of these two samples shows a significant difference 

between the two samples with lower molar K contents with concurring higher Ca 

contents. More extreme is the apparent difference on the A/CNK vs. K/CNK diagram 

with the late sample at significantly lower molar A1 as well as K contents (see middle 

Figure 2.3.2.2.2). 

On the TAS classification diagram, samples SMP-1 and SMPV-1 plot on the dacite 

field below the limit between the subalkaline and alkaline fields. Early phase sample 

SMP-1 belongs on the K2O vs. SiOi in the high K calc-alkaline field at the border to the 

shoshonitic field, while sample SMPV-1 appears to be much lower between the high and 

medium K calc-alkaline fields (see middle Figure 2.3.2.2.2). Considering that the latter 

sample is significantly altered, this classification should be viewed with some caution. 

The Providencia samples plot in the QAP diagram in widely different positions: at the 

border between the granodiorite and granite fields for the early phase I sample but within 

the silica-undersaturated portion of the alkali syenite field for the late phase V sample. 

The latter again likely reflects alteration rather than a genuine composition. On the 

peraluminous index vs. differentiation index plot (see bottom Figure 2.3.2.2.2), both 

samples plot in the metaluminous field, however late phase sample SMPV-1 has a 

significantly lower alumina content. Considering that aluminum is viewed as relatively 

immobile during alteration, this diagram suggests despite the alteration effects rather 

different magma sources for both igneous rocks. 
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2.3.2.3 Noche Buena 

The Noche Buena series of samples, while showing a general trend of decreasing 

concentrations in the majority of the major element oxides with increasing SiOi, this 

trend does not take into account the temporal position of the different phases, as derived 

from crosscutting relationships in the field. There is generally a closer affinity between 

the late phase IV samples SMNC-5, SMNC-6 and early phase I sample SMNN-1 than 

between any of these samples and phase n sample SMNC-4. A plot of K2O vs. Si02 

however shows also a significant difference between the early phase I sample and phase 

rV samples: the later samples are closer to the general trend defined by the later samples 

of the Concepcion del Oro intrusion, but reversed considering their crosscutting order, 

while the earliest sample has both the lowest silica and highest potassium content, having 

no relation with the Concepcion del Oro trend (see Figure 2.3.2.2.1). 

Alteration diagrams of the Noche Buena samples show the early phase I sample 

SMNN-1 and the late phase FV sample SMNC-6 to be outside the field defined by Wilson 

(1989) for fresh volcanic rocks. The first one appears appreciably enriched in K2O 

relative to Na20 but has relative low LOI values, while the latter shows higher LOI values 

on the log(K20/Na20) vs. LOI diagram despite appearing to be within the field for fresh 

volcanic rocks on the K2O vs. Na20 diagram (see top Figure 2.3.2.2.2). 

Normalized chemical diagrams C/CNK vs. K/CNK and A/CNK vs. K/CNK describe 

A1 enrichment and Ca depletion with decreasing K contents between the early phase I 

sample and the later phase n and FV samples. The later phases, taken separately, describe 



99 

a trend of increasing Ca with decreasing K, while the earliest phase stands out at higher 

Ca and K contents. A general trend of increasing A1 contents with decreasing K contents 

does not take into account the temporal sequence, as derived from crosscutting 

relationships in the field. When taken into account, this trend is normal between the first 

and second phases but reverse between the second and the late phase samples. On an 

A/CNK vs. SiOa diagram the samples describe a similar pattern, with slight A1 increase 

with increasing SiOa between the early phase and the second phase of intrusion and a 

decrease between the latter and the late phase FV samples (see middle diagrams on Figure 

2.3.2.2.2). 

K2O vs. Si02 and TAS classification diagrams suggest that the early intrusive phase at 

Noche Buena is of alkalic affinity, while the later phases are, according to the K2O vs. 

SiOz diagram, high K calc-alkaline in character. They plot in the TAS diagram below or 

at the alkaline-subalkaline boundary of Irvine & Baragar (1971) but, with the exception of 

late phase IV sample SMNC-6, above that of Kuno (1966). The QAP diagram places 

phase I sample SMNN-1 well below silica saturation outside the diagram. The later 

phases are quartz saturated, falling in the diorite or monzodiorite fields in the former, and 

in the monzonite, quartz-monzonite and quartz-monzodiorite fields on the latter (see 

lower Figure 2.3.2.2.2). 
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2.3.2.4 Santa Rosa 

The Santa Rosa samples were taken respectively from the margin and center of the 

dike close to Puerto Blanco, the margin of the system. However the samples are closely 

related to rocks in the center of the system and, as the central part is too strongly altered, 

they are considered to be unaltered samples representative of the main body. Other than a 

difference in color in the matrix, which is darker in the rim sample, no clear evidence of 

internal contact between both phases was observed. 

The Santa Rosa samples show a trend of decreasing concentrations of the majority of 

major element oxides with the exception of Na20, K2O and P2O5 that increase moderately 

with increasing SiOi. from core to rim of the dike (see Figure 2.3.2.2.1). 

The K2O vs. Na20 diagram of the samples show both samples within the field of 

fresh rocks, as defined by Wilson (1989). Sample SMRN-2, corresponding to the margin 

of the dike, has however a higher LOI value on the log(K20/Na20) vs. LOI diagram, 

suggesting weak to moderate alteration. This has not been observed in hand sample or 

petrographically. 

C/CNK vs. K/CNK and A/CNK vs. K/CNK diagrams for the samples describe a 

noticeable decrease in Ca but only a very slight decrease or close to constant amount of 

A1 with increasing K content. The latter finds its parallel in the A/CNK vs. Si02 diagram 

where increasing K content is apparent with increasing silica from the rim sample to the 

core of the dike (see Figure 2.3.2.2.2). 

Total alkali vs. silica and K2O vs. Si02 classification diagrams suggest that the Santa 
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Rosa samples are high K calc-alkaline trachyandesites to trachydacites, transitional 

between the subalkaline and alkaline fields. The QAP classification diagram reflects an 

overall intermediate chemistry (quartz-monzonitic to borderline granitic, see bottom 

Figure 2.3.2.2.2). 
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Concepci6n del Oro area intrusive samples LOI vs. KjO/NaaO plot 

Field of fresh igneous rocks modified from data from Wilson (1989) 
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Concepcion del Oro area intrusive samples Si02 vs. KjO plot 
after Le Maltre et al. (1989) with modifications after Riclcwood (1989) 
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2.3.3 Trace and rare earth element geochemistry 

2.3.3.1 Concepcion del Oro 

An extended spidergram of trace elements normalized to chondritic values, after 

Thompson (1982), underscores the general subduction-related environment of magma 

genesis with relative depletions in incompatible elements K, Nb, P and Ti. These 

depletions are expressed as a ratio of the actual concentration of the trace element over 

the value interpolated from the concentrations of the immediately adjacent elements on 

Table 2.3.3.1.1. Sample I-l, however, despite an incomplete pattern, appears to have no 

such depletion, as can be seen from middle left diagram on Figure 2.3.3.1.1. Also of 

interest are specific depletions in Sr relative to the, in the diagram, adjacent elements Ce 

and Nd in the late aplite (phase EHb) SMCM-11 and in early phase He sample SMCS-7; 

and by comparison slight enrichment in Sr in phase la sample SMCA-5 and in late phase 

nia sample SMCM-10. 

On compatible versus incompatible element plots Nb vs. Y and Rb vs. (Y+Nb), 

samples plot very close to each other and indicate moderate contents in both compatible 

and incompatible elements which, by comparison with Pearce et al. (1984), suggest a 

geotectonic environment akin to a volcanic arc or a collisional orogen (see upper part of 

Figure 2.3.3.1.1). Additionally, inclusion sample I-l does show enrichment in both 

compatible and incompatible elements on a Rb vs. Yb+Ta diagram. On a (Rb/30)-Hf-

(Ta*3) triangular plot, however, the early phase la sample SMCA-5 and late phase EUa 

SMCM-9 point to higher degrees of enrichment in compatible elements, plotting in the 
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within-plate granitoid field, while early phase He sample SMCS-7 indicates less 

enrichment in the compatible elements and more in the incompatible elements, plotting in 

the late to post-collision granitoids. The main trend of samples plot in the volcanic arc 

granite field but show a wide range in incompatible element contents. 

Generally samples belonging to the Concepcion del Oro intrusion have relatively high 

REE abundances and moderate light to heavy REE ratios (average ZREE=360.7, 

La/Yb=10.6). Europium anomalies are generally small, averaging Eu/Eu*=0.86, with the 

possible exception of the early phase la sample, for which a much lower Eu anomaly was 

estimated. Table 2.3.3.1.1 and Figure 2.3.3.1.1 summarize the relevant trace and REE 

pattern characteristica for the intrusion. 



Table 2.3.3.1.1: Summary trace and REE data for samples from the Concepcion del Oro intrusion. 

Sample 'base K/KN* Nb/Nbw* P/PN* Ti/TiN* Sr/SrN* SREEN La/YbN La/SmN Gd/YbN EU/EUN* 

SMCA-5 la 1.058 X 10"^ 0.174 0.012 NA 0.931 261.0 8.1 2.8 2.4 0.43 
SMCA-8 Ha 1.228 X 10"^ NA 0.012 NA NA 319.5 7.9 3.3 1.7 0.92 
SMCM-6 nb 1.087 X 10"^ 0.165 0.011 2.772 X 10"^ 0.827 459.9 9.8 3.0 2.2 0.87 
SMCS-7 He 1.536 X 10"^ 0.258 0.008 1.890 X 10"^ 0.434 443.5 10.3 4.0 1.7 0.73 
SMCM-9 nia 1.013 X 10"^ 0.163 0.011 2.943 X 10'^ 0.879 397.0 9.1 3.3 1.9 0.85 
SMCM-10 nia 1.275 X 10-^ 0.165 0.013 NA 1.103 205.3 6.4 2.6 2.0 0.91 
SMCM-11 mb 1.468 X 10-^ 0.117 0.001 NA 0.448 136.7 22.8 8.4 1.7 NA 
Main trend 1.013 X W 0.163 0.011 2.773 X 10"^ 0.827 205.3' 6.4 2.6 1.8 0.84' 
range 1.275 X 10-^ 0.165 0.013 2.943 X 10-^ 1.103 459.9' 9.8 3.0 2.2 0.92' 
Average 1.151 X 10"^ 0.164 0.012 2.858 X 10"^ 0.936 345.4' 8.4 3.0 1.5 0.88' 

Trace and REE data have been normalized against chondritic values after Taylor & McLennan (1985). Values in italic for Eu/Eun* indicate that a 
reconstructed REE pattern was used to derive them. Range and average values of REEn and Eu/Eun for the main trend taking into account 

reconstructed REE patterns for samples with incomplete patterns are as follows: EREEn: 283.1-469.3 and 367.8; Eu/Eun : 0.83-0.91 and 0.87. 

' Eu/Eu* has been estimated in samples where a complete REE spectrum was not obtained. The method involves reconstructing the REE pattern using 
forward extrapolation from Nd and Sm on the one hand, backward extrapolation from Yb and Lu on the other hand and averaging between both trends. 



108 

Concepci6n del Oro Nb vs. Y diagram, 
after Pearce et al. (1984) 
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Figure 2.3.3.1.1: Selected trace element tectonic discrimination diagrams for samples of 
the Concepcion del Oro intrusion 
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Concepcion del Oro Trace Element spidergram, 
normalized after Thompson (1982), U after Sun (1980) 
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Figure 2.3.3.1.2: Selected trace and rare earth element diagrams for samples of the 
Concepcion del Oro intrusion 



2.3.3.2 Providencia 

On Nb vs. Y and Rb vs. Y+Nb plots, samples of this intrusive center indicate 

moderate degrees of enrichment in both compatible and incompatible elements, similar to 

the Concepcion del Oro intrusion (see Figure 2.3.3.2.2). However with Ta values below 

detection limit, Ta vs. Yb and Rb vs. Yb+Ta as well as ternary (Rb/30)-Hf-(Ta*3) and 

(Rb/10)-Hf-(Ta*3) diagrams can not be used. 

An extended spidergram, after Thompson (1982), shows relative depletions in Ba 

with respect to Rb and Th, and Nb with respect to La; and strong depletions in P and Ti as 

well as K in both samples, although these are more pronounced in late sample SMPV-1 

(see upper Figure 2.3.3.2.1). Both samples show also relative depletion in Sr relative to 

Ce and Nd. Finally, late phase V sample SMPV-1 shows lower values of Th and Nb than 

phase I. 

Main intrusive phase SMP-1 appears to be a relatively enriched in rare earth elements 

with ZREE=455.3, and La/Yb, La/Sm and Gd/Yb ratios of 10.3, 3.8 and 1.7 respectively. 

It shows a moderate negative Eu anomaly (Eu/Eu*=0.77) and a slight depletion in the 

intermediate REE. Late phase sample SMPV-1 appears to be less enriched 

(ZREE=238.04, and La/Yb, La/Sm and Gd/Yb ratios of 7.2, 3.1 and 1.8 respectively), 

does possess a negative Eu anomaly slightly larger than that of phase I (Eu/Eu*=0.78), 

and a depletion in the intermediate REE smaller than the earlier phase (see Figure 

2.3.3.2.1). 

A Th vs. U diagram shows ratio values for both samples around 3, which departs 



from a ratio of about 4 characteristic for average continental crust and shows affinities 

with island arcs (Bouse, 1995). These values have to be viewed again with some caution 

due to alteration issues in both samples, but particularly with the late phase sample. 



2.3.3.3 Noche Buena 

On Nb vs. Y and Rb vs. Y+Nb plots samples of this intrusive center show moderate 

degrees of enrichment in both compatible and incompatible elements (see Figure 

2.3.3.2.2). In the case of early phase I sample SMNN-1, enrichment in incompatible 

element Rb relative to more compatible elements Y and Nb is indicated. Unfortunately, 

since Ta is below detection limit for all samples, other discrimination diagrams cannot be 

used. 

A chondrite-normalized extended spidergram of trace elements again shows relative 

depletions in Ba with respect to adjacent elements Rb and Th, K and Nb with respect to 

La, and Ti. A significant depletion in P occurs in all samples similar to the other, 

previously discussed intrusive complexes of Concepcion del Oro and Providencia. The 

first phase of intrusion, sample SMNN-1, displays lower values for Th and Nb compared 

with later phases, but not for P. Also of interest is a slight Sr enrichment relative to Ce 

and Nd in all samples (see middle Figure 2.3.3.2.1). 

Samples belonging to the Noche Buena intrusion have relatively high REE 

abundances and moderate light to heavy REE ratios (average ZREE=374.20, La/Yb=7.7). 

Intrinsically, early phase I sample SMNN-1 appears to have the highest REE 

concentrations as well as the second lowest fractionation factors for the group of samples; 

while phase n sample SMNC-4, despite an incomplete REE pattern, appears to have the 

lowest REE concentrations and the second highest fractionation factors (SREE=234.1 is 

incomplete; a reconstructed REE pattern suggests ZREE~300). Late phase IV samples 
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show different degrees of enrichment in REE and fractionation factors, suggesting that as 

late phases they are rather heterogeneous, although overall relatively enriched. Europium 

anomalies for the Noche Buena intrusion are rather small, averaging Eu/Eu*=0.94. A 

lower Eu anomaly was estimated for late phase IV sample SMNC-5 (Eu/Eu*=0.64) on 

the base of a reconstructed pattern. Table 2.3.3.2.1 and Figure 2.3.3.2.1 summarize the 

relevant REE pattern characteristics for the intrusion. 

Th/U ratios in the Noche Buena intrusion show an increase from below average 

continental crust values in the early phase I sample SMNN-1, (Th/U~3) toward an 

average continental crust value of 4 in second phase sample SMNC-4, decreasing in the 

later phase IV samples toward a value of 2 (SMNC-5 Th/U~2.8, SMNC-6 Th/U~2.3), 

similar to that of island arcs (see bottom Figure 2.3.3.2.2). 



2.3.3.4 Santa Rosa 

OnNb vs. Y and Rb vs. Y+Nb plots samples of this igneous center indicate moderate 

degrees of enrichment in both compatible and incompatible elements, comparable to 

samples in nearby districts. 

A chondrite-normalized extended spidergram of trace elements shows relative 

depletions in Ba with respect to adjacent elements Rb and Th, as well as Nb with respect 

to La. Significant depletions in P, K and specially Ti of comparable degree to samples of 

the intrusive centers discussed earlier occur in these samples as well. 

Santa Rosa samples appear to be relatively enriched, fractionated rocks. Dike center 

sample SMRN-1 also shows a weak but noticeable negative Eu anomaly (Eu/Eu*=0.87), 

a noticeable depletion of the intermediate REE relative to Tm giving the pattern a slight 

but recognizable concave profile, HREE concentrations slightly above 10 relative to 

chondritic values, and a slight depletion in Yb relative to both Tm and Lu. Sample 

SMRN-2 REE pattern is incomplete but appears to be relatively similar to the dike core 

sample (see Figure 2.3.3.2.1). 

Th/U ratios for both Santa Rosa samples show an increase from a value around 2 for 

border sample SMRN-2 (Th/U=2.4) to a value around 4 for sample SMRN-1 (Th/U~4). 

The change in ratio is solely due to relative U enrichment since Th values are virtually the 

same for both samples suggesting, along with other major element indications, that the 

dike rim may be a differentiate. Absence of recognizable boundaries between rim and 

core makes, as previously mentioned, a significant change in the source region unlikely. 



Table 2.3.3.2.1: Summary trace and REE data for samples from the Providencia, Noche Buena and Santa Rosa igneous 

centers. 

Sample 'base K/Kn* Nb/NbN* P/PN* TI/TIN* Sr/SrN* SREEN La/YbN La/Smw Gd/YbN EU/EUN* 

SMP-1 I 0.710 X 10"^ 0.094 0.009 2.912 X 10"^ 0.574 455.3 10.3 3.8 1.7 0.77 
SMPV-1 V 1.241 X 10"^ 0.122 0.007 2.737 X 10"^ 0.613 238.0 7.2 3.1 1.8 0.78 
SMNN-1 I 2.786 X 10"^ 0.130 0.020 4.517 X 10"^ 1.395 426.9 5.8 2.0 2.2 0.94 
SMNC-4 n 1.264 X 10"^ 0.191 0.014 NA 1.158 234.1' 7.9 2.7 1.6 0.87 
SMNC-5 rv 1.484 X 10'^ 0.216 0.018 NA 1.253 220.9' 5.7 1.8 1.8 0.64 
SMNC-6 IV 0.793 X IQ-^ 0.144 0.013 3.689 X 10"^ 1.056 396.3 11.4 2.7 2.7 0.91 
SMRN-1 I 1.006 X IQ-^ 0.157 0.013 3.279 X 10-^ 1.067 367.2 7.4 3.0 1.7 0.87 
SMRN-2 I 0.826 X 10"^ 0.125 0.014 NA 0.972 339.6' 20.8 4.1 2.4 0.87 

Trace and REE data have been normalized against chondritic values after Taylor & McLennan (1985). Values in italic for EU/EUN* or GdA^bn indicate 
that a reconstructed REE pattern was used to derive them. For samples SMNC-4 and SMNC-5, ZREB values of ~300 and -366 respectively were also 
estimated based on a reconstructed REE pattern. 

^ Eu/Eu* has been estimated in samples where a complete REE spectrum was not obtained. The method involves reconstructing the REE pattern using 
forward extrapolation from Nd and Sm on the one hand, backward extrapolation from Yb and Lu on the other hand and averaging between both trends. 
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Concepcidn del Oro area igneous samples Nb vs. Ydiagram, 
after Pearce et al. (1984) 
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Concepcidn del Oro area igneous samples Y+Nb vs. Rb diagram, 
after Pearce et al. (1984) 
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Concepcidn del Oro area igneous samples Hf - Rb/30 - Ta*3 diagram 
after Harris et al. (1986) 
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Figure 2.3.3.2.1: Trace element tectonic discrimination diagrams for igneous samples in 
the Concepcion del Oro area. 
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Figure 2.3.3.2.2: Trace element spidergrams for Providencia, Noche Buena and Santa 
Rosa igneous samples. 
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Providencia REE spidergram compared to Concepcion del Oro main trend 
normalized after Taylor & McLennan (1985) 
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Figure 2.3.3.2.3: Rare earth element diagrams for Providencia, Noche Buena and Santa 
Rosa igneous samples together with a comparative range of samples 
from the Concepcion del Oro intrusion. 
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Concepci6n del Oro area igneous samples Th/U diagram, 
after Bouse et al. (1994) 
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Figure 2.3.3.2.4: Comparative discrimination ThAJ diagram for the different igneous 
centers in the Concepcion del Oro area. 
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2.3.4 Discussion 

Broadly speaking it is suggested that the samples from Concepcion del Oro intrusion 

define two groups of chemically related samples: a first group composed of samples 

belonging to phases lib, ma and IHb (samples SMCM-6, SMCM-9, SMCM-10 and 

SMCM-11), and a second group of outliers composed of samples belonging to phases la. 

Ha and He (samples SMCA-5, SMCA-8 and SMCS-7) and inclusion sample I-l. The 

relationship between the samples belonging to the earlier pulses is rather loose relative to 

the later ones, which appear to constitute a more coherent group, defined by a trend of 

decreasing concentrations of Ti02, Fe203 total, MgO, CaO and P2O5 on the one hand, and 

increasing K2O with increasing Si02. By comparison with the other igneous centers, 

however, both groups however are relatively close to the trend defined by the later 

phases. Against this group, samples with the lowest silica contents in all igneous centers: 

inclusion sample I-l at Concepcion del Oro, phase I sample SMNN-1 and phase IV 

samples SMNC-5 and SMNC-6 at Noche Buena; set themselves apart at higher values in 

Ti02, Fe203 total, MgO, CaO and P2O5. Within this group, the latter three samples have 

low K2O while phase I sample from Noche Buena has high K2O values. 

The subdivision into two groups of samples is further suggested by various 

normalized chemical plots and classification diagrams. In particular, on the TAS 

classification diagram, the group of silica-poor samples are at the limit or above the 

subalkaline/alkaline boundary of Irvine and Baragar (1971) while the more silica-rich 

samples can be divided again in the later phase samples, which fall in the subalkaline 
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field of Kuno (1966), while the earlier phase samples are above it but below the 

subalkaline/alkaline boundary of Irvine and Baragar (1971). Based on field observation 

and mineralogical inference also, these groups can be correlated across intrusions and 

may represent several magmatic pulses with slightly differing chemistries (Table 2.3.4.1). 

Early phase sample SMNN-1 from Noche Buena and inclusion sample I-l from 

Concepcion del Oro are Al-poor and appear the most mafic compositions, possibly 

representing a less differentiated, earlier phase. Early phases la. Ha and He at Concepcion 

del Oro describe a trend of increasing alkali contents with increasing silica, paralleled by 

Harker diagrams and normalized chemical diagrams. Phase lib sample SMCM-6, 

represents a less evolved composition than the previous phases suggesting the 

introduction of a new pulse of magma. There appears to be no clear equivalent in the 

other igneous centers of the early phases at Concepcion del Oro with the possible 

exception of phase n sample SMNC-4 at Noche Buena. However the trend defined by the 

later phases at Concepcion del Oro corresponds to the main early phase I at Providencia, 

likely also phase n at Noche Buena, and the samples of the Santa Rosa igneous centers. 

Finally, phase FV samples at Noche Buena are again relatively Al-poor and more mafic 

than the main trend described previously and indicate a different, late magmatic phase. 

Late phase V sample SMPV-1 from Providencia may also belong to that late magmatic 

pulse but the sample is significantly altered. 

The extended trace element spidergram after Thompson (1982) shows general 

similarities with subduction-related environment of magma genesis for all igneous 

samples in the Concepcion del Oro area, with depletions in incompatible elements K, Nb, 
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P and Ti. In the later sense, slight depletion in Sr relative to the, in the spidergram 

adjacent elements Ce and Nd, is present in the majority of samples in the Concepcion del 

Oro area but most noticeable in a number of samples: phases He and IHb in the 

Concepcion del Oro and both samples at Providencia suggesting these samples are more 

fractionated than the rest. Li contrast all samples in the Noche Buena intrusion are 

enriched, most notably phase I sample SMNN-1 and phase FV sample SMNC-5. 

Comparably, compatible/incompatible trace element discrimination diagrams indicate 

generally moderate contents in both compatible and incompatible elements, which by 

comparison with samples from different geotectonic environments analyzed by Pearce et 

al. (1984) suggest a geotectonic environment akin to a volcanic arc or a collisional 

orogen. Sample I-l, however, despite an incomplete spidergram pattern, is enriched or not 

depleted, as indicated by elements K and Ti. This is paralleled by its position on the Rb 

vs. Yb+Ta diagram of Pearce et al. (1984) in the field of within-plate granitoids. Two 

other samples of the Concepcion del Oro intrusion, phase Ha sample SMCA-8 and late 

phase nib sample SMCM-11, and phase I sample SMNN-1 from Noche Buena show 

enrichment in Rb relative to Y+Nb. In the first two cases it is suggested that 

differentiation is the underlying factor, while in the case of the Noche Buena sample, its 

high contents in K allows for significant increase in Rb substitution. 

A (Rb/30)-Hf-(Ta*3) triangular plot also suggests a volcanic arc tectonic environment 

for te majority of samples in the Concepcion del Oro area although there is a wide scatter 

in Rb values between and within different igneous centers. Only early phases la and He 

samples SMCA-5 and SMCS-7, and late phase Ilia sample SMCM-9 at Concepcion del 
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Oro plot in the within plate or late to post-collisional granitoid fields, suggesting 

relatively higher degrees of enrichment in HFS element Ta relative to Hf or LIL element 

Rb. 

REE abundances are relatively high for all samples in the area (between around 10 

times chondrite values for the heavy REE and around 50 to 100 times chondrite values for 

the light REE). The main trend constituted by the later phases of the Concepcion del Oro 

intrusion averages around 10 times chondrite values for the heavy REE and around 50 to 

80 times chondrite values for the light REE, with EREE ranging between around 280 and 

470 and average EREE~368. Most samples in the area are within or close to these values, 

with the exception of phase V sample SMPV-1 from Providencia, phase I and phase IV 

samples SMNN-1 and SMNC-6 from the Noche Buena intrusion and sample SMRN-2 

from the margin of the dike near Santa Rosa. All samples in the Concepcion del Oro area 

show a characteristic concave pattern in the intermediate REE that suggests fractionation 

of amphibole in the source of the different magmas. 
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Table 2.3.4: Summary REE data for igneous samples from the Concepcion del Oro, 

Providencia, Noche Buena and Santa Rosa igneous centers; range and 

average values for the main trend in the Concepcion del Oro intrusion. 

Sample 'hase SREEN La/YbN La/SmN Gd/Ybw EU/EUN*' 

SMCA-5 la 261.0 8.1 2.8 2.4 0.43 
SMCA-8 Ha 319.5 7.9 3.3 1.7 0.92 

SMCM-6 nb 459.9 9.8 3.0 2.2 0.87 

SMCS-7 He 443.5 10.3 4.0 1.7 0.73 

SMCM-9 nia 397.0 9.1 3.3 1.9 0.85 
SMCM-10 nia 205.3 6.4 2.6 2.0 0.91 
SMCM-11 nib 136.7 22.8 8.4 1.7 NA 

Main trend 205.3-459.9 6.4-9.8 2.6-3.0 1.8-2.2 0.84-0.92 
range 283.1-469.3 0.83-0.91 
Average 345.4-(367.8) 8.4 3.0 1.5 0.88-(0.87) 
SMP-1 1 455.3 10.3 3.8 1.7 0.77 

SMPV-1 V 238.0 7.2 3.1 1.8 0.78 

SMNN-1 I 426.9 5.8 2.0 2.2 0.94 
SMNC-4 n 234.l-(300.8) 7.9 2.7 1.6 0.87 
SMNC-5 IV 220.9-(365.7) 5.7 1.8 1.8 0.64 
SMNC-6 IV 396.3 11.4 2.7 2.7 0.91 

SMRN-1 I 367.2 7.4 3.0 1.7 0.87 
SMRN-2 I 339.6' 20.8 4.1 2.4 0.87 

Values in italic for SREEN, Gd/Ybn and EU/EUN* indicate that a reconstructed REE pattern was used to 
derive them. 

Europium anomalies are negative for all samples in the Concepcion del Oro area, 

suggesting fractionation of plagioclase, in addition to amphibole, in the source of the 

different magmas in the area. However, against an average from the later phases from the 

Concepcion del Oro between 0.88 and 0.87, phase Ha sample SMCA-8 and possibly 

phase nia SMCM-10 from Concepcion del Oro, and phases I and IV samples SMNN-1 

and SMNC-6 from Noche Buena, show smaller negative anomalies, indicate these 

Eu/Eu* has been estimated in samples with incomplete REE patterns (Tables 2.2.3.1 and 2 footnotes). 
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samples to be less fractionated and suggesting a new pulse of magma. In contrast, phase 

la sample SMCA-5 from Concepcion del Oro and phase IV sample SMNC-5 from Noche 

Buena show much stronger negative anomalies than the majority of the samples in the 

area, estimated to be around 0.43 for the former and 0.64 for the latter. This suggests that 

source for the early magma at the Concepcion del Oro intrusion is a differentiated 

magma, while sources for the late phase IV at Noche Buena are, on the one hand an 

undifferentiated, mafic magma, and on the other hand a mafic but more differentiated 

magma. 

In her work on Pb-isotopic crustal signatures and metallogenic characteristic of 

crustal provinces in Arizona, Bouse (1995) recognized that the Central Arizona crustal 

province, underlain by an early Proterozoic island arc and ocean floor complex (Central 

Volcanic Belt of Anderson, 1989) has a Th/U ratio of about 2; while the Southeastern 

Arizona crustal province, underlain by distal continental margin 

metasedimentary/metavolcanic sequences (Southeastern Schist Belt of Anderson, 1989) 

has a Th/U ratio of about 4; and the Mojave crustal province, underlain by older, 

polymetamorphic continental crust (late Archean gneissic basement of the Mojave 

Province) with Th/U ratios higher than 4. On the basis of these crustal assemblages, a 

parallel was drawn by that same author between islands arcs, oceanic crust and low Th/U 

ratios on the one hand; average, non-recycled continental crust and Th/U ratios around 4; 

and enriched/recycled continental crust and high Th/U ratios. In the absence of lead 

isotopic data for the assessment of potential magma sources some attention is given to Th 

vs. U for the meaning of this element pair as indicator of affinity of possible crustal 
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sources and evolution, as both elements are concentrated in the liquid phase during partial 

melting and fractional crystallization of magma, and incorporated into the more silica-

rich products (Faure, 1977, Bouse, 1995). The majority of samples in the Concepcion del 

Oro intrusion have Th/U ratios close to 4. There are however a few departures towards 

lower, as well as higher values: phase IHa sample SMCM-9 and phase mb sample 

SMCM-11. In the first case Th/U=3, while in the latter case the ratio is close to 10. This 

may indicate on the one hand, lack of enrichment in Th relative to U corresponding either 

to an undifferentiated magma or a depleted source for this late phase and enrichment due 

to differentiation in the late phase lEb, which corresponds to an aplite. Average 

continental crust composition of around Th/U=4 for the earlier phases, occurs also in 

phase n sample SMNC-4 from Noche Buena. Samples from the Providencia, the early 

and late phases of the Noche Buena intrusion and the Santa Rosa igneous center, 

however, have Th/U ratios between 2 and 3, closer to values associated with an island 

arc. 
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2.4 Stable and radiogenic isotope geochemistry of igneous rocks in the Concepcion del 

Oro region. 

Samples from the Concepcion del Oro intrusion selected for isotopic analysis include 

intrusive phase Ha sample SMCA-8, porphyritic phase He sample SMCS-7 corresponding 

to the early group of phases; while porphyritic phase Hb sample SMCM-6, and intrusive 

phase ma sample SMCM-9 correspond to the main trend of later phases. Both of the 

Providencia samples considered for whole rock analysis, early phase I sample SMP-1 and 

late phase V sample SMPV-1, were selected due to the absence of unaltered samples of 

other intervening phases. Whole rock analysis samples SMNN-1 and SMNC-6 from 

Noche Buena, corresponding respectively to phase I and phase IV were analyzed. Finally 

sample SMRN-1 corresponding to the center of the Puerto Blanco dike, northwest from 

Santa Rosa, was analyzed as the closest equivalent of that igneous body. Trace element 

contents of the samples as well as measured isotope ratios for the samples within the 

Concepcion del Oro area are given in Table 2.4. Harker diagrams compare ICP results of 

the specific samples selected for isotopic analysis with the NAA results from trace 

element geochemistry on the same samples where possible. Correlation diagrams show 

the NAA values against isotope values and display for comparison the Sr isotopic values 

for Bulk Silicate Earth (BSE) and Nd values for Chondrite Uniform Reservoir (ChUR). 

Because no geochronological data exists for the Noche Buena intrusion, ^^Sr/^^Sn was 

calculated to an inferred intrusion age of 40Ma by inference from Roegge et al. (1974); as 

well as by analogy in Puchner & Holland (1966) to Ohmoto et al. (1966). However, in the 
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case of the Santa Rosa system, two values for ^^Sr/^^Sri were calculated: the first one at 

40Ma parallels the other igneous centers in the Concepcion del Oro region; the second 

one assumes a younger age of around 34Ma. This younger age is based on an indication 

in Ohmoto et al. (1966) that the K-Ar ages on late hydrothermal muscovite at Salaverna 

appear significantly younger than the alleged mineralizing intrusion (33.8Ma and 34.5Ma 

on muscovite in ore) and the existence of a rhyolite plug in the vicinity of Salaverna 

(Triplett, 1952; Mapes Vazquez et al., 1964), as well as what are documented as sills of 

younger age than the main intrusion in the immediate vicinity of the Salaverna orebody 

(Mapes Vazquez et al., 1964). 

A few selected quartz and plagioclase mineral separates were analyzed for their 

oxygen isotopic composition. The sample set includes again intrusive phase Ha sample 

SMCA-8, the porphyritic phase lib sample SMCM-6, and the intrusive phase lUa sample 

SMCM-9 from the Concepcion del Oro pluton, sample SMNM-2 from the Amarillas area 

of the Noche Buena intrusion, and sample SMRN-1 from the Santa Rosa igneous center. 

Only in the samples of the Concepcion del Oro and Santa Rosa centers quartz-plagioclase 

pairs could be separated with sufficient guarantees that both minerals were relatively 

unaltered. The opposite is particulary true, however, of samples in the Providencia and 

Noche Buena districts. 



Table 2.4; Rb, Sr, Sm and Nd trace element contents and measured isotope ratios for samples from the Concepcion del Oro 

area. 

Age Rb Sr 
[ppm]^ 

Sm Nd 147 

'Rbr^Sr ''Srr^Sr ^'Sr/^^Sn 

Sm/ 143 

144-Nd 

SMCA-8 40 189.0 0.6584 0.706055 0.7056809 4.9 25.5 0.1162810 0.512586 0.5125558 

SMCS-7 40 83.32 343.90 0.70082 0.706553 0.706154 6.203548 35.022421 0.1070858 0.512575 0.5125470 

SMCM-6 40 98.0 686.8 0.3597 0.707524 0.7073196 7.7 39.1 0.1181550 0.512549 0.5125184 

SMCM-9 40 118.1 634.5 0.4684 0.707049 0.7067829 6.2 34.1 0.1162851 0.512590 0.5125599 

SMP-1 40 123.83 478.09 0.74912 0.705376 0.704950 5.590795 30.347291 0.1113774 0.512630 0.5126009 

SMPV-1 40 106.63 257.47 1.19815 0.707936 0.707255 3.229155 15.409021 0.1266913 0.512526 0.5124929 

SMNN-1 40 231.57 936.51 0.71513 0.704743 0.704337 7.728958 35.455109 0.1317941 0.512731 0.5126965 

SMNC-6 40 122.91 769.11 0.46223 0.705346 0.705083 6.240461 31.692680 0.1190404 0.512564 0.5125329 

SMRN-1 40 116.37 667.13 0.50450 0.705243 0.704956 5.779017 30.066715 0.1162009 0.512611 0.5125806 

SMRN-1 34.15 Same same Same same 0.704998 same same same same 0.5125850 

Nd/ 
144 

143 Nd/ 
Nd 144-

Ndi 

* Values in italic were compiled from neutron activation trace element analysis data. 

to 
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2.4.1 Rb/Sr isotope geochemistry 

Marker diagrams for Sr and Rb, and correlation diagrams among isotope ratios as well 

as between isotope ratios and major or trace elements are presented in Figure 2.4.1. The 

samples display generally decreasing values in Sr with increasing silica, however Rb 

contents do not vary in a straightforward fashion with increasing silica. Relatively mafic 

samples (samples with Si02 contents below 60 wt.%), show both high and low values, 

while more silica-rich samples show intermediate and more uniform values, with some 

outliers (most notably early phase Ha sample SMCA-8 from Concepcion del Oro is 

enriched, while early phase He sample SMCS-7 from that same pluton and early phase I 

sample SMP-1 from Providencia are depleted. Values for ^^Sr/^^Sr in the table and graphs 

indicate the majority of the samples are enriched to varying degrees relative to an 

undifferentiated bulk silicate earth model (BSE) present day isotope ratio of 

^^Sr/^^Sr=0.7045 (DePaolo, 1988). An exception to this is the early phase I sample 

SMNN-1 from the Noche Buena intrusion, with ^^Sr/^^Sr=0.7047. A ^'Sr/^Sr vs. silica 

diagram shows that enrichment in radiogenic ^^Sr correlates with increasing Si02. The 

same is true with respect to the inverse of the concentration of Sr in the rock, where most 

samples show good correlation with progressive enrichment in Sr, except in the case of 

late phase nia sample SMCM-9 from the Concepcion del Oro intrusion, relative to phase 

nb sample. 

2.4.2 Sm/Nd isotope geochemistry 

Similar to the previous paragraph on Rb/Sr isotope geochemistry, Harker diagrams for 



131 

Nd and Sm, and correlation diagrams among isotope ratios as well as between isotope 

ratios and major elements or trace element ratios are presented in Figure 2.4.2. The 

Harker diagrams compare ICP results of the specific samples selected for isotopic 

analysis with the NAA results from trace element geochemistry on the same samples 

where possible, while the correlation diagrams show the NAA values against isotope 

values and display the isotopic values for Chondrite Uniform Reservoir (ChUR) for 

comparison. 

Generally samples display decreasing concentrations of Nd and Sm with increasing 

silica. Only exceptions to this are the early phase Ha and He samples (SMCA-8 and 

SMCS-7 respectively) in the Concepcion del Oro district, but particularly the second one; 

and the sample from the central part of the dike near Santa Rosa, relative to the margin 

sample. Values for ''^^Nd/''^Nd in the table and graphs indicate the majority of the 

samples are depleted to varying degrees relative to an undifferentiated chondritic uniform 

reservoir bulk earth model (ChUR) present day isotope ratio of ''^^Nd/''^'^Nd=0.512638 

(Goldstein et al., 1984). An exception to this is the early phase I sample SMNN-1 from 

the Noche Buena intrusion, which, with ''^^Nd/''^'^Nd=0.512731, is enriched relative to 

ChUR. A ''^^Nd/^'^'^Nd vs. silica diagram suggest that depletion in radiogenic '"^^Nd does 

show a moderately good degree of correlation with increasing Si02. The exception being 

phase nia sample SMCM-9 from the Concepcion del Oro pluton, which is enriched in 

'"^^Nd relative to phase lib sample SMCM-6. However with respect to the sum of the rare 

earth element values (EREE) or the normalized trace element ratio La/Lu in the rock, this 

difference is less obvious and the diagrams appear to show good correlation with 
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progressive depletion in Finally ''^^Nd/^'^'^Nd against Eu anomaly (Eu/Eu*) 

indicates again some degree of correlation between depletion and negative Eu anomalies 

(the smaller the value of Eu/Eu*, generally the more depleted in '"^^Nd the sample appears 

to be), however late phase Ilia sample from Concepcion del Oro is again an exception, 

being more enriched despite the stronger negative Eu-anomaly relative to earlier samples. 

Also late phase V sample SMPV-1 from Providencia is anomalous in that it is 

significantly depleted in '"^^Nd despite having a slightly smaller Eu-anomaly relative to 

phase I sample SMP-1. 
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2.4.3 Oxygen isotope geochemistry 

Quartz and plagioclase separates, when possible coexisting pairs, from the same 

samples of the Concepcion del Oro intrusive used for Sr and Nd isotopes were analyzed 

for oxygen isotopes. Their values, listed in the following table, are relatively enriched in 

and are comparable to evolved magmatic rocks (granites, diorites and related 

lithologies; Taylor, 1968a; O'Neil et al. 1977) or waters in equilibrium with them -

therefore without significant interaction with meteoric waters. From the samples in this 

district, the early phase la sample SMCA-5 is almost by 2%o lighter than the later phases 

(see Figure 2.4.3.1). Two separates from the strongly altered porphyritic igneous rock at 

Sol y Luna, samples SCR-Q4 and SCR-Q5, were also analyzed. The isotopic signature of 

these two samples is significantly heavier than all other samples in this study (between 

3%o and 7%o, relative to main phase samples SMCA-8, SMCM-6 and SMCM-9). 

Where mineral pairs were analyzed, equations by Matsuhisa et al. (1979) were used to 

estimate possible emplacement temperatures for the igneous rock. The only sample for 

which a primary igneous equilibration temperature was obtained is phase Ha sample 

SMCA-8, for which one of the quartz-plagioclase pairs yielded a temperature of around 

666 °C using a Aquartz-piagiociase equation with a temperature range of applicability between 

500°C and 800°C (Matsuhisa et al., 1979). The rest of the data indicate that re-

equilibration took place under subsolidus conditions, as can be seen in upper left Figure 

2.4.3.2. It can also be pointed out, that the latter phases appear to have re-equilibrated 

within the range of 400°C and 500°C. 



Table 2.4.3: Oxygen isotope values of quartz and plagioclase separates for samples from 

the Concepcidn del Oro area. 

Sample Igneous phase Mineral 5^*^0 [%c] Mineral 5"0 [%o] 
SMCA-5 la quartz 7.8 

SMCA-8 Ha quartz 9J, 9^, 8.4 plagioclase 

SMCM-6 nb quartz 9.6 plagioclase 8.1 

SMCM-9 nia quartz M plagioclase L9 
SCR-Q4 He quartz 12.5, 12.5 

SCR-Q5 He quartz 15.5, 16.1 

SMNM-2* mb quartz 10.3 

SMRN-1 I quartz 9J plagioclase 82 
* Sample SMNM-2 was analyzed for oxygen isotopes by Rollog (2003) as sample SMNM-. 

Underlined samples correspond to quartz-plagioclase pairs. 

The quartz separate from the Noche Buena igneous center can only be evaluated in a 

general way by comparison with the samples in the previous paragraph. Compared with 

them, late porphyritic phase EHb sample SMNM-2 from the northern flank of the Noche 

1 8 
Buena pluton is somewhat enriched in O than the phases in the Concepcion del Oro 

intrusion. In fact, its 5'^0 signature is heavier than documented values for I-type granites. 

Sample SMRN-1 from the Santa Rosa igneous center, in contrast, falls within the 

group of later igneous phases in the area. Application of geothermometric equations to a 

quartz-plagioclase pair from this locality reveals temperatures below magmatic, as well as 

narrowly below sub-solidus. This result has to be viewed in light that the sample was not 

collected within the main body of the igneous outcrop, but from a dike at some distance 

and should be only marginally affected by alteration. 

These observations are, overall, limited by the sample size and cannot be viewed as 

conclusive. 
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3 Oouartz values from samples of the Concepcldn del Oro intrusion 
compared to general ranges of igneous rocks after Taylor (1968a), Hoefs (1980) and 

O'Neil etal. (1977) 
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Figure 2.4.3.1: 5^^0quartz values of intrusive samples in the Concepcion del Oro area in 
relation to general ranges of igneous rocks. 
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Figure 2.4.3.2: 6'^Oquartz/5'^Oplagioclase diagrams with lines of constant temperature 
for the specific sample anorthite component, after Matsuhisa et al. (1979). 
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Figure 2.4.3.3: 6'^Oquartz/6'^Opiagioclase diagrams with lines of constant temperature 
for the specific sample anorthite component, after Matsuhisa et al. (1979). 
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2.4.4 Discussion 

Rubidium and strontium Harker diagrams suggests, in agreement with major and trace 

element data, the existence of two pulses of magmatism for the Concepcion del Oro 

Providencia, and Noche Buena intrusions. However, they also suggest that a fundamental 

difference may exist between the earliest sample in the Noche Buena system and the rest 

of the samples. Even inclusion sample I-l from the Concepcion del Oro intrusion, 

similarly mafic in major element chemistry, does not have the high trace element 

concentrations shown by early phase sample SMNN-1 from Noche Buena. The isotope 

87 ratio graphs show varying degrees of enrichment in Sr for all samples indicating a 

crustal source for the different rocks. The least evolved of the samples corresponds to the 

early phase from Noche Buena, suggesting a significant mafic/alkalic component. The 

52*7 8/^ #*7 

general absence of a positive-sloped isochron/errorchron in Sr/ Sr vs. °'Rbr°Sr (Figure 

2.4.4.1) between samples of the various phases within a given intrusion further suggests 

variable assimilation by different magmas rather than differentiation within co-magmatic 

rocks to be the predominant process in generating the intrusive suites in the Concepcion 

del Oro area. Rather than a progressive increase in felsic crustal component, a hiatus is 

considered to separate the early phases of intrusion and the later ones in the Concepcion 

del Oro intrusion. This seems to apply, despite limited sampling, for Noche Buena as 

well. These observations correlate with other geochemical evidence and field 

observations. In the case of the Providencia samples, field evidence precludes a direct 

relationship between samples SMP-1 and SMPV-1. 
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Nd and Sm Harker diagrams suggest two pulses of magmatism for the Concepcion del 

Oro and the Noche Buena intrusions, as indicated by the decrease in SiOi and the increase 

in Nd and Sm for between phase Ha and lib (samples SMCA-8 and SMCM-6 

respectively) from the former, and samples SMNC-4 and SMNC-6, corresponding to 

phases n and IV from the later. Values for ^"^^Nd/'^^Nd for the majority of samples in the 

area are depleted with respect to ChUR, showing a crustal provenance, with the exception 

of early phase I sample from Noche Buena. There are however some differences, based 

on the correlation diagrams; some late phases appear less evolved than the early ones, 

share however depleted Nd signatures with the latter phases (Providencia phase V sample 

SMPV-1, Noche Buena phase IV sample SMNC-6); while others appear, despite being 

more evolved, to be less depleted (Concepcion del Oro phase IHa sample SMCM-9, Santa 

Rosa sample SMRN-1). This suggests on the one hand contributions from isotopically 

less evolved sources to the magmas at different stages, both early and late. On the other 

hand, a relatively mafic rock like late phase IV sample SMNC-6 from Noche Buena is 

significantly depleted, suggesting a crustal source despite its chemistry. 

Calculated epsilon Sr and epsilon Nd values suggest the intrusives have possibly 

derived from a mafic source with variable degrees of crustal contamination. Most values 

for present day epsilon Nd lie between 0 and -2. Recalculated to an age of 40 Ma 

(Buseck, 1962), most samples have epsilon Nd values around 0. Values for epsilon Sr 

range between 10 and 50 (present day) or between 7 and 40 (40Ma). By comparison with 

lower crustal xenoliths from San Lms Potosi (Ruiz et al., 1988; Chesley & Ruiz, 

unpublished data), these values suggest that contamination with a metasedimentary 
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source at depth or a sedimentary source at the level of emplacement is not substantial (see 

Figure 2.4.4.2). Global marine ^^Sr/^^Sr values for the periods corresponding to the main 

limestone formations in the area were extrapolated from Veizer et al. (1999) and used as 

proxies for the formations in question. Phase I sample SMNN-1 from the Noche Buena 

intrusion is different in that it has a negative epsilon Sr and a positive epsilon Nd value at 

40 Ma (-1.7 and +2.2). These values lie within the 'mantle array' trend, further supporting 

a mafic origin for the sample. 

Oxygen isotopes show values within the range of granitic rocks and, in the main, 

spanning the range of I-type granites (O'Neil et al., 1977). Main and late phases show 

consistently higher values than early phases. Late porphyritic phase sample SMNM-2, as 

well as separates from Sol y Luna appear to indicate assimilation of country rock. 

Carbonate units within the region are a likely end-member. Values compiled for different 

carbonate units in the district of Providencia (Sawkins, 1965) are represented in Figure 

2.4.4.2. 
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Figure 2.4.4.1: ^^Sr/^^Sr vs. ^^Rb/^^Sr and '^^Nd/'^Vd against '^^Sm/'^Vd for samples 
from the Concepcion del Oro area. 
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£Sri vs. £Ndi plot of intrusive samples in the Concepcion del Oro area 
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Figure 2.4.4.2: 8Sri vs. 8Ndi and 5'^Oquartz vs. £Sri for samples from the Concepcion 
del Oro area with Sr isotope values from global marine data (Veizer et al., 
1999) and 5'^0 values from local sedimentary host rocks (Sawkins, 
1964). £Sri values for quartz separates from a strongly altered intrusive 
sample from Sol y Luna correspond to the less altered sample SMCS-7. 
£Sri values for sedimentary formations were calculated from the global 
sedimentary values for the Oxfordian (180Ma, Zuloaga Fm.), Barremian 
(125Ma, Cupido Fm.) and Albian (80Ma, Cuesta del Cura Fm.) stages. 
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2.4.5 Comparisons 

Comparison between analyses from intrusives in the Concepcion del Oro area and 

data for other igneous centers in the central sector of the Sierra Madre Oriental, mid-

Tertiary igneous suites related to mineral deposits in the Mexican Plateau (Barton and 

Megaw, unpublished data; Graf, 1997; Gilmer et al., 1988; Ruiz, 1983; Tuta, 1980) and 

porphyry copper deposits in Arizona (Lang, 1991) through major and trace element 

discrimination diagrams provides a common frame of reference against which to infer 

possible metallogenic commonalities and differences (Figures 2.4.5.1 through 2.4.5.4). 

The majority of samples in the Concepcion del Oro area conform to a general trend 

both defined by mineralized mid-Tertiary Mexican Plateau and Arizona igneous centers 

related porphyry copper deposits that corresponds to Lameyre and Bowden's calc-alkaline 

granodiorite trend (Lameyre and Bowden, 1982). Further consideration of trace element 

tectonic discrimination diagrams by Pearce et al. (1984) and Harris et al. (1986) suggests 

derivation of these igneous rocks from volcanic arc magmas that appear to evolve toward 

or assimilate a differentiated, felsic continental crust represented in the different diagrams 

respectively by syn-collisional and within-plate granite, as well as syn-collisional, late to 

post-collisional, and within-plate granite signatures. These support the generally accepted 

view of an igneous and metallogenic evolution similar to other subduction-related 

magmatic arcs (Clark et al., 1982). However some differences exist in major and trace 

elements that are worth pointing out. The early phases in the Concepcion and Noche 

Buena intrusion seem to define a trend toward silica-undersaturated compositions in the 
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QAP diagram that is generally mirrored by dioritic intrusions in the central sector of the 

Sierra Madre Oriental (Cerro Pedregoso, El Saltillito, Rocamontes, San Rafael and Cerro 

Prieto) but not, with few exceptions (Velardena), by other igneous centers in the Mexican 

Plateau (see Figure 2.4.5.1). Also, unlike most mid-Tertiary Mexican Plateau centers, the 

majority of intrusive phases in the Concepcion del Oro area define a trend within the 

volcanic arc granite field of Harris et al. (1986) discrimination diagram that is only 

paralleled by some of the dioritic intrusion samples and some of the samples in the San 

Martm pluton (see Figures 2.4.5.2 and 2.4.5.3). Li contrast, the majority of samples in the 

Mexican Plateau display a trend near the boundary between the volcanic arc and the 

orogenic granite fields that is similar to that of samples from porphyry copper deposits in 

Arizona (see Figures 2.4.5.3 and 2.4.5.4). They suggest a potentially different, more 

mafic source for the majority of magmas compared to other intrusions, or residence in a 

crustal region that is less homogeneous and includes more mafic elements than other 

areas in north-central Mexico. The latter possibility could explain the bimodal 

distribution of samples between the volcanic arc and the late to post-collisional granite 

fields in the Concepcion del Oro samples, the majority of dioritic intrusion samples and 

the San Martin samples. 
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Comparative QAP diagram between Concepcion del Oro area samples 
and other centers in the central sector of the Sierra IVIadre Oriental 

Le Maitre et al. (1989) after Streckeisen (1976) 
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Figure 2.4.5.1: Comparative QAP diagrams between Concepcion del Oro area igneous 
samples and regional suites in the central sector of the Sierra Madre 
Oriental (this work), mineralized igneous systems in the Mexican Plateau 
(Barton & Megaw, unpub. data; Graf, 1997; Gilmer et al., 1988; Ruiz, 
1983; Tuta, 1980) and Arizona porphyry copper systems (Lang, 1990). 
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Figure 2.4.5.2: Comparative trace element tectonic discrimination diagrams between Concepcion del Oro area igneous 
samples and regional igneous suites in the central sector of the Sierra Madre Oriental (this work). 
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Comparative Hf- Rb/30 -Ta*3 diagram between Concepcibn del Oro area 
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after Harris et al. (1966) 
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Figure 2.4.5.3: Comparative trace element tectonic discrimination diagrams between Concepcion del Oro area igneous 
samples and mineralized igneous systems in the Mexican Plateau (Barton and Megaw, unpublished data; Graf, 
1997; Gilmer et al., 1988; Ruiz, 1983; Tuta, 1980). 
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Figure 2.4.5.4: Comparative trace element tectonic discrimination diagrams between Concepcion del Oro area igneous 
samples and selected porphyry copper deposits in Arizona (Lang, 1990). 



The assumption that crustal assimilation may be the dominant mechanism responsible 

for the trace element signature of the magmas in the Concepcion del Oro area is 

supported by the discussion of Rb/Sr and Sm/Nd isotope data (see section 2.4.4), but 

becomes apparent in graphical form when samples from Concepcion del Oro area 

intrusives are plotted in £Nd vs. time space against mafic intrusives in the central sector 

of the Sierra Madre Oriental (Figure 2.4.5.5). Lower crustal compositions observed in 

xenoliths from San Luis Potosi maars (Ruiz et al., 1988) are, along with a mantle source, 

possible candidates for crustal assimilation end-members (see Figure 2.4.5.6). At the one 

end of the spectrum, a gamet-bearing paragneiss from the Los Contreras maar (sample 

LC-6) represents a felsic continental crust, while a pyroxene-plagioclase granulite from 

the same location (sample LC-11) represents a mafic crust. The samples from the 

Concepcion del Oro area form a relatively tight cluster between 8Ndp ~ 0 and £Ndp ~ -2, 

except for the early phase of the Noche Buena, which shows a positive 8Ndp value at 

around +2. Positive ENdp values occur in all analyzed samples of the central sector 

dioritic intrusives, generally between +2 and +4. In contrast, samples from the San Martm 

pluton show more negative in 8Nd than those in the Concepcion del Oro area, suggesting 

a different source with a more felsic crustal component. 
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Concepcion del Oro area samples 
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eNd/time plot for Concepcion del Oro area rocks, nearby 
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Figure 2.4.5.5: Comparative £Nd vs. time diagrams between Concepcion del Oro area 
igneous samples, mafic intrusives in the central sector of the Sierra Madre 
Oriental and the San Martin pluton (Graf, 1997); and all intrusive samples 
in the central sector including two representative lower crustal xenoliths 
from the Los Contreras maar in San Luis Potosf (Ruiz et al., 1988). 
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ESn vs. ENdi plot of intrusive samples in the Concepci6n del Oro area 
compared to xenoliths (Chesley and Ruiz, unpublished data) and mafic intrusions 
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8Sri vs. £Ndi plot of intrusive samples in the Concepci6n del Oro area 
compared to lower crustal xenoliths and the San Martin pluton (Graf, 1997) 
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Figure 2.4.5.6: Comparative 8Ndi vs. ESri diagrams between Concepcion del Oro area, 
mafic intrusives in the central sector of the Sierra Madre Oriental, and 
San Martin pluton igneous samples (Graf, 1997), including representative 
lower crustal xenoliths from San Lui's Potosf (Ruiz et al., 1988). 
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Chapter III Mineral chemistry of rock-forming minerals in igneous rocks from the 

Concepcion del Oro area. 

3.1 Introduction 

Whenever possible all major rock-forming minerals were analyzed in each sample, 

also alteration minerals were considered, however the frequency of both rock-forming 

and alteration minerals also depended on the abundance or scarcity of a given mineral 

species in the sample. 

3.2 Methodology 

3.2.1 Sample selection 

Samples from the Concepcion del Oro intrusion selected for electron microprobe 

analysis include those samples considered part of the main trend of magmatic evolution 

in the system: porphyritic *phase lib sample SMCM-6, phase Ilia sample SMCM-9 and 

aplitic phase Illb sample SMCM-11. Phases la and Ila, samples SMCA-1 (not included in 

the major and trace element geochemistry due to its alteration), SMCA-5, and sample 

SMCA-8 respectively, which correspond to what is considered an earlier magmatic pulse, 

were also analyzed. 

In the case of the Providencia samples, phase I sample SMP-1 (a hornblende ± biotite 

monzonite) was substituted by phase Ila biotite ± hornblende monzonite sample SMPG-1 

from the Gloria Estela area, considered its closest equivalent from the standpoint of 

petrographic mineral composition and time). However, the intervening porphyritic 

monzonite phases lib and He from the Gloria Estela area (samples SMPG-2, SMPG-3 
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and SMPG-5 respectively), as well as phase IVa samples SMPW-1 and SMPW-3 and 

phase V micro-granodiorite sample SMPV-1 were also analyzed. From Noche Buena, 

two equivalent samples to early dioritic phase I sample SMNN-1 (sample SMNC-1 and 

SMNC-2) were analyzed. Also phase II homblende-biotite monzonite sample from the 

Aurora area (sample SMNA-2) and the porphyritic phase III SMNA-4 were analyzed. 

Finally sample SMRN-1 corresponding to the center of the Puerto Blanco dike, northwest 

from Santa Rosa, was analyzed as the closest equivalent of that igneous body. 

Electron microprobe analyses were performed on a wavelength-dispersive Cameca 

SX-50 device at the Lunar and Planetary Sciences Microprobe Laboratory of the 

University of Arizona, under the guidance of Dr. Ken Domanik. An electron beam with a 

current of 20 nA and an accelerating voltage of 15 kV, focused to a minimum spot was 

used for the analyses. Calibration for all major elements was performed on a variety of 

natural mineral standards with a counting time of 15 seconds per element. The samples 

were analyzed under the same conditions. In the case of plagioclase feldspars, but on 

occasion also of amphiboles and biotites, transects were across mineral grains in order to 

record some zonation patterns. These are, from prior petrographic analysis, particulary 

prominent in the plagioclases. 

3.2.2 Data Analysis 

The geochemical data were first converted from elemental wt% to moles, according 

to standard procedures, and then normalized. Plagioclase and K-feldspar analyses were 

normalized to Si-i-Al=4 cations. Pyroxenes were normalized to Scations=4, with 

Si-i-!/2Al=2 on the T site; and Ca+Mg+Fe+Mn+y2Al=2, with all Ca in the latter assigned 
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to site M2 while the rest of cations are assigned to either site Ml or M2 using differences 

in the partition of Mg, Fe, Mn and Ti between them. Amphiboles were normalized to 

i;cations=13, which includes cations assigned to sites T, Ml, M2 and M3 but excludes 

cations assigned to sites M4 and A. In the latter, all Ca and necessary Na is assigned to 

site M4, while the remainder of the alkalies (Na+K) are assigned to site A. Biotite 

analyses were normalized to 11 oxygens and the iron ratio Fe^V[Fe^^+Fe^'^] was assumed 

to be 0.8. All Si plus needed A1 were assigned to the T site to a total of T=4 cations; Na, 

K and Ca were assigned to site A, and the remainder to the M site. Elements F and CI 

were also analyzed, and, taking into consideration the difference between the analysis 

total and the sum of all cations, as well as the stoichiometric total of oxygens in the 

biotite formula, the hydroxyl group was calculated indirectly to satisfy the condition E(F, 

CI, 0H)=2. 

Pyroxenes were classified according to nomenclatures by Morimoto (1988) and Deer 

et al. (1963), while classification and graphical representation of data for amphiboles 

followed the nomenclature by Leake (1978). Biotite compositional data were classified 

and displayed following the nomenclature of Gunow et al. (1980). 

In addition to obtaining general compositional data for the mineral constituents 

present in the different igneous phases, specific analysis points were selected taking into 

account textural relations, to obtain, if possible, geobarometric and thermometric 

estimates and other intensive variables (see section 3.8). 
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3.3 Feldspar compositions 

Plagioclase is the most common mineral constituent in the igneous rocks of the 

Concepcion del Oro area. Plagioclase analyses from the different intrusive phases show 

generally compositions in the andesine field with few exceptions. Histograms of the data 

show, in most samples analyzed, a roughly normally distributed group of values, that we 

term the main group, with a spread in compositions toward the albite end-member. The 

latter often constitute rims and overgrowths. Average and range of compositions for both 

overall and main group data, as well as temperature estimates are presented in Table 3.3. 

K-feldspar occurs late in the majority of intrusives examined, with the only exception 

of the Santa Rosa igneous center and phase IV sample SMPW-3 of the Providencia 

intrusion. It generally is interstitial to early plagioclase and mafic minerals and coeval 

with quartz, except in the Santa Rosa and Providencia phase IV igneous samples, where it 

occurs as phenocrysts, along with plagioclase. K-feldspar compositions have in most 

samples a narrow range of variation, generally between 70% and over 90% orthoclase 

component. In the Santa Rosa and Providencia samples mentioned above, a wide range of 

compositions spanning almost the entire continuum between orthoclase and albite, with at 

least one significant cluster of values around Or^^ to Or^^, was encountered. Average and 

range of K-feldspar compositions are also listed in Table 3.3. 



Table 3.3: Average composition and range of plagioclase and K-feldspars; and average 

temperature of plagioclase-potassium feldspar pairs after Stormer (1975) for 

phases of the different intrusive centers in the Concepcion del Oro area. 

Mean/ range of plagioclase Main group Mean/range of K-feldspar 

Sample Phase compositions [Xah] composition compositions [Xpr] 
SMCA-1 la 1.40-32.41-47.54 (aii) 

26.27-37.51-47.54 Andesine 

61.03-89.43-95.54 

SMCA-5 la 2.09-30.88-56.42 (aii) 

21.15-39.11-56.42 ^ain) Andesine 

88.21-92.14-93.78 

SMCA-8 Ila 6.59-35.81-51.97 (aii) 

21.15-37.68-51.97 ^ain) Andesine 

73.36-81.85-93.22 

SMCM-6 lib 14.81-41.95-67.56 (aii) 

29.60-43.43-67.56 (main) Andesine 

76.86-85.83-96.49 

SMCM-7 Ilia Phenocrysts altered 72.08-82.13-90.41 
SMCM-9^ Ilia 14.76-33.68-49.77 (am Andesine 92.54-94.62-96.26 
SMCM-ll' lllb 1.75-29.15-44.48 (aii) 

12.70-24.11-34.15 (Groupi) 

35.41-38.80-44.48 (Group2) 

Oligoclase 

Andesine 

34.16-73.62-92.64 

SMPG-1 Ila 88.70-92.65-95.31 (am Anorthite K-feldspar not found 
SMPG-2 lib 75.06-92.39-95.44 (am Anorthite 99.63 
SMPG-3 lie 2.78-31.42-45.97 (am 

25.79-37.77-45.97 (^ain) Andesine 

51.29- -85.78 

SMPG-5 III 1.96-35.77-95.76 (am 

34.82-41.56-95.76 (^aw Andesine 

85.93-90.70-96.95 

SMPW-1 IVa I.33-31.50-62.49 (am 

II.72-21.85-37.45 (Oroupi) 

42.28-47.42-62.49 (GrouD2) 

Oligoclase 

Andesine 

47.11-68.64-97.14 

SMPW-3 IVa 0.36-31.19-48.95 (am 

25.01-28.97-34.12 (Group2) 

36.84-43.23-48.95 rcrounS) 

Oligoclase 

Andesine 

11.43-47.57-95.95 

SMPV-1 V 0.31-2.11-5.71 (am Albite 92.30-91.06-97.41 
Numbers in italics correspond to samples with only one suitable pair for geothermometric calculation. 
Sample size is not large enough. ^ Data distribution results in two groups with approximately normal 
distributions.Temperature estimates come from points close but not strictly rim pairs. 
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Table 3.3: (continued). 

Mean/ range of plagioclase Main group Mean/range of K-feldspar 

Sample 'base compositions [Xah] composition compositions [Xor] 
SMNC-1 la 11.45-45.09-64.85 (all) 

31.91-55.45-64.85 toain) Labradorite 

79.20-81.78-84.79 

SMNC-2 ^ la 2.45-13.19-21.39 (ain Oligoclase 92.84 
SMNA-2 II 5.58-34.05-90.99 (aii) 

22.61-37.41-90.99 ^ain) Andesine 

74.34-83.29-95.24 

SMNA-4 ^ III 4.07-16.04-39.55 (ain Oligoclase 88.10-91.86-94.82 
SMRN-1 I 0.48-15.47-34.13 (aii) 

15.06-22.47-34.13 („,ain) Oligoclase 

30.29-68.09-73.61 

T ' '  ̂ f I . . W '• • • m 
Numbers in italics correspond to samples with only one suitable pair for geothermometric calculation. 
Sample size is not large enough. ^ Data distribution results in two groups with approximately normal 
distributions. Temperature estimates come from points close but not strictly rim pairs. 
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3.3.1 Concepcion del Oro 

The plagioclase analyses corresponding to the various phases of the Concepcion del 

Oro intrusion correspond to intermediate compositions generally in the range of andesine, 

with an average content around An^"^. As can be seen from Table 3.3, the average 

compositions of the different phases reach a maximum in anorthite content with phase lib 

sample SMCM-6. However, the averages of the main groups show relatively similar 

values near An"^*^ for all early phases up to phase lib, and a noticeable decrease in late 

phase Ilia and the late aplite (phase Illb) with an average around An"^^. More Na-rich 

compositions occur in all phases, stemming often from overgrowths and/or alteration at 

the margins of plagioclase phenocrysts, however they seem to become comparatively 

more of a continuum in the aplitic phase. Also some outliers toward more Ca-rich 

compositions exist, related to the cores or inner zones of phenocrysts. Phenocrysts appear 

often zoned in an oscillatory to saw-tooth fashion. 

Potassium feldspar occurs interstitial to plagioclase and mafic minerals. It has 

generally an average orthoclase component over Or®'^. Particularly in the early phases, it 

is on average above Or^°, while it decreases toward the later phases. The late aplitic phase 

has an average orthoclase component around Or'"^ (see Table 3.3). 
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Feldspar compositions for the Concepclon del Oro intrusion 
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Feldspar compositions for the Concepci6n del Oro intrusion 
Main phases lib (SMCM-6, SMCM-7), Ilia (SMCM-9a) and late apllte (SMCM-11a) 
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Plagioclase composition in the Concepcidn del Oro intrusion 
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Figure 3.3.1; Range of feldspar compositions from electron microprobe data within 
feldspar compositional space, and plagioclase composition versus modal 
whole rock quartz content (point-counted), or calculated whole rock quartz 
content (molecular norm) for all phases of the Concepcion del Oro 
intrusion. 
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3.3.2 Providencia 

Plagioclase analyses corresponding to the various phases of the Providencia intrusion 

are to an extent incomplete, since there are no data on the main body of the intrusion, 

considered to belong to the early first phase. The earliest phase in the Gloria Estela 

porphyry, generally similar in both composition and texture to nearby outcrops of the 

main intrusive body upon macroscopic examination in the field, shows a significant 

amount of alteration, not the least in the plagioclase analyses. The early phases 

encountered in the Gloria Estela area show extremely Ca-rich compositions, while the 

later phases have compositions generally in the range of andesine. Outliers towards more 

Na-rich compositions are basically albitic, present on the margins of plagioclase 

phenocrysts with few intermediate compositions. Outliers toward more Ca-rich 

compositions seem to be absent. Phenocrysts in the early phases at Gloria Estela have a 

close to homogeneous composition around An^" to An^^ however the later phases show 

intermediate andesine compositions around An"^^. In contrast the late phase IV analyses 

show a wide compositional range from andesine toward albite, as well as between 

plagioclase and potassium feldspar. The latest phase V, already noted in major element 

geochemical analysis likely to be altered, shows a narrow compositional range of its 

plagioclase feldspars around albite. 

Potassium feldspar occurs in the early and main phases interstitial to plagioclase and 

mafic minerals in the analyzed rocks, with up to 15% albite component. In phase IV 

samples SMPW-1 and SMPW-3, however, extensive albite substitution exists. 

Particularly sample SMPW-3 shows what appears to be a liquidus line from potassium 
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feldspars with an average composition around Or^°, toward the oligoclase field. 

Furthermore, oscillatory zoned phenocrysts considered in petrographic work to be 

plagioclase, proved to be potassium feldspar-albite mixtures. In contrast, the late micro-

granodiorite phase V shows again potassium feldspar with very limited albite component. 

A general overview of plagioclase and K-feldspar compositions are displayed on Figure 

3.3.2 and Table 3.3. 
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Feldspar compositions for the Providencia intrusion 
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Figure 3.3.2: Range of feldspar compositions from electron microprobe data within 
feldspar compositional space, and plagioclase composition versus modal 
whole rock quartz content (point-counted), or calculated whole rock quartz 
content (molecular norm) for all phases of the Providencia intrusion. 
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3.3.3 Noche Buena 

Plagioclase analyses of the early phase of the Noche Buena intrusion reveal relatively 

Ca-rich compositions, generally in the range of labradorite, An^° to An^^. Na-rich 

compositions in this phase tend to occur in altered rocks or on the margins of plagioclase 

phenocrysts. Later phases show a progressive shift toward compositions in the andesine 

and oligoclase fields, with mean anorthite contents around An^^ for phase II and An'^ for 

phase III and a relative wide spread of An values and both Ca- and Na-rich outliers. The 

mean value in phase III, however, may reflect alteration rather than a magmatic 

composition. Oscillatory as well as saw-tooth zonation are common in both early and 

intermediate phase phenocrysts. 

Potassium feldspar occurs usually interstitial to plagioclase and mafic minerals in the 

analyzed rocks. The scant data for the early phase show up to 20% albite component. In 

the less altered of the phase II samples, SMNA-2, substitution is more extensive with up 

to 25% albite component. No intermediate compositions between potassium feldspar and 

plagioclase have been observed, although these may exist. A general overview of 

plagioclase and K-feldspar compositions for samples from the Noche Buena intrusion is 

displayed on Figure 3.3.3 and Table 3.3. 
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Feldspar compositions for the Noche Buena Intrusion 
Phases I (SMNC-1, SMNC-2), II (SMNA-2) and III (SMNA4) 
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Plagioclase composition in the Noche Buena intrusion 
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Figure 3.3.3; Range of feldspar compositions from electron microprobe data within 
feldspar compositional space, and plagioclase composition versus modal 
whole rock quartz content (point-counted), or calculated whole rock quartz 
content (molecular norm) for all phases of the Noche Buena intrusion. 
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3.3.4 Santa Rosa 

Plagioclase analyses from the Santa Rosa igneous center lie for the most part in the 

oligoclase field with only minor outliers towards more Ca-rich compositions. Phenocrysts 

display weak normal zoning or no zoning at all. Potassium feldspars present both as 

phenocrysts and in the matrix show around 25% to 30% albite component with further 

intermediate compositions forming what appears to be a liquidus line toward the 

oligoclase field. Plagioclase and K-feldspar compositions for the Santa Rosa igneous 

center are presented on Figure 3.3.4 and Table 3.3. 
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Feldspar compositions for the Santa Rosa igneous center 
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Figure 3.3.4: Range of feldspar compositions from electron microprobe data within 
feldspar compositional space, and plagioclase composition versus 
calculated whole rock quartz content (molecular norm) for the Santa Rosa 
igneous center. 
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3.4 Pyroxene compositions 

Pyroxenes occur in the early and intermediate phases of at least to intrusive centers 

the Concepcion del Oro and Noche Buena intrusions, as a minor constituent. They have 

not been observed in the early phases of the Providencia pluton, either because they were 

not part of the igneous assemblage, or because they were subsequently replaced or 

subject to alteration. They are present, however, in late phase IV samples SMPW-1 and 

SMPW-3. They were not encountered in the Santa Rosa igneous center. Most of them are 

diopsidic to salitic in composition, according to the Deer et al. (1963) classification. In 

some cases, however, Ca contents narrowly exceeds the upper limit of the field and 

corresponding to a composition known in earlier classification schemes as "fassaitic" 

(Troger, 1971). 

Table 3.4: Average composition and range of pyroxenes for the different intrusions in the 

Concepcion del Oro area. 

Sample Phase Mean and range 
Mg/Mg-l-Fe [%] Ca [%] Mn [%] Na [%] 

SMCA-8 Ila 52.42-58.10-63.11 13.94-15.39-16.87 0.42-0.65-0.97 0.17-0.26-0.50 
SMCM-6 lib 63.29 16.48 0.53 0.10 
SMCM-7 Ilia 58.96-65.48-74.93 13.68-16.26-17.01 0.31-0.58-0.78 0.11-0.23-0.48 

SMPW-1 a rva 43.84-50.81-54.19 15.35-16.38-25.94 0.42-0.70-1.14 0.32-0.57-1.17 
SMPW-3 IVa 43.97-49.67-58.52 14.15-15.93-21.65 0.43-0.76-1.08 0.02-0.54-0.80 

SMNC-1 I 23.58-46.40-59.22 14.58-15.75-17.25 0.28-0.36-0.43 0.18-0.47-0.63 
SMNC-2 I 24.71-44.47-64.60 16.36-17.23-18.05 0.24-0.44-0.76 0.03-0.23-0.49 
SMNA-2 II 23.09-54.18-61.53 14.61-16.01-17.51 0.26-0.48-0.71 0.12-0.30-0.56 
Value in italics corresponds to a single analysis, which may not be representative of the overall sample. 
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3.4.1 Concepcion del Oro 

Pyroxenes occur in phases I and II of the Concepcion del Oro intrusion, however they 

could not be analyzed for phase I samples. Phase II samples SMCA-8 and SMCM-6 have 

pyroxene compositions between augite and salite with Mg/Mg+Fe contents between 52 

and 63 weight %. They were also observed in phase III sample SMCM-7a. Pyroxene 

compositions in this later phase are more Mg-rich, with a compositional range between 

59 and 75 weight %. A general overview of pyroxene compositions for samples from the 

Concepcion del Oro intrusion is displayed on Figure 3.4.1 and Table 3.4. 

Pyroxene classification for Concepcion del Oro after Deer et al. (1963) 
Phases Da (SMCA-8), Ilb(SMCIVM) and Ilia (SMCM-7) 

X SMCA-8 

+ SMCM-6a 

SMCM-7a 

Mg (pfu| Fe 

Figure 3.4.1: Range of pyroxene compositions from electron microprobe data according 
to Deer et al. (1963) for intermediate and late phases of the Concepcion 
del Oro intrusion. 
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3.4.2 Providencia 

Pyroxenes may occur in the phases I and II but were not detected because they have 

been replaced or altered. In phase III they appear to be absent both at the macro- and 

microscopic level. They are present, however, in phase IVa samples SMPW-la and 

SMPW-3, in which they were analyzed. They are generally augitic to salitic in 

composition with a Mg/Mg+Fe range between 44 and 59 weight %. At least one analysis 

point shows excess Ca, which would represent a composition in the so-called "fassaite" 

field (Troger, 1971). A general overview of pyroxene compositions for samples from the 

Providencia intrusion is displayed on Figure 3.4.2 and Table 3.4. 

Pyroxene classification for Providencia after Deer et al. (1963) 
Phase IVa samples (SMPW-I a, SMPW-3) 

+ 

u 

Diopside 

Endiopside 

Salite 

"erro-augite 

Ferro-

salite 

XSMPW-la 

-I-SMPW-3 

Mg Ipfuj Fe 

Figure 3.4.2: Range of pyroxene compositions from electron microprobe data according 
to Deer et al. (1963) for the late phases of the Providencia intrusion. 
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3.4.3 Noche Buena 

Pyroxenes in phase I samples SMNC-1 and SMNC-2 show a relatively wide range of 

compositions with the former displaying a cluster between the augite and the salite field 

and outliers in the salite and ferrosalite fields at the extreme Ca-rich end of their range; 

while the latter shows a scatter at the Ca-rich end of the diopside, salite and ferrosalite 

fields. Phase II sample SMNA-2 does show a similar pattern in composition to that of 

sample SMNC-1 with a main group of analysis points between the augite and salite fields 

and more Fe- and Ca-rich outliers. It is suspected that these outliers, which show in all 

cases a common extreme Ca-rich composition, are possibly the result of metasomatic 

overgrowth or alteration. A general overview of pyroxene compositions for samples from 

the Noche Buena intrusion is displayed on Figure 3.4.3 and Table 3.4. 

Pyroxene classification for Noche Buena after Deer et al. (1963) 
Phase I(SIVIISC-1,SMNC-2)an(lphase n(SMNA-2) 
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Salite Diopside salite 

Augite Endiopside erro-augite 

Ipful Fe 

X SMNC-1 

+ SMNC-2 

SMNA-2a 
SMNA-2b 

Figure 3.4.3: Range of pyroxene compositions from electron microprobe data according 
to Deer et al. (1963) for the early and intermediate phases of the Noche 
Buena intrusion. 
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3.5 Amphibole compositions 

Amphiboles are a common constituent in intrusives of the Concepcion del Oro area, 

particularly in the early phases of the igneous complexes. Compositional data for these 

reveal calcic amphiboles with average compositions within the edenite field with minor 

representatives in the hastingsite and pargasite fields (Leake, 1978). Low pressure 

estimates obtained through application of geobarometric calibration formulas (see section 

3.8 on intensive variables), however, show that some of these compositions may be the 

result of subsolidus formation or re-equilibration, in agreement with field and 

petrographic evidence. Average composition and ranges are presented in Table 3.5. 



Table 3.5: Average composition and range of amphiboles from electron microprobe data for the different phases of the 

Concepcion del Oro intrusion; 

Average and Average Average and Average and Average and Average and Average 
Sample Phase range Sir4i Alf61 range Fe^'^rei range Tirei range Ca-i-Narsi range Na+K[Ai composition 
SMCA-1 la 6.52-7.50-8.02 0.07 0.00-0.55-1.11 0.00-0.05-0.13 1.81-1.96-2.72 0.01-0.05-0.22 Edenite 
SMCA-5 la 7.39-7.73-8.05 0.05 0.00-0.24-1.24 0.00-0.02-0.06 1.48-1.97-2.15 0.00-0.05-0.14 Edenite 
SMCA-8 Ila 7.09-7.55-7.88 0.05 0.00-0.38-0.62 0.01-0.06-0.30 1.81-1.96-2.21 0.02-0.09-0.39 Edenite 
SMCM-6 lib 6.57-7.60-7.88 0.05 0.09-0.42-1.97 0.00-0.02-0.07 1.39-1.89-2.00 0.01-0.02-0.11 Edenite 
SMCM-7 nia 7.53-7.81-8.00 0.14 0.00-0.09-0.28 0.01-0.02-0.04 1.95-2.00-2.18 0.00-0.03-0.09 Edenite 
SMCM-9 ma 7.36-7.64-7.86 0.03 0.20-0.31-0.44 0.03-0.05-0.08 1.85-1.97-2.00 0.02-0.06-0.14 Edenite 
SMPG-5 m 6.31-6.70-7.27 0.05 0.29-0.50-0.61 0.07-0.16-0.22 2.00 0.21-0.40-0.60 Hastingsite 
SMPW-1 IVa 7.32-7.61-8.05 0.02 0.00-0.38-0.63 0.00-0.03-0.09 1.78-1.91-2.00 0.01-0.12-0.26 Edenite 
SMNA-2 III 7.30-7.70-7.97 0.06 0.00-0.41-1.15 0.00-0.03-0.11 1.38-1.84-2.47 0.01-0.05-0.28 Edenite 
SMNA-4 III 7.54-7.74-7.88 0.14 0.00-0.25-0.54 0.00-0.01-0.05 1.43-1.89-2.00 0.00-0.03-0.31 Edenite 
SMRN-1 I 6.02-6.66-6.83 0.15 0.30-0.44-0.80 0.09-0.15-0.42 2.00 0.34-0.46-0.64 Edenite 
Numbers in italics correspond to a small number of analyses and hence may not be representative of the whole sample. 
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3.5.1 Concepcion del Oro 

Amphibole is one of the more common mafic minerals in the various phases in the 

Concepcion del Oro intrusive. Its abundance decreases however from the early to the late 

phases, with biotite becoming more common. Amphibole analyses corresponding to the 

various phases of the Concepcion del Oro intrusion show them to be Ca-amphiboles 

mostly of edenitic composition (Leake, 1978). Presence of Fe^"^ in octahedral 

coordination in some cases is lower than A1 contents, while in others surpasses it further 

distinguishing some analyses as pargasitic and hastingsitic amphiboles, while others still 

show alkali contents less than 0.5 per formula unit, defining some as 

actinolitic/tschermakitic amphiboles. The majority of analyses, however, lie within the 

edenite field (see Table 3.5 and Figure 3.5.1.1). 

Halogen contents in the amphiboles of the different phases of the Concepcion del Oro 

pluton are low, on average around or less than 0.5 weight % fluorine and 0.1% or less 

chlorine for all phases. There is, however, a certain scatter toward higher CI contents in 

phase lib sample SMCM-6 and exceptionally in phase III sample SMCM-7. A general 

overview of amphibole compositions for samples from the Concepcion del Oro intrusion 

according to the nomenclature of Leake (1978) is displayed on Figure 3.5.1.1, while 

halogen contents are presented, along compositional ranges within the amphibole 

quadrilateral, on Figure 3.5.1.2. 



Si|4| vs. Fe/Fe+Mg plot for Ca-amphiboles from Concepcidn del Oro 
Phases h (SMCA-1, SMCA-5) and lb (SMCA-8), nomenclature after Leake (1978) 
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Figure 3.5.1.1: Range of amphibole compositions compositions according to nomenclature by Leake (1978) and within the 

amphibole quadrilateral for early and late phases of the Concepcion del Oro intrusion. Empty circles 
correspond to hastingsitic compositions. 
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Chlorine vs. fluorine plot for the Concepcion del Oro intrusion 
Eariy phases la (SMCA-1, SMCA-5) and Ila (SMCA-8) 
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Chlorine vs. fluorine plot for the Concepci6n del Oro intrusion 
Phases lib (SMCM-6) and Ilia (SMCM-7, SMCM-9) 
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Figure 3.5.1.2: fluorine vs. chlorine contents for early and late phases of the Concepcion 
del Oro intrusion. 
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3.5.2 Providencia 

Amphibole is a common mafic mineral in the main Providencia intrusive body, and in 

some of the later phases in the Providencia and Gloria Estela area. Its abundance 

decreases from the early to the late phases as biotite becomes more common. This is 

texturally apparent in the Gloria Estela area, where a closely nested series of porphyry 

phases on the margin of the main intrusion appear to show this progression. Amphibole 

analyses have been difficult to come by in the analyzed samples of Gloria Estela due to 

significant alteration in them. Nevertheless analyses corresponding to phases III and IV 

of the Providencia intrusion show them to be calcic amphiboles either hastingsites or 

edenites with areas of hastingsitic composition (Leake, 1978). A general overview of 

amphibole compositions for the late phase samples of the Providencia intrusion is 

displayed on Figure 3.5.2.1 and Table 3.5. 

Halogen contents in the amphiboles of the different Providencia phases are generally 

low, however they show some unique variations between phase III and phase IV. Phase 

III displays fairly consistent values of fluorine around 0.5%, however chlorine values 

show a wide scattering ranging from very low concentrations around a tenth of a percent 

or less to more than three tenths of a percent. In contrast, phase IV sample SMPW-1 

shows a wide scattering from values close to zero to over one percent fluorine contents, 

while chlorine contents are generally less than three tenths of a percent. Fluorine vs. 

chlorine contents of amphibole analyses from the later phases of the Providencia pluton, 

are also presented in Figure 3.5.2.1. 
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Si[4j vs. Fe/Fe+Mg plot for Ca-amphiboles from Providencia 
Phases lU(SMPG-5) and IVa (SMPW-1, SMPW-3), after Uake (1978) 
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Figure 3.5.2.1: Range of amphibole compositions according to nomenclature by Leake 

(1978), within the amphibole quadrilateral, and fluorine vs. chlorine 

contents for the late phases of the Providencia intrusion. Empty circles 

in the two upper diagrams correspond to hastingsitic compositions. 
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3.5.3 Noche Buena 

Amphibole is a common mafic mineral in the intermediate and late phases of the 

Noche Buena intrusion. In contrast, it is rare in the early phase, occurring as narrow 

alteration rims to pyroxene crystals, which constitute the main mafic mineral. Amphibole 

analyses where available only from phases II and III samples corresponding to the area of 

Aurora. Electron microprobe analysis allows these to be classified as calcic amphiboles 

of edenitic composition with some hastingsitic patches. A general overview is presented 

on Figure 3.5.3.1 and Table 3.5. 

Halogen contents in phases II and III amphiboles from Noche Buena are low, around 

0.3 weight % or less for fluorine in sample SMNA-2 and up to 0.5% for sample SMNA-

4. In contrast, chlorine values are very low for sample SMNA-4, below 0.05% for the 

most part, but higher for sample SMNA-2, which also displays a significant range in 

values from less than 0.05% to over 0.3%. Fluorine vs. chlorine contents of amphibole 

analyses is also presented on Figure 3.5.3.1. 
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$i|4] vs. Fe/Fe+Mg plot for Ca-amphiboles from Noche Buena 
Phases n(SMNA>2) andIlI($MNA-4), nomenclature after Leake (1978) 
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Figure 3.5.3.1: Range of amphibole compositions according to nomenclature by Leake 

(1978), within the amphibole quadrilateral, and fluorine vs. chlorine 

contents for intermediate and late phases of the Noche Buena intrusion. 

Empty circles correspond to hastingsitic compositions. 
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3.5.4 Santa Rosa 

Amphibole is the predominant mafic mineral in the Santa Rosa igneous center. 

Amphiboles analyses show them to be hastingsitic amphiboles with average halogen 

contents around 0.3 weight % F and about 0.06 weight % CI. A general overview of their 

composition is displayed on Figure 3.5.4.1 and Table 3.5. 
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Si|4| vs. Fe/Fe+Mg plot forCa-amphiboles from Santa Rosa 
Sample (SMRN-l), nomenclature after Leake (1978) 

Silicic ferro-

edenite 

Ferro-

edenite 

ho: 

m 

Ferro-

jdenitic 

iblende 

Ferro-p 

Hastinj 

hombl< 

3+ VI 
irgasitic(Fe <A1 )/ 

sitic(Fe'">Al") Feto-pargasite/ 
Hastingsite 

nde 

Silicic ferro-

edenite 

Ferro-

edenite 

ho: 

m 

Ferro-

jdenitic 

iblende 

o
 

0
 ^ o 

_P' Ferroan pargas ite / 

Magnesian hastingsite 

Silicic edenite Edenite 

hoi 

Edenitic 

iblende 

o
 

0
 ^ o 

_P' Ferroan pargas ite / 

Magnesian hastingsite 

Silicic edenite Edenite 

hoi 

Edenitic 

iblende 
Pargas 

Magne 
3+ 

(Fe > 

3+ VI 
ic(Fe <A1 )/ Pargasite/ 

io-has tings itic Magnesiohas tings ite 
VI 

il ) hornblende 

8.0 7.5 7.0 6.5 6.0 S.i 5.0 

Si»l Ipful 

Amphibole compositions for the Santa Rosa igneous center 
sample SMRN-1 

Ca 

Mg Mg [pfu] Fe 

Chlorine vs. fluorine plot for the Santa Rosa igneous center 
Sample SMRN-1 

2.0 

X SMRN-1 

— 1;! line 

0.5 --

0.0 

0.05 0.10 0.20 0.25 0.30 0.35 0.45 0,50 0.55 

CI 1%} 

Figure 3.5.4.1: Range of amphibole compositions according to nomenclature by Leake 

(1978), within the amphibole quadrilateral, and fluorine vs. chlorine 
contents for the Santa Rosa igneous center. Empty circles correspond to 

hastingsitic compositions. 
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3.6 Biotite compositions 

Biotite is a common mafic minerals in the different intrusives of the Concepcion del 

Oro area. Hand sample and petrographic examination shows a general trend from 

hornblende-predominant to biotite-predominant composition (see Tables 2.3.1.1 through 

2.3.1.4). Biotite analysis reveal them to be generally Al-poor biotites of intermediate 

composition between phlogopite and annite (60% and 70% phlogopite end-member 

component), but with a tendency toward the phlogopitic end-member. Table 3.6 

summarizes average biotite compositions of samples from the different intrusions. It 

includes fluorine and chlorine average contents, as well as calculated estimates for 

intensive variables such as oxygen and water fugacity. Generally, fluorine appears to 

increase in concentration, as well as in the spread of values from the early to the late 

phases of intrusion at Concepcion del Oro and Providencia. 
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3.6.1 Concepcion del Oro 

Biotite is a common mafic minerals in the various phases in the Concepcion del Oro 

pluton, particularly in the late phases. Biotite analysis correspond to Al-poor biotites of 

intermediate composition between phlogopite and annite, but with a tendency toward the 

phlogopitic end-member (60% to 80% phlogopite component). The majority lie between 

the 60% and 70% phlogopite component. Specifically, main phase lib sample SMCM-6 

shows a more Mg-rich composition (71% average phlogopite component compared to 

averages between 65% and 68% phlogopite component), compared to early and late 

phases. 

In general terms, the late phases show higher F contents (between 0.7% and 1%) 

relative to the early phases, with two peaks: in phase lib sample SMCM-6 and in the late 

aplite sample SMCM-11. By comparison, average chlorine contents remain at similar 

concentrations between 0.3 and 0.4 weight % with only a light increase from early phase 

la to a maximum in phase Ila sample SMCA-8 and a slight decrease in the late aplite. A 

general overview of biotite compositions including halogen contents for samples from the 

Concepcion del Oro intrusion is displayed on Figure 3.6.1 and Table 3.6. 

Some recorded zonation patterns reveal generally a decreasing Mg content from core 

to rim, that is often, but not always accompanied by an increase in Fe content. Along with 

a decrease in Mg, a decrease in Ti content can be observed. A decrease in CI as a result of 

Mg-Cl avoidance (Munoz, 1984) was not observed. Instead relatively constant 

concentrations in CI appear to be maintained from core to rim, variations within the 

crystal notwithstanding. 
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Figure 3.6.1: Range of biotite compositions from electron microprobe data according to nomenclature by Gunow et al. (1980) 

and halogen content, for early through late phases of the Concepcion del Oro intrusion. 
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3.6.2 Providencia 

Biotite is also common in the different phases in the Providencia pluton. Its frequency 

increases from the early to the late phases as amphibole becomes rarer. Biotite analyses 

for the various intrusion phases show the early phases to contain Al-poor biotites of 

intermediate composition with a tendency toward the phlogopitic end-member. The 

majority contain between the 60% and 75% phlogopite component. The late phase IV 

samples, however, present significantly more aluminous and less Mg rich biotites with 

around 50% to 60% phlogopite component and a wide range in A1 contents. 

A significant increase in F contents (from 0.2 to 0.8 weight %) occurs in the early 

phases. The late phases, however, fluctuate between 0.6 and 1 weight % F. By 

comparison, average chlorine contents remain at relatively constant concentrations 

through phase III sample SMPG-5, between 0.2 and 0.3 weight %. Phase IV samples, 

however, show a significant decrease to less than 0.1 weight %. The observed differences 

in aluminum and halogen contents were unexpected and might have broader implications 

with respect to magmatic evolution in the Concepcion del Oro area. A general overview 

of biotite compositions is displayed on Figure 3.6.2 and Table 3.6. 

Recorded zonation patterns reveal variable patterns in Mg content from core to rim, 

with Fe often, but not always, mirroring the Mg content in a given crystal. Both Ti and CI 

contents show relatively constant concentrations from core to rim. 



Classification of biotites from the Providencia intrusion 
Early phases Ila (SMPG-I), lib (SMPG-2) and lie (SMPG-3) 

Siderophj'llj 

|0.6 -

|D.5 -

% 

logopite 

ogopite 

XSMPO-1 

+ SMPG-2 

SMPG-3 

Chlorine vs. fluorine plot in biotites from the Providencia intrusion 
Early phases Ila (SMPG-1), lib (SMPG-2) and lie (SMPG-3) 

CI 1% I 

SMPG-3 

CI average 

detection limit 

F average 

detection limit 

Chlorine vs. fluorine plot in biotites from the Providencia intrusion 
Main and late phases ill (SMPG-5), and IVa (SMPW-1, SMPW-3) 

Classification of biotites from the Providencia intrusion 
Main and late phases 111 (SMPC-5), and IVa (SMPW-l, SMPW.3) 

Sideroph; 'llite 

SMPG-5 

SMPW - 1  

XSMPC.-5 
SMPW-3 Al-Ph Ipgopite : Al- Anni{e 

CI average 

detection liiTiit 

F average 

detection limit 

SMPW-3 

Annite ogopite 

CI 1% 1 Phlogopllc 

Figure 3.6.2: Range of biotite compositions from electron microprobe data according to nomenclature by Gunow et al. (1980) 

and halogen content, for early through late phases of the Providencia intrusion. 
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3.6.3 Noche Buena 

Biotite is rare in the early phase of the Noche Buena intrusion, but becomes more 

common in the intermediate phases and late phases. Its frequency increases from phase II 

to phase III; the late phases, however, appear to be devoid of biotite. Biotite analyses 

corresponding to phase II could be gathered only from sample SMNA-2 in part due to 

alteration. From the limited data, these are Al-poor biotites with an average composition 

for the two SMNA-2 samples between 66% and 84% phlogopite component. The more 

Mg-rich analysis points correspond to the more altered sample SMNA-2b. 

Halogen contents in sample SMNA-2 are about 1 weight % F and 0.2 weight % CI on 

average. An overview of biotite composition for sample SMNA-2 from Noche Buena is 

displayed on Figure 3.6.3 and Table 3.6. 
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Figure 3.6.3; Range of biotite compositions from electron microprobe data according to nomenclature by Gunow et al. (1980) 

and halogen content, for phase II of the Noche Buena intrusion. 
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Figure 3.6.4: Range of biotite compositions from electron microprobe data according to nomenclature by Gunow et al. (1980) 

and halogen content, for sample SMRN-1 of the Santa Rosa igneous center. 
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3.6.4 Santa Rosa 

Biotite is common in the Santa Rosa igneous center, along with hornblende. Electron 

microprobe analyses of biotites show these to be relatively Al-rich biotites of 

intermediate composition between phlogopite and annite. Most, if not all, lie between the 

50% and 60% phlogopite end-member component. Halogen contents is around 0.5 

weight % F and 0.1 weight % CI. A general overview of biotite chemistries for samples 

from the Providencia intrusion is displayed on Figure 3.6.4 and Table 3.6. 

Some recorded zonation patterns reveal variable patterns in Mg content from core to 

rim, with Fe following, but not mirroring the Mg content in a given crystal. Both Ti and 

CI contents show relatively constant concentrations from core to rim, despite fluctuations 

within the crystal. 
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3.7 Fe-Ti-(Mn) oxide compositions 

Magnetite appears to be the most common accessory opaque in the different 

intrusions of the Concepcion del Oro area. There is, however, indirect petrographic 

evidence of the presence of ilmenite from observed sphene overgrowths and in some 

cases intergrowths on opaques. The use of the electron microprobe allowed the 

confirmation as well as the analysis of ilmenite, mostly as relict inclusions in magnetite. 

Magnetites have a narrow range of chemical variation, showing only trace amounts of 

Ti or other elements. In contrast, ilmenites have variable and, in cases, noticeable 

substitution of Mn for Fe, anywhere from traces to 50 percent, suggesting some of them 

are intermediate members between ilmenite and its Mn-analog pyrophanite. Presence of 

ilmenite-pyrophanite solid solutions seem to occur in all phases of the different 

intrusions, with the exception of the Providencia pluton. No clear pattern in Mn contents 

can be recognized from the rather scant data. Table 3.7 summarizes magnetite and 

ilmenite compositions encountered in intrusions of the Concepcion del Oro area. 
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3.7.1 Concepcion del Oro 

Magnetite occurs in the different phases of the Concepcion del Oro pluton as 

accessory mineral, while ilmenite is present mostly as relict inclusions in magnetite. 

Magnetites have a narrow range of chemical variation, showing only trace amounts of Ti 

or other elements. However, ilmenites have noticeable manganese contents. The majority 

of analysis points that appear to extend beyond the ilmenite-ulvospinel field to Ti-rich 

compositions do so because of the extensive substitution of Fe^"^ by Mn^"^. Maxima in 

manganese contents occur in one of phase I samples (sample SMCA-1), in phase lib 

sample SMCM-6 and particularly in the late aplite sample SMCM-11. Manganese 

content appears to increase from phase I sample SMCM-5 through phase Ila sample 

SMCA-8 to phase lib sample SMCM-6. Analyses in sample SMCM-11, span the 

complete range between ilmenite and pyrophanite. Table 3.7 and Figure 3.7.1 give a 

general overview of magnetite and ilmenite compositions and extent of manganese 

substitution in ilmenites of the Concepcion del Oro intrusives. 
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Figure 3.7.1: Magnetite and ilmenite compositions within Fe-Ti compositional space, with Fe^"^ recalculated from total Fe, as 

well as ilmenite compositions within Fe-Ti-Mn compositional space for the different phases of the Concepcion 

del Oro intrusion. 
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3.7.2 Providencia 

Accessory magnetite in the Providencia intrusion have a narrow range of chemical 

variation with only trace amounts of Ti or other elements. Dmenites have been found only 

in phase Ila sample SMPG-1 and in late phase IV sample SMPW-1. Unlike other 

analyzed ilmenites in the Concepcion del Oro area, the compositions that do not fall into 

the ilmenite-ulvospinel field do not show any appreciable substitution by manganese. In 

the case of phase IV sample SMPW-1, the few analyzed points show a noticeable Ti 

enrichment, Mn, while in phase Ila sample SMPG-1, there appears to be a depletion in 

that element. It is unclear in both cases, whether these are indeed homogeneous mineral 

phases. A general overview of magnetite and ilmenite compositions are presented in 

Table 3.7 and Figure 3.7.2. 
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Figure 3.7.2: Magnetite and ilmenite compositions within Fe-Ti compositional space, with Fe^^ recalculated from total Fe, as 

well as ilmenite compositions within Fe-Ti-Mn compositional space for the different phases of the Providencia 

intrusion. 
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Figure 3.7.3: Magnetite and ilmenite compositions within Fe-Ti compositional space, with Fe^^ recalculated from total Fe, as 

well as ilmenite compositions within Fe-Ti-Mn compositional space for the different phases of the Noche 

Buena intrusion. 
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3.7.3 Noche Buena 

Magnetite occurs as an accessory in the different phases of the Noche Buena 

intrusion. Magnetites belonging to phase I sample SMNC-1 show the widest range of 

variation compared to phase II sample SMNA-2 and phase III sample SMNA-4. They 

appear to be relatively enriched in Fe^"^ and in either Ti'^"^ or Si'^"^. Phases II and III 

samples conversely have a narrow range of chemical variation, showing only trace 

amounts of Ti or other elements. Trace amounts of ilmenite have also been found in all 

three samples analyzed. The few analyzed points show pyrophanite substitution between 

6% and 11%, comparable to samples in the Concepcion del Oro pluton. Figure 3.7.3 and 

Table 3.7 give a general overview of magnetite and ilmenite compositions for the Noche 

Buena intrusion. 
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3.7.4 Santa Rosa 

Accessory magnetite in the Santa Rosa igneous center show small but noticeable 

amounts of mainly Ti substitution, less than 1%. Trace amounts of ilmenite have also 

been found. The few analyzed points show noticeable Ti depletion, revealing a 

composition closer to ulvospinel rather than ilmenite, with minor Mn substitution up to 

3% percent. Figure 3.7.4 and Table 3.7 give a general overview of magnetite and ilmenite 

in the sample from the Santa Rosa igneous center. 
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Figure 3.7.4: Magnetite and ilmenite compositions within Fe-Ti compositional space, 

with Fe^^ recalculated from total Fe, as well as ilmenite compositions 
within Fe-Ti-Mn compositional space for the Santa Rosa igneous center. 
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3.8 Intensive variables 

Estimates for temperatures and pressures, as well as volatile contents have been 

derived from electron microprobe analysis of mineral constituents in the different phases 

of the intrusions in the Concepcion del Oro area. 

Rims of plagioclase grains in contact with interstitial K-feldspar were analyzed in 

order to derive crystallization temperatures, after Stormer (1975), in the various igneous 

phases. These calculations are, from a textural point of view, minimum estimates. Since 

the geothermometric calculation is pressure dependent, either values from Al-in-

homblende geobarometry, or a standard value of Ikbar by inference from the nearest, 

most complete regional stratigraphic column (Mapes Vazquez et al., 1964) were used. In 

the first case, if the temperature-independent geobarometric calibration by Schmidt 

(1992) is used, the calculation of a temperature estimate is a single step process. 

However, if the temperature-dependent geobarometric calibration of Anderson and Smith 

(1995) is used, geobarometric and geothermometric estimates converge iteratively to a set 

of best values. The temperature differences due to the use of one or the other calibration 

are in the range of a few degrees and, hence, negligible. 

Pressure estimates obtained using Al-in-amphibole calibrations by Schmidt (1992) 

and Anderson and Smith (1995) were calculated with and without the use of conditions 

set to screen the data. Normalized amphibole data were screened by setting thresholds on 

the presence of Ti and Fe^"^, as well on the proportion of total Fe to the sum of Fe and Mg 

for analysis points indicative of unaltered or "primary" compositions before using the 
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calibration equations. These are temperature dependent and, as mentioned in the previous 

paragraph, the values arrived to are the result of an iterative process. 

Biotite data were also used to obtain oxygen and water fugacity estimates, based 

respectively on the work by Wones and Eugster (1965); Wones et al. (1971) and Wones 

(1981), as well as the thermodynamic calculation program SUPCRT (Johnson et al., 

1992). The oxygen fugacity estimates were arrived at by extrapolating for the average 

temperatures and pressures obtained from feldspar thermometry and Al-in-hornblende 

barometry (see previous paragraph). In the case of the latter estimates, several pressure 

estimates obtained from either relict, interior as well as rim amphibole compositions were 

listed for some samples for comparative purposes. 
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3.8.1 Feldspar geothermometry 

As mentioned in the introductory paragraph, temperature estimates were derived from 

plagioclase rims in contact with interstitial K-feldspar. The plagioclase rims may be 

primary or secondary overgrowths, which in applying the geothermometric calibration by 

Stormer (1975), constraint the results to reflect either final crystallization or subsolidus 

re-equilibration temperature estimates. 

Plagioclase rim/matrix K-feldspar pairs in samples from the Concepcion del Oro 

intrusion yielded temperature estimates ranging from 584°C to 823°C, with values 

generally between 700°C and 800°C. The higher estimates correspond to the early phases 

la, lib and phase Illb aplite (samples SMCA-5, SMCM-6 and SMCM-11), while 

temperatures below 700°C (and in one case below 600°C) occur in phase la sample 

SMCM-1 and phase nia samples SMCM-7 and SMCM-9. Textural as well as chemical 

information suggests subsolidus re-equilibration of the feldspars in the latter samples. 

Temperature estimates between 600°C to 1041°C were derived from analyzed 

feldspar pairs in the Providencia intrusion. The higher estimates correspond to phases lie 

and IV (samples SMPG-3, SMPW-1 and SMPW-3), while temperatures below 700°C 

were calculated for phases III and V (samples SMPG-5 and SMPV-1 respectively). In 

samples SMPG-1 and SMPG-2, belonging to phase II, the average plagioclase 

composition is anorthitic. This, and the general degree of alteration observed, makes the 

geothermometric calculation for the first one impossible and the obtained temperature 

estimate for the second sample, based on a single pair between K-feldspar and anorthitic 
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plagioclase, questionable. Temperature estimates below 700°C in samples SMPG-5 and 

SMPV-1 are likely the result of subsolidus re-equilibration as well. 

Viable feldspar pairs for geothermometric calculation were found in phases I, II and 

III from the Noche Buena intrusion. The two earlier phases yield nearly identical 

temperature estimates above 800°C (831°C in sample SMNC-1, and 830°C in sample 

SMNA-2 at 1 kbar standard pressure), while phase III sample SMNA-4 gives a 

temperature below 700°C. By comparison with results from the two previous intrusions, 

as well as from textural and chemical information, suggests subsolidus re-equilibration of 

the feldspars for the latter sample. 

The available plagioclase/K-feldspar pairs in the sample from the Santa Rosa igneous 

center yield temperatures between 875°C and 1252°C, averaging 1039°C. While the 

highest value is somewhat questionable, lack of significant alteration, both at the 

macroscopic and microscopic levels, suggest the estimates are likely to be credible. 

While the calibration underlying these estimates is pressure dependent, both depth of 

emplacement derived from the regional stratigraphy and textural constraints from the 

exclusive utilization of plagioclase rims in contact with interstitial K-feldspar allows the 

reasonable assumption of a standard pressure estimate of 1 kbar for the calculations. 

Nevertheless, thermometric estimates based on pressure estimates derived from Al-in-

hornblende geobarometry, in the samples for which they are available, are also listed. 
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Table 3.8.1: Average composition of plagioclase/K-feldspars pairs used for 

geothermometric calculations after Stormer (1975), and range of resulting 

temperature estimates as a function of available pressure data from Al-in-

hornblende geobarometric calibrations (Schmidt, 1992) for phases of the 

different intrusive centers in the Concepcion del Oro area. 

Mean and range of Average Mean and range of Average 

Sample Phase plagioclase [Xah] composition' K-feldspar [Xor] T [°C]^ 

SMCA-1 la 2.02-16.20-37.87 Oligoclase 1.48-73.60-94.07 690 (0.62) 

694 (1 kbar) 

SMCA-5 la 34.48- -42.35 Andesine 88.21 785 

SMCA-8 Ila 10.71-23.09-33.02 Oligoclase 77.69-86.59-92.22 749 (0.73) 

752 (1 kbar) 

SMCM-6 lib 14.03-42.09-57.07 Andesine 76.86-86.73-91.76 848 (3.11) 

835 (1.95) 

823 (1 kbar) 

SMCM-7 llla 9.32 Albite 88.86 669 
SMCM-9 Ilia 20.23 Oligoclase 96.26 584 
SMCM-11 Illb 21.13 Oligoclase 82.80 775 
SMPG-2 lib 95.44 Anorthite 99.63 738 
SMPG-3 IIc 9.75 Albite 51.29- -85.78 914 
SMPG-5 III 1.19- 5.76- 9.93 Albite 86.07-91.72-96.95 674 (5.03) 

659 (3.32) 

641 (1.36) 

637 (1 kbar) 
(almost a pair)^ 36.73 Andesine 85.93 808 (1 kbar) 

SMPW-1 IVa 11.72- -25.97 Oligoclase 47.11- -53.52 1041 

SMPW-3 IVa 2.15 Albite 95.81 854 
SMPV-1 V 2.12- 2.99- 4.96 Albite 17.02-75.03-95.58 600 

SMNC-1 la 17.52- -56.87 Oligoclase/ 
Labradorite 

74.34-83.52-95.24 831 

SMNA-2 II 5.65-28.58-51.94 Oligoclase 74.34-83.52-95.24 832(1.15) 
830 (1 kbar) 

SMNA-4 III 5.12-18.57-34.61 Oligoclase 92.53-93.75-94.82 664 (4.21) 
635 (1 kbar) 

SMRN-1 I 15.06-22.44-27.09 Oligoclase 43.77-60.83-71.25 1085 (4.06) 
1039 (1 kbar) 

Compositions in italics are likely to correspond to altered/replaced plagioclase margins. Estimates in 
italics were derived from a single feldspar pair. ^ Feldspar compositions are immediately inside the border. 
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3.8.2 Amphibole geobarometry 

Pressure estimates were derived from amphibole analysis through different Al-in-

hornblende geobarometric calibration methods (Hammarstrom and Zen, 1986; Hollister 

et al. 1987; Johnson and Rutherford, 1989; Schmidt, 1992; and Anderson and Smith, 

1995), with variable results (see appendix section on amphibole geobarometry). 

Ultimately calibrations by Schmidt (1992) were used, but Anderson and Smith (1995) 

calibrations were also tabulated for comparative purposes. Following Anderson and 

Smith (1995), and Anderson (1996) general discussion on different thermobarometric 

calculation methods, threshold conditions were set to screen for analysis points indicative 

of unaltered or "primary" igneous amphiboles. Ultimately, however, the calibrations of 

Schmidt (1992) were used without application of threshold conditions. Even though in 

using unfiltered data the resulting estimates would be incorrect sensu stricto, where 

sufficient data were present in both unfiltered and filtered data, the differences between 

the former and the latter were found not to be so significant. In other cases, however, 

filtering the available data left no estimates. In using them sensu latto, these data allow 

some useful qualitative information about the local conditions of intrusion in the 

Concepcion del Oro area to be gained and comparisons to be made. Pressure estimates 

for samples of the different intrusions in the Concepcion del Oro area are presented in 

Table 3.8.2. 

The results obtained from the application of Al-in-hornblende geobarometry for the 

Concepcion del Oro pluton, are in most cases below the lower limit of 2 kbars for which 

the calibration is applicable. A single value around 3 kbars is within the applicable range 
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for phase lib sample SMCM-6. The majority of data points lie at less than 1 kbar, which, 

together with the spotty nature of them, suggest the importance of subsolidus re-

equilibration at shallow depth (see Table 3.8.2). 

For the Providencia intrusion pressure estimates could only be obtained for phase III. 

The results obtained under without application of screening conditions indicate for phase 

III sample SMPG-5 a cluster of values around 3.3 to 3.5 kbar in edenites with one value 

at 4.3 kbars; a few values in hastingsitic patches within edenites that yield estimates 

between 4.4 and 5.3 kbars; and two rim values in edenites plus an additional one from a 

small edenite crystal indicating pressures between 1 and 1.5 kbars using the Schmidt 

(1992) calibration. Comparison with data for which screening conditions were employed, 

yielded only marginally different results (see Table 3.8.2). The values obtained 

underscore the importance of textural context and subsolidus re-equilibration. 

Pressure estimates from phases II and III samples of the Noche Buena intrusion, 

could not be obtained under the more rigorous screening conditions of Anderson and 

Smith (1995). By eliminating these limiting conditions a few estimates below the range 

of applicability for the calitbrations were obtained. Sample SMNA-2 (phase II) shows a 

single value of 0.45 kbars, while sample SMNA-4 (phase III) shows a single value of 

0.33 kbars (see Table 3.8.2). 

Pressure estimates for the Santa Rosa igneous center yield results only for the 

Schmidt (1992) calibration. Values range from 3.1 kbars to 6.6 kbars, however averages 

from different edenite crystals are generally between 3.7 and 3.8 kbars, while a 

hastingsitic patch in edenite shows a single value close to 5 kbars and a single hastingsite 
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crystal gives an average slightly over 6 kbars (see Table 3.8.2). Because of the relative 

lack of alteration in the sample, textural context and subsolidus re-equilibration appear 

not to play such an important role, suggesting a mid-crustal residence for the magmas in 

the Concepcion del Oro area prior to ascent and emplacement of the different intrusive 

phases (see Figure 3.8.2). 

0 

Pressure estimate values for intrusions in the Concepci6n dei Oro area 
calculated according to Schmidt (1992) calibrations on unrestricted data 
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Figure 3.8.2: Comparative plot of pressure estimates obtained from Al-in-homblende 
geobarometer calibrations by Schmidt (1992) for different intrusive phases 
in the Concepcion del Oro area. Pressure estimates from edenitic 
amphiboles are represented as bars, while estimates from hastingsitic 
amphiboles are represented by open circles. 
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Table 3.8.2: Pressure estimates in kilobars from Al-in-hornblende geobarometer 

calibrations for the different intrusives in the Concepcion del Oro area, in 

parenthesis number of data points obtained. 

Amphibole Textural Schmidt (1992) Anderson & Smith (1995) 

Sample Phase type context 1 2 12 
SMCA-1 la Edenite rim; 0.35(2) NA 0.27(2) NA 
T=690°C core 0.62(4) 0.68(1) 0.53(4) 0.60(1) 

interior 0.47(1) NA 0.38(1) NA 
SMCA-5 la Edenite rim <0.09(1) NA NA NA 
SMCA-8 Ila Edenite core; 0.73(1) NA NA NA 

Edenite rim 0.26(1) NA NA NA 
SMCM-6 lib Edenite rim 0.26(1) NA NA NA 
T=823°C uear rim 1.95(1) NA NA NA 

interior 3.11(1) NA 0.55(1) NA 
SMCM-9 Ilia Edenite interior 0.25(1) NA 0.12(1) NA 
T=584°C 

SMPG-5 III Edenite single crystal 3.33(8) 3.33(8) 3.45(8) 3.45(8) 
T=659°C Hastingsite relict within; 5.31(2) 5.19(1) 5.46(2) 3.35(1) 

Edenite core average 3.30(3) 3.30(3) 3.42(3) 3.42(3) 
Hastingsite relict within 4.37(1) 4.37(1) 4.51(1) 4.51(1) 
Edenite rim value; 1.45(1) 1.45(1) 1.52(1) 1.52(1) 
Hastingsite core average 5.09(2) 5.11(1) 5.25(2) 5.26(1) 
Edenite core value 4.29(1) NA 4.42(1) NA 
Edenite rim value; 1.08(1) 1.08(1) 1.15(1) 1.15(1) 
Edenite small crystal 1.54(1) 1.54(1) 1.62(1) 1.62(1) 

SMNA-2 II Edenite altered relict 0.45(1) NA NA NA 
T=830°C 
SMNA-4 III Edenite interior zone 0.33(1) NA 0.40(1) NA 
T=635°C 

SMRN-1 I Edenite single crystal 3.75(13) 3.60(8) NA NA 
T=1039°C Hastingsite relict within; 4.91(1) NA NA NA 

Hastingsite single crystal; 6.06(6) 6.06(6) NA NA 
Edenite single crystal; 3.77(19) 3.74(6) NA NA 
Edenite single crystal 3.80(16) 3.74(6) NA NA 

Entries separated by semicolon in the textural context column indicate lack of direct textural relation, 
corresponding to different analyzed crystals. Numbers in italics in the different calibration columns 
correspond to results that lie below the range of pressures for that calibration. 

' Left columns for each calibration show data obtained without the application of any filter while the right 
columns 6 show data for analysis points containing Ti[6]>0.118 and fulfilling Fe^V(Fe^"^+Fe^'^)>0.2, 
0.4<Fe/(Fe+Mg)<0.65. 
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3.8.3 Volatile contents 

Halogen contents in mafic minerals associated with mineralized suites have been long 

considered to be diagnostic of the mineralizing potential of the associated intrusions 

(Jacobs, 1976; Jacobs and Parry, 1976; Munoz, 1984; Lang, 1998; Mazdab, 2002; among 

others). In that context fluorine and chlorine contents for amphiboles and biotites in the 

different phases of igneous centers in the Concepcion del Oro area are presented. 

Analyses of the biotites were also evaluated to obtain oxygen fugacity estimates for the 

different intrusive phases, based on the reaction: annite + V2O2 = K-feldspar + magnetite 

+ water, after work by Wones eind Eugster (1965). To that effect, logK values of the 

reaction were calculated for temperatures between 400 and 1000°C and pressures 

between 0.5 and 5 kbar using the program SUPCRT92 (Johnson et al., 1992). The oxygen 

fugacity estimates were arrived at by extrapolating for the average temperatures and 

pressures obtained from feldspar thermometry (Stormer, 1975) and Al-in-homblende 

barometry (Schmidt, 1992). In addition oxygen fugacity values were calculated for a 

standard pressure of 1 kbar, based on the regional stratigraphic column, for samples 

lacking Al-in-hornblende pressure estimates. These were also used as a general baseline 

for comparative purposes between the different phases of an intrusion as well as between 

different intrusions. The resulting values were compared to different buffers: wiistite-

magnetite, fayalite-magnetite, nickel-bunsenite and magnetite-hematite. Water fugacities 

were calculated, following work by Wones et al. (1971) and Wones (1981). 

Finally, calculated fugacities for fluorine, chlorine and water were also used for 

comparative purposes. The classification of Ague and Brimhall (1988b) for the Sierra 
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Nevada batholith was used to obtain supporting data on possible magma sources for the 

different intrusive phases, particularly for the later phases or for samples that were not 

analyzed through major and trace geochemistry because of alteration. Fluorine and 

chlorine intercept values, following the work of Munoz (1984), were derived as a means 

to infer possible parallels to porphyry copper and molybdenum deposits. 



Table 3.8.3; Average composition and range, halogen contents, oxygen and water fugacity estimates from biotites of the 

different intrusives of the Concepcion del Oro area, along with temperature and pressure estimates used for their 

calculation. 

Mean/range of biotite compositions, given as Average Average Average Average T, P 
Sample Phase Xphi-XAnn phlogopite-annite pairs [%] F [%] CI [% logf02 logfnao [°C]^ [kbars]' 
SMCA-1 la f62.04-16.52V('67.99-24.63V('72.85-28.80) 0.48' 0.29 -17.40 

-17.67 (Ikbar) 
1.59 
1.43 (Ikbar) 

690 
694 

0.62 

SMCA-5 la ('60.16-21.84)-('64.98-25.60)-('71.90-37.28) 0.55' 0.29 -15.40 2.02 785 1.0 
SMCA-8 Ila f63.09- 3.23Vf66.31-23.88Vf93.64-30.45) 0.96' 0.41 -15.89 

-16.12 (Ikbar) 
2.08 
1.94 (Ikbar) 

749 
752 

0.73 

SMCM-6 lib ('57.87-16.92Vf71.22-20.75V('78.43-33.00) 0.74' 0.35 -15.05 
-14.78 
-14.61 (Ikbar) 

1.43 
1.65 
1.80 (Ikbar) 

848 
835 
823 

3.11 (interior) 
1.95 (rim) 

SMCM-7 Ilia a4.08-15.28Vf66.29-22.41 Vf81.34-85.92) NA 0.36 -18.42 1.11 669 1.0 
SMCM-9 ^ Ilia f63.13-23.31 Vr64.61 -24.66U67.36-26.88) 0.72 0.32 -21.16 0.68 584 1.0 
SMCM-11 Illb (62.09-19.34)-(65.36-23.0lU72.55-34.25) 0.96' 0.26 -15.61 1.81 775 1.0 
SMPG-1 Ila {'60.32-21.42)-('62.06-23.99V('65.27-27.84) 0.22 0.29 NA NA NA NA 
SMPG-2 lib f62.55-20.96)-('64.47-22.28Vr67.58-23.7n 0.66 0.27 -16.41 1.60 738 1.0 
SMPG-3 lie f70.74-14.97)-('72.14-15.62)-('74.94-16.63) 0.83 0.20 -14.67 1.46 820 1.0 
SMPG-5 III f58.58-15.04Vr70.62-39.29Vf75.98-25.30) 0.78 0.20 -19.90 

-19.08 
-18.18 
-19.43 (Ikbar) 

0.16 
0.70 
1.31 
0.71 (Ikbar) 

674 
659 
641 
637 

5.03 (core, H) 
3.33 (core, E) 
1.36 (rim, E) 

SMPW-1 rva f51.74-11.83W58.57-23.03Vf66.51-28.67) 0.96 0.06 -10.81 2.75 1041 1.0 
SMPW-3 rva (55.56- 0.34Vf57.57-15.11Vr58.92-81.92) 0.58 0.07 -14.00 1.55 854 1.0 



Table 3.8.3: (continued). 

Mean/range of biotite compositions, given as Average Average 
Sample Phase Xphi-XAnn phlogopite-annite pairs [%]' F [%] CI [% 
SMNA-2a 

SMNA-2 
(avg. 2a, b) 

II (65.63-18.16V('68.49-20.86)-(71.07-24.83) 

r65.63-11.01Vr72.89-18.32)-(84.01-24.83) 

0.92 

0.96 

0.26 

0.23 

-14.33 
-14.47 (Ikbar) 
-14.47 (Ikbar) 

1.99 
1.88 (Ikbar) 
1.71 (Ikbar) 

823 
830 
830 

0.45 (relict) 

SMRN-1 I (51.99- 2.98Vr54.79-17.63)-f63.18-26.28) 0.50 0.09 -11.80 
-11.41 
-10.84 (Ikbar) 

1.47 
1.79 
2.40 (Ikbar) 

1110 
1081 
1039 

5.75 (avg. H) 

3.77 (avg. E) 

Average Average T, P 
[°C]^ [kbars]^ 

not large enough. Averages correspond to a smaller number of data points, because a significant number of analysis were below detection limit. 
Numbers in italics correspond to samples where only one suitable pair was found for geothermometric calculation. ^ When available, pressures 
estimates within the pressure range of Al-in-homblende geobarometer calibrations by Schmidt (1992) have been used (numbers in italics correspond 
to values below the range of applicability for the calibration equation); otherwise a value of Ikbar was used, based on the local stratigraphy (Mapes 
Vazquez et al., 1964) 
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3.8.3.1 Concepcion del Oro 

Fluorine contents in biotites are, on average, higher for the late phases in this 

intrusion (between 0.7% and 1%) relative to the early phases, with two peaks: in phase 

lib sample SMCM-6 and in the late aplite sample SMCM-11. Average chlorine contents, 

however, remain at similar concentrations between 0.3 and 0.4 weight % with only a light 

increase from early phase la to a maximum in phase Ila sample SMCA-8 and a slight 

decrease in the late aplite. Halogen contents in the amphiboles of the different phases of 

the Concepcion del Oro pluton are low, on average around or less than 0.5 weight % 

fluorine and 0.1% or less chlorine, and generally lower than biotites in the same samples. 

Only in phase lib sample SMCM-6 and exceptionally in phase III sample SMCM-7 do 

some hornblendes show similar CI contents. A comparative F vs. CI plot for amphiboles 

and biotites in the different phases of the Concepcion del Oro intrusion is presented in 

Figure 3.8.3.1.1. 

Estimated oxygen fugacity values at 1 kbar for the different phases of the Concepcion 

del Oro intrusion increase, in absolute terms from log fOa ~ -18 in the early phase sample 

SMCA-1 to a maximum log f02 ~ -15 in the main phase lib sample SMCM-6, decreasing 

to a minimum log f02 —21 in late phase sample SMCM-9. The late aplite sample 

however shows an oxygen fugacity value of log f02 ~ -16, closer to the values in phase 

II. Water fugacity values on the other hand appear to increase in absolute terms from log 

fHaO ~ 1.4 to log fHiO ~ 2 within phase I from sample SMCA-1 to SMCA-5. Phase II 

samples show all water fugacities around log fH20 ~ 2, but the later phases have lower 

water fugacities around log fH20 ~ 1 with the exception of aplitic sample SMCM-11. 
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The latter shows a water fugacity value closer to the phase II samples. Estimated oxygen 

and water fugacity values, along with the average temperatures and pressures used to 

derive them are given in table 3.8.3 and Figure 3.8.3.1.2. 

Comparative chlorine vs. fluorine plot in hornblendes 
and biotites from the Concepcion del Oro intrusion 

Earty phases la (SMCA-1, SMCA-5) and Ila (SMCA-8) 

oa(i 11 

CI % 

X SMCA-I 

+ SMCA-5 

SMCA-8 

1:1 line 

o SMCA-1 

o SMCA-5 

SMCA-S 

Comparative chlorine vs. fluorine plot in hornblendes 
and biotites from the Concepcidn del Oro intrusion 

Phases lib (SMCM-6), llla (SMCM-7, SMCM-9) and lllb (SMCM-11) 

1 ; 

! 

-£-p 
-

X 1 
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SMCM-9a 

- SMCM-lla 
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Figure 3.8.3.1.1: Comparative F vs. CI diagram between amphiboles and biotites for early 
and late phases of the Concepcion del Oro intrusion. Note in the lower 
diagram that no amphibole data were obtained for the late aplitic phase 
SMCM-11. 
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Logf02 vs. 1/T for samples of the Concepci6n del Oro intrusion 
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Figure 3.8.3.1.2: f02 vs. 1/T and log f02 vs. log fH20 diagrams for early and late phases 
of the Concepcion del Oro intrusion. 
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3.8.3.2 Providencia 

Halogen contents in the amphiboles of the different Providencia phases are generally 

low. They show, however, contrasting variations between phases III and IV. Phase III 

amphiboles are relatively fluorine-poor with a wide scattering in chlorine from very low 

concentrations to values above three tenths of a percent. In contrast, phase FV sample 

SMPW-1 shows a wide scattering in fluorine values from close to zero to over one 

percent, while chlorine contents are generally less than three tenths of a percent. 

Comparison with biotite einalyses in the same samples, show higher F as well as CI values 

for phase III and similarly high values for F and lower values for CI in amphiboles and 

biotites of the phase IV samples, but CI values in the biotites are not as low relative to the 

amphiboles. A comparative F vs. CI plot for amphiboles and biotites in the different 

phases of the Providencia intrusion is presented in Figure 3.8.3.2. 

Oxygen fugacity estimates in the different phases of the Providencia intrusion, 

calculated for a standard pressure of 1 kbar, increase in absolute terms the early 

porphyritic phases at Gloria Estela from log f02 ~ -16 to slightly above log fOa ~ -15 but 

decreases again to log fOi ~ -19 in phase III sample SMPG-5. In late phase IV samples 

SMPW-1 and SMPW-3 they fluctuate between log fOi ~ -11 and log fOi ~ -14. Water 

fugacities, on the other hand, decrease from log fH20 ~ 1.6 in the early phases to below 

one in phase III, only to increase markedly in phase IV to between 1.5 and 2.8 log fH20. 

These estimates, along with the average temperatures and pressures used to derive them 

are also given in Table 3.8.3 and Figure 3.8.3.2. 
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Comparative chlorine vs. fluorine plot in hornblendes and biotites from the 

Providencia intrusion including biotites from eariier intrusive phases 
Phase in (SMPG-5) and IVa (SMPW-1, SMPW-3) 
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Figure 3.8.3.2: Comparative F vs. CI diagram between amphiboles and biotites, fD2 vs. 
1/T and log f02 vs. log fH20 diagrams for the late phases of the 
Providencia intrusion. Note in the upper diagram that no amphibole data 
could be obtained for phase II samples SMPG-1, SMPG-2 and SMPG-3, 
listed in that order as earlier phases. 
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3.8.3.3 Noche Buena 

Amphiboles could be analyzed from phases II and HI, while biotite analyses could 

only be obtained for phase II sample SMNA-2. Halogen contents in phases II and III 

amphiboles from Noche Buena are low, around 0.3 weight % or less for fluorine in 

sample SMNA-2 compared with biotites in the same igneous phases; while for sample 

SMNA-4 these values can be up to 0.5%. In contrast, chlorine values are very low for 

sample SMNA-4, but higher and with a significant spread in values for sample SMNA-2 

(from less than 0.05% to over 0.3%). Comparison of CI contents with biotites from the 

same igneous phases is only possible for sample SMNA-2, however it can be said in a 

general sense that the noticeable depletion in sample SMNA-4 (between 70% and 100%) 

contrasts with the spread from depleted to enriched values shown by sample SMNA-2, 

which is only depleted on average by about 60%. Fluorine vs. chlorine contents of 

amphibole analyses and comparison between halogen contents in hornblendes and 

biotites is presented on Figure 3.8.3.3. 

Estimates of oxygen and water fugacities, presented along with the average 

temperatures and pressures used to derive them in Table 3.8.3 and Figure 3.8.3.3, are 

generally around log f02 ~ -14, £ind between log fHiO ~ 1.7 and log fH20 ~ 2, 

respectively. 
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Comparative chlorine vs. fluorine plot in hornblendes 
and biotites from the Noche Buena intrusion 
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Figure 3.8.3.3: Comparative F vs. CI diagram between amphiboles and biotites, fOa vs. 
1/T and log f02 vs. log fH20 diagrams for intermediate and late phases 
of the Noche Buena intrusion. 
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3.8.3.4 Santa Rosa 

Halogen contents in the amphiboles of Santa Rosa are consistently low, less than 

0.5% fluorine and less than 0.1% chlorine, while for biotites in the same sample, these 

are respectively around 0.5% F and 0.1 % CI. Comparison between amphiboles and 

biotites shows both minerals to be equally depleted in halogens. In fact chlorine contents 

are only slightly higher than fluorine. A comparative F vs. CI plot between hornblendes 

and biotites is presented on Figure 3.8.3.4.1. 

Average oxygen and water fugacities at 1 kbar for the Santa Rosa igneous center are 

respectively log f02 ~ -11 and log fH20 ~ 2.4 (see Table 3.8.3 and Figure 3.8.3.4.2). 
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Comparative chlorine vs. fluorine plot in hornblendes 
and biotites from the Santa Rosa igneous center 
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Figure 3.8.3.4: Comparative F vs. CI diagram between amphiboles and biotites, fOa vs. 
1/T and log f02 vs. log fH20 diagrams in the Santa Rosa igneous center. 
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3.9 Comparisons 

3.9.1 Concepcion del Oro area 

The plutons in the Concepcion del Oro area display a pattern of multiple intrusive 

events within a largely common geologic environment, but varying characteristics for the 

different phases. Comparison between the different intrusions shows common patterns in 

mineral chemistries of constituent minerals, halogen contents, oxygen and water 

fugacities as a factor of intrusive phase worth pointing out. 

These are characterized in the early stages by intermediate andesine plagioclase 

feldspar with anorthite contents between 30% and close to 40%; Mg-rich pyroxenes 

within the Ca-rich, magnesian end of the augite field; edenitic amphiboles; and 

aluminum-poor, fluorine-poor but relatively chlorine-rich biotites. Temperature estimates 

range from 600°C to close to 800°C. Pressure estimates are only available from the 

Concepcion del Oro intrusion. They suggest pressures below 1 kbar (0.73 and below). 

Both temperature and pressure estimates are strongly affected by subsolidus re-

equilibration. Oxygen fugacities, calculated for a standard pressure of 1 kbar tend to lie in 

the range of -13 to -15.5 with water fugacities ranging from 2 to 3.5. The various early 

phases in the different intrusions can be characterized as mildly reducing, relatively 

water-rich magmas. 

In the middle stages, with only minor changes in the overall chemistry of the main 

rock-forming minerals, the intrusives become more reduced, hotter and less water-rich, 

with oxygen fugacities down to -18 to -21 and concurrent water fugacities down to less 
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than 2 or even less than 1. These main intrusive phases show slightly more mafic 

chemistries: slightly higher anorthite contents of plagioclase; more Mg-rich pyroxenes, 

between the salite and diopside fields; and biotites that are more magnesian, aluminum-

poor, fluorine-poor and relatively chlorine-rich. There is, however, an apparent decrease 

in chlorine contents relative to the earlier phases. 

Finally, the late phases consistently represent significantly more oxidized, hotter and 

water-rich conditions, with oxygen fugacities surging to around -11 to less than -10, and 

water fugacities upward from 3. Pyroxenes present in Providencia phase IV intrusives 

show more iron-rich compositions within the salite field. This is mirrored by the 

amphiboles, which range from ferro-edenite and ferro-edenitic hornblende to magnesian 

hastingsite in composition; as well as biotites. Geothermometric data on these late stage 

intermediate magmas indicate temperatures from 900°C to close to or in excess of 

1000°C. Re-equilibration is, in the case of the Providencia intrusion, the cause for the 

lack of geobarometric data. Where re-equilibration is not extensive, hastingsitic 

amphiboles show higher pressure estimates than edenitic amphiboles. However, a 

continuum exists between estimates obtained from both amphibole types, that suggests 

mineral transition or re-equilibration taking place at pressures between 4.3 and 4.6 kbars 

(at depths between approximately 13 and 14 km). Plagioclase compositions become more 

albitic in the late phases, usually in the oligoclase range, and K-feldspar becomes an 

important component of the phenocrystic phase. There is also some evidence for a 

liquidus line between K-feldspar and plagioclase, as indicated by an almost complete 

range of intermediate compositions between oligoclase (An , SMPW-3; An , SMRN-1) 
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and potassium feldspar (Or^^, SMPW-3; Or™, SMRN-1). Characteristic for this late stage 

magmas are also less magnesium-rich, but more aluminum-rich biotites with halogen 

contents that range from fluorine-rich but chlorine-poor, to overall halogen-poor. 

Particularly striking is the similar and parallel evolution in log f02/log fH20 between 

the different phases of the Concepcion del Oro and Providencia intrusions (see Figure 

3.9.2). The limited estimates for the Noche Buena and Santa Rosa igneous bodies do also 

fit these trajectories as well, suggesting more than just coincidental similarities. 

Table 3.9 presents a summary of calculated intensive parameters for the different 

intrusive samples in the Concepcion del Oro area. Average mineral compositions and 

comparative plots of halogen contents and intensive variables are displayed in Figures 

3.9.1 through 3.9.3, grouped by intrusive phase. 
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Table 3.9: Summary table of average temperature and pressure estimates (Stormer, 1975; 

Schmidt, 1992), derived oxygen and water fugacities (Wones and Eugster, 

1965; as well as Wones et al., 1971; and Wones, 1981), and halogen contents 

in biopyriboles for different intrusive phases in the Concepcion del Oro area. 

Sample Phase T [°C]' P [kbarsf logfOz log fH2o F [%] CI [%] 
SMCA-1 la 690 

694 
0.62 
(Ikbar) 

-17.40 
-17.67 (Ikbar) 

1.59 
1.43 (Ikbar) 

0.50 \bi 
0.48 \io 

0.07 \bi 
0.29 \io 

SMCA-5 la 785 1.0 -15.40 2.02 0.17'hbi 
0.55 \io 

0.04 \bi 
0.29 \io 

SMCA-8 Ila 749 
752 

0.73 
(Ikbar) 

-15.89 
-16.12 (Ikbar) 

2.08 
1.94 (Ikbar) 

0.33 \bi 
0.96 \io 

0.01 \bi 
0.41 \io 

SMCM-6 lib 848 
835 
823 

3.11 (interior) 

1.95 (rim) 
(Ikbar) 

-15.05 
-14.78 
-14.61 (Ikbar) 

1.43 
1.65 
1.80 (Ikbar) 

0.62 \bi 
0.74 \io 

0.04 \bi 
0.35 \io 

SMCM-7 Ilia 669 1.0 -18.42 1.11 NA 
NA 

NA 
0.36 \io 

SMCM-9 Ilia 584 1.0 -21.16 0.68 0.43 hbi 
0.72 bio 

0.09 hbi 
0.32 bio 

SMCM-11 Illb 775 1.0 -15.61 1.81 NA 
0.96 \io 

NA 
0.26 \io 

SMPG-1 Ila NA NA NA NA NA 
0.22 bio 

NA 
0.29 bio 

SMPG-2 lib 738 1.0 -16.41 1.60 NA 
0.66 bio 

NA 
0.27 bio 

SMPG-3 lie 820 1.0 -14.67 1.46 NA 
0.83 bio 

NA 
0.20 bio 

SMPG-5 III 674 
659 
641 
637 

5.03 (core, H) 

3.33 (core, E) 

1.36 (rim, E) 
(1 kbar) 

-19.90 
-19.08 
-18.18 
-19.43 (Ikbar) 

0.16 
0.70 
1.31 
0.71 (Ikbar) 

0.52 hbi 
0.78 bio 

0.19 hbi 
0.20 bio 

SMPW-1 IVa 1041 1.0 -10.81 2.75 0.50 hbi 
0.96 bio 

0.02 hbi 
0.06 bio 

SMPW-3 rva 854 1.0 -14.00 1.55 0.19 hw 
0.58 bio 

0.02 hbi 
0.07 bio 

SMPV-1 V 600 NA NA NA NA NA 
Numbers in italics correspond to samples with only one suitable pair for geothermometric calculation. 

^ Averages correspond to a smaller number of data points, because a significant number of analysis were 
below detection limit. ^ Pressure estimates in italics correspond to values below the range of applicability 
for the calibration equation; otherwise a value of Ikbar was used based on the local stratigraphy (Mapes 
Vazquez et al., 1964). H corresponds to a hastingsitic composition, while E denotes an edenitic amphibole. 
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Table 3.9: (continued). 

Sample Phase T [°C]' P [kbars]^ log fOa log fH20 F[%] CI [%] 
SMNC-1 la 831 NA NA NA NA NA 
SMNC-2 la NA NA NA NA 0.04 hbi 0.01 hbi 

NA NA 
SMNA-2a III 823 0.45 (relict) -14.33 1.99 0.40 hbi 0.12 hbi 

830 (Ikbar) -14.47 (Ikbar) 1.88 (Ikbar) 0.92 bio 0.26 bio 

SMNA-2 830 (Ikbar) -14.47 (Ikbar) 1.71 (Ikbar) 0.40 hbi 0.12 hbi 
(avg. 2a, b) 0.96 bio 0.23 bio 
SMNA-4 III 635 NA NA NA 0.11 hbi 0.03 hbi 

NA NA 
SMRN-1 I 1110 5.75 (avg. H) -11.80 1.47 0.35 hbi 0.06 hbi 

1081 3.77 (avg. E) -11.41 1.79 0.50 bio 0.09 bio 
1039 (Ikbar) -10.84 (Ikbar) 2.40 (Ikbar) 

Numbers in italics correspond to samples with only one suitable pair for geothermometric calculation. 
^ Averages correspond to a smaller number of data points, because a significant number of analysis were 
below detection limit. ^ Pressure estimates in italics correspond to values below the range of applicability 
for the calibration equation; otherwise a value of Ikbar was used based on the local stratigraphy (Mapes 
Vazquez et al., 1964). H corresponds to a hastingsitic composition, while E denotes an edenitic amphibole. 
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3.9.2 Mesa Central of Mexico 

Microanalytical data for other intrusive centers in the Mesa Central of Mexico are 

sparse or even anecdotical, thus a regional comparison is incomplete at best. Some data 

exist on halogen contents in apatites exist for the Concepcion del Oro, Providencia and 

Noche Buena systems from Roegge (1984), but not for any other rock-forming mineral 

phases. Also some data exist for the mineralized Guadalcazar granite (Chryssoulis and 

Wilkinson, 1983) and mid-Tertiary volcanics related, as vv'ell as unrelated to tin-fluorine 

mineralization (Ruiz, 1983). There are, however, fairly complete analytical data both for 

igneous and metasomatic mineral phases in the San Martin mineralized system from 

Rubin and Kyle (1984), and Graf (1997). Despite the rather disconnected nature of the 

available analytical data, the available data allow some observations to be made that 

constitute a first attempt toward a regional synthesis. 

Microanalysis of rock-forming minerals for the mafic intrusions in the central sector 

of the Sierra Madre Oriental, in the immediate vicinity of the Concepcion del Oro area 

(Cerro Pedregoso, El Saltillito, Rocamontes, San Rafael and Cerro Prieto), were not the 

primary subject of this work. The work of Hamblock (2002), although centered in the 

mafic intrusions of the Monclova-Candelas Belt (Sewell, 1969) and on the San Carlos 

and Milagro areas, respectively in the Sierra de San Carlos and Sierra de Tamaulipas, 

includes the Cerro Prieto intrusion and offers some comparative data between these 

intrusions and the Concepcion del Oro area. Another relevant microanalytical data set in 

the region is the study of the San Martin polymetallic skam system (Graf, 1997). Limited 
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data also exist for micas in mid-Tertiary igneous rocks related to mineralized, high 

fluorine tin systems in San Luis Potosi from Ruiz (1983). 

As already mentioned in the comparison section for the major and trace element data 

(section 2.4.5), the early phase of the Noche Buena intrusion and inclusions in phase lib 

of the Concepcion del Oro pluton resemble the mafic intrusives in the central sector of 

the Sierra Madre Oriental. Brief review of amphibole and biotite compositions for these 

mafic intrusion samples show, for the amphiboles, compositions with generally higher 

Fe/Fe+Mg and lower silica contents per formula unit than amphibole analyses from the 

Concepcion del Oro area (Figure 3.9.2.1). Only phase III and IV samples from 

Providencia and the Santa Rosa igneous center amphiboles have comparable 

compositions, particularly with analyses from the Cerro Mercado and San Carlos systems 

Additionally, isolated data points in the einalysis from the mafic intrusions indicate the 

presence of pargasitic amphiboles, which are absent in the Concepcion del Oro area. 

Average halogen contents in amphiboles of the mafic intrusions are low and generally 

comparable not just to those in the early phases of the Concepcion del Oro and Noche 

Buena plutons, but to most phases other than phase III samples from Concepcion del Oro 

and Providencia (Figure 3.9.2.2). Biotite compositions in the mafic intrusions are for the 

most part, on average, slightly more annite-rich, but more significantly lower in chlorine 

and in some cases higher in fluorine (San Carlos) than biotites from most phases in the 

Concepcion del Oro area. The only exception, in terms of annite contents, corresponds to 

the Cerro Prieto intrusion, which has similarly magnesium-rich and aluminum-poor 

biotites than analyses from the early and main intrusive phases of the Concepcion del Oro 
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and Providencia plutons (Figure 3.9.2.3), but has significantly lower chlorine contents. 

Average halogen contents from the Cerro Mercado intrusion in Coahuila, however, 

resemble closely those of the early phases in the Concepcion del Oro area. Biotite 

analyses from the San Carlos intrusion, with their average higher fluorine but lower 

chlorine contents, appear similar to late phase IV biotites from the Providencia intrusion 

or biotites from the Santa Rosa igneous center. The latter have, however, higher 

aluminum contents. Finally, discrimination of potential granitoid source lithology based 

on phlogopite fraction and fluorine contents, after Ague and Brimhall (1988b), shows that 

mafic intrusions from Coahuila and Tamaulipas are, on average, more reduced and 

contaminated with metasedimentary materials than the early and main phases in the 

Concepcion del Oro area, and only comparable to late phase IV samples (Figure 3.9.2.4). 

Only the Cerro Prieto analyses are similar to those in the early porphyry phase of the 

Providencia intrusion (sample SMPG-1). Overall, the amphibole and biotite 

microanalytical data set for the mafic intrusions from Hamblock (2002) suggests only 

some degree of similarity between those, specifically with analyses from the Cerro 

Mercado, San Carlos and Cerro Prieto systems, and the intrusives in the Concepcion del 

Oro area. Nevertheless it has to acknowledged, that, in most cases, only one or a few 

phases for any given intrusion where analysed by Hamblock (2002). Furthermore, that 

due to time constraints and project scope, several of the mafic intrusions in northern 

Zacatecas (notably Cerro Pedregoso, El Saltillito, Rocamontes or San Rafael) were not 

included. 
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In contrast, the microanalytical data set for mafic minerals of the San Martm pluton 

(Graf, 1997) shows some comparable amphibole compositions and halogen contents for 

both amphiboles and biotites between the early phases and analyses from Concepcion del 

Oro area intrusions. Specifically, average hastingsitic and edenitic amphibole 

compositions for the earliest dioritic phase at San Martm (sample SM-48.50) are 

relatively similar to phase III and IV analyses from the Providencia intrusion. Halogen 

contents in both amphiboles (early phases) and biotites (early and late phases) of the San 

Martm pluton are comparable to those of phases II and III from the intrusions in the 

Concepcion del Oro area. However, biotite compositions at San Martm have significantly 

higher annite and siderophyllite component. The discrimination diagram of from Ague 

and Brimhall (1988b) suggests that the potential granitoid source lithology for the San 

Martm pluton is in all cases, including the earliest dioritic phase, more reduced and 

shows stronger crustal contamination than even the most evolved phases in the 

Concepcion del Oro area. 

The limited data for mid-Tertiary felsic volcanics in the Mesa Central (Ruiz, 1983) 

suggest some differences worth noting. The data for the Las Cuevas mineralized system 

shows biotite (and pyroxenes, not shown here) to be predominantly iron-rich and, for the 

biotite analyses, also aluminum-poor (Figure 3.9.2.3) and significantly enriched in 

fluorine (shown indirectly as log XF/XOH in the Figure 3.9.2.4). Biotites from coeval 

volcanics not related to fluorine mineralization, represented by the Navidad and Inde 

analyses, are more Mg- and Al-rich, as well as F-poor than the Las Cuevas system. 

Compared to the samples from the Concepcion del Oro area, however, all are relatively 
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iron-rich, as suggested by their Fe/Fe+Mg ratios. Particularly late IV phases in the 

Concepcion del Oro area appear to be similar to the Navidad and Inde volcanics, 

although their A1 and F contents are not as high. These characteristics are reflected in the 

diagram of Ague and Brimhall (1988b), which indicates the potential source for the 

parental magmas to be more reduced and strongly contaminated with crustal materials 

than the Concepcion del Oro area intrusions. They are to an extent, however, comparable 

to some of the other Mesa Central systems. Specifically, the Las Cuevas biotite analysis 

resembles similar analyses from the main phase in the San Martin pluton suggesting 

some similarity in crustal sources in spite of their different ages (46 Ma for the San 

Martm system, Damon et al., 1983; 33 Ma for Las Cuevas, Ruiz, 1983). 
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Plot of average calcic amphibole compositions in Si[4j vs. Fe/Fe+Mg space for 

mafic intrusions in NE Mexico (Hamblock, 2002), after Leake (1978) 
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Figure 3.9.2.1: Comparative summary illustration of average amphibole compositions 

between the mafic intrusions from NE Mexico (Hamblock, 2002), the San 

Martin pluton (Graf, 1997) and the intrusives in the Concepcion del Oro 

area. Hastingsitic amphiboles are represented as empty symbols, while 
hatch symbols correspond to pargasites and filled symbols to edenites. 
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Comparative chlorine vs. fluorine plot in hornblendes and biotites 
from mafic intrusions in NE Mexico, after Hamblock (200^ 
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3.9.3 Selected systems in the American Southwest and the Sierra Nevada 

Despite the wealth of research done on mineralized systems in the southwestern 

United States, microanalytical data from porphyry systems are not easily available. These 

often focus, however, on biotite because of their ubiquitous presence, both primary 

igneous and secondary, as a result of potassic alteration. Furthermore their usefulness as 

potential oxygen barometers and halogen content indicators, and their conmion 

occurrence late in the crystallization paragenesis have allowed a relatively broad, if not 

very systematic, database to emerge. The data focus mostly on the halogen contents for 

different igneous systems (Kesler et al., 1975; Jacobs, 1976; Jacobs and Parry, 1976; 

Banks, 1976; Gunow, 1978; Lang, 1998; or Mazdab, 2002; to name the more easily 

available sources) and, to an extent, on their composition (Moore and Czamanske, 1973; 

Jacobs, 1976; Gunow, 1978). From this group, only Banks (1976), Gunow (1978) and 

Mazdab (2002) analyze or compile data for other silicate phases other than biotite. 

The more detailed datasets correspond to Moore and Czamanske (1973) for the 

Bingham system, Jacobs (1976) for the Santa Rita and Hanover-Fierro systems in New 

Mexico, and Gunow (1978) for the Henderson porphyry molybdenum, which include 

both halogen contents and overall compositional data. The data from the first two systems 

were used for comparative purposes with the Concepcion del Oro area since they 

represent mineralized systems not unlike those in the area of study. Halogen data by 

Kesler et al. (1975), and Jacobs and Parry (1976) were also considered as they both 
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constitute broader regional compilations, together with data by Dodge et al. (1968, 1969) 

for the central Sierra Nevada. 

Comparison of halogen contents in amphiboles and biotites suggests, for the data 

available, generally low contents in both fluorine and chlorine in the Ray porphyry 

system, with the highest chlorine values in the biotites of the Tortilla quartzdiorite and 

Rattler granodiorite, and highest fluorine contents in the Granite Mountain porphyry, 

particularly the mineralized sample (Figure 3.9.3.1). A roughly similar pattern of halogen 

contents is suggested by the summary data from the central Sierra Nevada batholith, 

although some biotites show similar fluorine-poor and chlorine-enriched compositions as 

phase II and III Concepcion del Oro area analyses. Halogen contents in biotites from 

other mineralized systems reveal roughly similar halogen contents to those of 

Concepcion del Oro area intrusive phases in the available analysis from the Bingham and 

Last Chance stocks, as well as the Park City intrusion, the Santa Rita and Hanover-Fierro 

samples (Kesler et al., 1975; Jacobs and Parry, 1976). The biotite analyses from the Little 

Cottonwood pluton (Jacobs and Parry, 1976) and the Mineral Hill diorite (Kesler et al., 

1975), on the other hand, show generally low halogen contents, while the Mineral Hill 

granodiorite contains chlorine-poor, somewhat fluorine-enriched biotites. Both latter 

types are similar to those of phase FV samples from the Concepcion del Oro area (Figure 

3.9.3.2). 

Biotites from the Bingham and Last Chance stocks, and from the Santa Rita and 

Hanover-Fierro system, are compositionally also similar to phase II and III biotite 
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analyses in the Concepcion del Oro area. They show phlogopite-rich, siderophyllite-poor 

compositions, unlike analyses from biotites in the central Sierra Nevada batholith, which 

have higher aluminum and iron contents, rather like phase IV analyses from Concepcion 

del Oro area intrusives (Figure 3.9.3.3). This pattern is further supported by the granitoid 

discrimination diagram of Ague and Brimhall (1988b), which indicates moderate to 

strong crustal contamination for the biotites respectively from the Santa-Rita, Hanover-

Fierro and the Bingham and Last Chance stocks that are similar to the early and main 

phases of the Concepcion del Oro area intrusives (Figure 3.9.3.4). The available analysis 

from the central Sierra Nevada batholith, on the other hand, fall in the field of strongly 

contaminated and reduced granitoids like biotite analyses from phase IV intrusive phases, 

but are relatively depleted in fluorine with respect to them. 

Overall, the early and main phases of the Concepcion del Oro area intrusives and the 

porphyry copper deposits for which microanalytical data are available appear to be fairly 

similar. This similarity may be the result of similar processes, by which relatively 

chlorine-enriched biotite compositions predominate in mineralized systems, as well as 

possible tectonic setting and thus comparable magma sources. In the first case, relatively 

chlorine-enriched biotites are also present in the San Martin pluton of central Zacatecas, 

and in Cerro Providencia, in the Monclova-Candela Belt, both of which have significant 

mineralization associated with them (Cerro Providencia?). In the second case, a mildly 

extensional tectonic regime suggested to be associated with mafic to alkalic magmatism 

appears to be coeval with mineralization at Bingham (Keith et al., 1998). The Sierra 

Nevada data available represent, from a tectonic point of view, magmatism under more 
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reducing conditions, dominated by crustal sources. The original data by Ague and 

Brimhall (1988b), however, include less contaminated and reduced compositions that 

indicate other, more primitive sources as well. Mafic plutonic rocks in the Sierra Nevada 

have been documented in the Jurassic (Frost and Mattinson, 1993) as well as in the late 

Cretaceous (Frost and Mahood, 1987; Frost and Mattinson, 1988). In the case of the 

former, they are considered to be partial melts from evolved sub-continental lithosphere 

(Frost and Mattinson, 1993). Mafic magmatism in the Sierra Nevada occurs in the 

Tertiary as a result of Basin and Range extension. 
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Comparative chlorine vs. fluorine plot in hornblendes and biotites 
from igneous rocks in the Ray porphyry system, after Bank 
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Con^rative CI vs. F diagram in biotites between intrusive phases in the Concepcidn del Oro area and 
the Last Chance and Bii^ham stocks, Kesler et aL (1975), after Jacobs and Parry (1976) 
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3.9.4 Other circum-pacific magmatic arcs (Japan-South Korea, Lachlan Fold Belt). 

Only limited microanalytical data from intrusions in South Korea were available as 

examples for the Mesozoic magmatic arc of Japan and Korea (Tsusue et al., 1981). These 

data pertain, in a tectonic sense, to the innermost part of the Jurassic-Cretaceous arc 

(Shimazaki et al., 1981; Sohma and Maruyama, 1989, op. cit. Nakajima et al., 1992). 

Hence, comparison with the igneous rocks of the Concepcion del Oro area, and, in 

general, with the Mesa Central of Mexico is largely based on geologic and metallogenic 

summaries (Shimazaki, 1980; Ishihara, 1981; Shimazaki et al., 1981; Kutsukake and 

Yoshida, 1992; Nakajima et al., 1992; Nakajima, 1996; Nakano, 1998). Similarly, 

comparisons with the Lachlan Fold Belt are based on geologic and metallogenic 

summaries (Coney, 1992; Chappel and White, 1974; Chappel, 1996; Zen, 1995; Blevin et 

al., 1995; Blevin et al., 1996). 

The Jurassic-Cretaceous magmatic arc of southwestern Japan and South Korea is 

developed on continental crust resulting from the collision the Sino-Korean and Yangtze 

cratons. This collision results in the yuxtaposition of the Ryongnam Massif and 

Kyongsang (Gyeongsang) Basin of probable affinity with the Yangtze Craton onto the 

Kyonggi (Gyeonggi) Massif, presumed to be autochtonous Sino-Korean craton. The 

suture zone has been hypothesized to be the in the Ogcheon Fold Belt (Sohma et al., 

1990; op.cit. Nakajima et al., 1992). In Japan, this collisional event is represented, 

according to Nakajima et al. (1992), by the yuxtaposition of the Hida-Oki Complex in 

central Honshu, which includes a Precambrian gneiss complex and a Paleozoic 
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sedimentary sequence with faunas linked to similar formations in the Sino-Korean 

Craton, and the Hida Marginal Belt. The Hida Marginal Belt contains two late Paleozoic-

early Mesozoic accretionary complexes (the Oeyama Ophiolite, Akiyoshi and Sangun-

Renge nappes; and the Yakuno Ophiolite, Maizuru and Ultra-Tamba nappes) that have 

been tectonically disrupted and each thrust respectively over the younger complex. 

These, in turn, are thrust over a Jurassic accretionary complex, represented by the Tamba 

nappes and the Ryoke Belt. In central Honshu, the Hida Marginal Belt wraps tightly 

around the Hida-Oki complex, where it has been mixed up into a melange within a 

serpentine matrix and thrust over the Jurassic accretionary complex. In contrast, the 

recognizable sequence of nappes previously mentioned is more extensively exposed in 

western Honshu. The pre-Jurassic accretionary complexes include limestones with 

invertebrate faunas of Tethyan affinity linked to the Yangtze Craton. The Unazuki 

Metamorphic Belt is considered to be the suture zone between the Hida-Oki Complex 

and the Hida Marginal Belt (Hiroi, 1983; op. cit. in Nakajima et al., 1992). Magmatic 

activity in the Jurassic and Cretaceous is widespread and appears to be roughly 

synchronous in South Korea and western Japan: the Daebo granitoids in Korea, the 

Funatsu (Hida Complex) and Older granitoids (Tamba nappes and Ryoke Belt) in Japan, 

on the one hand; the Bulgugsa (Bulguksa) granitoids in Korea, and the Cretaceous 

(Younger) granitoids in Japan, on the other hand (Nakajima et al., 1992). 

In southwestern Japan, Cretaceous plutons intrude the Hida-Oki Complex, the 

different pre-Jurassic nappes in the Hida Marginal Belt, as well as the Jurassic Tamba 

nappes and the Ryoke Belt. Similarly, granitoid intrusion in South Korea takes place 
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across the Kyongsang Basin, the Ogcheon Fold Belt and in the Kyonggi Massif. The 

Cretaceous magmatic arc has been subdivided in Japan into three igneous zones: the San-

In, San-Yo and Ryoke belts; based on textural and mineralogic characteristics of the 

plutons. San-In granitoids have predominantly porphyritic to granophyric textures, show 

high magnetic susceptibility signatures resulting from the presence of magnetite, and are 

intruded for the most part into low pressure/low temperature metamorphic rocks. San-Yo 

granitoids, on the other hand, have predominantly porphyritic to equigranular textures, 

show low magnetic susceptibility signatures related to the presence of ilmenite, and are 

intruded into low pressure/low temperature metamorphic rocks as well. In contrast, 

Ryoke granitoids present equigranular to gneissose textures, show also low magnetic 

susceptibility, but are intruded into low pressure/medium temperature metamorphic rocks 

(Ishihara, 1981; Nakajima, 1996). 

Available data for South Korea (amphiboles and biotites), while sparse, suggest in 

both Jurassic and Cretaceous plutons strong crustal contamination according to Ague and 

Brimhall (1988b) I-type discrimination diagram. Biotites indicative of less reducing 

conditions appear to be limited to the Cretaceous intrusions in the Kyongsang Basin. 

Halogen contents in amphiboles and biotites are low for the samples of the Jurassic 

plutons, but not in the Cretaceous plutons. The halogen contents for the amphiboles in the 

latter show low fluorine contents, not very different from those in Jurassic plutons, but 

relatively higher chlorine contents. Halogen contents in biotites are variably enriched in 

halogens, and are comparable to those in biotites from the Concepcion del Oro area. 
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Biotite compositions are, in contrast, significantly annite-enriched for all samples and 

rather dissimilar from biotite analyses in the Concepcion del Oro area (Figure 3.9.4). 

Overall, there aren't clear similarities between the Cretaceous plutons of the Korean 

Peninsula and the different intrusive phases in the Concepcion del Oro area. There are, 

however, potential similarities between the Korean examples and mineralized mid-

Tertiary intrusions like the San Martin or the Las Cuevas systems in the Mesa Central, or 

the more mafic systems in northeastern Mexico. These similarities appear to be both 

metallogenic and tectonic. From a metallogenic point of view, Cu skarns associated with 

relatively equigranular, intermediate plutons are common in the Kyongsang Basin, while 

Pb-Zn skarns related to felsic porphyritic systems are more prevalent in the northeastern 

Ogcheon Fold Belt, and fluorine-rich systems are common in the central and 

southwestern Ogcheon Fold Belt (Shimazaki et al., 1981). With the possible exception of 

western Zacatecas, for which the nature of the basement is unclear, igneous systems and 

mineralization in northeastern Mexico and the Korean Peninsula appear to be the result of 

the interaction between different basement terranes and ascending calc-alkaline magmas 

in an active continental margin. Pb-Zn and F mineralization appear to be predominantly 

associated with a Precambrian basement, Cu-dominant mineralization maybe associated 

with a terrane containing more juvenile rocks. The comparison with mineralized systems 

in southwestern Japan, while incomplete and qualitative in nature, suggests a comparable 

correlation of terrane type and mineralization. Skarns with predominantly Pb-Zn 

mineralization appear more commonly in the Hida-Oki Complex and the adjacent Hida 

Marginal Belt of central Honshu, while Cu skarns appear with granitoids intruding the 
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Sangun-Renge and Akiyoshi nappes of southwestern Honshu (Nakano, 1998). The latter, 

while containing Paleozoic, predominantly clastic sedimentary sequences derived from 

Precambrian continental sources, they include also ophiolitic complexes and represent the 

addition of mafic source materials. 
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Figure 3.9.4: Summary illustration of average halogen contents in amphiboles and/or 

biotites from Jurassic and Cretaceous plutons in South Korea (Tsusue et 
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Granite-related mineralization in the Lachlan Fold Belt is also broadly related to an 

active continental margin and the interaction between ascending magmas and the nature 

of the surrounding crust. The continental crust of the Lachlan consists of three major 

lithotectonic assemblages (Coney, 1992). An older, early to middle Cambrian complex of 

greenstone belts with rock assemblages ranging from andesitic to ultramafic in 

composition with serpentinites or silicified peridotites present along faults and shear 

zones occurs mainly in the western part of the belt. A clastic sedimentary complex of 

Ordovician to Silurian age composed mainly of deep marine, quartz-rich grejwackes 

with lesser amounts of pelitic sediments and cherts, is present throughout the entire fold 

belt. Only in the northeastern part, submarine volcanics of intermediate to mafic 

composition belonging to the Molong Volcanic Arc, appear interbedded with the clastic 

sedimentary sequence. The deep marine sedimentary complex appears often broken up 

into fault-bound sections that are, for the most, detached from the underlying greenstone 

basement. Finally, a complex association of early/middle Silurian to Devonian marine 

volcanosedimentary sequences in grabens, terrigenous sediments and subaerial volcanics 

in horsts, coeval with widespread granite intrusion, are overlain by late Devonian-early 

Carboniferous "molasse-like", detritic to fluvial deposits. 

The different subterranes into which the Lachlan Fold Belt has been subdivided 

constitute generally N-S elongated domains bound by steep fault zones with a thrust 

and/or transpressional component, with generally low pressure/low to medium 

temperature metamorphism and complex deformation with a significant vertical 

component, characterized by upright, isoclinal folding of the Ordovician sedimentary 
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units. Only the Waga-Omeo Belt shows low pressure/medium to high temperature 

metamorphism characterized by amphibolite and greenschist-grade pelitic schists with 

local development of gneisses and intrusion of significant amounts of granitoids. In 

general, granitic intrusions are widespread throughout the Lachlan Fold Belt and account 

for 20 to 30 percent of outcropping lithologies (Coney, 1992; Zen, 1995). 

Granitoids in the Lachlan Fold Belt have been classified based on their likely source 

lithologies into I-types, considered to have an infra-crustal igneous protolith, and S-types, 

that are thought to derive from mid-crustal sedimentary protoliths. I-type granitoids are 

generally hornblende- and biotite-bearing, metaluminous to weakly peraluminous 

granites, granodiorites and tonalites (Chappel and White, 1974; Chappel, 1996) 

associated with Cu, Mo and Au mineralization (Blevin et al., 1996). Their associated 

metal suites are widespread across specific terranes or structural domains within the 

Lachlan Fold Belt (Blevin et al., 1995). S-type granitoids are, in contrast, peraluminous to 

strongly peraluminous granites, granodiorites and rare tonalites that can contain 

cordierite, muscovite and/or garnet and are associated commonly with Sn and W 

mineralization. S-type granitoids and related metal associations appear restricted to 

specific terranes or structural domains (Blevin et al., 1995). According to this author, I-

type granitoids are isotopically primitive, oxidized magmas that result from rapid igneous 

reworking of juvenile, igneous crust. S-type granitoids are isotopically evolved, oxidized 

to reduced magmas that are generated through anatexis or large scale assimilation of the 

upper crust. The latter author remarks, however, that relatively primitive but highly 
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fractionated and reduced I-tj^e granitoids are locally associated with Sn mineralization in 

the adjoining New England (Blevin et al., 1995). 

From a mineralogic and metallogenic point of view, the different intrusive phases in 

the Concepcion del Oro show important similarities with the I-type granitoids of the 

Lachlan Fold Belt. Not only are the mineralogy and chemical data similar, with the 

further indirect confirmation through the discrimination diagram of Ague and Brimhall 

(1988), the type of mineralization is also comparable. Only the late phase IV analyses 

suggest a more evolved granitoid displaying strong crustal contamination and more 

reduced conditions that would make this phase more akin to S-type magmas. 
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Chapter IV Summary and discussion 

4.1 Introduction 

Broadly speaking, the intrusive rocks in the Concepcion del Oro area constitute a 

group of high K calc-alkaline quartz-monzonites, granodiorites and generally plagioclase-

rich, quartz-poor granites compositionally similar to many igneous suites in northeastern 

and western Mexico that are associated with subduction at an active continental 

magmatic arc. This model, known as the Coney-Reynolds-Keith model (Coney and 

Reynolds, 1977; Keith, 1978), and originally postulated to explain the migration of the 

magmatic activity the southwestern United States during the Tertiary, and the variation in 

the chemical and mineralogical characteristics of the resulting igneous rocks in relation 

with subduction of the Farallon Plate under the North America was applied to the 

extensive mid-Tertiary volcanic sequences in northern and western Mexico by Clark et 

al. (1979, 1982) and Cameron et al. (1980), among many others. Specifically, recognition 

of an eastward increase in K, trace and rare earth elements in the mid-Tertiary silicic 

calc-alkaline suite of Chihuahua, considered to be related to depth of magma generation 

and indirectly to the geometry of the Benioff zone (Cameron et al., 1980), and zonal 

arrangement of mineral deposit types by metallic suite (Clark and de la Fuente, 1978) are 

extrapolated to the Mesa Central and the Sierra Madre Oriental (Huspeni et al., 1984; 

Ruiz, 1988?). With the Concepcion del Oro area situated within the Mesa Central, east of 

the Sierra Madre Occidental calc-alkaline volcanic province west of the Eastern Mexican 

Alkaline Province, a general parallel has been suggested between these silicic calc-

alkaline suites and their associated mineralization, and the mineralized intrusives in the 
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study area (Megaw et al., 1988). Although this inference was made based on the mid-

Tertiary (Oligocene) magmatism, more recent work on the Eocene volcanic sequence of 

the Rodeo-Nazas area of Durango (Aguirre-Diaz, 1988; Aguirre-Diaz and McDowell, 

1991) considered the magmatic activity and tectonic environment of the volcanic arc of 

western Mexico during the period to be analogous to that of the Oligocene. 

Many characteristics, however, of the intrusion centers in the Concepcion del Oro 

area suggest a number of differences with the general case of igneous activity in the 

Oligocene. 
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4.2 Whole-rock geochemistry 

4.2.1 Major and trace element geochemistry 

Early intrusive phases in the Concepcion del Oro area show major and trace element 

characteristics that define a trend from silica-undersaturated to quartz-poor 

granodioritic/monzogranitic compositions and less evolved volcanic arc type magmas. 

Rare earth element data further indicate moderate enrichment but not significant changes 

due to fractionation or assimilation. All samples in the Concepcion del Oro area show a 

slight but characteristic concave pattern in the intermediate REE that suggests 

fractionation of amphibole in the source of the different magmas. Furthermore negative 

europium anomalies are present, but not very strongly so, suggesting some fractionation 

of plagioclase in addition to hornblende. 

Following Bouse (1995) work on Pb-isotopic crustal signatures and metallogenic 

characteristic of crustal provinces in Arizona, Th/U ratios between 2 and 4, as are 

documented for the Concepcion del Oro area intrusions, suggest that the magmas have 

both characteristics akin to island arc/ocean floor complexes and distal continental 

margin metasedimentary/metavolcanic sequences or non-recycled continental crust, while 

older, polymetamorphic continental crust have Th/U ratios higher than 4. 

Based on field observation and mineralogical inference also, several magmatic pulses 

with slightly differing chemistries have been recognized. The early intrusive phase, most 

notably the early phase of the Noche Buena intrusion but also the early phase la of the 

Concepcion del Oro intrusion, is noticeably more mafic and thus differs from most later 

phases. A mafic source for the early magmatic phase in the area is further suggested by 
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melanocratic inclusions, represented by sample I-l, in phase lib from Concepcion del 

Oro. But even inclusion sample I-l, similarly mafic in major element chemistry, does not 

have the high trace element concentrations shown by the early Noche Buena phase. In the 

Concepcion del Oro intrusion whole-rock chemical data indicate an evolution toward 

more evolved compositions in samples from the early phases (phases lb, Ila, lie). In the 

Providencia intrusion, microanalytical data also suggest such a trend in the porphyritic 

samples from the Gloria Estela area. The Concepcion del Oro phase lib sample, however, 

shows again a less evolved in composition than the other phase II samples, suggesting the 

introduction of a new pulse of magma. The later phases at Concepcion del Oro define, 

together with the main phases of the Providencia intrusion and late porphyry at nearby 

Gloria Estela area, and phase II at Noche Buena the main granodioritic/monzogranitic 

trend. Samples from the Santa Rosa igneous center appear, from their subvolcanic mode 

of occurrence and lower silica contents relative to previous phase, to constitute a third 

magmatic pulse. From other major and trace element characteristics, however, these can 

be seen part of the previous phase. Samples from the north flank of Providencia, samples 

SMPW-1 and SMPW-3, show microanalytical and, to an extent, textural characteristics 

similar to those of the Santa Rosa igneous center. Finally, major and trace element 

analysis of phase IV dikes at Noche Buena and probably the altered phase V dike at 

Providencia, indicate these dikes to constitute a late mafic magma pulse. 
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4.2.2 Isotope geochemistry 

Isotope ratio graphs show varying degrees of enrichment in ^^Sr for all samples 

indicating a crustal source for the different rocks. The least evolved of the samples 

corresponds to the early Noche Buena phase, suggesting a significant mafic/alkalic 

component. Rather than a progressive increase in felsic crustal component, a hiatus is 

considered to separate the early phases of intrusion and the later ones in the Concepcion 

del Oro intrusion. This seems to apply, despite limited sampling, for Noche Buena as 

87 Hfi 87 Hfk 

well. Absence of a positive-sloped isochron/errorchron in Sr/ Sr vs. Rb/ Sr between 

samples from a given intrusion suggests assimilation rather than differentiation to be the 

predominant process in generating the intrusive suites in the Concepcion del Oro area. 

Values for '"^^Nd/'^'^Nd for the majority of samples in the area are depleted with 

respect to ChUR, in agreement with a crustal provenance. Differences between their 

chemical characteristics and Nd signatures show the early phase from Noche Buena 

intrusion to be not only mafic in composition but isotopically compatible with a mantle 

source, while similarly mafic late phase mafic dikes (Noche Buena phase IV dikes and 

possibly also phase V from Providencia) have depleted Nd signatures more characteristic 

of the more evolved main phase intrusives. Locally, chemically evolved main phase 

samples (Concepcion del Oro phase Ilia sample SMCM-9, Santa Rosa sample SMRN-1) 

have less depleted Nd signatures. This suggests contributions from isotopically less 

evolved sources to the magmas at different stages, both early and late. Overall, calculated 

epsilon Sr and epsilon Nd values and comparison with other intrusions and crustal 

sources in the Mesa Central, represented by the San Martm pluton in Zacatecas and lower 
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crustal xenoliths from San Luis Potosf (Graf, 1997; Ruiz et al., 1988; Chesley & Ruiz, 

unpublished data) suggest the intrusives are derived from a mafic source with variable 

but not significant degrees of crustal contamination. It is worth noting that on a ESr vs. 

eNd diagram, the trend suggested by the intrusive samples from the Concepcion del Oro 

area and the San Martm pluton, is much shallower than a potential mixing line between 

the mantle array and the garnet paragneiss sample LC-6 from San Luis Potosf, possibly 

suggesting a different or an additional crustal source both for the more evolved intrusives 

in the Concepcion del Oro area and for the San Martin pluton. 

Oxygen isotopes show values within the range of granitic rocks and, in the main, 

spanning the range of I-type granites (O'Neil et al., 1977). Main and late phases show 

consistently higher values than early phases with some late porphyritic phases suggesting, 

by comparison with isotopic values for the carbonate host rocks (Sawkins, 1965; 1966), 

assimilation of country rock. 
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4.3 Mineral geochemistry and derived intensive variables 

4.3.1 Mineral compositions 

Plagioclase analyses from the different intrusive phases in the Concepcion del Oro 

area lie in general within the field of andesine compositions and share early, anorthite-

rich compositions. The variation in plagioclase composition as a function of igneous 

phase, however, suggests that different magma pulses, marked by increases in mean 

anorthite content, occur in different intrusions at different points in the magmatic 

sequence. In the case of the Concepcion del Oro, phase lib appears to mark a new 

magmatic pulse. In the Providencia intrusion, both phase III and phase FVa have higher 

mean anorthite contents than the preceding phase and may indicate each a new pulse. At 

Noche Buena, however, the steadily decreasing mean anorthite content in plagioclases 

between phase I and II suggests a single magmatic pulse. The field evidence does not 

support the inference, as the outcrop areas between phase I and phases n and III are 

almost separate and in sharp contrast. 

Potassium feldspars are generally close to the orthoclase end-member in all intrusive 

centers, with mean orthoclase contents above Or^'^. Mean orthoclase values below Or^° 

correspond, in the case of the Concepcion del Oro and Providencia intrusions to late 

phases (phase Illb aplite in the former, and phase IV samples in the latter). The Santa 

Rosa igneous center is also an exception. The analyzed sample from this center shows not 

only interstitial but also phenocrystic K-feldspar with around 25% to 30% albite 

component and further intermediate compositions between the orthoclase vertex and the 

plagioclase field forming what appears to be a liquidus line toward a significant cluster of 
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plagioclase analyses in the oligoclase sub-field. This has been also observed in phase IVb 

sample from the Providencia intrusion. 

The composition of the pyroxenes indicate, in general, relatively mafic compositions. 

Magnesium-rich pyroxenes within the calcium-rich, magnesian end of the augite field are 

present in the early phases of intrusion in the Concepcion del Oro area. In phases II and 

III more calcium- and magnesium-rich compositions are encountered, with compositions 

nearing the diopsidic endmember within the more magnesian end of the salite field. In 

contrast, phase FV samples from the Providencia intrusion show more iron-rich 

compositions within the salite field. 

General amphibole compositions are generally within the edenite field with 

Mg/Mg+Fe ratios indicating intermediate to moderately iron-enriched compositions. 

Only rarely hastingsitic compositions were encountered, mostly as inner zones and/or 

relicts within the edenitic amphiboles. While the compositional data lead to conclude that 

amphiboles in the majority of the Concepcion del Oro area intrusives are likely to be 

affected by re-equilibration, some of the geobarometric estimates calculated from them 

suggest pressures more associated with magmatic conditions, rather than near surface re-

equilibration. Halogen concentration values in Concepcion del Oro area intrusive 

amphiboles are relatively low, rarely exceeding 0.5 percent combined fluorine and 

chlorine, with fluorine predominating over chlorine. No clear difference was observed in 

either concentration or proportion of fluorine to chlorine between the majority of edenitic 

amphiboles and relict hastingsitic amphiboles. The total amount of halogens contained in 

the amphiboles appears to increase from the early to the late phases from about 0.1 
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percent to 0.7 percent, with the highest fluorine concentrations present in phase IV 

sample SMPW-1 from the Providencia intrusion, while the highest chlorine contents 

occur in phase III samples from Concepcion del Oro and Providencia. Halogen contents 

in the analyzed amphiboles reflect the conditions of either the intrusive rocks as they 

crystallize, or the subsolidus environment and the fluids possibly coexisting with these 

minerals. 

Biotite analyses from the different intrusive phases are generally aluminum-poor, 

magnesium-rich in composition with fluorine as the predominant halogen and variable 

amounts of chlorine. The siderophyllite contents are for the most part below 0.2 for the 

majority of intrusive phases, except for phase FV samples from the Providencia intrusion 

and the Santa Rosa igneous center. Correspondingly, biotites from these late phases are 

more annite-rich, but both fluorine- and chlorine-poor in absolute terms. Magnesium-rich 

biotites are associated with mafic rock compositions, on the one hand, but also with 

potassic alteration in porphyry-style mineralization. As pointed out in previous 

paragraphs, the intrusives in the Concepcion del Oro area have major, trace and isotopic 

characteristics that suggest comparatively mafic compositions and magma sources. 

Aluminum enrichment in phase FV samples of the Providencia intrusion and in the Santa 

Rosa igneous center suggest a more crustal affinity of these late phases. Since biotite, 

however, is often subject to re-equilibration under subsolidus and hydrothermal 

conditions, the analyzed biotites in the early phases are more likely to be indicators of 

these later stages. Halogen contents of biotites in the different intrusive phases of the 

Concepcion del Oro area is mainly represented by fluorine, with minor and variable 
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amounts of chlorine. Although fluorine and chlorine contents appear to increase from 

phase I to III in the Concepcidn del Oro and Providencia intrusions, overall the overall 

concentrations remain relatively constant across all intrusive phases, averaging near 1 

percent. Whether primary magmatic or secondary, halogen contents in the different 

samples and intensive variables derived from them are useful, either as indicators of the 

intrusive rocks, or of the conditions in the subsolidus or hydrothermal environment. 


