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ABSTRACT 

Studies of the metallogeny of northwestern Mexico (Baja California to Chihuahua 

to Durango) at the mining district, geologic province, and regional scale, show that 

deposit formation and preservation is an intricate interrelationship' between magmatism, 

tectonism, hydrothermal activity. These are not only complicated by superimposed 

factors including erosion, enrichment, and cover, but in northern Mexico, tectonic 

translation as well. Using palinspastic reconstructions the relative positions of geologic 

units are restored to their pre-extensional configuration. Metallic "belts" are more 

heterogeneous with numerous metal associations and deposit types superimposed in the 

same area. The reconstructions show that magmatism and mineralization were coeval 

and coincident. Superimposed environments and processes cover, erode, enrich, and 

preserve mineralization thus substantially affecting perceived metal distribution. Cover 

sequences including mid-Tertiary ignimbrites and late Tertiary clastic sediments preserve 

and commonly conceal mineralization. Mid-Tertiary and older extensional events 

preserve near surface deposit types (e.g, supergene blankets, possible Jurassic rift-related 

gold deposits). 

At the Sierra Madre Occidental (SMO) province scale, ore deposit types exhibit 

enormous variation from adularia sericite-dominated to advanced argillic to closely 

pluton related. The advanced argillic alteration with gold±copper±silver deposit types 

appears related to magmatic centers occurring in both the older (pre-Oligocene) and 

younger (Oligocene) volcanic sections and is a major focus of this dissertation. Acidic 

alteration-related deposits make up some of the largest Au occurrences including the 

Mulatos >2 million ounce gold district. Extensive kaolinitic alteration halos (>8 km2) 

zoned around a core of vuggy silica and quartz±pyrophyllite host enargite-pyrite ores. 

Sulfide isotopes are near zero (834Spyrite=-5 to -3%0; 834Senargite=-6 to -4%0) with 
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corresponding barite (834S=+ 18-22%0). Phase equilibria and isotopes indicate early 

pyrophyIIite-pyrite ores formed at -300°C with later barite-pyrite-dickite ores deposited 

at T=-260°C. Oxygen and hydrogen isotopes show possible mixing between magmatic 

and meteoric waters with a late (shallow) meteoric (heavier D, lighter 8 180) overprint. 

District tilting (-25°NE) exposes> 1.5 km altered section containing two separate centers. 

Alunite occurs late, rarely, and is above pyrophyllite, suggesting a vertical marker in acid 

sulfate systems. 



CHAPTER 1 

INTRODUCTION 

Statement of Problem and Previous Work 
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The time-space interrelation of magmatism, deformation, and mineralization has 

intrigued geologist's for many centuries. Near half a millennium ago, Agricola (1556) 

published his tome on mining in which he pondered the formation of ores and their 

sources. This interest in the interrelation of metals with their geologic environment is 

termed metallogeny, and this dissertation develops a metallogenic synthesis at three 

scales centered around the class of deposits broadly synonymously called advanced 

argillic, acid sulfate, quartz-alunite, enargite-kaolinite or high sulfidation. For Mexico, 

over a decade has elapsed since the last metallogenic synthesis (Clark and others, 1982) 

and with the addition of outstanding new data sets and opportunity to carry out field work 

the time seems ripe for a detailed metallogenic, field oriented project. 

Previous metallogenic syntheses by Gonzalez Reyna (1956) and Salas (1975) 

were built largely upon the regional geologic work of King (1939) and Lopez Ramos 

(1955). Physiographic province studies by Raisz (1964) and tectonic syntheses by De 

Cserna (1956) provided the basis for recent ore deposit syntheses by Damon and others 

(198~a,b) and Clark and others (1979). During the 1980s and early 1990s country-wide 

syntheses of terrane composition and distribution (Campa and Coney, 1983), and 

mobility (Sedlock and others, 1993) greatly changed geologic models for Mexico. With 

publication of a new geologic map of Mexico (Oretga and others, 1992) the foundation 

has been laid for this metallogenic study. 

To interpret the metallogeny it is first imparative to have a firm grasp of the 

regional geology and perferably some paleogeographic constraints as well. The problems 



of where and when did extension occur, and specifically how did deformation translate, 

preserve, disrupt, and possibly form deposits become significant immediately as one 

beings to delve into the regional geology. Where were deposits when they formed? 

15 

What igneous rocks and of what age might be related to the various types of ore deposits? 

Are there metal belts or are various events and metal associations superimposed across 

northwestern Mexico? These questions were some of the issues studied for this project. 

The chosen mode to attack these problems was to do three separate but related studies. 

Each study focusing on similar issues but at distinctive scales ranging from a single 

gold±copper district to a country-wide multi-metal interpretative geologic summary. 

This dissertation would not be possible without extensive earlier research by scientists 

working on both sides of the United States-Mexico border. Geologic studies summarized 

by Gastil and others (1975) for Baja California, Roldan-Quintana and Clark (1992) for 

Sonora, Wark and others (1990) for the Sierra Madre Occidental, Clark and de la Fuente 

(1978) for Chihuahua, Bustamante-Yanez (1985) for Sinaloa, and Carrasco (1980) for 

Durango provide back ground information as well as a good introduction into the regional 

geology of the areas. 

To complete this specific project, various databases were developed including one 

for mineral sites and igneous centers, one for stratigraphy, one for bibliographic 

information, and one for radiometric data. Some of the data from these compilations are 

presented in Appendix C. The critical aspects of the synthesis included in this 

dissertation are to focus on timing of magmatism thus> 1200 radiometric dates were 

compiled and 40Ar/39 Ar geochronology was used to date volcanic rocks which host and 

cross cut ore. in the Sierra Madre Occidental volcanic province (Appendix D). To keep 

track of the mining districts the mineral site database was developed following the 

general outlines of the United States Geological Survey Mineral Resource Data System. 



More than >3000 occurrences of mineralization were codified and entered into the 

databank. This compilation marked the first step in the project and served as an 

introduction to the regional geology. The results of this work and main conclusions are 

given in chapter 2. 
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A second set of scientific problems investigated for this dissertation relate to the 

occurrence and formation of precious metal deposits in volcanic environments. In 1987, 

a number of landmark papers on the distinction between acid-fluid associated volcanic

hosted epithermal precious-metal deposits and more neutral type mineralization were 

published (Heald and others, 1987; Hedenquist, 1987). These works were based on 

earlier work that developed through a series of steps, eminating from investigations by 

Ransome (1909) in the Goldfield District, and ore deposit classification schemes by 

Lindgren (1913; 1933) and Emmons (1918). During the 1970s and 80s a number of 

mining district studies integrating geochemistry and other techniques introduced new 

models and classification schemes for shallow volcanic-hosted precious-metal deposits 

(White, 1974; Buchanan, 1981; Henley and Ellis, 1983; Bethke, 1984; Tooker, 1985). 

Cox and Singer (1986) defined a number of different deposit models and since then a 

number of authors have continued to improve characterization and understanding of acid

type ore deposits (Stoffregen, 1987; Deen, 1990; Jannas and others, 1990; Arribas, 1992). 

The problem of how acid sulfate and adularia sericite systems may relate remains an 

issue, and this dissertation set out to investigate the distinction. In the end, the 

dissertation concludes with a number of quantifications of extent of alteration and amount 

of sulfur added to the systems which help provide parameters for the different systems. 

Additional field visits to more than 100 districts in the Sierra Madre and detailed 

mapping in fifteen districts afforded the opportunity to not only compare characteristics 

but also evaluate the spacial relationship between the deposit types. By studying a vast 
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array of epithermal systems and particularly noting characteristics typical of low pH 

systems, it was determined that the simple classification of quartz-alunite was too narrow 

to grasp the scope and diversity of highly acidic metal systems. 

Spatial and temporal relationships of Ag-Au mineralization in the Sierra Madre 

Occidental have been previously investigated (Wisser, 1966; Clark and others, 1979). 

Much of this work concluded that most of the economic mineralization is hosted by the 

pre-Oligocene units, however field and laboratory studies completed by the author prior 

to formal initiation of this dissertation suggested some mineralization was likely 

synchronous or closely followed the regional rhyolite ignimbritic event of Oligocene age 

in the Sierra Madre Occidental. This differed from conventional wisdom which 

concluded that the mineralization fomled prior to Oligocene ignimbrites. The goals set 

out to answer during the project, were to study the age and spatial relationships of ore and 

alteration, to better understand epithermal mineralization, and specifically address the 

relation of acid alteration to mineral deposition at a district scale, thus the Mulatos study. 

Specific questions to address in districts throughout the northern Sierra Madre Occidental 

(Appendix B) included the composition, mineralogy and amount of sulfur in a number of 

epithermal systems. The composition and extent of associated magmatic rocks, and the 

three dimensional characteristics of epithermal systems and their possible relations to 

other hydrothermal systems. Previous authors had suggested acid sulfate deposits formed 

above porphyry centers (Sillitoe, 1973; 1991) while others envisioned acid alteration 

above adularia-sericite type epithermal veins (Buchanan, 1981). The association of 

advanced argillic and other deposit types was therefore investigated during this project in 

over 100 mining districts in the northern Sierra Madre Occidental of Mexico. 

Reconnaissance trips to well known advanced argillic districts in the United States and 
\ 

\ 
'. 

\ 



mineralization centers throughout Mexico were done to aid in developing a broader 

framework for the interpretations. 

Previously no study had been published on the geology, mineralization, and 

hydrothermal alteration of advanced argillic precious metal systems in the Sierra Madre 

Occidental. Thus this study begins as a guide to basic characteristics of the districts to 

expand from the compilation of locations already published (Staude, 1993). The study 

has several implications in both industry and academic arenas. From a mineral 

exploration point of view, linking magmatic, structural and mineralization analysis to the 

regional framework provides a working model to develop exploration concepts. For the 

academic, such a study provides not only the fundamental data necessary to improve 

existing models for these deposit types, but also generates the basic information 

necessary to begin to quantify volumes, masses and eventually rates for advanced argillic 

ore deposit formation. The observations on a regional scale developed from detailed 

mapping and geochemical sampling at selected areas can help narrow target areas for 

mineral exploration not only for the precious metal deposit, but also related porphyry and 

other systems as well. On the district scale certain alteration minerals, vein abundances 

and isotopic exchange ratios can assist in identifying prospective targets for exploration. 

On the deposit scale specific mineral assemblages including alteration and metal-bearing 

phas~s are controled by both structural and lithologic features, with characteristic which 

may be used to distinguish between economic deposits and metallic occurrences. 

Investigations such as this collection of papers (appendices) help to identify 

mineralization locations, their characteristics, processes and environments where 

economic deposits may have formed. Much research has recently focused on genesis of 

epithermal deposits and this study takes the opportunity to evaluate regional distributions, 

timing, and a synthesis of Mexican deposits. The previous research provides a 

18 



19 

framework, and these new data expand our knowledge of the district geology throughout 

northwestern Mexico. A brief summary of the highlights of the project and methods used 

are presented in the following chapter. 



CHAPTER 2 

PRESENT STUDY 

The data, analysis, and conclusions of this study are presented in the papers 

contained in Appendices A-C of this dissertation. The following is a summary of the 

methods used and the most important findings in these papers. The summary is 

organized into three sections as the dissertation covers mineral deposits and geologic 

processes in northwestern Mexico at three scales. From the district study at the 

Mulatos advanced argillic gold deposits, to regional analysis of epithermal 

mineralization in the Sierra Madre Occidental (SMa), to palinspastic reconstructions 

and reinterpretation of the metallogeny of northwestern Mexico (figure I). This 

dissertation evaluates the effects of hypogene and later superimposed processes on 

ore formation and preservation. 

Methods Used 

Field work was conducted over a four year period during various stages of the 

project. The field work developed out of earlier experience working for Kennecott 

Exploration in Mexico and their access to working in the Mulatos District, as well as an 

introduction to numerous other districts in northern Mexico. As field work progressed 

the realization that a number of large epithermal deposits had formed during the 

Oligocene rather than during older geologic events as is conventional wisdom, spurred an 

interest in improving the geochronometric (both relative and absolute) constraints on 

deposits. As field travels continued, a number of advanced argillic gold-copper±silver 

districts were identified. These had not been previously mentioned in the literature as 

having advanced argillic mineral assemblages, and has been broadly lumped into a 

20 
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Figure 1. Location of the Mulatos District, Sierra Madre Occidental volcanic province and 
northwestern Mexico study areas. 
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classification as epithermal deposits (Wisser, 1966). To interpret the geology including 

timing, chemistry, extent, and zoning, detailed mapping and geologic studies were 

needed. Fifteen districts were investigated in detail with new geologic and alteration 

maps being developed for five of them. These are summarized in Appendix B. In all 

> I 00 districts were visited in the SMO and many of these have been summarized in 

Staude (1993) and the U.S. Geological Survey, Mineral Resource Data System computer 

database for northern Mexico (figure 2). The more detailed mapping and field visits 

provided critical data for investigating the three dimensional characteristics of the 

epithermal systems and specific controls on the hydrothermal history. 

Geochronology on biotite mineral separates using the 40Ar/39 Ar method provided 

data useful in determining the age of host and overlying units. Michael Kunk of the US 

Geological Survey, Reston, VA analyzed mineral separates which the author prepared in 

the lab of Dr. Suzanne Baldwin. Stable isotopic analyses were done on sulfur, oxygen 

and hydrogen-bearing minerals. Sulfur was extracted using copper oxide to make S02. 

Hydrogen was extracted using heating of phyllosilicates then reacting oxygen with heated 

uranium, then capturing and analyzing the hydrogen. Oxygen was extracted using laser 

heating of single grain to a few milligram samples with a BrF 5 reagent. The liberated 

oxygen was then reacted with carbon, forming C02 which was analyzed. The stable 

isotopes provided information about fluid sources and temperatures of ore and alteration 

formation. 

Mineralogy was important so electron microprobe analyses and scanning electron 

microscopy were used on selected samples after completing standard reflected and 

transmitted light petrography on more than 200 samples. Clays and fine grained 

phyllosilicates were critical for classifying hydrothermal alteration compositions thus x

ray diffraction on glycolated and unglycolated samples was completed on over 100 
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samples. This data proves crucial for working out clay zoning and subdividing the many 

"white clay-like" minerals. 

Whole rock, trace element, and rare earth element analyses were done using x-ray 

fluorescence and induced coupled plasma mass spectrometry to determine \!!ement 

concentrations on fresh and variably altered whole rocks. This data was integrated with 

other published and unpublished information for the SMO and western Mexico to 

characterize mass balance changes and element transfer during hydrothermal activity. 

In Appendix C, the data for Appendix A and B is interpreted in the framework of 

western Mexico. To complete this synthesis, a large data base of igneous, 

geochronometric, stratigraphic, mineral resource, and bibliographic information was 

assembled. This compilation effort fell under a larger effort carried out synchronously at 

the University of Arizona as a three part consortium between the United States 

Geological Survey, mining companies, and the University of Arizona. The 

geochronometric and mineral site data used for the metallogenic synthesis is derived from 

this database the author helped compile. 

Principal Conclusions 

The conclusions of this dissertation range from microscopic and isotopic to 

regional and continental in scale. The three studies integrate new data with existing 

information to summarize and interpret the geology of Mexico and more general geologic 

processes. In the Mulatos study, the primary conclusions are that the district is not a 

typical quartz-alunite acid sulfate system, but rather a quartz-pyrophyllite volcanic-hosted 

epithermal acid leached district. The district is tilted and provides exposures through 

> 1.5 km of mineralized and altered section. Previous mapping had interpreted the host 

rocks as a quartz monzonite plutonic intrusive center, however mapping done during this 
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project and independent work by James Lyons, demonstrates that the rocks are volcanic 

and have a clear stratigraphy of alternating crystal-rich and crystal-poor layered rhyolitic 

tuffs, intercalated with a small field of dacite domes and flows. From this recognition of 

the volcanics a more comprehensive understanding of the district's structural history was 

worked out. Identification of district-wide tilting and various faulting events including 

the possibility of a caldera margin environment were made possible from various 

mapping campaigns. Ore controls due to structures are mainly an early N-S and later 

N70E orientation as well as lithologic contacts including ores centered around rhyodacite 

domes and favorable permeability horizons. Isotopes identified higher temperature and 

more exchanged areas, including revealing areas which had undergone supergene 

oxidation and metal remobilization. 

The Mulatos district is not the only advanced argillic gold system in the area, 

additional advanced argillic districts are present to the west which afforded the 

opportunity to compare mineralization centers. Surface and underground mapping in 

several districts revealed that there is commonly a clay-rich shell around vuggy silica 

core zones. Copper ores form in the vuggy silica areas but gold grades out from richest in 

the silicified zones to lower in the distal intermediate argillic altered rocks. Late, high

grade gold occurs in structures associated with less acidic fluids which deposited barite 

and pyrite. The paragenesis is broadly similar to that found at EI Indio (Jannas, 1985) 

and Rodalquilar (Arribas, 1992) although Mulatos is unique in its relatively minor 

alunite, large tonnage (>50 (Million metric tons (Mmt)), and low grade (0.8-2 

g/t)disseminated mineralization. Mapping of sulfides both primary and oxidation product 

define concentrations and extents of sulfur influx. Isotopes show that sulfur is largely 

magmatic and was deposited at -250°C. Whole rock geochemistry enables a 

quantification of the minimum amount of sulfur added to the system. Oxygen and 



hydrogen isotopes suggest fluid mixing between a magmatic and meteoric components 

with the meteoric becoming more dominant with time. 
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To put the Mulatos district and region in a context, a second, broader investigation 

of volcanic-hosted precious-metal systems in the SMO was undertaken. This study 

concluded among other things that although most epithermal vein mineralization is 

hosted by andesitic volcanic rocks of probable pre-Oligocene age, many veins and 

capping alteration halos cut the overlying Oligocene volcanics and are thus, at most, 

Oligocene age. The conclusion is that significant amounts of epithermal mineralization 

are younger than previously thought. Secondly, vertically extensive exposures through 

nearly 100, advanced argillic, adularia sericite, and other types of epithermal systems 

show that these various types are rarely, if ever, developed directly on top of each other, 

and that they do form in somewhat distinctive local environments related to proximal acid 

generating features. 

Other findings such as that advanced argillic systems are much less common than 

more neutral-fluid type systems, may perhaps be explained by a greater influx of external 

water and more distal association to magmatism. From the> I 00 epithermal districts 

visited more than 90 had some type of neutral pH (quartz-calcite) mineralization, 

however fewer than 10 had extensive low pH alteration and mineralization. Laterally 

away from acid environments, weak, neutral pH occurrences are common. 

Clustering appears to a a phenomena whereby a number of similar systems occur 

in close proximity, such as the acid systems. Although regionally quite rare, once one is 

located the probability of more is very high as they occur in clusters. This clustering is 

advantageous to exploration as well as potentially helping the economics of a deposit by 

virtue of the possibility of finding a number of deposits in a single district or local area. 



To put epithermal mineralization in the SMO in its context a synthesis 

interrelating mineralization, magmatism, and deformation was completed with details 

given in Appendix C and several of the major conclusions being noted here. 

A palinspastic reconstruction of NW Mexico is possible and when completed one 

finds up to 30% extension for large areas of northern and central Sonora with extension 

locally exceeding 100% in core complex regions. The reconstruction shows that ore 

deposits of possible late Jurassic through Cretaceous age can be not only linked to like 

deposits across the Gulf of California, but also more clearly interpreted in terms of their 

preservation, superimposed cover, depth of erosion, and timing of uplift. The 

reconstruction shows that the Laramide porphyry copper deposits form a much tighter 

band than previously shown and that many of these systems have been tilted, extended, 

and dismembered by younger tectonism. 

The overall, the synthesis suggests that NW Mexico has been an active 

continental margin and experienced different metallic events for much of the past 150 

m.y. with numerous metal and deposit-types superimposed. The data demonstrate that 

rather than distinctive metal belts, there are deposits of most metals over much of the 

region. Additionally, metals are not time specific and appear to be concentrated by 

different processes throughout most of the late Mesozoic and Cenozoic. 

. Superimposed volcanic and sedimentary cover protects shallowly formed 

deposits, however perhaps the best preserver is extensional tectonics and submarine 

environments. In these environments the subsiding nature of basins helps cover rather 

than uplift and erode shallow mineralization. On the other hand, deeper formed, pluton

associated ore deposits such as tungsten skarns and greisens, are only exposed in older 

batholithic complexes which have been uplifted and have experienced prolonged erosion. 
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Through time, plutonic dominated systems become more common, however these other 

factors playa substantial role in complicating the general rule of older=deeper. 

In conclusion, these studies augment existing information on northwestern 

Mexico and more generally about epithermal ore deposits, but they also show the need 

for further in depth studies of geology and ore deposits in the region. The compilations 

of ages, references, mineral locations, and stratigraphy provided a framework for these 

studies but should help to form a foundation for future investigations as well. 
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APPENDIX A 

Geology, Geochemistry and Formation of Au-(eu) Mineralization and 
Advanced Argillic Alteration in the Mulatos District, Sonora, Mexico 

ABSTRACT 
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The Mulatos district is a volcanic-hosted, advanced argillic, gold-enargite system of 

late Oligocene age. District hypogene mineralization occurs as gold with pyrite±enargite in 

distinct pods of vuggy silica-pyrophyIlite-diaspore-dickite altered dacite-rhyodaci[e volcanic 

rock. Past-production of more than 300,000 ounces Au and reserves of >2.3 million 

ounces make the district the largest gold deposit in northern Mexico and one of the largest 

advanced argillic gold systems in the world. Within 20 kms to the west, five other 

advanced argillic altered areas of similar size to Mulatos are identified. Unlike many acid-

sulfate systems described throughout the world, alunite is uncommon and occurs as late, 

shallow veins. Thus the deposits are not typical acid-sulfate because they form little to no 

sulfate during their acidic periods. 

Mulatos lies in the center of the northern Sierra Madre Occidental volcanic province 

of Sonora, Mexico, the district is remote and little published information is available (Soto 

and Ibarra, 1992; Staude, 1994). Mineralization is spatially associated with Oligocene 

rhyodacite hypabyssal domes intruding and overlain by dacitic-rhyolitic volcanic flows, 

tuffs, and breccias. The district is tilted -15-25° after mineralization exposing> I km of 

mineralized and variably altered section. Laterally advanced argillic alteration (>3 km2) can 

be traced outward through intermediate argillic (>5 km2) into chlorite-montmorillonite 

±epidote alteration which extends to other mineralized centers in the region. Prominent 

silicified ridges and red (oxidation of pyrite) hills with kaolinite and scattered barite veinlets 

is the surface expression above ore zones. The age of mineralization is bracketed between 

31.6 Ma mineralized tuffs and 25 Ma cross cutting and overlying unaltered basaltic 

andesites. Ore minerals include free gold, Au-rich pyrite, enargite, sphalerite and less 



commonly tennatite, Au-telluride, covellite and chalcopyrite. Elevated concentrations of 

Ag, As, Au, Ba, Cu, Hg, Mo, Sb, and Te are common in the 2 km alteration area 

surrounding the mineralized centers. Mass balance based whole rock studies of 

progressively altered samples show decreasing Ca, K, Na and increasing Si and AI 

associated with intensifying acid leaching. The apparent increase in Si and AI is likely a 

consequence of cation leaching rather than element addition, related to the low pH 

hydrothermal fluids. Early gold with pyrite, followed by auriferous pyrite+enargite±Ag 

sulfosalts, and late Au-containing barite make up the three principle ore stages. 
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Stratigraphic reconstructions suggest that the top of the shallowest ore bodies 

formed at a depth of <200 m, whereas the top of the main Mulatos ore body (Cerro 

Estrella) formed at -600 m and continues with depth for >400 m. The shallowest ore 

bodies largely structurally controlled with thin high grade pyrite-barite, Au-telluride and 

Au-pyrite+quartz veins. Deep mineralization is more lithologically controlled with large 

low grade (1-2 glt Au) sub-stratiform pods coincident with stratigraphic contacts and 

specific lithologic facies. Higher grade quartz-pyrophyllite-pyrite-Au sub-vertical, elongate 

zones may feed the lateral mineralization. Cerro Estrella ore horizons are not distinctive 

veins but rather 10->40m wide vuggy silica-pyrite pods surrounded by dickite

pyrophyllite-pyrite zones. Beneath the gold ore, rare chalcopyrite veinlets with trace of 

quartz-illite selvages cut dacite flows and possible dikes. 

Phase equilibria shows that hydrothermal fluids were extremely acidic (pH<2) and 

-260-300°C. Stable isotopes suggest fluid mixing between a magmatic and meteoric 

components with increasing meteoric input during waning stages including the high-grade 

Au-barite mineralization. Sulfur isotopes of near zero for pyrite (834S=-4%) and + 18% for 

coexisting barite give equilbrium temperatures of 260±1O°C and are consistent with a 

magmatic sulfur source. Two micron and smaller fluid inclusions have varying Jiquid

vapor ratios without daughter salt crystals. Supergene oxidation of the upper 100-200 m of 
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mineralization redistributes copper into small chalcocite layers, and liberates Au from pyrite 

forming native gold+earthy brown hematite in an oxidized cap. 

INTRODUCTION 

Mulatos is located in the northern Sierra Madre Occidental (SMO) volcanic province 

of Mexico, in the state of Sonora, approximately 220 km east of Hermosillo (figure AI). 

Gold mining in the area began prior to 1635 and has extracted over 300,000 ounces during 

intermitent mining (H.N. Palmer, 1883; Camimex, 1992). Early mining concentrated on 

high grade Au in oxidized fractures with grades commonly exceeding 16 glt (Janin, 1890). 

Presently the district is being explored for potential bulk-mineable Au-(Cu) deposits with 

reserves of 50 Mmt at 1.5 glt or -2.5 million ounce as of December, 1994 (Peterson, 

1995). The district contains one of the largest advanced argillic gold deposits in North 

America, comparable in extent of alteration and known amount of Au to Goldfield, Nevada 

(Ransome, 1909; Ashley, 1974). It rates as one of the largest gold resources in northern 

Mexico (figure A2) and additional areas in the district are still untested. Mulatos is the 

easternmost of six broadly similar advanced argillic associated precious-metal districts 

occurring in a 400 km2 area (figure A3), and with the most drilling, underground and 

surface exposure provides an excellent location to study advanced argillic gold 

mineralization. Each of the centers has variable mineralization over an area of several 

square kilometers associated with vuggy silica, kaolinite±pyrophyllite, and enargite±barite 

ores with distal propylitic alteration. The distal alteration commonly grades into another 

advanced argillic center 5-10 kilometers away with a few minor vein occurrences in 

between. The intermediate argillic altered areas of the region cover more than 30 km2 and 

propylitization is an additional >50 km2 (figure A4). 

Although little information has been published on the Mulatos district, previous 

regional studies in the northern SMO provide a geologic context (Bockoven, 1980; Wark 
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Figure A3. Simplified geologic map of Mulatos region. 
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and others, 1990; Cocheme and Demant, 199 I). Mining district studies focusing on 

epithermal Ag-Au mineralization have documented the locations and characteristics of 

districts but rarely distinguish advanced argillic alteration systems (Gonzalez-Reyna, 

1956a; Wisser, 1966; Knowling, 1977; Clark and others, 1979; Perez-Segura, 1985; 

Staude, 1993). Previous studies in the SMO have concluded that most of the economic 

mineralization is hosted by the pre-Oligocene units (Wisser, 1966; Clark and others, 1982). 

40 Arf39 Ar dating at Mulatos shows this is not the case for Mulatos and indicates that gold 

and copper ores are related to the Oligocene magmatic event of the SMO and hosted in the 

Oligocene Upper Volcanic Sequence of McDowell and Clabaugh (1979). 

Previous work on advanced argillic gold districts has developed from early work by 

Ransome (1907) on the Goldfield district, Nevada to a number of deposit summaries 

during the 1990 s (Deen, 1990; Jannas and others, 1990; Reyes, 1991; Hedenquist and 

others, 1994b). The association of acid, high-sulfide content fluids infiltrating volcanic 

rocks has been studied in an attempt to relate acid alteration to active and fossil volcano

hydrothermal systems (Bethke, 1984; Hayba and others, 1986; Hedenquist and others, 

1994a). These deposits have been termed "high sulfidation" due to their highly oxidized 

rather than reduced sulfur mineralogy (Hedenquist, 1987). Alunite is generally abundant 

and has become a major mineral for classifying and interpreting these deposits (Rye and 

others, 1992; Rye, 1993). The Mulatos district provides an exception, in that rather than 

the abundant alunite as at Julcani, Peru (Petersen and others, 1977; Deen and others, 

1995), Summitville, Colorado (Steven and Ratte, 1960; Stoffregen, 1987), El Indio, Chile 

(Jannas and Araneda, 1985) and Lepanto, Philippines (Cox and Singer, 1986), 

pyrophyllite±diapsore alteration is the common advanced argillic assemblage. Extensive 

pyrophyllite-kaolinite rather than alunite-rich alteration is found in other districts such as 

Temora in Australia (Thompson et aI., 1986), Pueblo Viejo in the Dominican Republic 

(Kesler and others, 198 I; Venneman and others, 1993), and Baguio in the Philippines 
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(Aoki and others, 1993) (figure AS). These districts have been grouped into acid-sulfate or 

high sulfidation deposits, yet their ore and alteration mineralogy, host rocks, zoning, and 

metal ratios vary widely. Mulatos provides an opportunity to evaluate some of these 

features at a district scale by looking at several distinct but related ore deposits. 

The goals of this communication are to present original data on the geology, 

geochemistry and mineralization of the district, evaluate the genesis of advanced argillic 

gold mineralization with particular emphasis on identifying reasons for pyrophyllite rather 

than alunite alteration, determine major controls on mineralization, and interpret the district 

in the context of other well studied examples from around the world. Original field and 

laboratory data including regional, district and deposit scale mapping, petrographic and x

ray studies, whole rock major, trace and rare earth element geochemical analyses, and 

stable and radiogenic isotopic data are presented. 

GEOLOGIC SETTING AND DISTRICT STRATIGRAPHY 

Setting 

The SMO volcanic province which hosts the Mulatos district is the largest 

physiographic province of Mexico. Ignimbritic volcanics make up the majority of the 

province, stretching lSOO km along the western edge of mainland Mexico (figure AI, inset 

A). Basin and range extension has dissected the western edge of the province and Mulatos 

occurs along this dissected margin. The volcanic stratigraphy of this province commonly 

exceeds 1.S km in thickness, with numerous caldera complexes and complicated 

intertonguing volcanic and volcanosedimentary units (Swanson and McDowell, 1984). 

The ignimbrites are largely of Oligocene age with the age of the basal tuff member 

decreasing to the north, and an age of -33 Ma in the Mulatos region. The ignimbrites are 

deposited over an older Tertiary volcanic arc which is composed of largely andesitic 

volcanic flows, tuffs, epiclastic sediments, and granodioritic calc-alkaline plutons. Locally 
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Figure AS. Selected advanced argillic epithermal precious-metal deposits mentioned in 
the text from around the world. 
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conglomerates occur along the unconformity beneath the ignimbrites. The Oligocene 

volcanic province extends northward into the southwestern United States where similar 

type and age ore deposits are found in the San Juan (Summitville and Red Mountain, CO), 

Mogollon-Datil (Mogollon, AZ-NM), and Marysvale volcanic fields (Alunite Ridge, UT). 
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The basement beneath the northern SMO volcanics is heterogeneous with various 

inferred terranes of Precambrian through Early Tertiary units (Campa and Coney, 1983; 

Sedlock and others, 1993). Precambrian and Lower Paleozoic outcrops at Arevichi, 50 km 

to the west indicate the basement is more typical of Caborca Terrane rather than North 

America Terrane basement. In this area to the west of Mulatos, isoclinally folded and 

thrusted Paleozoic marine sedimentary rocks are overlain by less deformed Triassic

Jurassic sediments (Stewart and others, 1990; Stewart and Roldan-Quintana, 1991). In the 

Mulatos region small (1-3 km2) outcrop areas of arkosic silt and sandstones, limey shales 

and thin limestones and andesitic volcanics are contact metamorphosed and intruded by 

medium-fine grained, equigranular granodiorite-monzonite intrusions of probable Late 

Cretaceous to Early Tertiary age (figure A3). The plutons are weathered and locally 

hydrothermally altered with biotites reacted to chlorite and plagioclase to epidote. Plutonic 

rocks and their pre-intrusion hosts are unconformably overlain by a younger volcanic 

sequence which hosts mineralization and makes up the district stratigraphy. This younger 

volcanic sequence is at least two kilometers thick and may be related to an Oligocene 

caldera complex. 

Volcallic Stratigraphy 

Mineralization in the Mulatos district is dispersed through more than a kilometer of 

25° ENE tilted volcanic section which grades upward from basal dacite flows and 

porphyitic domes to rhyolitic tuffs with interlayered dacite flow, capped by post

mineralization basaltic andesites and volcano-sedimentary rocks (figure A6). The tilting is 
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syn- to post-mineral and largely complete prior to deposition of basaltic andesites. The 

oldest unit known in the district is Tdf4, which is a heterogeneous unit consisting mainly of 

dacitic flows with interlayered pyroclastic breccias and tuffs. The unit is more than 100 m 

thick and occurs along the Arroyo fault in the western and deepest part of the district (table 

AI, figure A 7). Dacites in the district contain varying proportions of plagioclase, 

hornblende, biotite, pyroxene, and quartz phenocrysts (table A2). Dacite units have 

diverse facies including tuffs, fragmental flow breccias, massive porphyritic zones, 

agglomerate, and other complex mixed assemblages. Texturally, flows are difficult to 

distinguish from possible domes because both are generally porphyritic with feldspar 

phenocrysts varying from 0.2-1 cm and biotite±hornblende 0.1-0.4 cm long. Primary 

igneous textures such as chill margins versus interbeds aid in distinguishing dikes and 

other intrusives from extrusives. 

Overlying Tdf4 is a rhyodacite (Trf) which is one of the main host rocks for the 

Cerro Estrella ore deposit (figure A6). Trf is porphyritic with 0.3-1 cm shattered 

cristobalite phenocrysts (>70% shattered) and both plagioclase and potassium feldspar 

phenocrysts (table A2) making it distinctive from the underlying, much more heterogenous 

and non-quartz ± k-feldspar bearing unit. Feldspar phenocrysts range in size up to 1.4 cm 

diameter and are commonly zoned. Plagioclase has more anorthitic (An60) cores grading 

to albitic rims (An20), and orthoclases are purer near their margins. Biotite is largely 

chloriti.zed but pseudomorphs provide clear identification of primary modal mineralogy 

(table A2). The unit is massive with rare thin aphanitic tuff interbeds and a basal 

vitrophyre. Trf may be a flow dome with rough dimensions >-700 m x >300 m. Thin 

NW and NS striking aphanitic rhyodacite dikes feed the lower portions of the possible 

dome at Cerro Estrella, and mineralization is spatially associated with this dome. Much of 

the disseminated ore in the district occurs in and around the Trf dome and rhyodacite 

centers. 



TABLE A 1. Stratigraphic thicknesses in Mulatos District 
Unit (top-bottom) 
ABOVE MULATOS 

Tvu 

MULATOS D1STRlcr 
Ttj 
Ttk 
Ttl 
Ttn 
Tto 

TdfO 
TdfI 
Tto 
Ttp 
Tbv 
Tdf2 
Ttq 

Tdf3 
Trf 

Tdf4 
D1STRlcr TOTAL:: 

BELOW MULATOS 
Older volcanics and 

plutons 

Thickness in meters (ave) 

0->600 (150) 

70- 100 (85) 
120-190 (160) 
100-140 (120) 
150-200 (160) 
20-70 (45) 
100-250 (-200) 
0->80 
50-100 (80) 
120-160 (140) 
0-220 
0-90 (50) 
15-90 (80) 
0-90 (50) 
0-180 (100) 
>130 
-1,500 meters 

>300 

Basis/comment 

surface mapping/above tilt 
unconformity 

surface mapping 
surface mapping 
surface mapping. chip drilling 
surface mapping, chip drilling 
surface mapping 
surface mapping/dome 
surface mapping 
surface mapping, chip drilling 
surface mapping, chip drilling 
core drilling, surface mapping 
surface mapping, core drilling 
core drilling, surface mapping 
core drilling, surface mapping 
core drilling, underground mapping 
core drilling/minimum 

surface mapping/uncertain thickness 
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TABLE A2: Modal mineralogy 
Unit 

(top to 
bottom) 

Plag K-felds QuarlZ Biotite HbllPx Igneous Lithic Pumice % total Comment 
opaques fragments shards phenos 

Tlj .3-1 O-tr 0- I .3-.5 tr-.4 0-.4 < I Aphanitic. airfall tuff 
Ttk 3-7 1-3 5-10 2-4 mt 2-3 2-4 8-20 Crystal-rich tuff 
Ttl tr-I tr-I tr 1-3 2-5 tr-2 Crystal-poor. pumice tuff 
Ttn 4-8 1-4 5-9 2-4 mt 2-4 1-4 8-16 Crystal-rich tuff 

tr- I :r tr 1-4 1-3 0-2 Upper part, aphanitic 

TdID 5-15 O-tr 1-2 1-2 mt 0-1 
Tdfl 6-15 O-tr 0-.5 .5-2 1-3 mt tr 
Tto 0-3 tr-3 tr tr-2 .5-1 

Ttp 8-15 2-5 8-15 2-4 mt tr-2 tr 
Tbv 

Tdf2 15-30 tr tr 1-3 2-3 mt rare ------ ----... -----------. ----------.---- .. - ._---------.. __ .---. -----_._-
Tlq 0-4 tr 0-2 

Tdf3 10-20 <2 <.5 2-3 1-2 mt tr 
Trf 10-20 2-8 4-8 1-3 mt 0-6 0-4 

Tdf4 10-25 tr? <.3 1-2 1-2 ilm, mt 3-8 

10-20 
8-20 
0-4 

17-25 

airfall tuff 
Porphyritic dacite 

Porphyritic dacite flow 
Lower part, crystal poor, 
spheroidal reworked tuff 

Crystal-rich tuff 
Multilithologic clasts, 
both matrix and clast 

supported 
__ .1?-3_0 _PorehYd~ dacite flow_ 

0-1 Aphanitic tuff, basal mbr 
____________ -~I~tzeyes 
10-25 Porphyritic dacitic flow 
15-25 Rhyodacite ignimbrite 

tuff 
8-20 Heterolithic sequence with 

interlayered tuffs 

.+::
-...,J 
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Above the rhyodacite is a series of dacite flows and tuffs which grade upward into 

an alternating sequence of crystal-rich and crystal-poor tuffs formed from caldera-type 

eruptions. The dacites are much like the lower Tdf4 unit although more homogeneous and 

with some slight differences in modal mineralogy (table A2). Basal zones are commonly 

flow breccias with increasing proportions of massive fragment-poor and porphyritic 

fragment-rich phases up section. Dacite flows in the Cerro Estrella mine area thin to the 

north with both Tdf3 and Tdf2 pinching out causing a stratigraphic mineralization trap 

(compositional change) between the porphyritic rhyodacite dome and overlying aphanitic 

tuff. Dacite dikes of similar composition to the domes intrude the deeper tuffs and appear 

to be feeders. Rhyolite tuffs interlayered with the dacites comprise over 400m of volcanic 

section overlying Tdf2 (table A I). These tuffs exhibit varying degrees of welding and 

proportions of ash (table A2) which significantly effects the style and degree of 

mineralization. Unwelded tuffs fracture irregularly and do not develop through-going 

cracks thus creating an impermeable horizon that acts as a fluid cap. These unwelded tuffs 

develop numerous flat pyrite-rich veinlets sets deposited along tuff bedding layers. The 

unwelded tuffs, especially crystal-poor ones, host most of their ore along their basal 

contacts, and ore rarely extends> 15 m up into the unit. Welded tuffs are generally crystal

rich with abundant squashed fillame and numerous through-going cracks which develop 

sheeted microveinlets. 

The thick district stratigraphy and even thicker (>3 km) regional volcanic 

stratigraphy thins abruptly to the east across the Rio Mulatos and San Lorenzo faults. The 

dacite-rhyolite package is thickest to the west with units progressively pinching out to the 

east. Intrusive domes are common in the stratigraphy of Mulatos and further west but 

uncommon to the east. The domes are localized along fault structures and locally pinch out 

across fault or topographic structures. Matrix and clast supported breccias with blocks 

reaching diameters> 10m occur along the Arroyo and other large N-S faults. Breccias 
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have vertical morphologies that exceed 200 m in depth and are bounded by sharp contacts. 

Some open space or hydrothermal silica-filled breccias are bounded by faults, whereas 

other igneous matrix breccias occur with faults and appear to have intruded along 

structurally weak zones. From geologic relationships it is clear that the multiple types of 

breccias are of varying age and formed during magmatic activity. The breccias favorablility 

for hosting ore varies with permeability and clast composition. Porphyritic dacite clasts are 

leached by acidic fluids and host ore. Clast-supported open-space breccia zones are 

favorable ore-hosts. Other breccias containing welded or aphanitic clasts and fine grained 

matrix rather then open space are less permeable and only host thin dispersed pyrite 

veinlets. In general, breccias are less mineralized than the porphyritic dacite and rhyodacite 

units. 

Gently east and northeast dipping (5-10°) basaltic-andesite flows, lahars, debris 

flows, and epiclastic sediments of lower Miocene age angularly overlie the mineralized 

sequence of dacites and rhyolites. Unaltered basaltic dikes cross cut mineralization and 

provide a lower age limit on the district. These post-ore volcanics contain minor tuffaceous 

interbeds and may have been derived from a Miocene caldera center -10 km to the 

southeast (Cocheme and Demant, 1991). The unit becomes more sediment dominated 

toward the top forming interbeds and eventually overlain by conglomerates of probable 

Miocene age. 

STRUCTURE 

Pre- and post-mineralization structural events playa significant role in the geology 

of the district. Pre-mineral faults provide conduits for ore fluids; and post-ore faults tilt, 

dissect and expose the district. Pre-mineralization faults strike north-south with 

subordinate N 10-20E and N45-70E trends at Mulatos and appear to be concave to the west 

(figure A 7). At Cerro Estrella the> I km long x 200m vuggy silica and gold ore zone 
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trends north-south along the Arroyo Mulatos structural zone and may be related to an earlier 

N-S fault. Mineralization at the El Victor and San Carlos mines is aligned along a NE 

striking fault which juxtaposes a large dacite complex on the north against Mulatos rhyolite 

with minor dacite volcanic stratigraphy to the south. Mineralization is broadly coincident 

with these structural trends, however mineralization is not distinct veins but rather massive 

elongate pods of intensely altered Au-bearing material with width to length ratios of 1 :<S. 

Cross cutting the pre-mineral trends at both Cerro Estrella and the El Victor-San Carlos 

mines are later N70E subvertical barite-kaolinite-quartz-gold filled fracture controlled 

vein lets. These fractures host late hypogene veins that contain high gold grades (>0.5 

oz/t). These gold-rich veins are cross cut by unmineralized basaltic-andesite dikes. 

The abrupt eastward thinning of volcanic stratigraphy, mega-breccias (clasts> 10 

m), localization of domes and mineralization along major reactivated fault structures 

suggest the possible presence of a large caldera in the Mulatos region. If a caldera is 

present then these features would suggest that Mulatos district may have formed along its 

eastern margin (figure AS). The Arroyo, Mulatos and Rio Mulatos faults have breccia 

zones abutting their margins which could have been topographic walls or caldera margin 

faults which were reactivated by post-mineralization normal faulting. To the west of the 

district, various outcrop areas of volcanogenic sandstones and reworked water lain airfaIl 

tuffs could be moat sediments. 

The ore-hosting stratigraphy dips 25-30° ENE in the district and is unconformably 

overlain by post-hydrothermal basaltic-andesites that only dip 5-1 OOE. Mineralization is 

interpreted to have been tilted along with the stratigraphy, first 15-20° to the ENE about a 

NNW axis, then 5-10° NE after deposition of post-ore units. The first rotation is bracketed 

between -31 Ma rotated rhyolites and -25 Ma subhorizontal basaltic-andesites. The 

younger faults cut the Miocene volcanics and extend for many kilometers along NW 

trending structural grain likely associated with Basin and Range faulting in the northern 
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SMO. One of these faults offsets basaltic andesites >400 m long the Arroyo Mulatos Fault 

Zone, down dropping mineralization as well. Other late faults are high to moderate angle, 

normal faults striking N-S and NW which appear to be younger reactivations of older 

structures (e.g., San Francisco Fault, EI Victor Fault). The structures have exotic earthy

red hematite with varying amounts of cementation. The hematite fills the brecciated 

fractures and in some areas carries anomalously high gold values (locally> I ozlt). Cu is 

redeposited as oxides, silicates, and thin discontinuous chalcocite bodies. The upper 

portions of the faults are open structures that control supergene water flow and drainage 

patterns. Some faults are filled with white, toothpaste-like pyrophyllite+kaolinite that has 

been washed into the open structures. 

Tilting of ore bodies is interpreted as synchronous or post-mineralization based on 

observations that some post-mineralization faults are presently in reverse displacement 

orientations (figure A9a-d), and that vein let orientation measurements on over 200 clay and 

pyrite veinlets show a bimodal distribution of dominantly N-S to N30E striking veins with 

roughly equal numbers of shallow and steeply west dipping veinlets. If these sets are 

rotated back 30° returning their host stratigraphy to horizontal, the veinlets define a 

conjugate set with -60° dips on either side which would be more consistent with extension 

and normal faulting. Tilt amounts increase toward Cerro Estrella perhaps due to doming of 

stratigraphy by hypabyssal units or from progressive rotation of pre-basaltic andesite units 

by normal faulting along the Mulatos River fault zone. Independent of the first tilting 

event, the second event tilted overlying post-alteration units 5-10° to the NE. 

MINERALIZATION AGE 

The age of ore deposition at Mulatos is bracketed by argon geochronology on host 

rhyolites and cross cutting basaltic-andesites. 40 Arf39 Ar dating of several host units 

constrain the age of mineralization to late Oligocene. Ore hosting ignimbrite ofTtp has a 
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plateau age of 3 I .58 Ma ± 0.14 and fresh biotite from the Ttk welded tuff which overlies 

the mineralized units at the San Carlos mine is 32.91 Ma ± 0.12 (figure A 7, table A3, 

Appendix D). The ages differ by 1.3 million years with the stratigraphically higher rock 

having the slightly older age. This problem could be due to minor Ar loss associated with 

incipient chlorite alteration of biotite in the lower rhyolite tuff (Ttp). Because the 

ignimbrites are interbedded with dacites these dates show that at least some of the dacites 

are middle Tertiary and that the oldest possible age for mineralization is Oligocene. The 

dacites interbedded with dated rhyolites and the dacites below the rhyolites (Ttp) have the 

same bulk composition, textures, and REE patterns suggest they are likely Oligocene age as 

well. Whole rock K-Ar dating of a sample of basaltic andesite (Tvu) that angularly overlies 

the ore-bearing ignimbrites and cross-cuts mineralization gives an age of 25 Ma (figure A6, 

table A3). This age is similar to basaltic-andesites dated elsewhere in the region that appear 

to mark the transition from rhyolite ignimbrites to mafic flows and a change in the 

magmatic activity (Swanson, 1977; Cocheme, 1985; Cameron and others, 1989). The 

basaltic dikes at Mulatos typically trend N-S to NW which is parallel to post-mineralization 

normal faulting, and is an orientation typical of early Basin and Range deformation in this 

part of the SMO (Drier, 1984; Staude Appendix C). 

HYDROTHERMAL ALTERATION AND MINERALIZATION 

Advanced argillic alteration with prevasive vuggy silica is intimately associated with 

auriferous pyrite and sulfosalt mineralization. This alteration contains pyrophyllite

dickite±diaspore assemblages without alunite minerals which is usually common in these 

deposit types. The economic metal is dominantly gold with minor copper occurring as 

enargite and rare chalcopyrite. Outside the main mineralization centers, alteration grades 

out through kaolinite±pyrophyllite assemblages into kaolinite-rich with increasing chlorite, 

eventually forming an outer montmorillonitic halo. The alteration is extensive with various 



TABLE A3. District age constraints* 
Sample # Method Material Age (Ma) Rock Type 

Tvu-I K-Ar Whole 2S.0 ±0.3 Basaltic 
rock andesite 

Ttk-2 40Arj39Ar Biotite 32.9 Welded 
±0.12 rhyolite 
(plateau) ignimbrite 

931MS 40Arj39Ar Biotite 31.6 Welded 
SSA (Ttp) ±0.14 rhyolite 

(~Iateau) 

*Data indicate mineralization between 31.6 and 25 Ma. 

Latitude- Analyst 
Longitude 
2S-39-ISN Krueger 
IOS-44-00W Geochron 

2S-39-SSN M. Kunk 
IOS-42-S0W (USGS) 

2S-37-SSN M. Kunk 
IOS-44-IOW (USGS) 

Significance 

Post-ignimbrite. 
post-alteration 

Upper ignimbrite. 
pre-ore 

Lowest ignimbrite. 
pre-ore 

lit 
lit 



ore deposits present at different paleolevels in the district. The deep ores are disseminated 

ores whereas shallow ores are variably vein controlled. The mineralization is interpreted to 

have formed in an active volcanic environment which may have been covered by rhyolite 

tuffs as sulfur-rich dacite domes vented at the sUlface. Mineralization continued during and 

after rhyolitic magmatism with the final stages waining prior to the transition to basaltic 

magmatism. 

Alteration 

Hypogene alteration is characterized by quartz, pyrophyllite, kaolinite group 

minerals, and diaspore proximal to ore and in the central part of the district, with chlorite, 

montmoriIlonite, and epidote found distally (figure A I 0). The preserved zoning pattern is 

complicated by multiple superimposed local hydrothermal events, and overprinting surface 

supergene oxidation and hydration. Through these compilications a proximal advanced 

argillic (vuggy silica and pyrophyllite-kaolinite), medium distance intermediate argillic 

(kaolinite dominanted) and distal propylitic (chlorite-montmorillonite) alteration can be 

distinguished which is typical of many advanced argillic systems (Hemley and Jones, 

1964; Beane and Titley, 1981 ). Compositionally, the alteration shows a strong acid 

leaching of wall rocks with residual fine grained quartz and aluminous phyllosilicates with 

a corresponding removal of most other components. The alteration preceding and possibly 

during early Au-pyrite deposition was acidic with destruction of feldspars and mafics to 

clay and chlorite locally completely removing phenocryst minerals to form vuggy (e.g., 

porous, sponge-like) silica. Plagioclase phenocrysts progressively alter from epidote to 

kaolinite to pyrophyllite with increasing acid and temperature. Hornblende and biotite go to 

pyrite retaining phenocryst shape and internal twin planes. Further away as acidic 

alteration diminishes mafics are chloritized with discontinuous patches of disseminated and 

phenocryst-site filled pyrite. 
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• Vuggy silic:rr dick± pyroph ~ Strong chlorite+ epidote± mont 

~ Strong silica+klulinite±pyroph r:2J Moderate-weak chlorite+ clays 
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E3 Weak silica+st rong klulinite 

0 Moder~te-stn,ng kaoli nite 

i'-"'·, Rivt:r I stream 
0 Unaltered (pre & post-hydrothermal) 
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Cuntuur lntcrval ; 50 mcten 

).Iappin~ hy Suudc ( IWJ -~) 

Figure A I 0. Di s trict alteration cored by vuggy silic~-pyrophyllite zoned outward into 
chlorite-montmorillonite. Alunite is late and very rare . 
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Alteration zoning extends around gold±copper bearing centers from silcified-pyritic 

ore outward through a progression of less acid-leached assemblages. Surface exposures 

exhibit numerous features of hydrothermal alteration and gold-copper mineralization in the 

district including> I km2 red-orange color anomalies, silicified ridges (like Goldfield), 

pyrophyllite-pyrite veins, vuggy silica, auriferous barite veins, placer gold occurrences, 

distinctive plants, acidic streams, rare alunite (largely supergene) and silicified fault 

breccias in and around ore-bearing areas. Outward from the intensely silicified zones 

surface alteration grades into white argillized hillsides (mainly kaolinite) with placer barite 

and Au, eu-stained outcrops, mafic mineral-sites filled with either pyrite or supergene 

hematite after pyrite, massive quartz-pyrite outcrops mantled by thin alunite-quartz and 

kaolinite-quartz carapaces, and geochemical anomalies. In drilling beneath the partly 

supergene altered cap, more abundant pyrophyllite and dickite rather than kaolinite are 

found. Pyrite at the surface occurs in indurated silica, as microveinlets, and as veins (1-4 

cm wide) with quartz-pyrophyllite-kaolinite selvages. In less tightly silicified rocks, the 

pyrite is broken down to hematite, or where only fracture controlled then develops a 

mottled rock. 

The strongest alteration in and around ore bodies is intense vuggy silica with both 

feldspar and mafic phenocrysts leached and hard quartz-pyrophyllite matrix. At depth the 

advanced argillic assemblage changes to quartz-sericite with diminishing vuggy silica. 

Pyrophyllite±diaspore veins with quartz-pyrite selvages are common in and near the vuggy 

silica zones. A pyrophyllite-rich zone commonly forms a rind (2- 10 m thick) around 10-

30m wide vuggy silica-pyrite alteration areas (figure A I 0). This rind of pyrophyllite may 

have formed from both hypogene high temperature formation of clay away from the most 

intense acid fluid conduits associated with mineralization age faults or from post

mineralization clay remobilization through the more permeable vuggy silica out into the 

altered but unsilicified country rock. The rinds contain lower grade gold (0.5- I g/t) than 
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the silicified areas. The clay rinds provide a guide when exploring for quartz-pyrite-gold 

ore bodies because they typically ring the ore zones. In places pyrophyllite mixed with 

varying concentrations of kaolinite forms creamy (toothpaste-like) masses in open fractures 

that are present day aquaducts. At depth beneath the Cerro Estrella gold mineralization, x

ray analyses on 30 samples show that quartz-pyrophyllite-diaspore-pyrite assemblages 

continue with very spotty sericite alteration. The sericite occurs as thin veinlets and in k

feldspar phenocryst sites, with muscovite rather than sericite in a few deep vein samples, 

including one that had molybdenite+quartz+muscovite. One 0.4 cm anhydrite vein was 

discovered near the bottom of a 300m drill core. 

Peripheral to pyrophyllite+diaspore alteration is kaolinite+quartz+minor pyrite 

intermediate argillic alteration. This alteration covers >4 km2 forming two lobes around the 

main ore centers of Cerro EstrelIa and El Victor-San Carlos (figure A I 0). The 

kaolinite+quartz alteration has a few rare alunite veins which are mainly on fractures. The 

intermediate argillic altered zones unlike the ore zones has an argillized matrix and chalky 

kaolinite±dickite in feldspar sites rather than being vuggy or pyrophyllite-filled which are 

most commonly associated with the hypogene gold ores. Mafic sites are either converted to 

pyrite, or where affected by surficial supergene processes, have been oxidized to hematize, 

goethitize or vacant. Plagioclase feldspars vary from 100% kaolinite to approximately 30% 

kaolinite-70% montmorillonite moving away from the strongest alteration zones. Igneous 

k-feldspar phenocrysts are less common but show a progression from kaolinite altered into 

distal kaolinite-montmorillonite as well. At depth the sites become sericitized. Kaolinite 

veins and stockwork zones are present in some of the strongest argillized areas and 

decrease in size and abundance with distance from ore and the most intense alteration. 

Small vein lets and zones of chalcedonic silica flooding are found near the top of the 

alteration system. 



Further away the intermediate argillic alteration zone grades into plagioclase 

phenocrysts altering to montmorillonite and smectite, pumice shards altering to 

chlorite+c1ay±epidote, and mafics to chlorite rather than pyrite. Shreddy chlorite in place 

of hornblende, chloritized biotite, and cloudy, clay-specked feldspars are typical in this 

assemblage. Minor calcite veinlets are present in very distal (>3 km) outcrops as the 

proplytic alteration weakens to dominantly mixed smectite+montmorillonite which covers 

> I 5 km2 around the argillized center. 

Alunite group minerals are not common and in more than 100 drill chip x-ray 

samples from throughout the deposit fewer than five contain alunite. The alunite amd 

natroalunite form in both late hypogene and supergene environments. The alunite 

compositions from individual samples are affected by the local host rock composition. In 

dacites the alunite is natroalunite reflecting the sodium, whereas up section in the rhyolites, 

alunite (the K-endmember) is most common. Alunite crystals themselves are largely tine

grained intergrown with quartz. 

The modern surface is strongly kaolinitized with relict veins of pyrite now oxidized 

to hematite±limonite along fractures and silica encapsulated pyrite breccia host. Hypogene 

pyrophyllite±dickite is rare as groundwater has hydrated the mineralogy. Other tuff beds 

are more permeable and have specked hematite replacing disseminated pyrite with little 

silica. The pyrophyllite veins are hydrated to kaolinite with quartz+minor hematite 

selvages. The east-west cross section through Cerro Estrella shows the oxidized cap and 

supergene alteration above sulfide ore (figure A9d). The oxidation zones plunge to depths 

of >300 m along N-S and NW striking post-mineral faults. Drilling into the kaolinitized 

areas shows that they commonly overlie pyrophyllite-diaspore-quartz rocks. Sultide+c1ay 

veinlets and their selvages can be traced upward to the surface where veinlets become 

hematite-kaolinite with quartz-hematite selvages in the supergene environment. 
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Mineralizatioll 

Mineralization in the district is dominantly gold-rich electrum with lesser 

enargite±tennantite associated with vuggy silica and pyrophyllite-quartz-pyrite in massive 

elongate zones. Ores are broadly similar to the Goldfield, Red Mountain (Colorado), 

Luzon (Philippines), and Nansatsu (Japan) districts which all have free gold, gold in 

pyrite, enargite, and minor Te, Bi, As-bearing phases. Four principal hypogene Au-ceu) 

mineralization assemblages can be distinguished in a paragenetic sequence of early highly 

acid conditions followed by decreasing acidity and increased metal deposition. The main 

hypogene assemblages progress from early quartz±pyrophyllite±kaolinite+auriferous 

pyrite, to later quartz+kaolinite+auriferous pyrite±enargite+electrum, pyrite+quartz+minor 

kaolinite+Au-telluride, and finally barite+kaolinite+quartz+auriferous pyrite (figure All). 

Late post-ore veins of alunite±pyrite, and opalescent silica±fine grained pyrite fill thin 

fractures but are un mineralized. Supergene oxidation and Cu-remobilization develops a 

Au-rich hematite cap with local thin sub-horizontal copper bodies near the modern surface. 

Ore horizons consist primarily of gold with minor copper sulfosalts associated with faults 

and lithologic contacts. Early mineralization rarely forms large veins, instead occurring as 

steep massive pods parallel to major structural zones and sub-strati formal tabular ore bodies 

along stratigraphic contacts. Veins that do develop are along early N-S and NNE 

structures, and later ENE and NW faults. The majority of the ore is in massive elongate 

pyrite-vuggy silica pods. Later and more shallow ores are partly vein controlled with 

diverse sulfide, sulfosalt, and telluride assemblages. The large tonnage parts of the 

deposits containing >80% of the metal are associated with the silica+pyrite±pyrophyllite 

±diaspore+native Au and later enargite+pyrite+kaolinite (dickite)±pyrophyllite+native Au 

massive ore zones and in closely spaced thin vein lets. Pyrite+telluride±fine grained quartz 

veins and later barite+kaolinite+pyrite+native Au veins cross cut enargite ores forming thin 

(0.1-1 m wide) veins with quartz-kaolinite selvages. As of January 1995, at least seven 
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o re an dA ssocIate dAI teratlOn T lypeS: 
Alteration Envelope Most Common Ore* Gangue Location 

OJ 
c 

Hema+minor lim+ OJ 

Hema+minor lim Extensive E!' Native Au ± cc 
u goe+rare hall+jar 
Co. a 1------ ------- 1-------- 1------

Bar+kaol+qtz+pyr Kaol+minor qtz+ rare San Carlos-Native Au 
chalcedony EI Victor 

t 
u Pyr+rare Au-tel Minor kaol+qtz Kaol to chl+(rare epi) San Carlos c 
<U 
eo 

Enar (rarely Fama) 0 Qtz+kaol+pyroph+pyr Kaol+qtz to chl+epi Cerro Estrella Co. 
>. + pyr + native Au ::c 

Native Au + pyr Qtz+pyroph+kaol+pyr Kaol+minor qtz to epi Extensive 
to epi+chl 

• = Pyrile in (his column is Au-bearing 

Figure A II. Principle ore and associated alteration types. Abbreviations: bar=barite, 
cc=chaJcocite, chl=chlorite, enar=enargite, epi=epidote, fama=famantite, goe=goethite, 
hall=halloysite, hema=hematite, jar=jarosite, kaol=kaolinite, Iim=limonite, pyr=pyrite, 
pyroph=pyrophyllite, qtz=quartz, tel=telluride. 
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mineralized areas have been defined in two regions that together contain >60 million tons of 

1.5 glt Au within the district. Individual silica-clay bodies exceed 30 Mmt (million metric 

tons) with overall gold grades of 1-2 glt while the smaller barite-Au bodies are smaller (~ 5 

Mmt) but higher grade 5-12 glt (table A4). 

The ore mineralogy is native. electrum, auriferous-pyrite, electrum inside pyrite, 

enargite, tennatite, sphalerite, tetrahedrite, famantite, luzonite, bismuthinite and covellite 

(figure A 12). The electrum is gold-rich with Au>85%. High-grade gold ore zones are 

found with 1) Au-enargite with varying degrees of silicification and typically containing 5-

10% pyr and 0.5-1 % enargite, 2) barite-Au veins which have 3-8% barite with 4-12% 

pyritihedral pyrite, and 3) earthy red-brown supergene hematite with native gold. Beside 

the high grade associations, 50-70% of the gold ore is associated with vuggy silica which 

has disseminated pyrite inside a silica matrix and is supergene hematitized along fractures 

and vugs. Some supergene oxided vugs have minor visible gold. Lower grade zones are 

moderate to strongly silicified and correspond with horizons containing> 1-3% total sulfide 

(>90% is pyrite). The ore and sulfide association holds well for lower grade ore cutoffs, 

however the highest gold grades are not with pyrite but rather hematite after pyrite. Pyrite 

morphology is also related to mineralization with the pyritihedrons more often associated 

with higher gold concentrations and deeper environments than smaller cubic pyrite. 

Microprobe analyses on ore specimens reveal that in tellurides in the form of petzite and 

goldfieldite are present although rare. The tellurides are small and very minor in modal 

abundance, but do correspond well with gold-bearing ore zones, and have proved a useful 

prospecting tool in the region. 

Copper-gold ores are found inside the larger and at least partially earlier, low grade 

pyrite-gold halo and are cut by barite-Au veins. The Cu ores have enargite with minor Sb

solid solution (famantite). Enargite crystals fill vugs and 1-15 cm enargite veins cross cut 

Au-bearing clay-pyrite veins. Overall the amount of Sb found in famantite solid solution 
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TABLE A4. Mines and deposits of the Mulatos district* 
Name Elements Dep. typc Main ore types Main ganguc & 

wall alt.t~[!c 
Maiz Azul Ag, (Au, Polymctallic Basemetal sulfide Milky quartz, 

Pb) Chi 
2 San Lorcnzo Au, Cu, Polymetallic Basemetal sulfide Milky quartz, 

Ag, (Pb) Chl-e~i 

3 San Carlos Au,(Cu) Acid Barite-Au, dickite- Kaol+vuggy Si 
guaIlZ-Au 

4 EI Victor Au, (Ag, Acid Pyroph-Kaol-Au, Vuggy Si+Kaol 
Cu) Sulfosalt-Au·Cu 

5 Mina Vieja Au,(Cu) Acid Kaol-Au, (Enarg- Kaol+diaspore 
Au) 

6 San AU,eu Acid Pyroph-Kaol-Au, Vuggy Si, 
Francisco-C. Enarg-Au pymph+ kaol+ 
Estrella dias[!orc 

7 Taunas Au, (Cu) Acid Kaol-Pyroph-Au, Vuggy Si, 
Enarg-Au kaol+pyroph 

(diaspore), epi 
*Ordered from NE to SW 

Ore control Dcposit 
sha[!c 

ENE fault vein 

ENE fault vein 

fault & vein, 
lithology (dissem) 
fault & ign. dissem, 
contact vein 
lithologic dissem 
contact 
lithologic, dissem, 
major (vcin) 
structures 
lithologic+ dissem, 
fault (vein) 

Est. ounccs 
Au [!roduced 
<1,000 

<5,000 

-50,000 

-25,000 

-200,000 

-50,000 

Placer only 
<1,000 

Estimatcd 
Au Rescrve 
undrillcd 

incomplete 
drilling 
5Mmt@ 
-2 g/t 
12Mmt@ 
-1.4 glt 
incomplctc 
drilling 
>40Mmt@ 
-1.7 glt 

-5Mmt@ 
-2 g/t 

0\ 
.p.. 
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Mineral Pre-Ore Maill All-ell Late All Post-Ore SlIpergelle (high grade) H \'f}(}f!. e II e 

Metallic 
Gold - Rt!l1Iuhllllcc..1.&Inng laull' 
Enargite 
Sphalerite 
Tenn-Tetra (ss) 
Covellite '!l '!l 
Chalcopyrite 
Acanthite 
Au-telluride 
Bismuthinite 
Chalcocite 
Hematite 

Other 
Quartz R..:muhill/cil ;llnng laulL .. 

Pyrite 
Pyrophyllite 
Chalcedony 
Kaolinite-dickite 
Natroalunite (ss) 
Alunite 

? 

Diaspore 
Sericite 
Barite 
Limonite 
Jarosite 
Halloysite -------- -------- -------- -----------bisiaT-- --------

(timing approximate) 
Montmorillonite 
Epidote 
Chlorite 

Host rock types: - .. .. Pre-alteration host assemblage Qua~tz Hornblende .. 
(main minerals): Plagioclase Orthoclase Dacite. minor rhyodacite and rhyolite .... .... .. .. Biotite Augite .. 

Figure A 12. Generalized paragenetic sequence of ore and hydrothermal alteration 
minerals in ore deposits of the Mulatos district. Low grade (0.7-2 g/t), high tonnage 
(>20 Mmt) gold mineralization is deposited during the main stage and high grade (6-
30 g/t), low tonnage «3 Mmt) veins form during late hypogene events. 



66 

crystals is less then 25% the As values, and Sb/As ratio for the district is <0.2. Enargite 

ores make up less than 10% of the district ore and are most common at the Cerro Estrella 

deposit. Chalcopyrite veins up to 3 cm wide with quartz+minor sericite envelopes are 

intersected in a few of the deepest drill holes at Cerro Estrella (300 m). Although rarely 

seen at the 300 m depth, the abundance of chalcopyrite mineralization may increase deeper 

in the district. High-grade Au with barite cuts the enargite forming the final hypogene 

phase of mineralization. These veins are along earlier faults, at structural intersections, and 

along lithologic contacts. In favorable structural environments small bonanza pockets 

develop and have been a favorite target for local prospectors for over three centuries. The 

veins vary from 2-25 cm wide and blossom into ore pods exceeding 10 m x 15 m and 

extending >80 m deep. 

Features controlling ore deposition include lithologic composition, welding, mineral 

modes, phenocryst size and facies. Lithologic contacts having either compositional 

changes (e.g., dacites and rhyolites), or strength contrasts (e.g, welded, massive, 

unwelded) commonly develop ore horizons. Of particular note, is the rhyodacitic flow 

dome (Trf) contact with surrounding units. The contact i'i typically brecciated and high 

grade mineralization is found along the Trf upper contact. Aphantic tuffs (e.g., Ttq and 

Tto) commonly have ore directly below their base in crystal-rich units. Fe content of host 

appears to have a strong effect on the percentage of pyrite formed as the more mafic host 

rocks contain substantially more pyrite and pyrite crystals are commonly concentrated in 

phenocryst sites formerly occupied by mafic igneous minerals. Fragmental flow breccia 

horizons are favorable ore horizons often developing stratiform ore horizons. Contrasting 

host rock compositions cause deposition of metals making tabular stratiform ore bodies. 

A second type of mineralization which is not common, nor economically significant 

but present in the Mulatos region, is polymetallic (Zn-Pb-Ag-Cu) veins. These veins are 

fracture controlled with milky white quartz gangue and low total sulfide. The veins do not 
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have advanced argillic alteration nor characteristics of acid leaching prevalent in the acid 

type deposits. The veins have chlorite envelopes which zone outward over a few meters 

into montmorillonite±calcite altered dacite and rhyolite. The age of veins is unclear; 

however at San Carlos they cut the 32.9 Ma rhyolite tuff (Ttk) and do not cut the overlying 

basalts (25 Ma), thus they are bracketed within the same age constraints as the gold+copper 

mineralization. Juxtaposition of various epithermal deposit types is common in many 

volcanic regions. At Mulatos, the polymetallic veins are not spatially associated with 

precious metal acid dominated systems, nor are they obviously zoned around acid centers. 

A possible genetic link between these veins and the advanced argillic systems is difficult to 

prove, and currently does not appear obvious. 

Supergene free gold liberated from sulfides is common along with chalcocite in the 

oxidized cap of some of the deposits. This oxidation is metallurgically significant because 

it breaks down pyrite which has gold incapsulated both as discrete grains and bound within 

the crystal structure, and concentrates it as free grains of native gold at Mulatos. 

Microprobe analyses and SEM imagery of sulfide and oxide ores from Mulatos show that 

Au is commonly associated with pyrite and sulfide grain boundaries but during oxidation 

becomes concentrated with red hematite or as free grains. Supergene oxidation in the 

Summitville district for example has remobilized Au, increased the Au:Ag ratio and 

augmented Au fineness (Stoffregen, 1987). In the Mulatos district similar effects may be 

occurring as previous mining concentrated on the high grade (>30 g/t) oxidized free gold 

zones similar to those worked pre-I 940 in the Summitville district. Near surface hypogene 

Cu-sulfosalt ores are leached by groundwater with eu-metal redeposited along paleowater 

tables forming 5-15 m thick disseminated chalcocite horizons. The chalcocite is 

discontinuous and occurs as sparse grains on pyrite surfaces. No economic chalcocite 

deposits are found, probably due to the low total Cu grade, fairly small tonnage of 



hypogene Cu mineralization, and relatively rapid erosion that hinders buildup of thick 

leached caps. 

Ore Body Distribution 

At Mulatos mineralization is found in ore bodies extending over a 6 km2 area inside 

the larger area of hydrothennal alteration. From the Maiz Azul deposit in the NE to Cerro 

Estrella in the SW and various mineralized centers in between, the types and size of 

deposits vary with the largest ones at San Carlos-El Victor, Mina Vieja, and Cerro Estrella 

(table A4). San Lorenzo and Maiz Azul are two small mine areas that have quartz vein 

mineralization with trace eu-oxides on the surface and thin hypogene polymetallic base 

metal-quartz and rare calcite veins. The tonnages are less than 500,000 tons with grades 

generally lower than I glt Au and small high grade Ag-Pb-Zn-Cu base-metal sulfide 

pockets (table A4). San Carlos is the most recently active mine in the district having 

produced for >ten years and closing in 1993 due to sale of the property. The San Carlos 

mine like other parts of the district has mineralization of two types. Early low grade « 1-2 

g/t) Au with pyrite+silica+pyrophyllite and later high grade (>8 g/t) Au with 

barite+pyrite+dickite for which it was worked. At San Carlos only traces of enargite were 

found during this study although sphalerite, tetrahedrite, and rare goldfieldite are present. 

At San Carlos the lower grade quartz-kaolinite-pyrophyllite-pyrite ore forms both tabular 

bodies along NE dipping stratigraphic contact between dacite and rhyolite tuffs and along 

high angle NE trending silica flooded faults which fonn silicified ledges much like those 

found at Goldfield, NV (cf. Ransome, 1909; Ashley and Keith, 1976, Vikre, 1989). High 

grade Au-barite vein lets cross cutting the quartz-kaolinite-pyrophyilite-pyrite ore strike 

N70-80E with near vertical dips. These veins are commonly less than 3 cm wide but 

blossom into 20 m long x 2 m wide bonanza pockets which historically sustained small 

scale mining. Production from 1980-92 had Au grades of 6- I 0 glt from barite-bearing 
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silicified structures and auriferous bonanza barite-pyrite-dickite lithologic contact ore 

bodies. Remaining reserves of 5 Mmt @ 2 glt Au include selvage to the main structure and 

sub-structures as well. Disseminate ores are present but less extensive than at Cerro 

Estrella. 

To the southwest, across the Mulatos River from San Carlos is the EI Victor Mine 

which has experienced intermittent production since at least 1908. The El Victor mine 

although now abandoned, historically produced high grade supergene gold from hematized 

and kaolinitized fractures fonned from weathering and surface effects on hypogene 

auriferous pyrite-pyrophyllite veinlets. Estimated gold production from El Victor is 

sketchy because no public records are available and ore from EI Victor was typically 

blended with ore from other mines in the district. Verbal communication from owners 

involved in the mining indicates less than 50,000 ounces were extracted since 1980. 

From 1990-1992 Kennecott Corporation, drilled extensively in the EI Victor area 

and proved substantial additional resources, including detennining that ore bodies connect 

between the San Carlos and EI Victor mines across the Mulatos river. This drilling 

indicates a reserve over 15 Mmt @ > 1.0 glt Au over an area of -I km x 150 m. 

Previously, prospectors had worked portions of the 800+ meter long silicified ledge, but 

had never succeeded in sinking a shaft through the hard silicification. Today EI Victor 

stands as a high silicified cliff filling an older fault structure which cuts rhyolitic and dacitic 

volcanics. 

To the SW approximately 1 km is the largest mineralized area in the district with 

proven reserves of >30 Mmt @ 1.5 glt. This area is where the first mines in the district 

were developed at what is now cal1ed Mina Vieja just to the east of the townsite of Mulatos 

(figure AI3). Mina Vieja is part of a larger nearly continuous mineralized area that extends 

from just east of the town of Mulatos, southward over the mountain at Cerro Estrella, 
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Figure A 13. Major mines in the Mulatos district. 
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eventually covering a ISOO m x >200 m wide area. Mining at Mina Vieja began in 1840 

and extracted high grade hematite-Au ores which averaged IS glt, and produced >IS0,000 

ounces Au from narrow fractures and three tabular stratigraphic contact horizons between 

rhyodacite and overlying volcanic breccias and tuffs. To the south of the Mina Vieja, 

mineralization widens, thickens and the largest ore body so far discovered in the district is 

found under Cerro Estrella. The Cerro Estrella deposit extends from surface outcrops to at 

least 300m depth (figure A9) and is the largest deposit in the district. Mineralization at 

Cerro Estrella consists of all hypogene and supergene types outlined above and in figure 

A II, with over 70% of the ore made up of mixed oxide and sulfide, containing varying 

proportions of kaolin group minerals and pyrophyllite. Ores in Cerro Estrella generally 

change vertically from hematite to chalcocite+pyrite to enargite+pyrite to deep pyrite with 

rare chalcopyrite with a corresponding change in the host rock alteration as demonstrated 

from whole rock x-ray analyses (figure AI4). 

GEOCHEMISTRY 

Whole rock 
II> 

Fresh and progressively altered whole rock samples from throughout the district 

provide a framework for evaluating mass balance changes (table AS). These changes can 

then be compared with hypogene and supergene ore metal associations to characterize the 

district's hydrothermal history. Fresh whole rock samples of the Mulatos volcanic section 

indicate that the sequence resembles other ignimbrite volcanics of the northern SMO 

(Swanson, 1977; Cocheme, 1985; Wark, 1991; Albrecht, 1993). The Mulatos samples are 

intermediate and high potassic, calc-alkalic with REE patterns typical of SMO Oligocene 

volcanics (figure A ISa, cf. McDowell and Clabaugh, 1979; Cameron and others, 1980). 

The basal dacites have similar REE ratios as the interbedded and overlying rhyolites thus 

suggesting a similar evolved magmatic source (table AS). Post-hydrothermal basaltic 
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Vertical Column Through Mulatos 

Alteration Mineralogy X-ray Spectra Drill Hole 

quartz, kaolinite, alunite, pyrite 

quartz, kaolinite, natroalunite, 
diaspore, pyrophyllite, pyrite 

quartz, pyrophyllite, dickite 
(kaolin group), diaspore, pyrite 

quartz, pyrophyllite, pyrite 

quartz, pyrophyllite, illite, 
trace dickite/kaolinite, pyrite 

IS 10 S 3 , 
}. t1Uli~ 
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Figure A14. X-ray analyses from a vertical drill core through the Cerro Estrella deposit 
express the change from shallow kaolinite-alunite (late) to deeper pyrophyllite-illite
dickite. 
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TABLE AS. Mulalos whole rock geochemical analyses* 
--- --_.-

Fresh Altered 
Tvu-Posl T\'u-Posl Tdf2-fresh Tlo-frcsh Tlq-fresh AirslnplUff Tip-fresh Til-fresh Tlk- Tlj-fresh Tdf2-wkly Tdf2- TfdO- Tlo-wkly Tlo-mod. Trf-slr. Trf-vuggy 

ore dike ore dike luff luff (Tlk luff luff fresh luff luff prop mod. arg wkly prop prop arg prop silica 
correlalivc'?) 

9"JMS5IA 9JJMS23D 9IJMSBG 92JMS33K 93JMS81H 93JMS86G 93JMS85A 93JMSSOJ Tlk-2 93JMSS3A 91J~IS23A 93JMSS-IE 93JMSSOK 93JMSSOZ 93JMS81B 93JMS90Z 9JJMS22C 

Si02 55.9 57 59.6 66.8 71.5 73.5 73.7 7-1 7-1.9 75.9 59.2 63,5 62.7 67.5 72 65.8 75.8 

A1203 16.9 17.2 16.5 15.5 1-1.8 12.8 13.3 12.8 12.-1 12.4 16.6 15.6 16.7 15.2 1-1.6 14.7 12.6 

CaO 5.92 6.-17 3.2 3.93 0.08 1.45 1.43 0.26 0.76 0.17 3.1 2.11 2.-17 3.02 0.19 1.7 0.17 

MgO 3 ".01 3.6 1.46 0.37 0.75 0.48 0.73 0.-17 0.13 3.45 1.49 1.17 1.1 0.5-1 1.3 0.13 

Na20 3.7 .l48 3.5 2.98 2.97 2.89 3.27 1.76 2.57 3.76 3.2-1 3.71 3.87 2.77 2.73 3.-1-1 3.76 

K20 1.53 1.72 3.02 2.08 5.5 3.9-1 3.96 6.26 5.27 5.53 3.15 2.3-1 3.83 2.37 4.08 3.92 5.53 

Fd03" 6.52 6.07 5.65 3.12 2.58 1.74 1.7-1 0.93 1.39 1.11 5.77 6.15 5.58 2.9-1 2.31 4.55 1.11 

MnO 0.12 0.09 0.08 0.08 0.07 0.06 0.06 0.05 0.1-1 0.13 0.08 0.1 0.06 0.09 0.03 0.09 0.13 

Cr203 «101 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 

Ti02 0.96 0.84 0.66 0.51 0.26 0.23 0.2-1 0.18 0.2 0.13 0.65 0.67 0.7 0,42 0.26 0.24 0.13 

P20S 0.32 0.22 0.18 0.16 003 0.06 0.05 om 0.04 om 0.17 0.15 0.17 0.2 0.05 0.15 0.02 

1.01 3.4 2.8 2.25 2.65 1.6 2.15 1.45 2.15 1.35 0.75 3.2 3.9 2.15 3.88 3.25 -1.2 0.75 

Sum 98.57 98.9 98.5-1 99.27 99.76 99.57 99.69 99.15 99.-19 100.03 98.61 99.72 99.-1 99.-19 100.04 10009 100.15 

Ag(J1pm) <0.5 <0.5 <0.5 <0.5 0.8 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.9 3.-1 

As 23 12 26 19 8 5 2.5 21 7 2 31 72 230 23 20 70 280 

Au 0.003 0.004 0.005 0.003 0.007 0.003 0.003 0.005 001 0.003 0.006 0.001 0.003 0.005 0.002 0.012 220 

B 30 ,,0 -10 30 40 40 30 ,,0 20 ,,0 40 70 40 35 -10 70 140 

Ba 360 700 810 710 1300 990 1100 750 1100 250 880 530 9-10 600 890 550 220 

Be 3 3 3 3 3 3 3 4 3 4 3 3 3 3 4 3 -I 

Hi 3 3 3 3 3 3 3 3 .. 3 3 9 3 5 -I 5 3 

Br 3 2 3 3 3 3 2.5 2 2 3 2 3 2 3 3 3 3 

Cd 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 21 

Co II 1-1 12 5 I 2 2 4 1 0.9 1-1 II 16 -I I 9 -I 

Cr 16 34 10 2 4 4 -1.5 4 <2 <2 9 12 15 7 9 5 12 

Cs 21 3 13 29 8 5 -1.5 7 6 3 9 25 32 22 9 1-1 12 

Cu 3.7 13.6 9.5 19.6 12.2 6.5 2.85 1.8 9.1 0.5 22.4 H 12.1 8 3.5 16 12.6 

Ge 10 <10 <10 20 <10 10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

Hf 3 .. 2.5 3 9 3 4.5 5 2 7 " 3 3 6 5 4 3 

Mo <I <I <I 5 I <I <I <I 2 <I I <I <I 2 <I 2 6 

Nb 20 0 10 0 10 20 25 20 20 30 20 10 20 10 20 12 30 

Ni 5 18 l! 4 I I 1.5 4 2 I 7 10 10 3 I 6 3 
I'll 9 <2 5 2 3 9 6.5 3 4 9 <2 9 <2 6 17 17 1200 

Rh 100 30 UO 120 210 140 225 250 220 230 120 130 200 140 180 170 220 

....;j 
UJ 



TABLE A5. Continued - -- .. _--

Tvu-Post Tvu-Post Tdt:!-fresh Tlo-fresh TI'I-frcsh Airslrip luff TIp-fresh TIl-fresh Tlk- Tt}frcsh 

on: dike ore dike luff luff 

93JMS8tA 9tJMS23D 9IJMS23G 92JMS33K 93JMS81H 

S <100 <100 

Sb 5 0.8 

Sc 12.3 14.3 

S~ <3 <3 

So <to 0 

Sr 570 690 

Ta <1 1 

Th 3 7 

U 1.4 2.4 
V 90 130 

W <3 <3 

Y <to <to 

Zn 88 87 

Zr 130 100 

La 23.2 19.2 

C~ -19 40 

Nd 23 17 

Sm 4.9 3.5 

Eu 1A 1 

Tb <0.5 <0.5 

Yb 1.2 1 

lu 0.2 0.2 

I'l <to <to 

Pd 3 4 

U -10 30 

C1(ppm) <100 <100 

Rb/Sr 0.18 0.0-1 

Cdlu 2-15 200 

• Analyses by XRAL Laboratones . 

•• Fe203 as total Fe. 

<tOO <100 <100 

8.1 1.4 2.9 

9.6 4.6 6.4 

<3 <3 <3 

to to to 

435 590 40 

<1 <I <1 

12 to 16 

5.2 3.6 5.6 

90 60 0 

<3 <3 <3 

20 <10 50 

105 60 130 

100 120 360 

27.3 339 -IH 

51 60 88 

18 22 39 

3.5 3.6 7.2 

1.1 0.8 0.9 

0.6 <0.5 0.9 

1.1 0.8 -I 

0.15 0.17 0.66 

<to <to <10 

3 3 1 

50 20 0 

<100 <100 dlX) 

0.30 0.20 5.25 

340 353 133 

tuff luff fresh luff luff 

9.UMS86G 93JMS85A 93JMS80J Tlk-2 93JMS83A 

<100 <100 <100 <100 <100 

1.1 1.2 0.7 1.7 0.7 

3.6 3 4.6 2.9 3.1 

<3 <3 <3 <3 <3 

<to <to 10 <to 10 

170 t05 20 190 20 

<1 <1 1 <1 1 

17 20.5 18 18 23 

4.5 -1.5 -1.3 -1.7 -1.3 

20 to to 20 0 

<3 <3 <3 <3 <3 

<to 35 20 20 50 

35 -13 100 30 56 

90 1-15 130 80 210 

33.-1 35.5 25.1 -I2A 28.3 

57 58.5 50 56 61 

19 27.5 19 25 30 

2.9 5.3 3.6 3.9 6.7 

0.4 0.5 0.5 0.6 0.3 

0.5 <0.5 0.5 <0.5 1.1 

1.8 3.5 2.7 2.3 -1.8 

0.35 0.57 0.48 0.11 0.7-1 

<to <to <10 <10 <to 

2 2 3 2 3 

30 25 30 30 20 

<100 <100 <100 <ltX) <100 

0.82 2.1-1 12.50 Ll6 1l.50 

163 t03 10-1 137 82 

Tdt:!-wkly Tdt:!- TfdO- Tlo-wkly Tlo-mod. Trf-slr. Trf-vuggy 

prop 1I10d. arg wkly prop prop arg prop silica 

9IJMSBA 93JMS84E 93JMS80K 93JMS80Z 93JMS81B 93JMS9OZ 9IJMS22C 

<100 <100 <100 <100 <100 <100 <100 

31 19 21 2.1 3.2 7 19 

12 9.2 11.8 5.5 6.3 9.1 3.9 

<3 <3 <3 <3 <3 <3 <3 

to to <to 10 <10 10 to 

420 140 420 2tO 90 120 30 

<I <1 <I 1 1 1 <1 

17 14 26 20 23 18 16 

6 5.6 3.3 5.5 8.3 5.2 3.5 

90 90 70 30 20 70 20 

<3 <3 <3 <3 <3 <3 <3 

10 10 30 <10 50 20 <10 

81 63 77 70 55 78 2200 

120 100 160 145 290 190 90 

23.5 25.6 29.9 -16.2 86.8 30A 27.9 

-1-1 46 58 70 90 50.2 53 

17 19 23 45 67 21.2 19 

3.1 ]A -IA 4.5 12.3 -1.4 3.3 

1 0.8 0.9 1 1.2 0.7 OA 

<0.5 <0.5 0.5 0.5 1.-1 0.7 <0.5 

1 1.2 1.7 3.2 4 2A 2 

0.2 0.1-1 0.26 0.25 056 0.35 0.33 

<10 <to <10 <10 <to <10 <to 

3 2 3 2 1 2 3 

60 20 40 20 20 22 20 

<WI) <100 100 <100 <lOll <100 <100 

0.29 0.93 0.-18 0.67 2.00 1.-12 7.33 

220 329 223 280 161 1-13 161 

~ 
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Figure A15. A) K20 vs Si02 for Mulatos samples compared with data on mid-Tertiary 
volcanic rocks from the northern Sierra Madre Occidental from Cameron and others 
(1980) (shaded fields). Discrimination lines for potassium are from Gill (1981) and 
show that Mulatos like most of the rocks of the SMO volcanic province are medium to 
high K. B) Mass balance comparison between fresh and variably altered volcanic 
rocks using Zr as a conserved element. 
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andesite dikes have smaller Eu anomalies and less evolved trace element patterns similar to 

Late Oligocene-Early Miocene SCORBA (Southern Cordillera Basaltic Andesite) suite 

described elsewhere in the northern SMa (Cameron and others, 1989). 

The fresh units may be compared with progressively altered samples from the same 

units to evaluate bulk chemical changes. To quantify the mass change, chemical data were 

normalized to constant zirconium which appears to be resistant to the acid alteration and 

have remained constant until the most acidic alteration, when even it becomes mobile 

(figure AI5b). Other elements which are typically used as conserved elements (e.g., AI 

and Ti) are leached by the low pH fluids at Mulatos making them poor normalization 

elements. Increasing degrees of hydrothermal alteration show that mass transfer increases 

from minor alkali and ferro-magnesian depletion associated with weakly propylitic 

alteration to strong leaching of most major elements leaving residual silica and minor 

alumina in the vuggy silica altered rock. Rock type differences such as dacite versus 

rhyolite affect the mass changes as well. Dacites alter more readily decreasing their Na, Ca 

and K content relative to Zr sooner. Unwelded tuffs alter more easily than their welded 

counterparts, and mass transfer in aphanitic units is greater than the porphyritic phases. 

Unfortunately, no fresh rhyodacite samples are present in the study area as the alteration is 

commoly centered around the rhyodacites and they have been strongly argiIlized. 

Estimation of mass transfer in three dimensions is possible using major and minor 

element data from 90 drill holes throughout the district collected by Kennecott Corporation. 

These data show a decrease in the KINa ratio and Si/AI ratio with depth. These changes 

correspond to the vertical alteration change from intermediate argillic to propyllitic and the 

host rock transition from rhyolite to dacite at depth. Mass changes a kilometer from the 

main hydrothermal centers are less with only slight decreases in alkalis in the rhyolitic 

rocks. However, the dacites at distances of more than two kilometers are chlorite

montmorillonite altered and show decreases in ea and Na along with >4-6% hydration. 
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Regional stream sediment, district-wide rock chip sampling of outcrops and 

underground workings, and extensive drill data to 300 m depth provide regional and 

deposit scale trace metal information. More than 800 stream sediment samples collected 

over a > I 00 km2 area define arroyos with anomolous Ag, As, and Au. Other elements 

such as Pb show a wide dispersion patttern and are not uniquely coincident with the Au

Ag-As anomolies. District scale geochemical surveys using more than 4000 samples define 

individual deposits, element zoning, ore associations, and ore minerals. Factor analysis of 

these data show that Au, Ag, Ba, Cu, Mo, Te, Zn and As cluster, but that Pb and Sb 

although higher than background, do not directly correlate with Au mineralization. In 

detail, trace element distributions are complex with various superimposed hypogene 

effects, including fracture controlled Te and depth controlled Zn. Surface gold assays are 

variable with high spikes where supergene oxidized pyrite veins are most abundant and 

along barite filled fractures. To study the primary hypogene mineralization, 850 samples 

from the deeper hypogene zones from a total of 79 drill holes were compared for 34 

elements using Induced Coupled Plasma Mass Spectrometry by the Kennecott Corporation. 

These analyses show that Au and Ag are well correlated and have an overall Au:Ag ratio of 

I :-8 which is uncommon for the SMa where Au:Ag ratios are typically I:> 100 (Wisser, 

1966; Clark and others, 1979). Ba, Bi, Cu, Te and Zn are high due to the ore minerals 

barite (visible gold inside crystals), bismuthinite (correlates very highly with Ag), enargite 

(minor other Cu-sulfosalt phases), goldfieldite (minor petzite and other phases), and 

sphalerite. Other trace metals including W, Ta, Sn, Zr, Y, Li, V, Ni, Co, Ga, Cd, Mo do 

not correlate with Au, Ag or Cu although some mineral phases such as molybdenite have 

been very rarely found as thin veinlets in deep diamond core samples from Cerro Estrella. 

Overall the >2 million ton ore deposits can be identified from their extensive Au >0.5 ppm 

anomolies over a 1600 x 400 m area at Cerro Estrella and 600 x 400 m area at San Carlos

EI Victor. The metal associations useful for mineral exploration are similar to those 



determined at Goldfield (Ashley and Albers, 1975), however they display a largely 

geochemical anomaly at Mulatos with fewer discrete high grade Au centers. 

Stable isotopes 
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Sulfur, oxygen and hydrogen isotopes suggest a mixed magmatic and meteoric 

component to ligands and hydrothermal fluids. Sulfur isotopes from pyrite, enargite, 

natroalunite, and barite provide information on sources, equilibrium and temperatures of 

ore deposition. The sulfide data has very consistent numbers from different parage netic 

stages and locations in the district (figure A 16). The pyrite clusters at 834S= -3.9 ± 0.4%0 

and enargite at -S.O ± O.S%o suggesting a similar source and equilibrium conditions (table 

A6). Enargite and pyrite samples from the core and edge of individual ore bodies give the 

same values thus indicating an absence of zoning in single ore bodies. Pyrites of differing 

morphologies were analyzed to determine possible variations, but these were found to be 

consistent at single and across different paragenetic associations. Morphologies do 

correlate with gold grade as the large pyritihedral crystals that are later, vug filling crystals 

are associated with the highest gold values. Fine grained pyrite occurring in numerous 

associations and although it has a similar sulfur isotopic value, the Au grades with this 

pyrite are general low (-I glt Au). Coexisting and later sulfate minerals give three separate 

isotopic signatures. Barites have the heaviest isotopic signatures forming a cluster between 

17-22%0. Natroalunites are lighter with near zero and -4%0 values. The barite is -21-

-26%0 heavier than pyrite, with coexisting pairs giving an equilibrium temperature of 

2S0°C±20°C based on Rye and Ohmoto (1974). The barite crystals contain visible gold 

inside and have thin layers of pyrite along growth bands indicating co-precipitation. 

Natroalunite veins in the near surface zones of the deposit give values of -4%0 similar to the 

pyrite mineralization. These natroalunite veins are unmineralized, cut mineralization, and 

are interpreted to be of late post-mineral hypogene as well as younger superimposed 
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Figure A 16. Histograms of sulfur, hydrogen and oxygen isotopic values for the Mulatos 
district with the data given in a separate table. Abbreviations: D=diaspore, 
H?=possible late hypogene, !=igneous, M=minor montmorillonite, O=strongly 
oxidized, P=minor pyrophyllite, and S=supergene. 
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TABLE A6. Sulfur isotopic data from the Mulatos District 

Sample # 
94JMSI16A 

93JMS91A 
93JMSSOF 

94JMSI21B 

Description 
Top of Cerro Estrella, above Nopal, 
shallow, late alunite vein, no quartz. 
Quartz-alunite vein 
Late hypogene vein, coexists with 
pyrite, tmce red hematite on surfaces, 
lills open space 
High grade, coexists with pyrite 
120FI. 

Location 
Cerro Estrella-diamond 
drill core 

Mineral 
natroalunite 

Nopalito-underground alunite 
Cerro Estrella-underground barite 

San Carlos-underground barite 

94JMS 121 A High grade, edge of vein San Carlos-underground barite 
94JMS 102S Center of north orebmly, enargite 8uenavista II-underground enargite 

coexists with pyrite 
94JMS 120A Central core of Cerro Estrella ore Cerro Estrella-underground enargite 

zone, occurs with pyrite (116B) 
94JMS J02T Edge of north orebody, enargite Buenavista II-underground enargite 

coexists with pyrite 
94JMSI20F2 Fine grained pyrite which coexists San Carlos-underground pyrite 

with barite and locally with enargite 
94JMSI20FI High grade gold, coexisting (textural San Carlos-underground pyrite 

equilibrium) with barite 

94JMS 1168 Edge of pyrite gold-bearing orebody, Cerro Estrella-underground pyrite 
200m deep 

93JMS90E Central core of deposit, 400m deep EI Nopal-underground pyrite 
94JMSIOOC Massive pyrite breccia with interstial Chiprinna-undl!rgrouml pyrite 

lJuartz 

Measured value 
o34S* 

-4.1 

0.5 
17.S 

IS.4 

22.1 
-5.7 

-5.4 

-4 

-3.9 

-3.7 

-3.6 

-3.2 
0.9 

Calculated 
T(°C)** 

260°C (±JO) 
(equilibrium 
with 121B) 

* Sulfur isutupe data was collected in the Stahle Isotupe Labumtury at the University of Arizona. Gas fur analyses was extmcted by 
heating crushed sample with copper oxide in a uranium furnace. Reproducihility ±O.I %0. Accumcy was checked hy running lah 
standards. Results reported in per mil vs Canyon Diablo Troilite. 
** Tempemture for coexisting pyrite and barite calculated from equations derived by Ohmoto and Rye (1979) from experimental data. 

00 
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supergene origin. One alunite-quartz-pyrite vein collected from within the Cerro Estrella 

ore body gi ves a value of + I %0. This vein cuts enargite-pyrite mineralization but is not 

clearly supergene because it contains thin gray bands of fine-grained pyrite «0.5 wt. % 

total vein). These veins may be a result of late stage oxidization of the hypogene 

hydrothermal system, perhaps as the system cooled, became more sulfate-dominated, or 

mixed meteoric water near the suface. The sulfate is not in equilibrium with ore pyrite, but 

the fine-grained pyrite inside the vein is so minor and small that separation was not 

possible, 

Oxygen and hydrogen isotopes on samples from throughout the district were 

analyzed to evaluate the spatial and temporal variability of fluids, chemistry of source 

components and degree of mixing, determine hydrothermal isotopic equilbrium and 

temperatures when possible, and identify isotopic zoning in the system. Oxygen values 

from igneous biotite and quartz phenocrysts range in 3180 from 6 to 9%0 with biotite 

consistently 2-3%0 lighter than coexisting quartz (figure A 16, table A 7). Alteration phases 

including hypogene quartz, kaolinite, dickite, pyrophyllite, and other mixed clays span 

16%0. The pyrophyllite has lower values (3 180=0-8%0) and kaolinite group minerals have 

higher values (3 180=9-15%0). Mixed pyrophyllite+kaolinite±diaspore assemblages give 

intermediate values. Quartz alteration varies from opalescent silica at 9.5%0 to vuggy ore 

associated silica in the 14-17%0 range. Quartz preserved as strong silicification but not 

vuggy is slightly lighter (l0-13%0). Hydrothermal qum1z filling breccia zones ranges from 

13-15%0 similar to other non-vuggy hydrothermal silicification and possibly indicating a 

transition from heavier (vuggy silica) conditions to lighter (gold deposition associated) 

conditions. Late stage and lowest temperature silica is opalescent white and grey quartz 

which has values down to 9.5%0. Late or supergene oxidation of vuggy silica samples 

locally disturbs the oxygen 3180 signature by shifting it> 1 %0 toward lighter values. Late 

or supergene kaolinite is shifted at least >2%0 and possibly >5%0 toward lighter values. 



TABLE A7. Relative deuterium CoD) and 0180 contents of minerals and associated fluids from the Mulatos District 

Sample # Description Location 

TfK2 igneous pheno. (S3% Fe) North San Carlos 
(33 Ma) 

93JMSS5A igneous pheno. (7S% Fe) South Taunas (surL) 
(32 Ma) 

93JMSS4E mixed hypo kaol. and Taunas 
mont. propyltic zone 

93JMS84Z mixed kaol. and mont. Taunas (southend) 
propyltic alteration 

93JMS9OC supergene along deep fault EI Nopal (II. g.) 
92JMS37G supergene, near surface Nopalito (u.g.) 

clay vein 
94JMSlO3A vuggy silica clay in Idds El Victor 

sites (hypogene) 
94JMS112A deep hypogene clay vein Cerro Estrella (DB-central) 

512' in drill hole 
93JMS92FI hypogene (largely dickite)- Cerro Estrella 

deep drill hole 
94JMSIOSEI kaol with minor mixed Cerro Estrella (DH-central) 

pyroph 
94JMSlIOZ kaol and pyroph mixed EI Victor 

hypogene 
94JMSI14A hypogencJPD 12 715' Cerro Estrella <DH-central) 
94JMSI16D deep veinlPD-16 679' Cerro Estrella (DH-central) 

(supefl!ene effected?) 
94JMSI13D hydrated supergene Cerro Estrella (DH-

effected 203' northend) 
94JMSI13G gold lJuartz ore 500' Cerro Estrella (DII-

northend) 
94JMSI22A enargite ore drill chip - 450' EI Victor 
94JMSI02A mixed day filling vuggy Buenavista 2 mine (u.g., 

silica+diaspore Cerro Estrella) 
94JMSI02N minor dickite with pyroph Buenavista 2 mine (u.g., 

in phenocryst site Cerro Estrella) 
921M533E opalescent veinlcl Taunas (surf.) 

94JMSI02T vuggy silica, supergene Buenavisla 2 mine (lI.g., 
oxidized vugS Cerro Estrella) --

Measured value 
Mineral OD(SMOW) * 0 ISO 

hiot -101 6.S 

hiot -95 S.5 

k:lOl+mont -89 

kaol+mont -S5 

kaol -53 9.S 
kaol -50 11.4 

kaol -64 15.6 

kaol (dick) 13.3 

kaol (dick) -60 

kaol+pyro -55 13.0 

kaol+pyro -58 13.9 

pyroph -74 3.7 
pyroph -65 1.5 

pymph -56 

pymph -56 7.7 

Ilymph -58 
pyro+dick -62 8.6 

pynHdick -52 5.5 

'lIZ 13.6 
qtl. 14.S 

-- -- -

Fluids 
ODH20 

-S3 

-77 

-69 

-65 

-23 
-20 

-46 

42 

-37 

-40 

-59 
-SO 

-38 

-41 

-43 
-44 

-34 

Estimated 
o 180H'J 0 T (OC)** 

-
3.8 700 

5.5 700 

200 

200 

-17.2 30 
-15.6 30 

12.6 250 

10.3 250 

250 

10.0 250 

10.9 250 

0.2 300 
-2.0 300 

250 

4.2 3(X) 

3(X) 

3.6 250 

0.5 250 

2.6 200 

7.8 300 
00 
tv 



TABLE A 7. (Continued) 

Sample # Description Location 

94JMSI07Y opalescent late silica Cerro Estrella 

94JMSI14A hypogene advanced Cerro Estrella (OH-central) 
argillicIPDl2715' 

94JMSI06X strong silica with clay Cerro ESlrella (DH-
partly removed from VU!!s southend) 

94JMSI06Y vuggy silica with fine Cerro Estrella (OH-
grained pyr unoxidized southend) 

94JMSI20A vuggy silica with Cerro Estrella-(OH-
enargite+auriferous pyr southend) 

94JMSI03A vuggy silica EI Victor 

92JMS35G silica in supergene clay San Carlos (5 m from surf.) 
zone, hypogene qtz 

941MS 120FI strong silica with barite- San Carlos (u.g.) 
pyrite gold vein 

94JMS11611 deep hydrothermal silica in San Francisco Mine (OH 
Thv -580' beneath) 

94JMSI07Z grey silica (fine grained San Francisco Mine (u.g.) 
pyrite) 

92JMS33Z veinlet in propylitic zone Taunas (sur!".) 

TIK2 igneous phenocryst North San Carlos 

92JMS33C igneous phenocryst Taunas (surf.) 

93Jf\lS85A igneous phenocryst South Taunas (surf.) 

Measured value 
Mineral ODiSMOW)* 0180 

qtz 10.2 

qlz 14.6 

qtz 15.8 

qtz 16.7 

qtz 15.8 

qtz 16.9 

qtz 16.8 

qtz 13.2 

'ltz 15.3 

qtz 10.8 

qtz 11.2 

lJlz 9.1 

qtz 10.0 

4tz IOJ~ 

Fluids 
001110 

Estimated 
0 1S0 H?0 TeC)** -

-0.8 200 

7.6 300 

7.8 250 

8.7 250 

8.8 300 

8.9 250 

8.S 250 

5.2 250 

7.3 250 

2.3 250 

0.2 200 

6.1 700 

7.0 700 

7.8 700 

* 0 and II data collected in the S\ilble Isotope Lahoratory at the University of Arizona. Oxygen was extracted fmm single minerals using a laser-fluorination hne 
similar to that descrihed by Sharp (1989). Water was extracted from -35 mg of hydrous mineral hy heating under vacuum and converted to H2 over> 700°C 
uranium. Reproducibility of oxygen was 0.2-0.5%< and 1-6%0 for hydrogen. Each sample was mn two or more times and the value given is the average. Accuracy 
was checked by mnning a lab standard with every three unknowns. Data was corrected to conform with values 011 international standards with -10%0 for hydrogen, 
+0.5%0 for oxygen on all but quartz, + 1.0%0 on quartz. 
** Temperature estimates from phase equilibria and used for calculation of equilibrium water. Kaolinite equilibration data is used for pyrophyJlite, because no 
experimental data for pyrophyllite is available. 

00 
w 
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The oxygen data can be used to calculate equilibrium temperatures on kaolinite

quartz and pyrophyllite-quartz mineral pairs, and identify a rough zoning pattern. 

Unfortunately only a few samples have separable mineral pairs. Coexisting pyrophyllite 

and quartz from sample 94JMS 114A give a temperature of 297°C consistent with 

pyrophyllite stability (Hemley and others, 1980). Kaolinite-quartz pairs give temperature 

estimates that are much too high (>500°C) which could be due to disequilibrium as it is 

unclear if the two phases are intergrown. Oxygen isotopes roughly zone from heaviest 

values in the vuggy silica centers to progressively lighter values in the clay-chlorite zone. 

On a district scale too few values are available to completely evaluate isotopic zoning, 

however the >40 analyses now available suggest a trend out toward igneous (unexchanged) 

values in the district fringes as the degree of alteration subsides into proylitic alteration. 

Hydrogen isotope mineral data cluster into two main populations. one from igneous 

and weakly propylitized minerals, the second from intermediate and advanced argillic 

alteration phases (figure A 17). Igneous biotite values are the lightest, giving values of 80= 

-95 to -100%0 (table A6). Propylitic kaolinite-montmorillonite isotopes are slightly heavier 

than igneous values in the range of -85 to -90%0. In the advanced argillic alteration, 

pyrophyllite and kaolinite data overlap considerably with a slight separation between lighter 

pyrophyllite (-54 to -74%0) and heavier kaolinite (-50 to -64%0). If the kaolinite data are 

separated into dickite-bearing and other apparent hypogene kaolinite, and supergene 

kaolinite, the supergene data are heavier (-50 to -53%0). 

Hydrogen and oxygen values can be calculated to mineral-water equilibrium 

conditions and then water sources evaluated using experimental data from Suzuoki and 

Epstein (1976), Friedman and O'Neil (1977), and Taylor (1986) (figure AI7b). Two of 

the largest sources of error in the calculation are the assumption of equilbrium and 

temperature. Equilibrium mineral formation was checked with thin sections and using 

mineral pairs that have clean sharp grain growth boundaries. Temperature effect is 
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85 



86 

accounted for by plotting data along lines bounded by high and low temperature estimates 

and marked by a box for the data point calculated at the preferred temperature. The 

preferred temperature estimates are given in the isotope data table along with their calculated 

equilibrium water values. Calculated oD and ~)I80 for biotite plot near values common to 

many igneous systems and calculated pyrophyllite data plot in between a magmatic 

component characterized by the biotite and meteoric waters. 

Hydrogen-oxygen pairs from kaolinite group and pyrophyllite assemblages define 

two populations that have minor overlap. These populations have distinctive mineral values 

as noted above, and since no experimental data is available on pyrophyllite-water 

equilibrium, kaolinite equilibration curve can be used for both. Alternatively, muscovite 

could be used, however muscovite experiments must be extrapolated 100-200°C below 

their low temperature endpoint of 450°C to reach conditions of pyrophyllite-kaolinite 

equilibrium. If an extrapolation is made then hydrogen values shift a minimum of 37 and at 

low temperatures -60%0 (Suzuoki and Epstein, 1976; Friedman and O'Neil, 1977; Kulla 

and Anderson, 1978), these tremendous shifts would give near positive oD values which 

seems unlikely. Using the kaolinite equilibration curve for pyrophyllite means the only 

difference is temperature which would be -200-250°C for kaolinite (mainly dickite) and 

-300°C for pyrophyllite. The pyrophyllite and kaolinite data form a cluster between 

magmatic and meteoric water. The kaolinite are slightly lighter in hydrogen and 

consistently heavier in oxygen. Together the data form a cluster that may be interpreted as 

possibly forming from mixing of meteoric and magmatic water. The late kaolinite and 

opalescent quartz have the lightest oxygen values and may have formed as the hydrothermal 

collapsed. 
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HYDROTHERMAL CONDITIONS DURING ORE FORMATION 

The depth and temperature of ore deposition can be constrained from preserved 

volcanic stratigraphy, phase equilibria and isotopic data. The two main hydrothermal 

centers (Cerro Estrella and San Carlos) may have formed at slightly different times but both 

are overlain by hydrothermally altered, minor gold-hosting volcanic stratigraphy. These 

two centers have similar paragenesis, alteration, mineralization, and cross cutting features 

but Cerro Estrella has more pyrophyllite and San Carlos more dickite and late 

alunite+opalescent (hotspring-Iike) silica. The stratigraphic section places Cerro Estrella 

400 m below San Carlos in the section with an additional 200 m of section above San 

Carlos beneath the 25 Ma unconformity. But not such that EI Victor or San Carlos are 

directly stacked over top Cerro Estrella or Mina Vieja. The unit directly above San Carlos 

is Ttk and it contains minor opalescent quartz veinlets, and rare alunite+kaolinite veins. 

These veins form late in the paragenesis and do not contain mineralization. If a 600 m 

volcanic section is restored atop Cerro Estrella (i.e., 400m to top of San Carlos + 200m to 

basaltic andesite unconformity) then hydrostatic pressures estimated for the top of the 

deposit are -90 bars and with the deposit extending at least 400m deep, pressures would 

reach -150 bars. If Iithostatic pressure is estimated then pressures more than double. 

However, these estimates may be maxima, because if part of the mineralization formed 

prior or during burial of the ignimbrites then pressures would be less. Pyrophyllite 

alteration occurs in the central and deeper parts of Cerro Estrella but only in the deepest 

portions of San Carlos (mostly deep at EI Victor) which might be a depth indicator, with 

deeper, hotter systems having pyrophyllite and shallower ones containing kaolinite and 

more abundant late alunite. 

Temperatures vary from <200°C to >300°C with lowest temperatures forming late 

and common in the upper portions of San Carlos and highest temperatures forming early 

and in the deeper portions of Cerro Estrella. San Carlos preserves late hotspring-type 



characteristics such as opalescent silica and chaIcedonic veins which grade downward and 

across at EI Victor into dickite and minor pyrophyllite assemblages. No diaspore is found 

at San Carlos, whereas pyrophyllite+diaspore is common at Cerro Estrella and minor 

sericite is found in some of the deeper zones. EI Victor located between the San Carlos and 

Cerro Estrella areas has temperature and depth suggesting of an intermediate setting. Phase 

equilibria experiments on the system AI203-Si02-H20 (Hemley and others, 1980) help 

constrain early advanced argillic alteration temperatures. If the alteration at Mulatos formed 

at conditions on or close to the liquid-vapor boundary, then the predominance of 

pyrophyllite+diaspore and absence of kaolinite restricts temperatures to above 290-31 O°C 

(Hemley and others, 1969). At significantly higher temperatures, andalusite would form 

but has not been observed at Mulatos. At lower temperatures kaolinite replaces 

pyrophyllite as the stable aluminosilicate. Additional factors such as changing silica 

concentration associated with temperature fluctuations, varying vapor content of fluid, and 

varying pressure (boiling and sealing) could possibly cause disequilibrium or change the 

equilibrium conditions. At Mulatos, the deeper alteration assemblages have early 

pyrophyllite with later and shallower kaolinite±pyrophyllite. Kaolinite is principally the 

polymorph dickite which forms at higher temperatures, typically >220°C (Nagasawa, 

1978). Barite-kaolinite-pyrite veins are the latest gold stage mineralization and sulfur 

isotopic values as well as phase equilibria suggest temperatures in the neighborhood of 

250°C. 

DISCUSSION 

This section investigates the genesis and significance of pyrophyllite rather than 

alunite alteration, discusses consequences of acid alteration and sulfur mass balance, and 

concludes by presenting a model for genesis of the deposits. Following this, a few 

comparisons to other well known advanced argillic gold systems are drawn to place 
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observations made in the Mulatos district in a broader context. Advanced argillic alteration 

is defined by the presence of acid compatible mineral assemblages stable in the temperature 

range of I 50-400°C (Meyer and Hemley, 1967; Hemley and others, 1969). At Mulatos 

this alteration is different from the typical quartz-alunite-pyrite alteration generally called 

"high sulfidation" or "acid sulfate" (Hedenquist, 1987; Heald et aI., 1987; Rye and others, 

1992) in that alteration is dominated by pyrophyllite rather than alunite. The stability of 

pyrophyllite instead of alunite can be due to a number of factors which can be seen from the 

mineral reaction relating the two phases: 3[AI2Si40IO(OHh] + 6H+ + 2(K, Na)+ + 

4[S04]= = 2[(K, Na)AI3(S04h(OH)6] + 12Si02. This reaction shows the dependence 

upon pH, cations, quartz and sulfate. Changes in temperature and pressure will shift the 

position of the stability fields of the phase relationships but maintain the morphology. As 

temperature decreases and water becomes more available, kaolinite forms instead of 

pyrophyllite making the kaolinite-alunite reaction: 3[AI2Si20S(OH)4] + 6H+ + 2(K, Na)+ + 

4[S04]= = 2[(K, Na)AI3(S04h(OH)6] + 6Si02 + 3H20 (figure A 18). Sulfur is abundant 

at Mulatos forming extensive pyrite and sulfosalt-ores, and a large 0.5-2 volume percent 

pyritic halo. Quartz is abundant in the early alteration probably being concentrated as a 

residual product during extreme acidic conditions that leach base cations and AI during 

genesis of vuggy silica and pyrophyllite (cf., Brimhall and Ghiorso, 1983). The silica is 

then present in sufficient quantity to make pyrophyllite in place of alunite however in 

numerous systems quartz-alunite assemblages are common thus silica is not a limiting 

factor. Low K or Na contents will limit a system's ability to form alunite. This factor 

could be significant for Mulatos if the acid alteration leached all the cations prior to 

introduction of large quantities of sulfur or the prevalence of oxygen in the system. 

Besides sulfur and cations, the oxidation conditions limit the formation of alunite. Sulfates 

such as barite and natroalunite are present late in the hypogene sequence thus late events 

appear to have increased oxidation conditions. This oxidation during later events in concert 



A. 
1.0 

0 
N 

::r: 
~0.5 
d) 
1-
:::l 
Ul 
Ul 
d) 
1-

0.. 

B. 

2.0 

N 

Q 
CIJ 
E 
01) 2.5 

..S2 
I 

3.0 

100 200 
Temperature °C 

Experimental data by Hemley et al. , 1980 

System Al203-Si0l -H2 0 

DIASPORE 

CORUNDUM 

200 

Critical Temperature 374°C 

250 300 350\ 400 

Based on experiments by Hemley et al., 1980 

Figure A 18. Phase equilibria temperature constraints usi ng the diaspore-pyrophyllite
dickite mineralogy modified from Hem ley and others ( 1969; 1980). 

90 



91 

with earlier extremely acid conditions that leached most K and Na cations appears to control 

the preferential formation of pyrophyllite rather than alunite in Mulatos type systems. Thus 

Mulatos may be more acidic or less oxidized than typical advanced argillic gold systems. 

Acid driven hydrothermal alteration will leach wall rock components and enhance 

rock permeability. In strongly altered rocks, the bulk rock composition and mineralogy 

have been substantially changed from dacites or rhyolites to vuggy silica rocks grading 

outward into increasingly more clay-rich rocks around the periphery. The most strongly 

leached areas preserve silica boxworks and open cavities in place of feldspar and mafic 

phenocrysts. The rock is exceptionally hard, homogeneous and cracks brittlely, forming 

numerous thin through-going fractures that act as fluid channel-ways. The rock itself 

becomes homogenized to silica and thus can not buffer subsequent fluids. Zoned around 

the vuggy silica are zones of thick white clay. The clay limits fluid flow away from the 

vuggy silica zones, thus channeling fluids. The inability of silica to buffer the acid content 

of the fluid may develop a self-perpetuating acid condition where by subsequent fluids can 

use the vuggy silica zone as a permeable conduit. 

Sulfur is a key element in the generation of this type of ore deposit as it provides a 

major component for ore deposition. The fresh host dacites and other unaltered volcanic 

units at Mulatos do not contain pyrite or other sulfur phases thus the abundant, pervasive 

pyrite in the Mulatos deposits has formed epigenetically with sulfur added to the system. A 

simple mass calculation for the central core of the Cerro Estrella deposit indicates over 2.25 

x 106 tons of sulfur have been added. This total is a minimum and is calculated from a 

rock mass of 150 x 106 tons (60 x 106 m3 (dimensions 1000m x 200m x 300m) x 2.5 

tons/m3) and -3 vol. % pyrite (S= 1.5%). However, the 1 vol. % pyrite alteration halo 

extends nearly three times further requiring a total of >-22 x 106 tons of sulfur to be added 

to the system. Additional amounts of sulfur may have flowed through the system and been 



expelled as volcanic gas, such as in active systems where advanced argillic alteration is 

forming today (Hedenquist and others, I 994a; Goff and others, 1994). 
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The sulfur has a magmatic isotopic signature and appears to have been deposited 

throughout most of the hydrothermal system's activity. Early sulfur formed sulfides like 

pyrite, later sulfosalts and sulfides were deposited together (e.g, enargite, tennantite, 

pyrite), later barite-pyrite (mixed sulfide-sulfate) assemblages formed and finally 

alunite±pyrite veins were deposited. This progression in sulfur mineralogy shows the 

systems transition to higher oxidation through time. Supergene processes remobilize the 

sulfur forming chalcocite bodies, jarosite and alunite veinlets and rock surface coatings. 

The hypogene sulfur evolution appears to be a progressive oxidation from sulfide to sulfate 

dominated minerals. The sulfur seems to be particularly critical in Au transport and 

deposition in the 250-350°C temperature range especially in low salinity fluids like those 

possibly at Mulatos. The Au may travel as a Au-sulfide species such as HAu(HS)02 and 

be deposited with ferrous minerals or under decreasing aH2S(aq) conditions like that caused 

by boiling (Drummond and Ohmoto, 1981) or mixing with ground water (Hayashi and 

Ohmoto, 1991). 

Sulfur is one of a number of indicators for a possible shallow hypabyssal intrusive 

body beneath Mulatos. Other factors include the high temperature alteration minerals 

similar to those seen in active volcano-hydrothermal systems like Mount St. Helens, 

Pinatubo, and White Island, and alteration caps characteristics above numerous calc

alkaline and calc-alkalic intrusion-related systems (Sillitoe, 1973; Gustafson and Hunt, 

1975; Brimhall, 1980). Many articles have proposed a link between advanced argillic 

alteration systems and deeper porphyry coppectgold and related deposits (Sillitoe, 1989, 

Barton and others, 1995). At Mulatos a number of observations made principally on deep 

drill core samples (300 m) are consistent with a porphyry type intrusion at depth. Some of 

the key features include disseminated chalcopyrite and rare chalcopyrite veins, minor 
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sericite veining and replacement of primary k-feldspar, shreddy chlorite replacing biotite 

sites, and higher temperature assemblages with depth. Other factors such as large pre

mineralization structures which partly focus fluid flow may also be conduits for deeper 

intrusive bodies. Dacite-rhyodacite dikes at Cerro Estrella and EI Victor-San Carlos are 

sub-parallel to preexisting faults and become more abundant with depth, perhaps forming 

the uppermost fingers of a deeper magma chamber. The bottom of the ore bodies, as is 

best explored in the Cerro Estrella deposit, have gradational alteration contacts with some 

deeper elongate high temperature and locally high gold-(copper) grade feeder zones. The 

deepest drill holes below 1100 m elevation at Cerro Estrella intersect pyrite-electrum ores 

with rare disseminated and veinlet chalcopyite. On a district wide scale the local vuggy 

silica zones become smaller and eventually disappear with depth, giving way to epidote and 

chlorite dominated alteration. This alteration might be the propylitic halo around either a 

deeper intrusive source or simply the product of district-wide hydrothermal fluid flow. 

In the Red Mountain district of southern Arizona, similar advanced argillic alteration 

grading down into proplylitic alteration with narrow zones of enargite before increasing 

alteration intensity again at depth into quartz-sericite assemblages and chalcopyrite± 

molybdenite ores of a porphyry copper deposit IOOOm below surface have been described 

(Corn, 1975). Sillitoe (1983) documents many massive enargite ore deposits associated 

with low pH, high sulfidation state conditions occurringin the upper volcanic 

superstructure above porphyry systems. Mulatos may be a similar example that has yet to 

have a deep porphyry exploration effort undertaken. To date exploration has documented 

mineralization spatially related to dacite domes. These dacite domes are commonly 

hydrothermally altered themselves. This alteration perhaps forming during collapse of the 

hydrothermal system or from superimposed events appears to be the upper part of a 

magmatic system developed above a pluton of the SMO Oligocene batholith. 
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Using data presented in this paper, a preliminary model aimed at explaining the 

.genesis of the Mulatos deposits can be developed. Any model for the deposit must explain 

the abundant advanced argillic assemblages, prevalence of pyrophyllite rather than alunite, 

and introduction of >2 million ounces of gold. The observed sequence of ore stages 

determined by cross cutting relations is I) early disseminated and thin vein let pyrite 

including deposition of pyrite in mafic mineral sites, 2) acid fluid leaching of feldspar sites, 

3) enargite pods and minor veinlets filling vugs and cross cutting pyrite ores, 4) fracture 

controlled barite+pyrite fluid must have been more neutral during this stage to transport Au, 

and 5) supergene chalcocite concentrated on pyrite crystals, shallow and fault controlled 

earthy red-brown hematite with coarse gold. These five ore stages fit into a magmatic 

progression in the district from dacitic and rhyodacitic magmatism to rhyolite ignimbrites 

with ore deposits closely located around dacitic centers. A plausible scenario that explains 

these conditions is one that includes an early acidic fluid, perhaps a magmatic vapor 

generated from the degassing of a shallow magma chamber similar to modern day 

analogues such as White Island, NZ (Giggenbach, 1992; Hedenquist and others, 1993) or 

Satsuma Iwojima, Japan (Hedenquist and others, I 994a). During degassing the magmatic 

vapor mixes with shallow meteoric water causing cooling, and phase separation. The two 

phases will follow distinctive paths as the denser, metal-rich fluid (likely near supercritical 

conditions) will crystallize or move slowly outward while the metal-poor, low pH vapor 

-rich phase will ascend rapidly and generate extensive leaching and clay alteration. The 

metal-rich fluid deposits ore as it cools and metal solubilities decline. In the Mulatos 

district ores are associated with sulfide in the silicified advanced argillic alteration zones 

possibly formed from this type of metal-rich brine. 

Fluids early in the development of the deposit may have carried Au as H2S or thio 

complex probably at temperatures greater than 300°C generating gold-pyrite-pyrophyllite

dickite ore assemblages. Early fluids could have deposited their Au during phase 
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separation from H2S to S04+H. This oxidation would increase acid and could have 

contributed to the leaching environment. As fluids cool they first deposit silica in the silica 

breccia and silicification, and AI in clay areas, then carry Ca, Na, K, Fe, Mg more distally 

in the alteration halo. Enargite is deposited in the vugs developed during leaching. 

SummitviIle, Red Mountain (Colorado), Sunnyside-Patagonia AZ, and Porgera PNG are 

some other locations where similar enargite is found to fill earlier formed vuggy silica 

similar to Mulatos. Later fluids became more Ba-rich or neutralized allowing deposition of 

barite similar to conditions in the Tambo Mine (EI Indio district, Chile; Jannas and others, 

1990). One hypothesis that can be tested in the future is the possibility that a Ba-fluid met a 

S-fluid and precipitated as BaS04. Later fluids, possibly derived from supergene 

groundwater, oxidized the deposit locally upgrading the deposit with respect to both gold 

and copper. 

Dacitic intrusive centers appear to have centralized fluids and thermal energy with 

magmatic vapors and heated ground water developing the ligands for metal transport. The 

precise magmatic phase generating the deposit, if there is one, is unclear because of the 

superimposed multiple dacite domal events, however the close proximity of domes and ore 

is clear. During late stages and particularly near the upper parts of the system the N60-80E 

fracture set accommodated auriferous hydrothermal fluids. These fractures, although late 

and reactivations of an earlier structural weakness, typically formed the high grade Au ores. 

These ores formed from -250°C fluids that may have boiled or mixed with meteoric water 

in a shallow environment, possibly <200 m deep as at San Carlos. 

Comparison to other advanced argillic systems 

Numerous advanced argillic gold districts have been identified (figure A5), 

however relatively few have more than one million ounces of gold. Looking at mainly but 

not exclusively the larger deposits, comparisons between features and ore forming 
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processes can be drawn. Many systems contain electrum with quartz-alunite type alteration 

(e.g., Goldfield), fewer contain quartz-pyrophyllite (e.g., Mulatos), while others are 

somewhere in between with either shallow pyrophyllite and deeper alunite (e.g., Pueblo 

Viejo, Kesler and others, 1981) or more commonly deeper pyrophyIlite beneath shallow 

alunite (e.g, Chinkuashih, Tan, 1991). Ores in the Goldfield. EI Indio, Luzon 

(Philippines, Sillitoe, 1989), and Nansatsu (Japan, Hedenquist and others, I 994b) districts 

are broadly similar to Mulatos with electrum, gold in pyrite, enargite, and minor Te, Bi, 

As-bearing phases. however at Mulatos, ores are mainly gold in pyrite and electrum rather 

than sulfosalt and telluride-rich. This contrast may partly be a function of scale and grade 

as the ores at Mulatos are lower grade (1-2 glt gold) rather than the 10->30 glt common in 

the other advanced argillic systems, but are much larger tonnage (50 Mmt for Mulatos 

compared to <5 Mmt for most others) (cf. Cox and Singer. 1986). These differences in 

tonnage are interesting, because they may suggest that Mulatos formed as a much more 

disseminated example of an advanced argillic system with roughly the same amount of total 

metal, but with it spread through -lOx as much rock. Mapping with followup drilling has 

identified higher grade feeder zones which appear to cross cut each other through time. 

Early ore controls are north-south with later NE veins. The highest grades are with barite

pyrite-kaolinite veins which strike N70E and are associated with the less acidic fluids 

forming in the waning stages of mineralization. These veins comprise less tahn 20% of the 

total Au and are most abundant in the shallow parts of the deposits and most common at 

San Carlos-EI Victor. 

Morphology of ore bodies contrasts between districts that are largely vein 

associated (e.g., EI Indio) to vein with disseminated halo (e.g., Chinkuashih) to nearly 

veinlet-free (e.g., Pueblo Viejo). Mulatos with its more than I km section shows how 

these ore types can vary vertically with massive pyrophyllite+vuggy silica, sulfide-rich ore 

deep, and dispersed narrow veins shallow. The advanced argillic gold districts contain 
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vuggy silica which appears to be a genetic link to the overall strongly acidic alteration 

(Stoffregen, 1987) but does not always correspond with mineralization. Barren zones of 

acid leaching may be due to early acid fluids, degassing of metal poor magmas, or acid 

caps above boiling zones where metals if present are precipitated at depth during boiling. 

At Mulatos the occurrence of vuggy silica early with enargite filling leached cavities is 

similar to mineralization in smaller deposits like Summitville and the National Belle 

(Colorado) mines. Silica ledges are common at Mulatos similar to the Goldfield district and 

in general gold ores are around these ledges, although large portions of the silicified bodies 

are not ore-bearing. In some districts these ledges are related to caldera structures 

(Rodalquilar, Arribas, 1992; Tambo, Jannas and others, 1990) but is unclear at Mulatos. 

At depth the advanced argillic deposits have diverse signatures for which 

observations at Mulatos may provide some insight. Some districts have large quartz

chalcopyrite-enargite-pyrite±tennantite veins which continue as quartz-chalcopyrite veins 

with thinning and lower grade at depth (e.g., EI Indio) or develop small disseminated zones 

of chalcopyrite with rare veinlets which grade outward into propylitized host rock (e.g., 

Red Mountain, Arizona; Summitville). Other districts with enargite but low Au grade at the 

surface extend downward into clay altered with thin quartz veinlets without much metal 

eventually intersecting scattered chalcopyrite at depths of 1000 m and greater (Sunnyside, 

Arizona). In each of these cases, pyrophylIite has been noted in the deeper levels of the 

systems. Mulatos with its abundant pyrite, could be a link between the epithermal acid 

environment and deeper, higher temperature porphyry environment. The EI Indio-type 

systems are dominately vein controlled where fluids can travel large distances along the 

structure, in other systems such as Mulatos, mineralization is disseminated and related to a 

broader hydrothermal system. 



98 

CONCLUSIONS 

The Mulatos district is one of the largest advanced argillic gold districts in North 

America and has mUltiple mineralization centers which provide an opportunity to compare 

processes, alteration mineralogy, and chemistry of ore formation. Alteration is not typical 

"acid-sulfate" but rather pyrophyllite-quartz dominated. Mineralization is bracketed 

between 31 and 25 Ma, proving it formed during the Oligocene ignimbriti'c magmatism of 

the northern Sierra Madre Occidental. Gold mineralization changes from early pyrite to 

main stage pyrite±enargite to late barite. A possible caldera or major structural control to 

hydrothermal fluids is indicated from assay data, alteration patterns, and stable isotopes. 

The district is tilted 15-20° after mineralization and another 5-10° after post-mineralization 

basaltic andesites are deposited. Temperatures of formation vary from -310°C for deeper 

assemblages to <200°C for late, shallow events. Sulfur isotopes indicate a magmatic sulfur 

source with millions of tons of sulfur added to the system possibly from a sulfur-rich 

magmatic plume. Oxygen and hydrogen isotopes are consistent with fluid mixing of a 

magmatic and meteoric source with late fluids developing a strongly meteoric signature. 

The regional geology and occurrence of at least five other advanced argillic districts 

in the region suggest Mulatos may not be unique and that various sytems may have formed 

in the same general volcanic package typically forming at the dacite to rhyolite stratigraphic 

transition, with mineralization closely associated to dacite-rhyodacite domal centers. 
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APPENDIXB 

Volcanic-hosted Epithermal Precious-Metal Mineralization 
in the Sierra Madre Occidental, Mexico 

ABSTRACT 
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The Sierra Madre Occidental (SMO) is one of the premier precious metal 

provinces in the world with silver production that helped Mexico lead the world's annual 

silver production for nearly 500 years. Today, numerous abandoned as well as new areas 

are being evaluated for their precious metal potential, however, now gold rather than 

silver is the principal focus for exploration. The epithermal deposits in the SMa vary 

from volcanic-hosted and apparently further from a clear magmatic source, to intrusive-

hosted where there are commonly several possible proximal igneous sources yet timing 

relations have for the most part not been worked out. The majority of the historic mining 

comes from high grade Ag, quartz±calcite veins with gangue and alteration envelopes of 

chlorite, sericite, and adularia (termed "adularia-sericite"). These veins generally have 

less than 2% total sulfide, few if any sulfates, with ore zones occurring as bonanza 

pockets or thin bands within the vein. Metal ratios vary widely both in Ag/Au as well as 

with respect to base metals. The examples range in age from Cretaceous through 

Tertiary. Many deposits are preserved in volcanic rocks around exposed intrusions and 

beneath the near surface volcanic environment. 

A second class of volcanic-hosted deposits that has not been previously 

recognized in Mexico is quartz±alunite±pyrophyllite±kaolinite mineralization (termed 

"acid-sulfate"). These have extensive (> I km2) areas of vuggy silica and advanced 

argillic alteration grading outward into intermediate argillic assemblages. They are 

hosted by Oligocene rhyolite tuffs of the SMa which has been generally been considered 

barren and post-mineralization in most ore deposit studies of the region. The ores in 
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some cases appear spatially linked to dacitic-rhyodacitic domal centers, although in 

others, ores occur along major structures and stratigraphic contacts. Eight acid-sulfate 

districts identified in the northern SMa and exhibit a broad spectrum of mineralization 

styles, ranging from vein systems through hydrothermal breccias to complex 

combinations including disseminations, stockworks, and massive sulfides. There are Au, 

Ag and Cu-bearing examples, however with relatively few examples the complete 

metallic variation is likely much larger. Ores contain pyrite, enargite, tennantite

tetrahedrite, with lesser covellite, tellurides, bismuthinite, argentite, and are often cut by 

later auriferous barite veins. Some Ag-rich, Au-poor systems have galena rather than 

auriferous pyrite, sphalerite, and chalcopyrite. Ag-rich examples do not contain enargite 

but instead have Ag-sulfosalts. Other deposit types including hot spring centers, 

sediment- and tuff:·hosted disseminated, and pluton-related veins occur in the SMO in 

both older and younger volcanic sequences. Higher temperature deposits such as skarns 

and porphyries are preserved in exposures beneath th~ Tertiary volcanic section. 

INTRODUCTION 

The Sierra Madre Occidental (SMa) is an extensive physiographic province 

which is composed largely of volcanic with older and subordinate plutonic rocks 

overlying and intruding a heterogeneous Precambrian through Jurassic basement (Campa 

and Coney, 1983; Sedlock and others, 1993). The province contains one of the largest 

volumes of un metamorphosed volcanic material anywhere in the world, with estimates of 

>250,000 km3 of rhyolite (Swanson and McDowell, 1984) overlying> 1 00,000 km3 of 

dacites and andesites. Deep incised canyons and varied tilting offer superb exposures of 

the three dimensional character of hydrothermal mineralization and the volcanic section 

which hosts it. Most precious metal deposits have epithermal characteristics including 

formation depths of <I km depth, temperatures <-300°C, which in some cases may be 
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related back to a nearby intrusive center. The province extends from central Mexico to 

the United States border covering> 1200 km in length and preserving widths exceeding 

200 km. This paper focuses on the northern portion of the province (;:::25°N) but includes 

selected examples and information from further south to provide an overall synthesis of 

the province. 

Earlier studies locating and characterizing many of the major districts were 

completed by Gonzalez Reyna (1956a), Salas (1975), and Clark and others (1979). 

Interpretation of deposit formation was related to height above basement and orientations 

of large fold features (Wisser, 1960; 1966). Later compilations summarized vein 

mineralogy, alteration, orientation, evidence for boiling and metal ratios (Buchanan, 

1981). Other workers have related the timing and distribution of vein mineralization to 

plate tectonic processes (Clark and others. 1982). These studies described the main ore 

mineralogy and deposit characteristics, building the background used for this study to 

focus more on district scale features, associated magmatic rocks, processes of ore 

formation, fluid characteristics, and time-space distribution of districts in the SMO. 

The present paper focuses on extents and types of alteration on a district and 

regional and to evaluate the spatial and genetic relationships between acid sulfate and 

adularia sericite systems. As earlier work by Bethke (1984) developed the acid sulfate 

and adularia sericite distinctions, and Heald and others (1987), Hedenquist (1987) and 

White (1990) further described the characteristics that distinguish the deposits. In this 

study, an attempt is made to quantify these differences to evaluate the role of different 

processes in the formation of different types of epithermal deposits. The SMO provides 

an excellent province to test these relationships of age, distribution, vertical zoning, and 

magmatic association as the canyons expose up to 2 km of undeformed section. Detailed 

district mapping and laboratory data collected at fifteen districts, plus reconnaissance 

studies in fifty others can be combined with existing published and unpublished data to 



provide a framework for interpreting the SMO ore deposits. The geologic studies 

completed as part of this project quantify and compare alteration (extents, mineralogy, 
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. intensities, timing), associated magmatism (igneous composition, extent, age) and 

mineralization (age, mineralogy, distribution). During the study a number of districts 

having extensive argillic and advanced argillic alteration were identified. Discovery of 

these districts provided an opportunity to investigate the spatial relation between 

advanced argillic (i.e., "acid sulfate" or "high sulfidation") type systems and less acidic, 

adularia-sericite (Le., "low sulfidation") type systems. From site visits a subset of the 

largest and best exposed districts was made and samples collected for laboratory 

analyses. Geochronology, stable isotope, geochemistry and petrographic studies along 

with other techniques provide new data for these districts. This data provides a basis for 

analysis of epithermal mineralization in the SMO and an extension of ideas to high-level 

mineralization elsewhere in the world. The concluding analysis of sulfur contents, 

extents of alteration, and possible relations to vertical exposure or preservation provides a 

framework for better understanding epithermal mineralization and its possible relation to 

other types of hydrothermal mineralization. 

GEOLOGIC SETTING 

The SMO north of 25°N latitude covers portions of the states of Sinaloa, Durango, 

Chihuahua, and Sonora. However, if volcanic rocks of Middle Tertiary age are included 

outside the region defined as the SMO physiographic province (Raisz, 1959; Ortega and 

others, 1992), then the extent includes Coahuila to the east and Baja California to the 

west, as well as extending northward into the southwestern United States (figure B 1, table 

B I). Overall, the volcanics are younger to the northwest although there is not a simple 

unidirectional transgression. The volcanics are deposited over a basement that is rarely 

exposed and poorly known. Outcrop areas where rocks of Pre-Late Cretaceous time are 
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Figure B 1. Selected deposits and generalized volcanic rocks of the Sierra Madre Occidental 
province with emphasis on the deposits north of 25°N. Abbreviations in Table B 1. 



TABLE B I Districts in Text and FiIJurc B I 
District Name (State) I Abbr. I Deposit Type(s) I 
Alamos (Sonora) AI 
Amargosa (Sonora) Am 
Aqua Caliente (Chihuahua) Aq 
Batopilas (Chihuahua) Bp 
Bolaiios (Jalisco) BI 
Cerro Pelon (Sonora) CP 
Chipriona (Sonora) Ch 
Cicnega (Durango) Cg 
Cicncguita (Chihuahua) Q 

Conchcno(Chihuahua) Cn 
Cosala (Sinaloa) a 
Cusihuiriachic (Chihuahua) C~ 
Dolores (Chihuahua) OJ 
EI Pilar (Chihuahua) PI 
Fresnillo (Zacatecas) Fr 
Guadalupe y Calvo (Chihuahua) GC 
Guanajuato (Guanajuato) Gt 
Guanacevi (Durango) Gv 
Guazapan:s (Chihuahua) Gz 
Guerr.l Altiruno (Chihuahua) GA 
La Colorada (Sonora) LC 
La Cuchara (Nayarit) Cc 
La Dura-Halcon (Sonora) LD 
Magallanes (Sonora) Mn 
Maguarichic(Chihuahua) Mg 
r>lctates (Durango) Mt 
:Vlillionaria (Chihuahua) MI 
:Vloris (Chihuahua) Mr 
Mulatos (Sonora) Mu 
Namlqui(la (Chihuahua) Nm 
Ocampo (Chihuahua) Dc 
Pairnarcjo (Chihuahua) Pi 
Paradoncs Amarillos (Baia Cal. Sur) PA 
Parral (Chihuahua) P 
Piedras Verdes (Chihuahua) PV 
Pinos Altos (Chihuahua) PA 
Promonlorio (Sonora) Pr 
R<!fonna-Liuvia del Oro (Sinaloa) Rf 
Rio de Plata (Chihuahua) Pl 
Sahuayacan (Chihuahua) Sh 
San Felipe: (Baja California) SF 
San Francisco de:l Oro (Chih) SO 
San Jose de Gracia (Sinaloa) SJ 
Santa Barbara (Chihuahua) SB 
Santa Eulalia (Chihuahua) SE 
Santa Maria del Oro <Chihuahua) SM 
Tayoltita (Durango) Tt 
Temoris (Chihuahua) Tm 
Todos Santos (Baja California Sur) TS 
Topia (Durango) Tp 
Triunfo (Baia California Sur) Tr 
Uriljue (Chihuahua) Lq 
Uruachic (Chihuahua) Ur 
Zacatecas (Zacatecas) 'ZJ; 

Zapote (Chihuahua) Zp 

NOTE I: Main type is- - A=hotspring. B=acid 
sulfate. C=adularia sericite. D=pluton
hosted/closely associated. including porphyries. 
E=sedirnent-hosted epithermal vein. F=high 
temperature skarn/replacement. G=rhyolite dome. 
H=low angle fault 

D,C,E 
B 
D 
D.C 
D,C 
B 
B 
C.D 
C 
C 
F,C,D 
C 
C,E 
B,C 
E.F 
C,D 
C,E 
C,D 
C,B 
C 
D,C 
C 
B 
G 
C 
E,B? 
C 
A,C 
B 
C 
C,D 
C 
D,C? 
E 
F 
C 
B 
F.C 
C 
E,C 
C,H 
E,F 
D.C 
E 
F 
E 
C,D 
A 
D 
C,D 
D,C 
C,D 
C 
E,C 
A 
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exposed inside the SMO province are small, isolated occurrences. However, around the 

edges various pre-volcano-plutonic exposures are preserved. Outcrops along the western 

flank range from Precambrian and Paleozoic through Late Cretaceous, whereas along the 

east they are mainly Early Cretaceous limestones and shales (Ortega and others, 1992). 

These rimming units indicate a geologic transition occurred where the SMO is now 

preserved. This transition has had various terrane interpretations put forth to explain the 

stark contrast in stratigraphy on either side of the SMO magmatic arc (Coney and Campa, 

1987; Sedlock and others, 1993). 

Overlying and intruding the Precambrian through Early Cretaceous basement are 

diverse magmatic and sedimentary rocks, varying in age from >100 Ma to <20 Ma. The 

sediments become subaerial and increasingly volcanic dominated with time. The 

sediments intertongue with andesitic and minor rhyolitic flows and tuffs. Lithologic ages 

are poorly constrained due to few radiometric dates and extensive regional chloritization 

which disrupts radiometric decay systematics. The igneous rocks can be subdivided into 

three time groups. The groups include pre-Oligocene intrusions and andesite-dacite 

volcanics, Oligocene rhyolite-dacite tuffs, and Miocene-younger basaltic-andesites. 

Detailed descriptions of these rocks are presented elsewhere by various authors who show 

that magmatism is largely calc-alkaline to calc-alkalic (Henry, 1975; Bockoven, 1980; 

Cameron and others, 1980; Bagby and others, 1981; McDowell and Clabaugh, 1981). 

The pre-Oligocene rocks span >70 m.y. and are compositionally diverse ranging from 

diorite to granite. Oligocene and younger igneous rocks are more sialic as a class and 

with considerably more data (McDowell and Keizer, 1977; Swanson and McDowell, 

1984; Albrecht, 1990; Wark and others, 1990) they show various complexities in their 

genesis. They are distinguish from older rocks by their more evolved igneous chemistry 

(figure B2, Cameron and others, 1980) and extensive ignimbritic magmatism. Overall, 

volumes of magmatism associated ;.vith each period may be roughly equal with the 



7 

6 

5 

o 4 
~I 

3 

2 

40 

Volcanic Rocks of the 
Northern Sierra Madre Occidental 

Miocene 

114 

80 

Figure B2. Whole rock geochemical analyses for pre-Oligocene, Oligocene and younger 
volcanic rocks. Data from Keizer and McDowell (1977), Bagby and others (1979), 
Bockoven (1980), Cameron and others (1980), Cocheme (1985), Albrecht (1990), Wark 
(1991), and Staude Appendix A. 
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amount of Oligocene magma being greater in the east. The age of transition from older 

intermediate to younger more felsic volcanics decreases to the northwest across the 

northern SMO (Staude Appendix C). This progression directly effects the time-space 

development of epithermal mineralization which appears to have formed a number of 

deposits during this transition (e.g., Mulatos, Guazapares). 

The Oligocene period experienced a huge increase in magmatic activity (flux) 

with >-150,000 km 3 of volcanic material which blanketed more than a fifth of the country 

in less than 10 m.y .. Overlying the ignimbrites are basaltic-andesites interbedded with 

conglomerates formed from the erosion of the SMO volcanic edifice. Whole rock 

chemical data for the northern SMO subdivides the magmatic rocks into three groups 

which correlate with episodes of actitivity (figure B2). Oligocene volcanics are more 

sialic and in many cases more potassic than pre-Middle Tertiary rocks, and Miocene 

rocks are more basaltic as a group than the older magmas. Strontium isotopes for 

magmatic rocks become richer in 87Sr/86Sr during the ignimbrite phase and increase 

spatially from lowest values in the southwest (87Sr/86Sr<.705) to highest in the northeast 

(>.710) (McDowell and Keizer, 1977; Damon and others, 1983a). 

Previous workers concluded that mineralization is primarily hosted by pre

Oligocene rocks and that most of it formed prior to the Oligocene ignimbrite volcanics 

(Wisser, 1966; Clark and others, 1979). In this paper new data collected from throughout 

the region shows that a number of deposits are hosted in Oligocene rhyolite to dacite 

dominated volcanic sequences (figure B3). 

MINERAL DEPOSITS 

The SMO is rich in metallic mineralization with thousands of occurrences in more 

than 40 different types of deposits (Salas, 1975; Leonard, 1989). In the north, mining has 

largely focused on volcanic-hosted epithermal Au-Ag deposits, however occurrence of 



Figure B3. A) Photo of Oligocene tuffs of the northern SMO in the Mulatos Au-(Cu) D i trict 
(Sonora-Chihuahua b rder). Vuggy silica white promontorie cover 6 km2 area in photo. 
B) Clo e up of San Franci co Mine, central part of Mulato Di trict. Clay altered area 2 
km diamet r. 
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porphyry copper (Satevo, Chih), Mo porphyry (Mala Noche, Chih), W greisen (Santa 

Ana, Son), polymetallic skarn (Piedras Verdes, Chih), Mn vein (Casas Grandes, Chih), 

Sn vein (Ochoa, Our) and F vein (Magallanes, Son) mineralization makes it a province of 

great diversity. The general characteristics and locations of these districts have been 

recently summarized (Consejo Recursos Minerales, 1992, 1993a, b; Staude, 1993; Orris 

and others, 1994). They range from pluton-hosted and closely intrusion-related deposit 

types, such as porphyry and skarn, to more distal and enigmatic vein occurrences where 

the heat source is less obvious. Few radiometric ages have been determined for 

mineralization, but it appears that in many cases deposits of the same type formed at 

different periods (Staude Appendix C). In some districts multiple mineralization events 

may have occurred intermitently but spanning a >10 m.y. age range. Mineralization in 

the overlying volcanics is vein dominated with both adularia sericite and acid sulfate type 

deposits. Distal and above some precious metal epithermal veins hot spring deposits 

formed along with Mn, F, and Sn veinlet deposits during a time span of more than 50 

million years. Element belts have been proposed by previous authors (Clark and de la 

Fuente, 1978; Clark and others, 1982), however in detail, the superposition of hypogene 

and supergene features creates a complex metallic distribution pattern which may not be 

simple element belts. In the west deeper exposures display the diversity and abundance 

of intrusion associated mineralization up through near surface acid sulfate ores. In the 

east, carbonate stratigraphic units host numerous replacement and skarn deposits in an 

otherwise largely Oligocene rhyolite dominated environment. 

Previous studies of epithermal mineralization conclude that ores in the SMO pre

date Oligocene rhyolite-dominated volcanism (Wisser, 1966; Clark and others, 1979), 

however field examination of> 100 districts during this study, shows that the younger 

volcanics host a number of large ore deposits and that many of the deposits hosted in 

older rocks, may have formed during Oligocene time. In general, the Au-Ag deposits 
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which are nearly ubiquitous in the SMO, range in age from late Cretaceous through 

middle Tertiary (figure B4). Compilation of> 400 districts north of 25°N with tens of 

occurrences in each district shows that 90% of these occurrences are quartz±calcite± 

(adularia-sericite) veins based on data from the University of Arizona Mexico Research 

Consortium (unpublished data, 1995). A subset of these deposits can be subdivided 

based on their ore and alteration mineralogy to provide examples of the various types of 

deposits most commonly found in the region (table B2, table B3). Single districts have 

internal variations as well as between district differences, however by quantifying the 

extent of alteration, volume of sulfur, and timing of features among other factors, new 

data and insights can be developed. 

Erosion and deep cutting of rivers through the SMO volcanic section exposes 

abundant hypogene, primary sulfide ores with associated wall rock alteration, enabling 

study of hypogene mineralization and its surrounding metasomatic envelope. These 

canyons provide vertical exposures through hundreds of epithermal districts in the SMO, 

and illustrate a vertical transition from shallow weak to intermediate argillic alteration 

into deeper quartz-calcite-base metal veins (e.g., Urique, Maguarichic). Districts with 

strong advanced argillic alteration. including vuggy silica, pyrophyllite, diaspore, and 

extensive kaolinite appear somewhat different than the adularia sericite type, the 

advanced argillic districts in some cases are spatially coincident with porphyritic 

hypabyssal centers (Guazapares, Mulatos). Precise magmatic sources and associations 

are difficult to determine because the intrusions are themselves altered and host 

mineralization. Large advanced argillic alteration systems, those with >2 km 2 areas of 

pervasive intermediate and advanced argillic alteration, generally appear more likely to 

be related to near by magmatic sources (Amargosa, Mulatos). Smaller acid sulfate 

centers with <100 m diameter vuggy silica pods, or quartz-alunite alteration may not be 

directly related as much with a shallow porphyry center, and instead form at a paleo-
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Table B2: Geologic and Minerali zation Characteri stics of Selected Epithermal Districts 
District ; principa l Host r ocks District scale Deposit sca le Ore type Mineralization Ore assemblage2 Wall rock Estimated Comment Refercnce 5 

deposit(s) l structures structures age (Ma) alteration 3 tonnage, grade4 

Mulatos, SN; Dac nowS+ rhy Possible ca ldera Major N-S faults, Dissem >25-<32 Ma Vg si-py/ pp±dk//qz- Yg si ( 1.2) , pp 50 Mmt res , 1.7 Deep seric+cpy Ibarra and Soto, 
Cerro Estrella, tuffs, hypabyssal margin? mnztn around >bx pp-dk-py-en/ka //ba- ( 1.5), ka (2), g/t Au, 12 g/t Ag, ±(mo); possible 1992; Staude, 
San Carl os [B] rhyodac domes domes, di strict >>vn lt py- ka-qz-el//ka ka+ch ±mm ( 4) 0. 15% C u, tr Zn . porph at depth 1994 

(32 Ma rh ) tilted ost-mnztn 
Ch ipriona, CH; Dac fl ows+ tuffs, NW fault s NW fau lts Yn>bx Olig? (25-32 Yg si-py /ka-qzl/ pyr - Yg si (0 .8), ka±al -6 Mmt prod, Pyr bx pipe Gerardo Cota, 

Chipri ona [B] agglo w/ local ss cont ro ling veins, controling veins, pipe based on gn-qzl ka±al (0.5), ka ( 1.4) 600 g/t Ag, 0.4 g/t remaining personal commun, 
(Oiig?) intersecting faults intersecting faults Mulatos) includes py bx Au , 2% Pb , noted 1992; Staude, 

locali zi ng pyr- locali zing sulfide pipes for low Au-Cu unpub mapping 
gal±enar bx pipes bx pipes 

Amargosa, SN; Dac+rhy fl ows+ Mnztn + alt Ore along dac- Stacked Olig? (25-32 V g si-py/pp-qzl/ py- V g si+ka±(alun) 12 Mmt res, 1.5 Tabular ore Evans, 1985; 
Viruela-La tuffs, dac fl ow centered along ignimbri te contact tabular based on dias-kalkal/ py- ledges ( 1.5), ka-qz g/t Au, 20 g/t Ag, horizons along CRM, 1993; 
Cruz [B] domes (Oiig?) wide structures sheets Mulatos) spec/kal/ ba-py- ( I), ka (2), tr Cu favorable strata Staude, unpub 

kalka±(al)/ch +mm ka+ch±mm (4) mapping 
La Dura, SN ; Andes-dac voles Thick vole N-S faults , fault Bx, low Olig? (25-32 Yg si-pp-py/ka-qzl/ Yg si-pp (deep), Various deposits Wall rock alt Gamino-Ochoa, 

Dura, Hakon, interlayered ss section (> 1500m, bx, hydrothermal grade similar to ka-qz-py/ ka (shallow) (1 ), along >6 km strike grades into 1983; Urband , 
Yaqui, Jaspe and tuff, daci te possibly bx, narrow vnlt s dissem, Mulatos?) ka±(al)//ba - ka-qz±(al) (0.5), of silicified regional chl±mont 1990; Staude, 
[B] fl ows+ tuffs intracaldera? vn kalka±al ka (2), ch-ka (4) ledges, <5 Mmt alt which covers unpub mapping 

(Olig?) prod @ -5 g/t Au . >50km2 (Mulatos 
Spotty reserves re ion mal) 

Dolores, CH ; K sch, ande, Pre-ignimbrite NE-SW faults Nanow Paleo-Oiig? Qz-auriferous py-ar, Narrow ch-ad 0 .5 Mmt prod, 650 Separate O. l -0.3m Farish, 1907; 
Alma de Maria, diabase, dac, rhy folds and fault s intersecting min or vn (poss ibly pre-37 el/ch-ad±se-(qz). ( <0. 1 ), ch- glt Ag, 2 g/t Au, tr wide, > I kg/t Ag Pearce, 1909; 
Guaynopa [C] dikes . Overlain centralize vning cross structures Ma ignimbrites?) Minor gn-cp epi(0.2), grading Pb+Cu. vns Gonzalez-Reyna, 

by unminzd rhy uncertain outward into Res=? 1956; 

....................................•.. t .~.f.f.:+:-.Y!.~.r.<J.P.~Y!:'?. .................. ................................. ···-··· ...... ............ ....................................................•.... ................ ............................. P.~1?8~~'?.~.i.S. ..........................•. .r.(:g!g~!:ll...!~~-~---·· ..........•.................................. ............... _ ...... ..................................................... .. ....... . 
Namiquipa, CH ; Andes porph Regional fault NNE vns w/ ore vn , bxd Olig? andes porp Qz-py-cp-sp-gn/qz- Ch-se (edge of 1.4 Mmt prod , 600 Various parallel Joralemon, 1950 

Yenturosa, fl ows+dikes , trend , not related shoots up to 4m vn dikes cut by ore, py-se-ch-ad± vns) , ch-ka±ad g/t Ag, tr Au, 4% anastomosi ng vn Douglas, 195 1 
Ame1ica, tuffs+agglom, to speci fi c wide, >80m long overlain by Mio? (ka)//qz-fl -py-ar- (0. 1 ), ch-mm ( I), Pb . Historicall y sets, Zn incr w/ Shefclbine, 1957 
Princesa, andes fl ow bx mag matic feature scoria basalt el-te/ch-ad -qz 1/qz- wk di stal mm discarded 8% Zn , depth 

Esmeralda [ C] (Eoc-01 ig) ba- Oil:h-mm ---:---:-~------"-'C:'l o;...;w.;...;.;.n;...;:c;...;o..;.v.;.;er;...;il"'lg;;.'. -:--::--:--:---::---:-----:--:------: 
Promontorio, CH; Bt -sa rhy tuff, Caldera margin , Fault cont ro l vg vn, Olig (caldera age) Vg si-pp-dk-py- Yg si (.2), vg str .6 Mmt prod , 4 g/t Grades into fresh Oviedo , personal 

Promontorio dac porp now, structural si, a lt di splaced mass ive -30 (?) en/ka-pp//ba-ka - si-ka±(al) ( 1.2), Au, low A g. rhy which is rare commun , 1994 
[B] dac dome, minor intersection syn-post ore bx el±sp/ kalch-mm ka±ch ( 1.4), ch ( I) 4 Mmt est res, I in SMO. Ore 

ss (Olig?) faults, ore in bxs g/t Au, 8 g/t Ag a long structures 
Ocampo, CH; Andes+rhy tuffs, Broad NW Vn ores bonanza vn <28 Ma (upper Coll ofonn qz Ch-wk qz vning- I Mmt prod, 7 g/t Numerous qz Anchondo, 1900; 

Santa Juli ana, andes porph , anticline in lower at vei n rhy which hosts a (barren)//comb qz-ar - se±ad (<3m from Au, 300 g/tAg, stringe rs (0.3-3 m Hovey, 1907 
San Amado, fl ows-agglo, andes sequence intersections , si thin Au vn), 99% cp-gn/qz-ad-ch-se/1 vn, >2km along 0.05% Pb+Zn wide) extending Linton , 1914 
Candelaria, overlain by inside -60 km bx crack and of ore beneath qz(bx+band)-ca-sp - strike) (0. 1 km2) , +Cu. I Mmt res , >2 km, grading Knowling, 1977; 
Portero porphyritic andes diam caldera. reheat texture syn rhy gn/ch-qz-ad// grades laterall y 2 g/t Au , 200 g/t out into Clark and others, 
Socorro [C] interbedded w/ Ore al ong NW ore deposition amethyst bx - into regional Ag in vns. unsili cifieJ, 1979 

agglom, capped fault s ar/ch//clear qz mm+ch Rarely di ssem regional prop host 
by Olig tuffs stringers-el/ch outside vns rock. 

Moris, CH; Mori s Andesitic Ring zone, moat Mnztn along Disscm >33.8 Ma Opalescent qz- minor Wk si in seds 4 Mmt res, 2 g/t Hotspring- type alt Bockoven, 1980 
[A] volcaniclastic area of inferred irregular >vn (overlain by pyr-tr ad/wk sparse ( <0.05), minor Au, est 50 g/t A g . poss ibly forming Gonzalez- Reyna, 

sandstone, thin Ocampo caldera structures cutting unrnnzd upper patchy qz smect (0.1 ) Current mine in moat seds of 1956 
airfall tuff seds dissem along volcanic grades into development and Ocampo caldera? 

permeable sequence) regional chi in continued Vn mn ztn 
horizons voles explorati on f:5 



Tahle B2. (Conti nued) 
District; principal Host rocks District scale 

de~osit(s) 1 structures 
Deposit scale Ore type Mineralization Ore assemblage2 Wall rock Estimated 

structures age (Ma) alteration 3 tonnage, grade4 
Comment Reference 5 

El Pilar de Moris , Andes flows, Inferred margin Silicified ledge Massive Possibly related Yg si-py±(en - V g si±al (0.1 ), 3 Mmt est res , l Zoned 500m McAnulty, 1988 
CH; La Dura congl, dac to Ocampo hosting acid bx to rhy plug, Olig? sp)/ka±al/ka-ch. ka±ch (0.5), reg g/t Au, I 0 g/t A g. outward to qz-ad - Staude, unpub 
[B] -rhyodac tuffs caldera mnztn, vn minor >dissern Rare ar, te, bi unsure ch. Di present Ag incr in vns 300 py-ar-el w/ distal mapping 

qtz±calc vn of paragenesis unsure of assem g/t 0.5 km from si Pb-Zn vns 
Maguarichic , CH; Andes fl ows, Outside W edge Mnztn centered vn , si bx, >36.9 Ma Ag-Au vns: qz±ca- Surf exten ka (2). 0.8 Mmt prod, Wk ore dissem in Bagg, 1905; 

Patria, Pozo, epiclas ti c & of Tomochic above Patria sheeted vn (overlying tuff), ar/ch-ad ch-sm. Ka 800 g/t Ag, 6 g/t wall rock. Hg Pollak, l937; 
Luz, Naranjos congl, Patria caldera, covered andes porph, possibly 40-45 Pb-Zn vns: qz-ca-fl - pinches rapid ly Au. Pb-Zn vn 0.4 prospects edge Sterling, 1982; 
(C] 

Guazapares, CH; 
San Francisco 

[B] 

Guazapares, CH; 
Batasegachic, 
San Ignacio, 
San Luis [C] 

andes porph 
dikes 
Andes flows & 
tuffs, rhy tuff, 
intruded by 
rhyodac dome 

by its basal tuffs 

>8 krn long vn 
filled faults on 
either side of San 
Francisco deposit 

Acid mnztn 
center around 
rhyodac dome 

Andes vole, N20-40W vn Some vns cut acid 
minor trend along >8 alt of S.Franc., 
interlayered dac + km long faults . Pb-Zn higher 
rhy ; overlain by deep, Ag in open 
wkly mineral ized space. High 
rhy tuffs grades in sheared 

................ ........................ ..................................................................................................................... _,_l~.a.!g_!.~.S. .. !.?. .Y'~~---·· 
Urique, CH (high Andes tuff± Top of>IOOOm Variable 

elevation); agglom. Post-alt exposed orientation 
Pinito, bt rhy tuff (likely hydrothennal (largely N-NE) 
Herradura, Oligo?) system anastomosing 
Gallego [C] vnlts 

Ma for sp-gn-(cp)/qz(bx)- w/ depth , ch l-se Mmt prod, Vn res district Staude, unpub 
mineralization? ch-se-py/ch-mm (0. 1 ), chi (2)t >2 Mmt manuscript 

Bx, <35 Ma (alt cuts Yg si-ka-py±(pp)/ka Yg si (.6), str si-ka - 12 Mmt res, I g/t Spotty 6-8 g/t Au Staude, unpub 
dissem, dated basal rhy /ka-ch// vg si-py- (I) grad ing into Au, 15 g/t A g. in bx faults , 90 Ag mapping; 
vg filling, tuff) en/ka-al//py-el/ch ka-ch (2), rhy Local high grade Au/Ag dec below Andrew Ware, 
late vnlt (high grade) unalt distally >30 g/t 60m. Pb>Zn vn personal commun 

Yn 
(follow 
fissures, 
>7m 
wide) 

<35 (vns cut 
dated rhy tuff), 
most ore beneath 
in andes 

Qz-ca-gn-cp-py-sp-tt 
/ch-ad-se-qz/ ch
(ka)/ch-mm. Also ar, 
tt , el. Ore shoots 
>I 50m vert, 800m 
strike, ore at vn edge 

Qz-ca-ad-se (0.2), 
ch-mm-rare ka 
(2), into reg mm 
sm. Fresh rhy 
3km away 

. cuts adv arg 
1.0 Mmt prod, Vns outside acid 
300 g/t, 6 g/t Au, sulfate center. 
Pb+Zn 3% incr w Extn ka 
depth. Thin overprinted by 
>30g/t Au bands qz-ch-ca vn 
Res 0.5? Mmt extensive 

······················ .................................. ...... ......... ............................... ......... ................ ........... ....... .......... ......... ,_P.~.~.~!:\S. .iY..<: .... . 
Anastomo E. Tert? (Pre
sing vnlts, ignimbrite) 
local 
cataclastit 
e bx w/ si 

Qz-py-ar-el/qz 
(str+bx)-wk ch-(tr 
ca); Qz (clear)-el 
vnlts 

Clay felds , chi I Tmt high grade Au incr near top 
mafics (6-8 m). Au >IOOg/t, ofvns and in 
15m in cracks, single fault Urique region. 
f.g. si 2m, py in structure, tt-el ore Tuff above mines 
cracks 3m. in small pockets, is fresh 
Overall sm+ch minor dissem?, 

Dahlgren, 1887; 
Weed, 1902; 
Gonzalez-Reyna, 
1956; Ramirez, 
1964; Ignacio 
Cervantes, 

.. .... P..~.~.S.S!.~.<l.! .. ~S!.'~-~-~~ ... 
Manuel Herrera, 
personal comm; 
Staude, unpub 
mapping 

·· · ·{jri·q·~·~·:··c-H ··(j"~·~~~~- .. 6;·~·k···r. ~~·; ·j~--~·h;lc 
_ .................... .......... ..... ................................................................................. .. ...................... ............ ........ ... .................. .... ........ (9.:.? .. ~. ·~~ - - tgt_:l.D .............. :J.9.9. .. 8!.~ .. ~& .... .............. -..................... ... . 

elevation); (like Parnl 
(>50 mines). shale) , hnfl s, v. 
Saito, minor porphyritic 
Providencia, gd, overlain by 
Rosario [C-D] purple andes 

Preexisting fault 
fi ssures filled by 
minerali zi ng · 
fluids apparently 
synchronous with 
some movement 
along fault 
forming breccias 

NIOW to NIOE, 
-vert dip/ various 
cross structures 
both pre and post 
ore, large vein 
pockets at struct 
intersections but 
lower grade 

1 =A=hot spring, B=acid sulfate , C=adu laria serici te, D=pluton-related 

Vn, deep E. Tcrt? (possibly Gn, cp, sp, tt , py , po. Ch+ka (6m), Prod 0.5 Mmt ore Below voles 
po skarn similar to undated Qz- cb vns in bxd ch+cp in vns, qz @ 0.5- 6 kg Ag becomes more 

gd) voles, fissure+ vns most abund by pre- 1900's rnesothermal/intr 
multiply ruptured qz in s.z.+ bx . lOrn miners ; Res 2 related vns 
vns, majority ore dense ch grading Mmt , 1.5 g/t Au, centered around 
concentrated in vns into regional pyr- 500 g/t Ag in vns . gd w/ QSP vns. 
but some in chlized ch±mm±sm. Cp inc deep w/ Numerous small 
walls Upward kalch appearance of po. u.g. mines around 

increases Zn inc to west stock. 

2=ordered early to late when possible, presented as main assemblage/envelope//next assemblage. These are simplified to show only major features 
3= ordered proximal to distal, extent in km2 
4= many districts have had extensive undocumented sma ll scale production for which grades are not ava il able 
5= All districts visited by author, however only those where d.:tailed mapping and p.:trologic studies have been completed are referenced as work 

Horsfall , 1908; 
Gonazalez
Reyna, 1956; 
Wisser, 1966 

Abbreviations: ad=adularia, al=al unite, ar=argenti te, arg=argenti te, avai l=avai lable, ba=barite , bar=barite, bt=biotite, bx=breccia. dissem=disseminated, ca=calci te, cb=carbonate, CH=Chihuahua, ch=chlori te, 
cp=chalcopyrite, di=diaspore, dk=dickite, el=electrum, en=enargite, ep=epidotefrag=fragment , gn=galena, ka=kaolin, kaolinite, mm=montmorillonite, Mmt=million metric ton, mnztn=mineralization, 
Moz=million ounce, po=pyrrhotite, porph=porphyry , pp=pyrophyllite, prod=produced, qz=quartz, res=reserve, se=sericite=py=pyrite, si=silica, slts=si ltstone, sm=smectite, SN=Sonora, sp=sphalerite, 
spec=specul arite, ss=sandstone, tl=tellurides , Tmt=thousand metric ton, tr=trace, tt=tetrahedrite, vg=vuggy, vn=vein , volc=volcanic, w/=with, wk=weak, xstln=crystalline, xstlztn=crystallization. 

N 



TABLE 133 . Four Major Epithermal Pre~.:iou s Metal Deposit Types in the Sierra Madre Oc~.: idental 

Type 

AJvanceJ Argillic 

Adularia Sericite 

Disseminated 111 

tuff and/nr clas ti c 
sediment 

Hol-spring 

Synonym Names Northern SMO World wide Age in SMO 

Acid sulfate , high 
su llidatiun. acidic 

Quant adularia . low 
sul!idation. neutral 

RounJ Mountain-
type 

M<.:Laughlin-typc 

Example Example 
Mulatns, Snnura Gnldlidd. 

Ncvatli.r 

Ocampo, Creed~ . 
Chihuahua Culorado 

Moris , Rmmd 
Chihuahua Mountain, 

Nevada 

Temoris, McLaug hlin . 
Chihuahua California 

Middle Teniary 
(Oiigu) 

Late Crctaccuus-
Middle Teniary 

Late Cretacenus-
Middle Tcniary 

Middle Teniary 
(Oii gn-Mio) 

*Ton nages and grades span large rang.:s, see fi gures and text. 

Distribution in Occurrence Metals I Grade I Tonnage* Comments References 
SMO 

Mainly 
identified 
nunh uf 26° 
so far 

Thrnughout 

Throughnut 

Mainly in cast, 
ot.:l:uring in 
dusters 

Uncommun Buth Au- and Ag-rkh examples± Unlike other deposit types which have Sntu and lharra . I'I'J2 
minor Cu. Ph, Zn/ > 15 g/t small pods, hc~n documcmcd the distrihution for Staude. I 'I'J-1 
mostly I -3 g/t orcs/ 3-X Mmt common, th~sc wi ll likely grnw suhstallliitl ly Appendix A 
>40 Mmt in litr)!c ore hollies 

Highly Ag-rich and polymetallic most Deposits arc common in numerous Knowling , I '177 
w mmon/ I 50- I (X)() g/t Ag , I -6',7, vo lcanic se ttings :md make up Stim:.c, I 1)83 
comhined Ph. Zn, Cu. minor Au/ < I- majority of precious metal occurrences Loucks and others , I \IRX 
-8 Mmt. tonna)!es little doc umented in SMO many others 

Few identified, Ag- and Au-rich, little nthcr metal/ Few occun·cnccs of low graJe ore Staude, unpuhl 
urH.:nmmon'! 0.5-2 g/t with snall lhsL:ontinuous > 15 OlHside of qu~1rt:t. veins arc kntmill hut Unpuhl L:nrnpany and 

g/t vci nlcts/3- I 2 Mmt may he more ahunJamthan pr~scntly consu lting reports 
rct:ol!nitcd 

Common in Hg with Juw Ag ilnd Au/ grades and DCJ111Sits mined during Spanish Gom.alcz- Rcyna. I '151i 
cast hut tonnages arc small and spott y precise occupation with little prnduction Salas. I 1)75 
tmcommon to daw not availahle during the 20 th century 
west 

1'0 
t0 



boiling horizon. These smaller acid occurrences may form shallowly, above adularia 

sericite veins (Buchanan, 1981). 

123 

Previous work on fluid chemistries and examples of the acid sulfate versus 

adularia sericite distinction has concluded that as pH decreases and oxidation increases, 

the acid sulfate type deposits become increasingly common (Hayba and others, 1986; 

Stoffregen, 1987). However, few studies have investigated numerous districts in the 

same region to determine how their genesis may differ. The advanced argillic centers 

have central zones of vuggy silica which host the majority of the gold and silver 

mineralization with pyrophyllite, diaspore, kaolinite, and alunite alteration phases around 

their margin. Outward the classic hydrolytic zoning to distal montmorillonite± chlorite 

with lesser epidote and rare calcite is common (cf., Goldfield (Ransome, 1909), 

Summitville (Steven and Ratte, 1960)). The new data for some of the main epithermal 

deposits in the northern SMO quantifies the extent and mineralogy of this alteration (table 

B2). Some districts contain deposits of various types and are thus subdivided with the 

appropriate deposit types given (e.g., Guazapares, Urique). With some districts covering 

15 km2 and others nearly 2,000 vertical meters, subdivisions are needed to adequately 

represent the diversity found in some districts. The extensive exposed areas of 

mineralization permit evaluation of spatial models and nearly complete exposure permits 

study of temporal relationships. 

Age of Epithermal Mineralization 

Ages of mineralization in the SMO are constrained by dates on alteration 

assemblages~ dates on hosting and younger rocks, and regional correlations with rhyolite 

ignimbrites. Alteration ages on sericite from intrusion-related systems are the most 

common (Damon and others, 1983a). An alteration mineral date of 28 Ma at Ocampo is 

the only adularia sericite district north of 25°N which is dated. New age dates that 
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constrain mineralization ages are given in table B4 and Appendix O. An age from an 

overlying rhyolite at Maguarichic collected as part of this investigation indicates that 

adularia sericite mineralization occurred prior to 36.9 Ma. And a 35.2 Ma date on pre

mineralization rhyolite tuff at Guazapares shows both acid sulfate and adularia sericite 

mineralization occurred after initiation of ignimbritic events in the SMO. These dates 

hint at the likely complex association of mineralization and magmatism in the SMO that 

is only beginning to be worked out. Acid sulfate centers so far identified in the SMO are 

hosted and in many cases bracketed to be Oligocene age, however most adularia sericite 

systems are hosted in pre-Oligocene rocks with few constraints on their younger age 

boundary. Around the SMO province older acid sulfate centers are present, particularly 

with Early Tertiary ("Laramide") hypabyssal plutonic centers. Further work is warranted 

to improve temporal controls on mineralization events in the SMO. 

Advanced Argillic Examples 

Acid sulfate districts exhibit extensive (> 1 km2) advanced argillic alteration inside 

larger, commonly >2 km2 areas of intermediate argillic alteration. Poddy. vuggy silica 

zones with either alunite or pyrophyllite can be identified in the most intensely leached 

zones (figure B5). Alteration phases including zunyite, diaspore, or kaolinite are 

prevalent. Previous district studies in Mexico did not identify this alteration type or 

mineralogy, however from geologic mapping and laboratory studies a number of districts 

have been identified. In detail, each district is different, with slightly different zoning. 

timing, extents, and host rocks, however in a general sense they share commonalties of 

not only alteration, but also mineralization style, large amounts of sulfur addition, and 

high sulfur fugacity ore assemblages. Their precise igneous source is rarely exposed. 

Oacitic domes and dikes are in some cases close to the highest degrees of alteration, but 

the domes themselves are altered, host some ore, and can not be clearly proven to be a 



Table B4: 40 Ar/39 Ar geochronology for Sierra Madre Occidental * 

Sample # _District Latitude. Longitude Sample Descriptio,!___ _ _Apparent Age (Mll)** Significance of Age 

Ttk-2 Mulatos, Sonora 
Flow foliated bio-rich welded rhy Youngest rhyolite to host mineralization, 

28-39-55N,108-42-50W tuff. Bio 50-100 micron, fresh. 32.91±.12 plateau caps district stratigraphy 

93JMS85A Mulatos, Sonora 

92JMS68E Maguarichic. Chih 

black. clean, no inclusions 
Welded bio rhy tuff. Bio 30-80 

28-37-55N. 108-44-IOW micron, black, trace interstitial 
chlorite 
PUIlla!:eous rhyodacite tuff. Bio 

27-52-30N. 108-OO-20W elongate in flow foliation, black, 
fresh. no inclusions. 30-50 micron 

Poorly welded fragmental rhy tuff. 
93JMS81D Guazapares, Sonora 27-25-05N,108-27-25W Bio black, fresh, euhedral60-80 

micron 

31.58±.14 plateau 

36.90±.13 plateau 

35.19±.12 plateau 

Equigranular coarse bio-hbl gd. Bio 
92JMS53A Piedras Verdes, Chih 27-06-ooN, 107-59-20W black, fresh, 100-150 micron. Hbl not 51.86±.18 no plateau 

analyzed, slightly chlorite altered 

*Argon analyses by M. Kunk, U.S. Geological Survey. Reston, VA, October, 1994. Actual data presented in Appendix D. 

Oldest rhyolite tuff. hosts mineralization, 
provides oldest possible age for 
mineralization at Mulatos 
Unaltered, unmineralized, interpreted to be 
post-mineralization and provide minimum 
age boundary for district hydrothermal 
event 
Rhyolite tuff hosts mineralization and is 
locally altered, sample provides maximum 
age constraint on mineralization at 
Guazapares 
Plutonic stock causing contact 
metasomatism and at contact with Zn-(Pb
Cu) mineralization, interpret as associated 
with formation of ore 

** I sigma precision estimates are for intra-sample reproducibility and intra-irradiation package reproducibility. All samples run in same radiation package with J factor 
J=0.009624±O.25%. 

tv 
Ul 



FIGURE B5 FOLLOWING PAGE 

Figure B5. Photos of ore and alteration from Mulatos advanced argillic system. 

A) Vuggy silica with hematite after pyrite in leached cavities. Core 2.5" diameter. 

B) Massive enargite-pyrite ore from Buenavista II Adit in the San Francisco Deposit. 

Photo 1.5" wide. 

C) Pyrophyllite+dickite (white) altered fragmental dacite occurring adjacent to vuggy 

silica. Core 2.5" diameter. 

D) Barite-pyrite intergrown in silicified, acid leached rhyolite from San Carlos Mine. 

Photo 1.5" wide. 
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causative magmatic source. The acid sulfate deposits may span a fairly short time range 

as those presently identified are largely from strongly acid leached to more neutral, 

adularia-sericite associated. Prior to this study only two volcanic-hosted, epithermal acid 

sulfate districts had been noted in all of Mexico, Xoconostle and Mulatos, with the later 

in the SMO. To the north in the United States more than fifty districts and >150 

occurrences have been identified as having advanced argillic alteration mineralogies 

although not solely forming acid sulfate type districts (US Geological Survey, Mineral 

Resource Data System). 

Beside the extensive argillic zoning patterns which typically have a central acid 

leached ("vuggy") silica altered core surrounded by a more extensive (0.5-2 km radius) 

zone of kaolinite±pyrophyllite±alunite±diaspore, the systems commonly grade out into 

montmorillonite-chlorite altered regions of more the 8-10 km2. Many districts have 

similar ore minerals including sulfosalts (enargite, luzonite, tennantite, tetrahedrite), 

auriferous pyrite, barite, and native gold (figure B5). Host rocks are intermediate and 

felsic volcanic rocks commonly of Oligocene age with mineralization centrally located 

close to dacitic flow dome complexes or along major fault structures. 

Low grade ore horizons occur along stratigraphic horizons usually in and around 

rhyodacitic flow domes with higher grade Au-Cu±Ag in subvertical conduits, such as at 

Mulatos. Mineralization occurs along through-going structures (Promontorio) and 

favorable stratigraphic horizons (Amargosa) (Table B2). Some districts have tectonic and 

intrusive breccias along possible caldera margins (EI Pilar, Table B2). High grade 

enargite-pyrite pods occur at structural intersections with lower grade disseminated Au 

zoned outward, such as at Mulatos (Staude Appendix A). 

The largest known ore reserves for any precious metal district in northern Mexico 

are found at Mulatos, Sonora where a resource of over 50 Mmt and 2.3 Moz of gold has 
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been identified (Paydirt, 1994). Other locations including EI Promontorio, EI Pilar, La 

Amargosa, La Dura, and Guazapares have not been as thoroughly explored but have 

identified reserves of at least 100,000 ounces gold. Other occurrences of abundant pyrite 

and acid leaching alteration in the northern SMO which are not summarized in tables are 

Cuiteco, and additional locations in the Mulatos region (Jaspe, El Yaqui, Cerro Pelon). 

Some advanced argillic systems are Ag-rich with quartz-kaolinite±alunite alteration and 

Ag/ Au ratios of> 150 (e.g., La Chipriona, Table B2). This type of Ag- rather than Au

rich has also been found in the Patagonia District (Sunnyside mine) in southern Arizona 

(Graybeal, 1994) and at Julcani, Peru (Deen and others, 1994). 

Adularia Sercite Examples 

Most SMO epithermal districts have numerous quartz-calcite veins which fit into 

the broad class of quartz-adularia-sericite. In detail, veins have minor adularia and weak 

sericite either as gangue or selvages (figure B6). Theses veins fill fault fissures, 

developing local breccia veins and rarely as narrow stockworks (Guadalupe y Calvo, 

U ruachic). The veins are near vertical and extend up to 10 km along strike (Guerra 

Altirano). Ores can exceed 100 m vertical (Maguarichic) with high grade bonanzas 

commonly located at structural flexures (Rio de Plata, Santo Nino). Rhodochrosite and 

siderite are common in these veins along with a diverse sulfosalts and sulfides 

(Palmarejo). Alteration around these veins is chlorite±montmorillonite±epidote similar to 

alteration around the acidic centers, except that in these systems this propylitic 

assemblage is in contact with ore and generally extends less than 50-100 m from the vein, 

in contrast, for acid systems the propylitic halo is up to a kilometer from ore and extends 

more than a kilometer itself. Propylitic alteration in the adularia systems commonly 

grades into regional montmorillonite±chlorite in most cases thus the extent of alteration 

associated with vein mineralization and that related to regional features is difficult to 



Figure B6. A) Underground quartz-adularia vein with fingernail size argentite , chlorite vein 
selvage, typical SMO vein. Here from Santo Nino mine, Chih. B) Quartz-adularia breccia 
veins from Ocampo, Chih with chlorite-sericite green frag1nents. Pen for scale. w 

0 
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distinguish. The regional alteration is preserved in the andesitic volcanics and 

agglomeratic units, and is far less obvious in the younger felsic ignimbrites. This has 

caused great problems in determining the age of magmatism and quantifying extents of 

hydrolytic alteration and zoning. The alteration of the andesites beneath the rhyolite with 

unaltered rhyolite above, has led geologists to conclude alteration and mineralization 

occurred prior to the ignimbrites. However, thin section and field study in many of the 

districts indicates that primary biotite is typically chloritized, and that feldspars are 

correspondingly altered to clay. In a few districts the rhyolite which hosts mineralization 

has been dated and shown to be Oligocene age (e.g., Mulatos, Guazapares). In fact the 

basal rhyolite units are quite consistently 37-34 Ma with ages progressing from southeast 

to northwest (McDowell and Clabaugh, 1979; Staude Appendix C). 

Veins in some districts follow a vertical progression from quartz-sulfide veins 

deep with Cu, Pb, Zn, (Ag, Au), to shallower quartz-sulfide Ag, Au (Pb, Zn) into 

shallower breccias and opalescent silica bodies containing Au, Ag (As, Hg). This vertical 

transition is beautifully preserved at Uri que, Chihuahua, where the Barranca Canyon has 

down cut 2,OOOm exposing nearly a mile of hydrothermal alteration and progressive 

mineralization. The vertical section shows the igneous relationships changing from intra

plutonic veining, and skarns, into base metal veins grading up and out into various 

epithermal vein sets (figure B7 and BS). 

COMPARISON OF ACID SULFATE AND ADULARIA SERICITE SYSTEMS 

The acid sulfate and adularia sericite systems in Mexico differ in a number of 

ways including host rock, extent of alteration, ore mineralogy, metal, mineralization and 

alteration morphology, quantity of sulfur, and mass transfer effects. These differences 

appear to be related to pre-, syn- and post-mineralization features each of which are 

evaluated below. Factors such as host rock composition, existence of a ground water 



0 
r-
(\J 

0 
r-
(\J 

Oligocene? Tuff 

27QO m 

' 
Column Figu >e... 

107° 55 ' 

Lithologic Units 

[] Q .-Late Tert. Alluvium-congl omerate 
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Quartz-adularia-sericite-Ag (Pb, Zn) mine 
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Quartz-chalcopyrite-pyrite±pyrrhotite mine 
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Figure 87. Urique district map showing lithologic distributions and hydrothermal alteration. 
Six mine types illustrate a systematic progression away from a magmatic center at the 
town of Urique. 
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Urique Geology Column 
with Selected Mines 
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~ 
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& Town elev. 

133 

Figure B8. Generalized Urique section showing mines and gangue mineralogy over a 
>kilometer exposed vertical section, with an additional post-ore 900 m of ignimbrites. 
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table, oxidation and sulfidation of the local environment are important prior to initiation 

of the ore formation. Factors such as location within an evolving volcanic complex, 

temporal progression, and fluid chemistry are critical during ore formation. Post-ore 

erosion, level of exposure, weathering, supergene alteration modify primary features. 

Both the adularia sericite and acid sulfate occur in broadly similar host rocks, 

although an interesting contrast is that the adularia sericite are common in rocks other 

than volcanics whereas the acid sulfate deposits are almost exclusively in volcanics. In 

almost half of the 100 districts visited in the SMO, adularia sericite districts have some 

mineralization exposed in the rocks underlying mineralized volcanic sections when the 

basement is exposed. 

Ore mineralogy differs with acid systems containing enargite, tennantite, and 

covellite, as well as minor phases telluride and bismuthinite. Adularia sericite systems 

have argentite and pyrargrite. The Te, Bi species are more common to acid systems, and 

base metals Pb and Zn are more prevalent in the adularia systems. Typical ore 

morphologies in the acid systems are breccias, disseminated, and massive pods. In the 

adularia districts, ores are mainly veins and dissemination of metals into wall rock is 

highly unusual. 

Distribution of the deposit types are different. Acid sulfate deposits are much 

rarer than adularia sericite ones. In the >-400 epithermal districts north of 25°N latitude 

only six have been found to have> I km 2 acid sulfate centers. Undoubtedly this number 

will increase with continued exploration and investigations, but acid sulfate systems wiII 

still be much less common than adularia sericite districts. If the number of acid sulfate 

centers is increased it might increase from its current -I % as common to perhaps - I 0% 

as common. Although the acid systems are rare, where they occur, they commonly make 

up clusters of centers. The Mulatos region is an example of this clustering (figure B9). 

There at least six advanced argillic districts occur in a 200 km 2 area. At a district scale 
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(-10 km 2), there are fewer acid sulfate deposits than adularia sericite veins, however this 

may be a function of ore body definition. The acid sulfate systems contain disseminated 

(Amargosa) and breccia pipe (Chipriona) ores whereas the adularia sericite ores are 

nearly exclusively in veins. Thus the adularia sericite appear to have many small bodies 

and the acid sulfate systems have a few large tonnage ones. 

In some districts, both acid sulfate and adularia sericite type mineralization occur 

together. At Guazapares a central vuggy silica-kaolinite±(alunite) core region 

encompassing a -3 km2 area zone is cut by and lays between a >4 km long quartz-calcite 

vein system (figure B 10). The central acid alteration is closely associated with a 

porphyritic dacite volcanic/dome ce~ter which is later cut by quartz-calcite gold-rich 

veins. The quartz-calcite veins to both the east and west, have produced high grade 

Ag±Au ores with increasing base metal grades with depth. A different type of 

coexistence is found elsewhere in the northern SMO where thin acid caps are found 

above adularia sericite type mineralization as is excellently exposed in the Maguarichic 

district. Here acid alteration is composed largely of kaolinite with variable silicification 

which is less than 50 m thick, and below which ore is hosted in quartz-calcite veins. In 

this district the base metal grades and Ag/ Au ratio increase with depth. 

The relation of acid sulfate and adularia sericite systems to magmatic centers 

appears to be distinctive in the SMO. The acid sulfate deposits occur in dacite-rhyodacite 

igneous centers in some cases (Mulatos, Amargosa, EI Pilar, Cerro Pelon), or closely 

around a hypabyssal dacite dome (Promontorio, Guazapares). The acid centers occur in 

areas where caldera-like volcanic centers have been mapped (Promontorio, EI Pilar) or 

may occur (Mulatos region). Their precise magmatic source could be different from the 

exposed domes or intrusions because they themselves are highly argillized, however, this 

alteration is likely self-imposed and related to ore formation events. The adularia sericite 
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Francisco acid sulfate deposit and laterally major adularia-quartz-calcite vein systems on 
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few districts can one identify a possible magmatic source. The correlation to an intrusion 

may be made in some cases due to the deep SMO canyon exposes. These canyons 

expose plutonic rocks and the outward zoning veining at Urique, Batopilas, and Topia. 

Mineralization is most common directly around the intrusion such as at Batopilas, or in 

the intrusion as at Topia. In some cases mineralization extends outward into quartz

calcite veins up to 1000 m above the plutonic center (cf. Urique). In these cases the 

intrusions are granodioritic in composition with hornblende< biotite. Exposed igneous 

rocks in both deposit types appear to have similar compositions but different proximity to 

ore. 

In the SMO there is a regional change in igneous compositions with rocks 

becoming more potassic to the east as well as more potassic with time. Oligocene 

rhyolites in the eastern half of the SMO contain sanidine although in the western half it is 

rare. Felsic volcanics of pre-Oligocene that are interbedded with andesitic volcanics do 

not contain sanidine whereas Oligocene rhyolites do. The identified distribution of acid 

centers is in the central portion of the SMO along the transition from sanidine-bearing to 

sanidine-deficient volcanics with most of the acid systems occurring in the sanidine

bearing volcanics. Other compositional changes such as increasing 87Sr/86S r and lower 

epsilon Nd to the east indicates more continental crust involvement in magmas. Deposit 

types cross these boundaries, however the metal ratios may change with an increase in Pb 

and higher Ag/ Au to the northeast. 

SIERRA MADRE OCCIDENTAL MINERALIZATION PROVINCES 

Known mineralization is not equally distributed through the northern SMO. The 

locus of magmatism, basement composition, magmatic composition and later 

superimposed younger volcanic cover in addition to erosion effects the exposure and 

preservation of mineralization in the SMO. Deep canyons in the west expose diverse, 
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thick geologic sections, but to the east where canyons have not cut as deeply, thinner, 

younger sections are exposed. Post-ignimbrite basalt and andesite flows are 

unmineralized and cover more than a third of the northeastern SMO. In the west the 

capping andesites are incised by faulting and erosion, exposing older units and 

mineralization. The modern distribution of deposits can be subdivided into broad 

subprovinces whose boundaries are general and overlapping but can be used to 

characterize regions in the SMO. The basement although seldom exposed changes from 

north-south and east-west beneath the SMO (Campa and Coney, 1983; Sedlock and 

others, 1993). Sm-Nd and Rb-Sr isotopes help define basement boundaries (Cameron 

and others, 1980; Cocheme, 1985; Albrecht, 1990). The mineralization largely crosses 

these boundaries, however the general progression is consistent. 

The older shallow volcanic centers have been more eroded possibly during 

Eocene time, thus the older deposit types are more intrusion-related such as porphyry and 

skarn, with few high level deposits such as hot springs and acid sulfate deposits. Hot 

spring and acid sulfate deposits did form (some are preserved), however the majority of 

the shallow mineralized systems are Oligocene or younger. Thus extent of pre-Oligocene 

erosion plays a role in determining sub-provinces in the SMO. Reconnaissance mapping 

done during this project documented the pre-Oligocene surface to be highly variable and 

to contain conglomerates and volcaniclastic sandstones beneath the rhyolitic tuffs. There 

appears to have been at least local erosion and perhaps quite extensive down cutting of 

pre-Oligocene volcanics. Compositionally, the older magmatic rocks are more mafic 

with abundant calcium, sodium, iron and less potassium and silica. The fluids from these 

magmas may have contributed more base metal-rich deposits with abundant silver, while 

younger more felsic magmas transport F, Sn and Au. The younger rocks are found in the 

east and are abundant in Durango and Chihuahua making that area most favorable for F 

and Sn deposits. 
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TIME-SPACE RELATIONSHIPS 

Time-space relations in the SMO epithermal systems have not been previously 

worked out, however from cross cutting relationships and petrography, mineralization 

assemblage sequences can be determined. The acid systems are commonly cut by later 

more neutral-pH vein assemblages. Some acid sulfate systems evolve with time as the 

system collapses into adularia sericite dominated ones, particularly around the periphery 

where acidic alteration is not as well developed (e.g., EI Pilar, Guazapares). Late fluids 

commonly precipitate barite±pyrite in veins which cross cut earlier pyrite+quartz± 

pyrophyllite±kaolinite mineralization (e.g., Amargosa, Promontorio). The transition to 

sulfate ore is found vertically as well as temporally, as alunite veins and quartz-alunite 

alteration forms in shallow (generally <-400 m from surface) conditions, and 

pyrophyllite±dickite is preserved more deeply (>-300 m). As the system collapses, 

alunite veins form more deeply and cross cut the earlier pyrophyllite+quartz+kaolinite 

altered rocks (e.g., Mulatos). In a number of districts one sees specularite and barite in 

late hypogene gold-bearing veins. These veins have mutually cross cutting relations with 

late alunite-quartz vein lets (Amargosa, La Dura). The pH is still acidic during the late 

ore stage, but assemblages become more oxidized. Laterally the system is less acidic 

with alteration of biotite to chlorite and plagioclase to montmorillonite, as the degree of 

alteration is less intense. Likewise beneath the advanced argillic alteration, less acidic, 

and less intense alteration becomes prominent. However, the precise timing of distal 

alteration and deep events is poorly constrained in most of the advanced argillic districts. 

DISCUSSION 

The acid sulfate deposit types are rare in the SMO. Of the> I 00 districts 

investigated in the northern SMa, only eight districts were found to contain large 

advanced argillic alteration with acid sulfate type mineralization. In these six districts, 
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various dcposits are found suggesting a clustering phenomena, whcreby once a deposit is 

locatcd, therc is a high probability that others may be found nearby. Moreover, this 

clustering suggests that the process which form these deposits may be repeated several 

times in a local area. One possible mechanism for the formation of acid sulfate deposits 

is from a magmatic vapor plume (Hedenquist and others, 1994). A volcanic environmcnt 

with a shallow degassing pluton would be an ideal environment for intense acid leaching 

over a scvcral kilometer extent. Single veins which often have boiling caps or shallow 

hot springs typically have more focused, less extensive acid alteration, and may be a 

variation of acid sulfate (e.g., Dolores, Maguarichic). 

Thc proximity of igneous rocks, abundance of acid alteration, and shallowness of 

fcatun:s suggcsts a magmatic process control to the genesis of acid sulfate vcrsus adularia 

sericite systems which arc more meteoric water dominatcd. The genetic difference Illay 

be that acid systems form from eithcr boiling which can develop a thin, tahular advalH.:cd 

argillic alteration cap overlying more neutral and metal-bearing zoncs (e.g., 

Maguarichic), or from a magmatic vapor plumc which transports sulfur, chlorinc and 

metals. The vapor plumc may react with ground watcr, or due to dccreasing tcmperature 

and pres~ure, dissociatc into S-bcaring mincrals (pyrite, cnargite, tcnnantitc, ctc.) and 1-1-

rich gas which attacks thc host rock. Thc gas crcatcs a highly acidic cnvironmcnt, 

causing formation of vuggy silica, pyrophyllitc, and extcnsivc kaolinite (Stoffrcgcn, 

1987). The amounts of sulfur and volumcs of alteration arc calculated below to 

quantitativcly evaluatc the difference bctween acid sulfate and adularia scricite systems. 

SU(/if" Hue/get 

Sulfur is a key ore and alteration forming elemcnt in epithcrmal environmcnts; 

howcvcr, fcw studies determine the amount of sulfur that is addcd to the systcm to form 

the orc and observed wall rock alteration halo. A tablc of tcn districts summarizes thc 
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quantity of sulfur in ore, ore envelope, and wall rock, and shows that the acid sulfate and 

adularia sericite deposit types are distinctive (table B5). Districts that are intrusion 

centered, with porphyry-like alteration plot in the same general area as acid sulfate 

systems (figure B II). The adularia sericite systems have nearly a magnitude less total 

sulfur for a given tonnage of metal, and as the systems become larger the acid sulfate 

systems increase in contained sulfur more rapidly (figure B 12). Large deposits such as 

Guanajuato which is one of the five largest epithermal Ag-Au districts in the world with 

>350,000 kg equivalent Au has a 10% as much sulfur as a large acid sulfate deposit like 

Mulatos. However, Mulatos has <25% as much equivalent Au. These plots demonstrate 

that the acid sulfate deposits definitely have more sulfur associated with them and that the 

sulfur is greater in both the ore and wall rock. The greater amount in the ore could be 

from lower grades as the acid deposits are large bulk mineable deposits whereas the 

adularia veins are usually more amenable to underground vein mining. Ratios of Ag/ Au 

illustrate that the acid sulfate contain less silver as a group, but that the adularia sericite 

and acid sulfate may contain broadly similar amounts of gold (figure B 13). More 

examples of acid sulfate deposits are needed to better study this relation. 

Sulfur isotopes from the Mulatos, Amargosa and Promontorio districts have 

sulfide values characteristic of igneous rocks with pyrite -3 to -5 %0 and enargite -4 to 

-6%0. Coexisting sulfates such as barite from the Mulatos district give values of + 18 to 

+20. Advanced argillic deposits world wide typically have isotopic data indicating a 

magmatic sulfur source. Districts such as Goldfield (Jensen and others, 1971; Bethke, 

1984), Chinkuashih (Folinsbee and others, 1972), Marysvale (Cunningham and others, 

1984), El Indio (Jannas and others, 1990) and Summitville (Rye and others, 1992) have 

near zero and slightly negative sulfide values. The neighboring fresh volcanic-host rocks 

do not contain igneous sulfides thus the sulfides must have been introduced. The slightly 

negative isotopic values and lack of sulfur in host rocks, leads one to the conclusion that 



Table B5. Sulfur addition for selected SMO deposits 
Sulfur (metric tons) 

--~ ~--- ------ -- ---- ~--

District Type Ore Selvage Wall ruck 

Mulatos Acid sulfate 354286 286458 6640625 
Amargosa Acid sulfate 135417 83333 823010 
Pilar Acid sulfate 39063 366545 35156 
Promontorio Acid sulfate 93750 211765 35156 
Guanajuato Adularia sericite 947368 697008 464672 
Guerra Altirano Adularia sericite 4199 3227 117188 
Ocampo Adularia sericite 40756 36458 36458 
Palmarejo Adularia sericite 3281 2689 99609 
Maguarichic Adularia sericite 23411 76800 3516 
Urique Adularia/intrusion 31771 195313 781250 

---

TotalMmt 

7.28 
1.<» 
0.44 
0.34 
2.11 
0.12 
0.11 
0.11 
0.10 
1.01 

-----_ .. _--- ------ -

Metal 
-~-- --- -- ~-- -- --

kgAu kgAg kg (Au Reference 
+JOO/Ag) 

85000 500000 90000 Staude, 1995 
18000 240000 20400 Staude, unpub 
3000 10000 3100 Staude, unpub 
6400 51200 6912 Staude, unpub 

115560 26161500 377175 Buchanan, 1981 
900 90000 1800 Miller-Diaz and Goodell, 1988 

8220 415070 12370 Knowling, 1977 
1200 220000 3400 Real de Catorce, unpub rept 
3200 640000 9600 Pollak, 1937 
6200 501000 11210 Wisser, 1966 

-- --------- --- -- ------- ------ -

~ 
VJ 
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Figure B 11. Plot comparing sulfur content in wall rock and ore for acid sulfate, adularia 
sericite, and intrusion-centered districts. Ten districts have sufficient surface and 
underground exposure and drill information to quantitatively estimate the amount of sulfur 
added to the system (table B5). 
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Figure B 12. Total metal in ore versus tons of sulfur showing that small acid sulfate systems 
have as much sulfur as some of the largest adularia sericite type vein deposits. Porphyry 
systems with their larger tonnages have magnitudes more sulfur than acid sulfate deposits. 
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determined. Indicates that advanced argillic districts are more gold rich, commonly 
containing Ag/Au<lO. 

146 



147 

the sulfur has been introduced. The absolute values for the tons of sulfur estimated above 

are rough however they demonstrate that much more sulfur is added to the system in the 

acid sulfate districts. If a simple estimate of the amount of sulfur added to a porphyry 

like Cananea is calculated then one sees that it plots off the scale with much more sulfur. 

If a gold-rich porphyry such as Bingham is plotted it likewise has much more sulfur and 

because of the huge tonnages inevitably has more gold as well (Babcock, 1995). Sulfur 

species differ in that acid sulfate deposits have enargite, luzonite, famantite, pyrite, 

covellite, bismuthinite and tennantite as major ore minerals whereas the adularia sericite 

districts such as Ocampo, Maguarichic, and Uruachic contain abundant sphalerite, galena, 

and minor chalcopyrite. 

A strik i '1g contrast between the acid sulfate and adularia sericite systems in the 

field is the extensive acid (hydrolytic) alteration and large sulfur (both as pyrite and 

alunite) halo around relatively small centers of mineralization. Many systems such as 

Mulatos, Amargosa, and La Dura have >2 km2 areas and >2 billion tons rock that have 

I % pyrite, adding more than 8 Mt of sulfur to the district. 

Grade-Tonnage 

The economic portions of acid sulfate deposits which have been mined worldwide 

typically have rather small tonnages with high Au grades (Ashley, 1982; Cox and Singer. 

1986). They have sharp grade boundaries closely corresponding with zones of strongest 

silica and acid-leaching, with only minor mineralization outside the ore body. The SMO 

examples are only beginning to be explored; however, so far they have indicated larger 

tonnages with lower grades than many acid sulfate deposits worldwide. This difference 

could be a function of modern economics or optimistic estimation of bulk mineable 

reserves. The apparent strong concentration of grade in acid sulfate systems may be a 

process control with metals deposited due to ore fluid mixing, boiling, or otherwise 
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changing its carrying capacity. The highest Au grades in the SMO acid sulfate examples 

occur in late stage barite-auriferous pyrite veins such as at Amargosa, La Dura, and 

Mulatos. These late high grade veins are similar to late veins at Goldfield where Au 

grades exceeded I % in poddy stopes «300 tons) (Ransome, I 909), Summitville where 

>350,000 ounces Au were mined from an area of < 0.4 km 2 (Steven and Ratte, 1960), and 

EI Indio-EI Tam,bo where gold grades reach 200 glt in 100 ton vein horizons (Jannas and 

Araneda, 1985). 

Vertical Stacking 

Previous work has suggested that acid sulfate alteration forms above adularia 

sericite type mineralization (Buchanan, 1981). From this study, this interpretation 

appears to be partly correct in that some small acid alteration is found above deposits 

such as Maguarichic, however in other districts where acid alteration of more than a few 

km2 occurs, the acid conditions are not formed above quartz-adularia-calcite veins and 

instead are more closely associated with dacite doma1 centers. The stacked relationship 

Buchanan uses for metals with increased base metals deep, is found in some adularia type 

districts but is not found in the acid sulfate systems. Suggesting a different mode of 

formation for the two deposit types. Both deposit types occur in the same district with 

the timing at Guazapares and Mulatos showing acid early and neutral fluids later. 

Hydrothermal Alteration of the SMO Volcanic Province 

Most of the SMO volcanic rocks beneath the ignimbrites have been propylitized 

with biotite and hornblende minerals becoming chloritized and feldspars weakly 

montmoriIlonitized. Epidote and smectite-kaolin become more common with additional 

degrees of fluid influx. For nearly a century this has been noted with the green andesites 

beneath the fresh rhyolites. Moreover, geologists have noted that most mineralization 
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occurs as veins in the andesite, pre-ignimbrite rocks. An estimate of the amount of water 

needed to hydrate the SMO lower volcanic series can be calculated by assuming a volume 

and amount of water added. The calculation of a lower estimate for the amount of water 

is: 
volume=0.5 km (high) x 1500 km (long) x ISO km (wide)=1.125 xI025 cm3 

... ~ mass rock=2.5 g/cm3 x volume=2.8 x 1025 g 
water added=average propylitized rock has -3 wt. % (i.e., 3 g waterllOO g rock) 

= .03 x mass rock= 8.4 x I 0 23 g H20 

The calculation indicates -8.4 x I 020 liters of water were added to the andesites. The 

upper ignimbrites are generally unaltered, containing fresh black biotite and pristine 

plagioclase. How could the lower volcanic rocks be completely altered and host 

extensive mineralization yet the ignimbrites and younger volcanics do not? 

Perhaps the answer lies in the transition of magmatism in the SMO. The initiation 

of ignimbritic volcanism was quick, beginning nearly everywhere in the SMO within 3 

m.y. (37-34 Ma) (McDowell and Clabaugh, 1979; Staude Appendix C). The ignimbrites 

extruded vast quantities of volatiles. This volatile loss could have removed the water 

capable of hydrolytic alteration, removed metals by extruding them, and dehydrated the 

mid-crustal magmas causing them to quench and no longer slowly bleed of water. 

Mineralization centers in the SMO commonly have equigranular plutonic centers with 

metal-rich quartz veins extending out and upward over the top. More than 40 plutons 

have been dated and they inevitably give pre-ignimbrite ages (Damon and others, 1983b). 

Perhaps these plutons are showing on a district scale, what was happening on a 

batholithic scale prior to extrusion of the ignimbrites. This does not mean that no 

mineralization could have formed during the ignimbrite event, in fact, one major point of 

this paper is to prove that it did. But what mineralization is exposed is largely volcanic

centered type ores and alteration. Districts are acid sulfate type, and are zoned outward 



into propylitized grading into fresh rhyolites. One seldom if ever finds a pre-ignimbrite 

district that grades outward into fresh rocks. 

CONCLUSIONS 

ISO 

Acid sulfate and adularia sericite type deposits are two of the most important 

epithermal deposit types in the SMO. The acid sulfate deposits occur close to 

hypabyssal-dome centers in shallow volcanic environments with mineralization closely 

related to the most intensely altered zones, possibly in hydrothermal feeders. The 

adularia sericite deposits are much more common, and appear to form more deeply. Ores 

are deposited in veins with less sulfur and more neutral alteration. The quantification of 

extents and degrees of alteration demonstrate that acid sulfate systems may be 

distinguished from adularia sericite systems. And as the deposit's size increases both the 

extent and amount of sulfur increase more rapidly for the acid sulfate than adularia 

sericite type systems. Acid systems are mainly hosted by Oligocene age volcanics and 

may be associated with structures and processes developing during the ignimbritic 

magmatic event. Adularia sericite systems are less clearly related in time with 

granodioritic-dioritic plutonic centers and although mainly found in the pre-Oligocene 

andesite-dacite volcanics and volcanosedimentary sequences some cut Oligocene 

volcanics and are clearly related to the Oligocene age magmatic events of the SMO, 

while others do not cut the ignimbrites but are likely related to the Oligocene event. 

Other types of mineralization including hot spring, disseminated sediment-hosted 

and various intrusion-related types of mineralization are prominent in the SMO. These 

deposit types formed at the same time as the acid sulfate and adularia sericite precious

metal deposits. However, superimposed volcanics and canyon erosion preserves various 

types of deposits in regions of the SMO. These regions are classified broadly into sub

provinces in this paper. 
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APPENDIX C 

Metallogeny of Northwestern Mexico: Late Jurassic to Present 

ABSTRACT 

The metallogenic history of northwestern Mexico is the product of superimposed 

magmatic, structural, and erosional events which create a complex distribution of 

mineralization and provides an opportunity to evaluate various tectonic interpretations. The 

region shares similarities of features such as extension, compression and magmatism, 

however timing of these features is somewhat different and the basement is apparently 

younger and more heterogeneous. Unlike in the US where Precambrian metal deposits are 

known, in northwestern Mexico, nearly all identified mineral deposits formed since the late 

Jurassic (-150 Ma). The majority formed during episodes of regional magmatism and 

deformation which can be subdivided into Late Jurassic, Middle Cretaceous, Late 

Cretaceous-Early Tertiary, Middle Tertiary, and Late Tertiary. Iron, gold, and copper 

deposits that are largely hosted in Mesozoic volcanosedimentary rocks are present in the 

west (mainly Baja California) and are apparently related to Late Jurassic to early Cretaceous 

shear zones, and mafic-intermediate intrusions in deeply eroded rocks of the Peninsular 

Ranges Batholith. W skarn, Au-Ag quartz veins, and Cu porphyry deposits are associated 

with intermediate to felsic composition plutons of the Cretaceous Peninsular Ranges 

Batholith and hydrothermal fluids developed during deformation and magmatism. 

Polymetallic skarns, W greisen, Cu porphyry deposit types are some of the many Late 

Cretaceous-Early Tertiary mineralization types found throughout NW Mexico. Au±Ag 

veins, Ag±Zn±Pb replacement and skarns, and disseminated Au(±Cu) deposits are some 

of the main Late Eocene-Oligocene deposit types. Hot-spring Au and rift-related Cu 

deposits formed during the Miocene and in some cases continue forming today in 
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association with the opening of the Gulf of California. Past studies of these mineralizing 

events in the southwestern Cordillera have compared deposits lIsing the dcposits prescnt

day geographic positions without taking into account their syn- and post-formation 

displacement history. Numerous interpretations of lineaments, trends, and relation to 

ancient subduction zones have been presented without restoring the geology and mineral 

deposits to their relative positions at the time of formation or discriminating mineralization 

of different ages. 

Igneous rocks may be subdivided into the same five time periods as the 

mineralization. A Jurassic magmatic arc extends from NW to SE Sonora and further south

southeastward beneath younger cover. Cretaceous intl'l\sions and Mesozoic scdiments are 

present in the western parts of northwestern Mexico associated with the Baja California 

Peninsular arc. During the Late Cretaceous-Early Tertiary intermediate composition 

shallow intrusions. porphyries and volcanics formed largely cast of the Baja California arc 

associated with compressional tectonics further east. Middle Tertiary magmatism began 

with largely andesitic events then developed more rhyolitic to dacitic volcanism and 

eventually formed the Sierra Madre Occidental ignimbrite province of western Mexico. 

Late Tertiary bimodal and mafic magmas comprise the most recent igneous activity. The 

changing magmatism through time has typically been interpreted as caused by a changing 

angle of subduction, however from age, igneous composition, and stratigraphic data a 

more complex history is apparent. 

Northwestern Mexico has been extended and portions translated during at least 

three stages beginning with core complexes during the early Miocene. Youngcr basin and 

range normal faulting and still younger rifting and strike-slip motion around the Gulf of 

California significantly modify the observed distribution of mineralization. Some deposit 

types appear to have formed as a consequence of extension. such as volcanosediment

hosted Cu-(Mn) deposits and hot-spring Au deposits associated with the opening of the 



Gulf of California. Older deposits possibly related to low angle detachment faulting 

include low-angle shear zone Au and sediment-hosted Au deposits of Sonora. In areas 

with lesser extension these types of deposits are rarely found. 
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The three main extensional events of Oligocene-present time can hc rcstored andthc 

geologic distributions analyzed using these reconstructions. Reconstructions reveal (I) 

mincralization events, age dating, igneous and sedimcntary strntigraphy Illay hc restored 

across the Gulf of California and across other areas with large amounts of cxtcnsion, (2) 

Middle Tertiary Au-Ag mincrnlization in Baja California may be thc westcrn portion of thc 

Sierra Madrc Occidcntal metallogenic province thus expanding the previously recognized 

extcnt, (3) Latc Cretaccous-Early Tcrtiary porphyry copper deposits and intrusive centers 

form a thinner belt than prcviously noted and are traceable for ovcr 400 km bcneath the 

overlapping Sierra Madre Occidental volcanic fields, (4) porphyry copper and other deposit 

types have been rotated since their formation disrupting previously proposed Iincament 

interpretations, and (5) sediment-hosted Au deposits and low-angle detachmcnt gold 

systems may be closely related and occur around core complexes. Some broadcr 

conclusions arc (I) mineralization in thc rcgion is not simplc associatcd-elcmcnt belts, (2) 

oldcr agc deposits tend to bc formcd at grcater depths and more proximal to intrusions 

where as younger deposits are formed in shallower, less erodcd environments. (3) 

Cenozoic erosion has been diffcrcntial across thc region thus partly determining the level of 

exposed geology, (4) mineralization of widely differing ages is spatially superimposed, and 

(5) mctal deposit regions are spatially associated with magmatically active regions. 

INTRODUCTION 

Western Mexico makes up over a quarter of the North American Cordillera and 

some of the world's largest metallic mines (e.g., Pachuca-Real del Monte. Guallajuato, La 

Caridad) occlll' in the region yet it has typically bcen overlooked by many geologic, 
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magmatic, or mineralization syntheses of the Cordillera. Previous syntheses or 

mineralization in Mexico added significantly to regional understanding (Gonzalez-Reyna, 

1956; Salas, 1975), but have not been updated for over a decade during which time large 

amounts of data have become available. The most rccent analysis of metallogeny in Mexico 

defined metallogenic provinces as bands of metal occurrences across western Mexico 

(Clark and others, 1982) and proposed an undulating subducting slab model (Coney and 

Reynolds, 1977) to relate the timing and composition of ore deposits to the continental 

margin. With the ncw observation of superimposed ages of dcposits, extension. diverse 

deposit types, and changing magmatic composition; a revised synthesis can be introduced. 

This new synthesis integrates tectonic, magmatic, and mineralization data from Late 

Jurassic-Present and uses a pre-extcnsional reconstruction to evaluatc the metallogenic 

history. Additional parameters such as level of exposure. composition of magma. and 

syntectonic derormation arc evaluated as factors in determining the present distribution or 

ore deposits in NW Mexico. 

New compositional and radiometric data help bettcr constrain magma compositions. 

centers. distribution. and volume changcs ovcr time in NW Mcxico. Magmatism may 

occur in pulses punctuated by periods of quiescence or centers may move thus on a local 

basis appearing punctuated but on a regional scale be more continuous. In Mexico, earlier 

interpretations suggestcd thc former, but as more data has become available the later 

becomes more apparent. The exact time spans of magmatic events are less well known 

than in the SW United States, and distrihution of superimposed features only beginning to 

be worked out. Erosion and uplift play critical roles in exposing mineralization and 

possihle related igneous rocks. yet arc seldom accounted for in regional metallogenic 

syntheses, even those outside of Mexico. 

Regional geologic summaries of NW Mexico do not typically include mineral 

deposits (Sedlock and others, 1993; MOJ'<ln-Zcnteno, 1994). and those that do. generally 
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inventory the location, metal associations, and less commonly assign a deposit type to 

metallic centers (Gonzalez-Reyna, 1956; Gabelman and Krusiewski, 1968; Salas, 1975). 

A few metallogenic summaries incorporate either magmatism, tectonics, or age in their 

syntheses (Wisser, 1966; De Cserna, 1976; Clark and others, 1982), however they do not 

account for post-mineralization deformation or other processes. 

The study focuses on northwestern Mexico because of its diverse geology and 

mineral deposits, and its possible links to the geology of the southwestern United States. 

The area covers the states of Baja California, Baja California Sur, Sinaloa, Sonora, and 

parts of Chihuahua, and Durango comprising a >-540,000 km2 area (figure Ct). The vast 

area permits broad regional comparisons to address the concepts of metal belts, erosion, 

and mineralization associated with different superimposed magmatic events. Preservation 

is a key factor in determining what deposits are exposed and which may have existed but 

are either covered or eroded and must be treated on a regional scale. Magmatism, likewise, 

affords the best insights by looking at the regional scale and the broad reconstructions on a 

multi-state basis are more schematic than exact fault restorations. These factors are 

evaluated individually and then summarized in view of coeval-tectonic and mineralization 

events. 

The main goals of this paper are to present a new synthesis of metallic ore deposits, 

update available age date and geologic summaries, present new tectonic reconstructions and 

use these reconstructions to reinterpret the distribution of mineralization in time and space. 

This paper is necessary as substantial new field work has been completed, new deposit 

types previously not included in metallogenic summaries have been discovered and brought 

into mine production, more comprehensive mineral occurrence databases have quadrupled 

previous mineral district compilations, and there has been identification of deposits that are 

older than the Late Cretaceous ("Laramide" time period, Coney, 1976) described in 

previous metallogenic syntheses. New age date compilations presented in this paper 
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Figure C 1. Location map of study area showing mines and deposits refered to in the text. 

163 



164 

expand earlier compilations and plot the ages and associated rocks on easily visualized 

maps. Additional geologic mapping and state monographs for portions of northwest 

Mexico make a more detailed mineralization synthesis a beneficial contribution. Greater 

igneous geochemistry data and petrologic phase information suggest that the igneous 

history is more complex than previously believed, and a newly published 

tectonostratigraphic summary provides additional regional geologic framework into which 

mineral deposit data may be related. Field mapping and structural map compilations by the 

authors provide information to develop a set of simplified tectonic reconstructions that do 

more than simply restore the Gulf of California opening, but include preliminary 

restorations of basin and range, and core-complex extensional events. The reconstructions 

are schematic and simplified as information is spotty and incomplete, however the 

restorations do provide a basic foundation for viewing pre-extensional configurations 

(Staude, 1994). 

The paper consists of four parts, (I) geologic synthesis, (2) mineralization 

synthesis, (3) reconstructed distribution of geologic units and deposits, (4) discussion of 

other factors affecting the metallic distribution in northwest Mexico, and (5) time-space 

summary of mineralization and related tectonism and magmatism. The first two parts are 

necessary to summarize the observational framework including new information. The third 

uses the observational data and rough estimates of percentages of extension to restore the 

geologic distributions to their pre-Middle Tertiary relative geographic positions. The final 

section presents an integrated synthesis of the data and summarizes some of the complexity 

and superimposed features not incorporated in previous metallogenic summaries (e.g., 

preservation, exposure, enrichment, magma composition). 
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GEOLOGIC FRAMEWORK 

NW Mexico is a heterogeneous package of accreted terranes, translated continental 

margins, and sedimentary basins which have been intruded and covered by igneous rocks 

over much of the past 150 m.y. The region was compressed during late Mesozoic time and 

extended during middle-late Cenozoic time. Cenozoic uplift, erosion, and deposition of 

surficial sediments expose and preserve diverse crustal levels across the region. Ore 

deposits have formed during much of the past 150 m.y. associated with synchronous 

faulting and magmatism. The linked periods of broadly synchronous or dynamic related 

magmatism, tectonism and mineralization can be grouped into five periods (Late Jurassic, 

mid-Cretaceous, Late Cretaceous-Early Tertiary, Middle Tertiary, Late Tertiary-Recent). 

These periods are broadly similar to metallogenic events known for the western United 

States although the exact age, composition, duration, and preservation of mineralization 

and magmatism differ. In Mexico, there is significantly less regional structural map, 

radiometric or paleonotological age, and igneous compositional data than in the United 

States, necessitating a more generalized metallogenic synthesis. On the other hand, this 

relative dearth of data makes a synthesis more useful as it provides a basis to build upon 

and can note where significant work is already completed. Time period boundaries are 

imprecise as many events are diachronous across NW Mexico and quantitative data sparse. 

The geologic framework is critical for interpreting the interrelationship between province 

composition, timing, palinspastic reconstructions, and mineral deposits each of which are 

summarized below. 

STRATIGRAPHY 

The geology of northwest Mexico can be separated into three distinctive 

stratigraphic zones which become more mafic and submarine volcanic dominant to the 

southwest (figure C2). These zones show the stratigraphic transition from mainland 
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Mexico and the southern United States to the Baja Peninsula, as the geology changes from 

stable craton and typical North American continental margin facies to accreted and 

submarine mafic magmatic arc rocks. Moving from northeast to southwest the geographic 

position for rock formation becomes increasingly uncertain relative to the North American 

craton (Sedlock and others, 1993). By discriminating three domains one can see the 

various types of sedimentary and igneous rocks found in the region, and how features 

effecting them change from west to east. The domain approach is distinctive from the 

terrane approach because the domains are largely separated based on their Cenozoic history 

rather than on the basis of basement and stratigraphic sequences. The domains include 

multiple terranes and cross terrane boundaries. The domains provide regions that can be 

viewed as having experienced a broadly similar Cenozoic history. 

The detailed stratigraphy of the various terranes is discussed elsewhere (Campa and 

Coney, 1983; de Cserna, 1989; Sedlock and others, 1993). In figure C2, this information 

is summarized using the three domains which are later evaluated as regions of distinctive 

metallogeny. The westernmost domain is largely accreted marine sediments and volcanics 

with minor mafic intrusions, the central domain includes the tonalite-diorite Baja California 

batholith, Paleozoic-Middle Mesozoic carbonate and clastic rocks with minor interbedded 

volcanics (Gastil and others, 1975). The eastern domain has exposed Precambrian 

basement, overlain by miogeoclinal sediments which are intruded and covered by a variety 

of Mesozoic-Cenozoic igneous rocks and continental and shelf sediments (Roldan-Quintana 

and Clark, 1992). The stratigraphy of each domain appears to playa role in the type of ore 

deposit and affect the magmatic composition, thus the key elements of the stratigraphy are 

briefly reviewed below. 
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Western domain 

The western half of Baja California contains various accreted units ranging from 

continental margin to ophiolitic, all of which have been intruded by multiple plutonic events 

and partly covered by Cenozoic volcanic and conglomerate packages. There are two main 

packages, a western serpentinized melange sequence of ophiolitic material and an 

imbricated thrust sequence of silicic and carbonaceous shelf sediments. Triassic-Jurassic 

oceanic crust is accreted along the westernmost coast at Isla Margarita and Vizcaino areas 

(Abbott and Gastil, 1979). Late Triassic-Cretaceous marine margin sediments and mafic 

volcanics form an interior belt through much of western Baja California and appear to have 

been metamorphosed and metasomatised by both the accretionary events and subsequent 

emplacement of the Baja California batholith (Gastil and others, 1975). The Triao;sic to 

Cretaceous thick clastic sedimentary wedge, known as the Alistos Formation, is 

lithologically and tectonically similar to the Franciscan Formation to the north but may host 

more intrusions and more mineralization (Menchaca, 1985). No units are known to be 

older than Mesozoic from this domain and all but the most recent Tertiary volcanics are 

metamorphically deformed. Metamorphism reaches garnet amphibolite facies near intrusive 

contacts and is regionally lower greenschist grade. Brittle and ductile faults are common in 

the metamorphosed rocks and precious metal mineralization is commonly associated with 

these structures. 

Cenozoic stratigraphy in the western domain is mainly Miocene-Recent 

conglomerate and bimodal volcanics. Uplift of the Baja California batholith caused large 

scale erosion and deposition of clastic sediments along the Pacific coast margin. Minor late 

Tertiary volcanic flows and tuffs are locally interbedded with colluvial deposits. The 

western domain is covered by extensive Quaternary alluvium in southern Baja California 

(Ortega-Gutierrez and others, 1992). 
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Central domain 

The central domain is a mixture of accreted eugeoclinal continental margin rocks, 

with abundant intrusive and extrusive rocks. The central domain includes parts of B'Un 

California, Sonora, Sinaloa, and Durango making up a large area of dominantly magmatic 

arc rocks. The oldest rocks in this domain are Ordovician and therefore significantly older 

than in the western domain (Poole and others, 1991). In the central domain Paleozoic 

sediments are common, and although they are highly deformed by subsequent events their 

extent is significant trending over 1000 km southeast through the study area (Ortega

Gutierrez and others, 1992). The Late Triassic-Jurassic Barranca Formation 

volcanosedimentary continental margin sequence forms a m,uor stratigraphic unit which 

hosts abundant mineralization and is succeeded by Late Cretaceous volcanics with 

interbedded conglomerates and clastic nonmarine sediments (Stewart and others. 1990). 

Jurassic age pyroclastic flows and volcanogenic sediments were deposited in local rift 

basins which track subparallel to the inferred continental margin (Tosdal and others, 1989). 

Subduction and continental accretion driven from east directed compression presumably 

collapsed the basin(s) during the abduction of the B'Ua California volcanic arc onto 

mainland North America (Rangin, 1986). Radiometric ages on central domain stratigraphy 

arc difficult to obtain because the rocks are typically metamorphosed and variably 

hydrothermally altered. Paleozoic and Triassic stratigraphy is dominantly sedimentary and 

younger Jurassic rocks are mixed sediments and metavolcanics. These units arc poorly 

dated and the mixed sedimentary-volcanic packages have commonly been grouped with the 

Late Cretaceous stratigraphy making regional analysis difficult. In Baja California the 

Cretaceous batholith intrudes a thick metamorphosed Paleozoic sedimentary package and 

andesite-dacite flows with interbedded clastic sediments are more abundant in central B'Ua 

California rather than to the north. The Late Cretaceous-Tertiary had intermediate 

composition volcanism associated with the Laramide intrusive period (Damon and others, 
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1981). Most of the pre-Cenozoic rocks arc metamorphosed to greenschist or higher grade 

and sedimentary sequences are typically only pendants (screens) through which many 

intrusions penetrate (Gastil, 1993). 

Cenozoic lithologies are largely igneous or associated with erosion or the orogenic 

belt. They formed in six sequential periods from (I) Laramide intermediate volcanics with 

interbedded continental sediments, (2) EOl:ene conglomerates and arenites. (3) Oligocene 

rhyolite to andesite tuffs and flows, (4) Miocene bimodal volcanics and thick basin filling 

conglomerates, (5) Pliocene mafic volcanics and colluvium, and (6) Quaternary evaporite 

playa lakes and alluvial deposits. These groupings are simplifications but provide a 

framework for interpreting the active tectonic and magmatic processes coincident with their 

formation and the related mineral deposits in the central domain. The Cenozoic of the 

central domain differs from the western domain by having more volcanic rocks. 

Eastem domail1 

The eastern domain is part or the southern margin or the North Ameril.:an craton and 

has a geologic history similar to portions of the southwestern United States (e.g., Arizona, 

New Mexico). The basement is comprised or Proterozoic mica schist and quartzo

feldspathic gneiss and younger Precambrian granodiorites, diorites, pegmatites and 

diabases (Stewart, 1988). The Eocambrian and lower Paleozoic periods have marine 

continental margin sediments, which are overlain by middle Paleozoic carbonate reef and 

platform deposits. The late Paleozoic sequence is transitional from a dominantly older 

marine to younger subaerial depositional environment. Permian evaporites interbedded 

with carbonate and local clastic sediments close out the Paleozoic era. During the Triassic 

there is an erosional period that develops local basin volcanic and sedimentary sequences of 

Late Triassic and Jurassic age (Tosdal and others, 1989). 
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During early Cretaceous, carbonate shelf deposits and local platforms extending to 

the southeast into Chihuahua with clastic near shore facies in central Sonora rormed. These 

sediments do not contain volcanic detritus suggesting that the magmatic arc that today lies 

due west making up the central spine of B'Ua California was not there during Early 

Cretaceous time when it formed, and may have been accreted since early Crctm:eous time 

(Sedlock and others, 1993). Early Cretaceous sediments are overlain by local limestone 

conglomerates, thin discontinuous sandstone beds, and minor andesitic tulT and related 

volcanogenic detritus. Late Cretaceous-Eocene intrusions and associated volcanic rocks arc 

abundant and scattered over the region (Ortega-Gutierrez and others, 1992). Oligocene

Miocene volcanics vary from early andesite dominated to late Oligocene ignimbrites and 

finally bimodal volcanics (McDowell and Roldan-Quintana, 1993). Stratigraphically 

interlayered with the volcanic flows arc tufTs and volcanosedimentary units. The sediments 

include basinal clastics and fluvially reworked tuffs. Late Tertiary time is marked by 

syntectonic conglomerate and clastic deposition associated with grabens and basin 

development (Bartolini and others, 1995). 

MAGMATISM 

The five episodes fit broadly into the time periods Late Jurassic-Early Cretaceous, 

Cretaceous, Late Cretaceous-Early Tertiary, Middle Tertiary and Late Tertiary with 

different but overlapping compositional trends, geographic distributions, abundances, 

igncous character (i.e., volcanic/plutonic, erfect to host rock), and as shown in later 

sections, types of preserved mineralization. The episodes moved in a broad sense from 

west to east then back to the west, in a pattern generally similar to the southwestern United 

States (Clark and others, 1982) although in detail this progression is complex. 

Compositional changes in space and time are generally more felsic and alkalic to the cast 

and with time in a given area. The late Cenozoic transform tectonic environment evolved 
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during the past 12 Ma into a mafic dominated magmatism associated with rifting that 

continues today. The extent of presently exposed extrusive and intrusive igneous rocks 

varies with episode and geographic location across the region. Equigranular batholithic 

intrusions are generally older, volcanic-dominated sequences are younger. Regions of 

extension are. more heterogeneous in preserved exposure depth, where as areas of 

compression or undefonned have more homogeneous volcanic/plutonic ratios (figure C3), 

Apparent episodes are part of a series of pulses which on a regional scale define a 

continuum of nearly 150 m.y. of magmatic activity. Published radiometric ages indicate 

that igneous crystallization and/or cooling associated with unroofing was nearly continuous 

from the Late Jurassic to Holocene. However through time the composition and locus of 

this magmatism changed and these changes can be separated into five episodes. 

Jurassic igneous rocks are found in all three geologic domains yet their temporal 

and spatial relation to one another and to the southwestern margin of the North American 

craton prior to 150 Ma is controversial (Anderson and Silver, 1979). Few published 

petrologic studies are available for Jurassic igneous rocks in the study area (Rangin, 1986; 

Tosdal and others, 1989), however regional compilations by Damon (1978), Stewart and 

others (1986), Roldan-Quintana and Clark (1992), and Ortega-Gutierrez and others (1992) 

define locations of Jurassic igneous rocks which may define a belt of Jurassic magmatism 

through west-central Mexico (Dickinson, 1981). This belt extends from southern Arizona, 

southeastward into Durango and continues southward into Guerrero exposing varying 

amounts of igneous mafic and felsic rocks with large amounts of metasediments (Damon, 

1978). The Jurassic rocks are typically metamorphosed to greenschist facies and folded or 

sheared, overprinting primary igneous textures and changing igneous mineral assemblages. 

Geochronology combined with regional mapping have identified a number of small areas of 

Late Jurassic-Early Cretaceous plutonism (figure C4a). In northwestern Sonora, late 

Jurassic intrusions are dominantly gabbroic-granodioritic with associated minor andesitic to 
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Figure C3. Temporal distribution of igneous and deformational events in NW Mexico. Upper 
figure shows the abundance of exposed plutonic and volcanic rocks. Younger rocks are more 
extrusive dominated and magmatism has been active in different parts of the region for most 
of the past 110 m.y .. Lower figure shows the relative abundance of deformational features. 
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Figure C4. Time slices showing location of ages and correlative magmatic units which are reconstructed to their pre
Miocene extension configuration in figure C I 0. Outcrop areas largely from Ortega and others, 1992. 
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rhyolitic volcanics (Anderson and Silver, 1978). These sequences could be associated with 

Jurassic calderas and outflow facies of coeval magmatic activity similar to that interpreted 

for southern Arizona (Lipman and Hagstrum, 1992). Outside of northern Sonora, Jurassic 

and early Cretaceous igneous rocks are dominantly basaltic-andesite to rhyodacitic flows 

and tuffs that are interlayered with clastic sediments in a sequence that has subsequently 

been deformed with relatively few intrusive centers identifiable. 

Following an apparent absence of regionally extensive magmatic activity in the early 

Cretaceous like that of the western United States (Barton and others, 1988), magmatism 

along the western edge of Mexico fonr.ed batholithic rocks of Baja California and western 

portions of Sonora and Sinaloa during middle Cretaceous time (120-90 Ma) (Gastil and 

others, 1975; Silver and others, 1993). Ages are largely constrained by K-Ar dates on 

phyllosilicates which record the age of cooling and in some cases the absolute 

crystallization age as determined from U-Pb zircon dating (Walawander and others, 1990). 

The Cretaceous intrusive sequence is the southern extension of the Peninsular Ranges 

Batholith of southern California, however in Mexico progressively shallower igneous 

rocks are preserved southward apparently reaching the roof of the Cretaceous magmatic arc 

somewhere near the latitude ofEI Arco, BCN at 28°N (figure C4b). The Cretaceous was 

primarily gabbroic to tcnalitic in Baja California (Gastil and others, 1975) but in Sonora it 

is more granodioritic, and comes from more crustal sources based on Pb data from 

feldspars (Silver and others, 1993). Radiometric dating and contouring of lead isotope 

analyses from Cretaceous feldspars are consistent with the supposition that portions of the 

Baja California batholith have similar isotopic sources as those in western Sonora and 

Sinaloa having been displaced -300 km by Late Tertiary Gulf of California rifting (Silver 

and others, 1993). Oxygen isotopes and 87Sr/86Sr ratios indicate greater crustal input into 

the magmas in the eastern part of the Baja California batholith and this trend continues 

eastward across Sonora (Taylor, 1986; Silver and others, 1993). Dated Cretaceous rocks 



are largely intrusive, the majority of which are medium to coarsely equigranular (of 104 

published age dates between 119 and 80 Ma, 90 are K-Ar). There are probably some 

Cretaceous volcanic rocks however because of pervasive metasomatism K-Ar dating is 

unreliable on many volcanics, and few U-Pb dates are available for volcanics between 

Jurassic and Late Cretaceous. 
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Late Cretaceous-Early Tertiary (80-40Ma) igneous rocks follow a NNW-SSE trend 

through most of the eastern half of the study area extending from southern Arizona and 

New Mexico into Durango and Sinaloa. The igneous rocks are the southern extension of 

the western North America Late Cretaceous-Early Tertiary ("Laramide") batholithic belt 

which intrude previously metamorphosed and tectonized country rocks of western Mexico 

(Cocheme and Demant, 1991). Over 340 age dates have been published on intrusive rocks 

and less than 75 on extrusive rocks of this age. Outcrop patterns modified from Ortega

Gutierrez and others (1992) can be plotted with age dates to illustrate the regional 

distribution of Late Cretaceous, Paleocene and Eocene magmatism (figure C4c). One 

interesting note is that many dated igneous rocks occur in outcrop areas too small to plot on 

this simplified figure although the dates do help to define a general SSE trend. The trend of 

igneous rocks likely continues in a patchwork fashion beneath the younger Sierra Madre 

Occidental volcanic province and becomes exposed again as volcanic and intrusive rocks in 

central Chihuahua (McDowell and Mauger, 1994). Andesites and hypabyssal granodiorite 

centers in the deeper canyons of the Sierra Madre Occidental span more than 40 million 

years (80-40 Ma) and appear to represent Late Cretaceous-Early Tertiary volcanoes, and 

host much of the mineralization. Relatively few of the deeper canyon volcanic rocks have 

been dated, making age interpretations necessarily general. Some volcanics preserve 

caldera rings with hypabyssal intrusives around their margin (Bockoven, 1980). The 

intrusions west and under the Sierra Madre Occidental comprise the Late Cretaceous-Early 

Tertiary calc-alkaline dominantly granodiorite to granitic Sonoran and Sinaloan batholiths 



(Henry, 1975; Damon and others, 1983b; Roldan-Quintana, 1991). The intrusions often 

develop extensive hydrothermal alteration halos, hypabyssal porphyritic intrusive stocks, 

hydrothermal breccia pipes, and commonly form ore deposits (Bushnell, 1988; Wilkerson 

and others, 1988). 
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Unlike the Jurassic or early-middle Cretaceous periods, the Late Cretaceous-Early 

Tertiary igneous rocks have had considerable isotopic study which is useful for interpreting 

their source and possible relations to ore deposit types. Isotopic studies on the batholithic 

rocks indicate a change in 87Sr/86Srj ratios from typically <.706 values for Late Cretaceous 

rocks (80-66 Ma) and Sinaloa and southern Sonora to Paleocene and younger rocks as well 

as northern Sonora and eastern rocks commonly having higher initial strontium (>.708) 

and negative Eu anomalies (Damon and others, 1983b; Mead and others, 1988; Roldan

Quintana, 1991). Eocene igneous rocks give even more crustal signatures with some 

peraluminous granites exceeding 87Sr/86Srj=.714 (Mead and others, 1988) similar to the 

Eocene two-mica plutons found in southern Arizona. 

The fourth major magmatic episode is the middle Tertiary period between 40 Ma 

and 28 Ma when early intermediate and later felsic ignimbrite magmas were extruded and 

emplaced into the eastern half of the study area (McDowell and Clabaugh, 1979). This 

magmatic pulse, forming the Sierra Madre Occidental volcanic province, is superimposed 

on the Late Cretaceous-Early Tertiary events and may cover large areas of earlier 

magmatism. From our compilation it is clear that this event is time transgressive between 

early to middle Tertiary magmatism with possibly a short partial hiatus in western Sonora 

and Sinaloa but not in Durango and Chihuahua. The majority of middle Tertiary igneous 

studies have concentrated on two transect areas across the Sierra Madre Occidental province 

each of which expose the lower andesitic phase and overlying rhyolitic-dacitic ignimbrite 

phase, but may not give a complete view of the magmatic history. The lower andesitic 

flows are typically chloritized and/or epidotized and are seldom amenable to K-Ar 
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geochronology therefore making it difficult to place them in their context. Thus their age 

relative to overlying rhyolites is somewhat suspect, particularly in areas where 

conglomerates are deposited between the two volcanic packages. Studies in western 

Chihuahua and southern Sinaloa define early (-40-35 Ma) andesitic and dacitic tuffs, 

flows, and porphyry intrusions which are covered by rhyolitic ignimbrites (Duex, 1983; 

Clarke and Titley, 1988). During the ignimbrite phase, largely active from 34 Ma-28 Ma, 

approximately 1,000,000 km3 of ashflow tuffs and caldera forming volcanics blanketed 

most of western Mexico (Swanson and McDowell, 1984). During the waning stages of 

this period 28-24 Ma magmatism increased to the west and changed from dominantly 

rhyolitic-dacitic to bimodal with increasing volumes of mafic lava similar to the western 

United States (Christiansen and Lipman, 1972). From the age and geologic compilations 

(figure C4d) one sees that although magmatism does become abundant in southern Baja 

California, it is synchronously active over the eastern half of the area, proving that 

magmatism did not completely shut off in the west as proposed (Clark and others, 1982). 

Geochemical data on Middle Tertiary igneous rocks demonstrate that they are more 

felsic than the Laramide, calc-alkaline to calc-alkalic, and some appear to contain up to 15-

30% crustally assimilated material (Bockoven, 1980, McDowell and Clabaugh, 1981). 

Recent isotope studies present epsilon Nd of -2.3 to -5.2 and 87Sr/86S ri of .>.709 for 

volcanics in northwestern Chihuahua (Albercht, 1990). Trace element data shows LREE 

enrichments and large negative Eu anomalies (McDowell and others, 1978; Cameron and 

others, 1980, 1989; Wark, 199 I). 

The final magmatic episode spanning the Miocene-Holocene is spatially and 

chemically complex, but may be viewed as an overall progression from early rhyolitic ash 

sheets with small basaltic comagmatic flows, to basin and range-style bi-modal volcanic 

centers, eventually developing into mafic dominated, rift-type volcanism associated with 

extension associated with the Gulf of California opening. Spatially, igneous rocks 
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associated with this event extend from southwestern Arizona through the entire western 

half of the study area, eventually blending into the transmexican volcanic belt at latitude 

21°N. Basaltic-andesites and high K-basaltic centers replace the mid-Tertiary ignimbrites, 

and magmatism becomes concentrated in and around the Gulf of California (compare figure 

C4d and 4e). Late Tertiary basalts are widely dispersed but much thinner than the middle 

Tertiary ignimbrites, and although they occur throughout the study area, they seldom 

exceed 100m thick and are typically interlayered with continental clastic sediments. They 

are variably tilted and locally deposited synchronous with active Basin and Range extension 

(McDowell and Roldan-Quintana, 1991). The latest Tertiary lavas are rift related MORB

like basalts and occur in areas that are still undergoing active faulting (Donnelly, 1974; 

Nealey and Sheridan, 1989). Modern basaltic volcanoes are most prevalent around the 

margins of the Gulf of California and also occur in the Geronimo-Agua Prieta Volcanic 

field in northeastern Sonora 300 km east of the Gulf (figure C4e). 

STRUCTURE 

The past 150 m.y. structural history of NW Mexico is a complex interplay of local 

and regional events that broadly define a regime of Mesozoic compressional and left-lateral 

strike-slip events, and Cenozoic extensional and right-lateral strike-slip faulting. Detailed 

timing, distribution, and intensity constraints on individual faults is rarely known making 

precise regional interpretations highly speculative, although enabling general characteristics 

to be evaluated. In this section we briefly summarize the location, style, and extent of the 

main periods of deformation and refer to earlier papers for detailed analyses of the data. 

The deformational history is key to (I) reconstructing the general paleography and thus 

distributions of lithologies and mineral deposits, and (2) to relating the time-space 

development of magmatic and tectonic events which playa joint role in the formation, 

distribution, and preservation of ore deposits. Previous studies have defined at least five 
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episodes of deformational activity since the Late Jurassic, largely based on field mapping 

and cross cutting relations thus the precise age constraints on these episodes are only 

broadly known and vary across the region. Starting with late Jurassic, strike-slip and 

thrust faulting appear to be the dominant features (Anderson and others, 1982) followed by 

Cretaceous east- and west-vergent thrusting (King, 1939; Drewes, 1981; Dejong and 

others, 1988; Jacques-Ayala and others, 1990; Gonzalez-Leon, 1994). During the 

Cenozoic at least three major periods (and styles) of faulting are recognized, beginning with 

late Oligocene core complex extensional faulting (Anderson and others, 1977; Davis and 

others, 1980, 1981 a; Wust, 1986), Miocene-Pliocene high-angle extensional faulting 

(King, 1939; Henry and Aranda-Gomez, 1992), and late Miocene-Recent rifting and strike

slip faulting (Moore and Buffington, 1968; Atwater, 1970; Lonsdale, 1989; Stock and 

Hodges, 1989). Precise timing on these events varies across the region, as does their 

intensity, exposure, preservation, and other characteristics; thus, existing detailed studies 

of individual faults provide insight into fault characteristics but are limited in their regional 

correlation. Compilation of structural data from many areas of NW Mexico allows a 

schematic representation of types of faulting and its preserved abundance so that structural 

abundance may be compared to magmatic events (figure C3). In other words, structural 

abundance is a very rough estimate of extent, using the number of ranges where the 

structural feature has been identified. 

Jurassic strike-slip and thrust relationships have been determined for a NW striking 

belt of metasedimentary and igneous rocks in northwestern Sonora (e.g., Mojave-Sonora 

megashear) (Silver and Anderson, 1974; Anderson and Silver, 1979). Structures include 

crystalline thrust sheets, high-angle left-lateral, N55W striking shear zones, and Iineated 

Jurassic plutons (Anderson and others, 1980). Shear deformation is most intensely 

developed along the mid- to late-Jurassic age megashear (Anderson and Silver, 1979) 

which traces along the western margin of the Jurassic magmatic arc of western Mexico. 
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Left-lateral movement along this structure probably ended around 150 Ma and faults are cut 

by U-Pb dated Cretaceous granodioritic-dioritic plutons and overlapped by the Early 

Cretaceous sediments (Anderson, personal communication, 1993). South of the trace of 

the proposed mega-shear, outcrops of Jurassic and older rocks locally exhibit thrust 

relationships, however the age(s) of these events are ill-defined, and could relate to mid-late 

Paleozoic events (Poole and Madrid, 1988). In the southeastern part of the study area, the 

Jurassic Parral Formation (southern Chihuahua, northern Durango) may have experienced 

deformation associated with Jurassic tectonic events, possibly associated with opening of 

the Gulf of Mexico, but timing relations are speculative at this time. Identification and 

interpretations of Jurassic tectonic events vary widely and further studies will undoubtedly 

provide new insight. 

The next major deformation period was Late Cretaceous east and west vergent 

thrusting possibly associated with collision of the Baja California arc (Rang in, 1986; 

Jacques-Ayala and others, 1990). This thrusting event is more widely recognized than the 

Jurassic (figure C5) and although most prevalent and best preserved east of the study area 

in the Sierra Madre Oriental, numerous thrusted Cretaceous sedimentary sequences can be 

found in NW Mexico and equivalent areas further north in the southwestern United States 

(King, 1939; Drewes, 1978; de Cserna, 1989). Proposed transport directions and 

estimated percentages of crustal shortening vary greatly, commonly exceeding 20%-40% 

compression in individual areas of Sonora (Merriam and Eells, 1978; Jacques-Ayala and 

others , 1990) and over 50% in local areas of Chihuahua (De Cserna, 1956; 1989; Corbitt, 

1984 ). Insufficient published data is available to precisely quantify the amount of 

compression associated with this orogenic event for the entire region and it is unlikely that 

deformation is homogeneous making estimates calculated from a few observations difficult. 

Late Cretaceous-Early Tertiary ("Laramide" Coney, 1976) plutons intrude through the 

deformational fabric and locally cross cut thrust structures (Drewes, 1978). Further dating 
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Major Fault Systems of Northwestern Mexico Through Time 

East West Late Tertiary = Gulf extension and basin and range 

Pacific Baja Peninsula Gulf of California Western Mainland Sierra Madre Occidental 
I Western Domain I Central Domain Eastern Domain 

-400 km 

Figure C5. Cross sections from Jurassic to present showing major fault systems during each 
period at the latitude of Hermosillo, Sonora. Section not restored so as to more clearly 
represent superimposed features. Structures are schematic and represent major fault sets. 



and detailed mapping of Mesozoic thrust and strike-slip structures is necessary to better 

relate the overall geologic development and interpret which features outside of north 

westernmost Sonora are related to which deformational event. The added complexity of 

thick Cenozoic cover and superimposed Tertiary deformations makes unraveling the 

Mesozoic structural history a challenging geologic problem. 

183 

Cenozoic structures are typically extensional and can be divided into at least three 

time periods of differing but overlapping age, distribution, structural styles, and extension 

directions since the late Oligocene. Precise ages of motion, uplift, and rifting are not 

completely known and they vary by nearly 10 million years across the region. The general 

timing and gross extent of deformation from 50 Ma to the present is a progression from 

early normal faulting developing into middle Tertiary age detachment faulting and core 

complex formation, then becoming high angle normal faults typical of the Basin and Range 

province, and finally during the late Tertiary forming a rift system (figure C5). Extensional 

features are best developed and have the greatest offsets in the region between the Baja 

California-Peninsular batholith and the Sierra Madre Occidental volcanic province. The 

intervening area has experienced a complex deformational history and much of the 

Cenozoic extension is taken up by deforming this area (figure C6). The distributions of 

recognized tectonic features are partly controlled by preservation. Older features (e.g., pre

Oligocene) are typically disrupted or reactivated, as well as covered by younger strata. 

Thus absolute outcrop exposures are inadequate to evaluate the pervasiveness of faulting 

and instead the number of ranges can be used. Directions of extension change for the three 

periods as well as vary within a period, making a single inferred extension direction 

incorrect and instead a general progression of E-W to NE-SW extension is found. 

During the formation of the Sierra Madre Occidental volcanic province multiple 

faults formed, many of which are likely related to magmatic processes including eruption, 

landsliding, and uploading. The faults cut pre-Oligocene ignimbrite volcanic sequences but 
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are variably covered and cut the Oligocene volcanics. Many of these faults must have been 

active prior to 30 Ma because they host numerous NW-SE trending late Oligocene vein 

districts in the Sierra Madre Occidental (Knowling, 1977; Bagby, 1979; Clark and others 

1979; Buchanan, 1981). In places faults have local growth characteristics with deposition 

lapping onto caldera and radial volcanic associated faults (Swanson, 1985; Wark, 1990). 

The NW-SE through-going faults and caldera-volcanic associated faults do not greatly 

extend the crust but provide weaknesses in the Sierra Madre where later jostlillg and minor 

offset may occur. In general, the Sierra Madre does not have the large scale extension, 

>300 block rotation, or core complexes and appears to have behaved as a more-or-less 

stable block during the past 30 m.y. (Henry and Aranda-Gomez, 1992). The first major 

extensional event of middle Tertiary time is the formation of late Oligocene-early Miocene 

metamorphic core complexes which cut through earlier Oligocene volcanics and rotate 

middle Tertiary volcanic stratigraphy (Nourse, 1989; 1992). These developed in a NNW 

trending belt in northern Sonora and form a southern continuation of the southern 

California-Arizona core complex extensional belt (Davis, 1980; 1981). The area of lineated 

and foliated granitic and metamorphic rocks with subhorizontal, extensional top-to-the

southwest sense of shear covers more than 35,000 km2 and at least 8 core complexes have 

been identified (Anderson and others, 1993). The age of uplift and inferred formation in 

Sonora is less studied than similar features in the United States but preliminary work 

suggests they are of generally similar early Miocene age (-24--17 Ma, Miranda, 1992). 

The muscovite (K-Ar) cooling ages vary between complexes and the ages of tilted vs 

untilted strata provide broad timing constraints on uplift (figure C6). 

High-angle normal faulting in northwest Mexico has occurred throughout the 

middle and late Tertiary and the core complexes are a relatively local and internal event to 

the overall extensional history. Core complex detachment surfaces in Mexico and southern 

Arizona are commonly offset by high-angle normal faults of the Basin and Range province. 
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These faults strike dominantly NW-SE to N-S although in detail they are often more 

complex. The NW structural grain is most prevalent in the area between the Baja California 

and Sierra Madre Occidental blocks but is found throughout NW Mexico (Staude, 1993a). 

The relative amounts of extension are likely less than the core complexes because of the 

high angle nature of these faults, with estimates of extension on the order of 10% rather 

than the regional 30% estimated for the core complex period of deformation in southeastern 

Arizona (Davis, 1981 b). Independent structural reconstructions for northern Sonora 

presented below find similar percentages of extension. Tertiary tilting associated with 

basin and range as well as around core complexes is best documented in Sonora, but is 

present over much of the area. The precise ages of this tilting are not constrained better 

than simply of middle and late Tertiary age (Stewart and Roldan-Quintana, 1994). 

Regional structural compilations for NW Mexico demonstrate a regional NW-NS 

orientation of Miocene and Pliocene age faults which become incorporated into the Gulf of 

California rift system during late Tertiary time (Staude, 1992). 

During the opening of the Gulf of California the region between the Baja California 

batholith and the Sierra Madre Occidental batholith becomes a transtensional rift with active 

seismicity and magmatism continuing today. This final extensional episode is part of a 

gradual change in extensional style from large scale (core-complex) crustal attenuation to 

transtensional crustal rifting. Strike-slip faulting with intervening minor grabens and 

transform faults accommodate the stress and permit separation of the North American and 

Pacific plates (Atwater, 1970; Stock and Hodges, 1989). This deformational period 

possibly began in the Miocene with the formation of the Proto-gulf of California and 

continues today as an active rift (Lonsdale, 1989). 
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TECTONIC RECONSTRUCTION 

Using the structural history outlined above in conjunction with published geologic 

maps of the region one can reconstruct the lithologic distributions prior to mid-Cenozoic 

extension by stepping back through three deformational episodes (figure C7, see Staude, 

1993a for additional references). First, the Gulf is partially closed using reconstructions by 

Gastil and others (1975), Stock and Hodges (1989), and many others restoring the Gulf to 

the likely proto-Gulf shape (Lonsdale, 1989). The closure involves not only moving the 

Baja Peninsula -350km southeastward parallel to the San Andreas Fault System, but also a 

_15° counterclockwise rotation relative to the mainland. This required rotation is due to 

rifting within the Gulf of California. Second, is closing the Basin and Range extension 

which accounted for roughly 10% total extension in the region and is region-wide 

(Anderson, 1993 personal communication). For this restoration step tilt domain maps 

showing fault orientation, block rotation direction, and areas of higher degrees of extension 

were used to roughly estimate the different amounts of closure (Stewart and Roldan

Quintana, 1994). The only large areas that appear to be generally less extended are the 

Sierra Madre Occidental volcanic province (Henry and Aranda-Gomez, 1992) and the 

central spine of Baja California (Stock and Hodges, 1989). Normal faults change 

orientation from N to S from generally N-S to NNW-SSE at the latitude of the US-Mexico 

border to N40-60W at latitude of Mazatlan (Henry and Fredrikson, 1987) (figure C7). To 

restore the Basin and Range extension the southern part of the study area must rotate -10° 

counterclockwise with a hinge point in central Baja California (latitude 29°N). Basin and 

Range for westernmost Chihuahua and Durango in the Sierra Madre Occidental is relatively 

minor, and likely less than 10% total. Extension has not been sufficient to develop large 

grabens but numerous extensional faults cut and tilt the volcanic pile. The Sierra Madre 

Occidental area can be treated as a large area of relatively minor extension when compared 

to parts further west and is used as the eastern boundary for restoring extension in this 
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Figure C7. Reconstruction to the >-24 Ma (late Oligocene) pre-extension geography of NW 
Mexico. Dark lines plot younger position, shading covers older (restored) geography. 
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study. Strike-slip motion may have been significant during the Basin and Range period but 

few faults have been identified with substantial strike-slip translation. Third, is restoring 

core complex extension which is the most difficult to constrain because few tie-points exist 

across the complexes and the accordion-like differential extension (Nourse and others, 

1994). In the complexes extension is > 100% but outside the core complexes extension is 

less and may go to zero if blocks piggy-back above a decollement. Since nearly all the 

identified core complexes are in north-central Sonora, the effects of this step in the 

reconstruction are concentrated here, with the greatest restored areas directly around the 

core complexes and closure direction changing consistent with mapped stretching lineations 

throughout the region. 

Further tectonic mapping will enable more detailed future reconstructions, however 

this simplified model gives a first approximation to the pre-Miocene regional configuration. 

To restore positions prior to the Miocene it would take much more structural data than is 

currently available. Taking the reconstructions to earlier configurations would depart from 

using available fault and tilt maps and thus would make the reconstructions much more 

speculative. Therefore we stop our reconstruction at this point and plot pre-extensional 

mineralization events on this reconstructed base map and do not try and restore older 

compressional deformations. In the time-space summary we restore the pre-Cenozoic 

compression but the exact distances and amounts are schematic. 

MINERALIZATION 

TYPES 

Metallic mineralization is abundant in northwestern Mexico with over 2500 known 

metal occurrences spread over nearly the entire region. The types include magmatic 

(intrusion and extrusion-related), metamorphic, and sedimentary-associated deposits which 

have formed over much of the past - I 50 Ma. The main metals and the associated deposit 
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types with their age of formation are summarized in figure CS. Abundances for each 

deposit type are tabulated from a computerized database developed for this study and 

available through the United States Geological Survey, Mineral Resource Data System 

(Orris and others, 1994). The intrusion related deposit types include porphyry Cu ± (Mo, 

W), Fe-W-Cu and Ag-Zn-Pb skarns, W greisen, Au-Ag vein and Ag-Pb-Zn replacement 

ores. Volcanic deposit types include Au-Ag-(Pb-Zn-Cu) epithermal veins, advanced 

argillic Au-Cu, and adularia-sericite Ag-Au. Low sulfide Au-quartz veins are the main 

metamorphic type. Sedimentary associated metallic ores include strataform, stratabound 

Cu deposits. 

Nonmetallic deposits, although not discussed in detail in this study, make up a 

significant number of deposits in the region and many appear to be related to synchronous 

magmatic-tectonic events (Orris and others, 1994). Mesozoic and Cenozoic intrusions 

generated wollastonite and garnet skarns. Late Cretaceous-Early Tertiary intrusions raised 

the geothermal gradient in central Sonora forming numerous small graphite deposits in 

carbonaceous sedimentary units. Extensional evaporite basins developed during the middle 

Cenozoic containing borate, zeolite, halite beds (Aiken and Kistler, 1992). Volcanism 

around the western edge of the Gulf of California during the late Tertiary formed sulfur, 

perlite, and opal deposits. 

AGE AND DISTRIBUTION OF METALLIC ORES 

Ages of mineralization in northwestern Mexico are poorly known in comparison to 

the western United States, where hundreds of deposits have been dated. However, 

compiling available geologic and geochronometric data for> I 000 districts mineralization 

periods can be estimated for nearly 500 districts. For these, a substantial subset have 

sufficient data to determine a deposit type, host rock and other characteristics. In general 

the timing of metallic mineralization broadly corresponds with the ages of magmatic activity 
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Figure C8. Histogram of deposit types ploting the number of Au, Cu, W, Pb-Zn districts 
versus time period. Compiled data are available in the U.S. Geological Survey, Mineral 
Resource Data System, computer databank. 
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and ages of ore can be constrained for many districts by using cross-cutting relationships. 

Ages for deposits that do not have obvious igneous relationships can be determined by 

local geologic and alteration features, such as host rocks and overlaying stratigraphy. 

Few, if any metallic deposits of pre-Jurassic age are known in NW Mexico thus we 

begin with the late Jurassic. The absence of older deposits is unlike the southwestern 

United States where Precambrian volcanogenic massive sulfide, hot spring gold, and other 

deposit types are found. The absence in Mexico of older deposits could be due to the 

relatively sparse outcrop areas of these older rocks, but may also be a consequence of 

mega-shear terrane displacement (Silver and Anderson, 1974) and terrane obduction of 

younger rocks (Stewart, 1988; Sedlock and others, 1993) 

Late Jurassic-Early Cretaceous (-150-120 Ma) 

Few Jurassic-Early Cretaceous age deposits are known in NW Mexico. Porphyry 

copper, gold quartz veins in shear zone, and iron skarns and volcanogenic deposits may 

have developed during the late Jurassic to early Cretaceous. Jurassic porphyry copper 

mineralization is present at Bisbee in southeastern Arizona, but no Jurassic porphyry 

copper deposits have been described in NW Mexico. Two potential areas for porphyry 

mineralization of this age, are the central Baja California Jurassic intrusive belt which has 

over ten small copper districts (e.g., San Fernando, EI Rosario) and in northern Durango 

where there are small copper occurrences possibly related to the Jurassic plutonic complex 

(Damon and others, 1983a). Mesothermal gold-quartz veins form in a number of 

environments including thrust and strike-slip fault zones, and are common in Jurassic 

clastic and metavolcanic rocks as well as Precambrian schists. The deposits appear to 

follow a NW trend along the trace of the inferred Jurassic arc (figure C9a). These 

occurrences are restricted to Jurassic and older rocks and are cut by -110-120 Ma 

intrusions and faults. Shear zone veins may have developed during this period in back-arc 
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deformational settings, perhaps related to motion along the Megashear (Silberman and 

others, 1988) and in fore-arc deformational environments related to arc accretion. Exact 

ages are difficult to constrain because few dates on veins have been published for either the 

mainland or peninsula localities. Many vein occurrences could be Cretaceous or Tertiary. 

Late Jurassic-Early Cretaceous marine arc related volcanogenic sediments host Fe

Cu±(Au) deposits along the western margin of the Sierra Madre Occidental in Sinaloa 

(continuing south into Jalisco and Colima), and along western and central parts of the Baja 

Peninsula. These deposits appear to be penecontemporaneous with mafic-intermediate 

magmatic centers, developing syn- or epigenetic volcanic associated hydrothermal Fe 

deposits and Fe±(Cu, Au) skarns. Fe vein occurrences associated with basaltic volcanic 

flows are prevalent in Baja California particularly between Santa Rosalia and El Rosario in 

the Jurassic-Early Cretaceous units (Menchaca, 1985). These deposits are typically 

metamorphosed to lower greenschist grade by the Cretaceous age, Baja California 

batholith. Copper staining and turquoise is found near at least four of the iron districts and 

may be an indicator to proximal copper mineralization. Nickel, cobalt, chromium deposits 

hosted in accreted marine sediment and volcanic-intmsive rocks (ophiolitic) on the Vizcaino 

Peninsula and other parts of westernmost Baja California. The deposits are associated with 

mafic igneous units, strongly serpentinized, and highly dismpted by multiple stages of 

post-mineralization faulting. Intrusions associated and hosting these deposits have U-Pb 

ages of this time. 

Mid-Cretaceous ( 120-80 Ma) 

During the middle Cretaceous, several economically important mineral deposit types 

formed including Cu-(Au) porphyries, W skarns, and low-sulfide Au-quartz veins. These 

types of mineralization are preserved in Baja California, Sinaloa, and western Sonora 

(figure C9b). They generally parallel the continental margin and are closely related to 



magmatism of the same age. Few locations other than intrusive centers are dated, and the 

age for the remainder of the deposits must be constrained by geological associations. The 

most abundant mineralization types are W skarn and greisen deposits, followed by Au

quartz veins, and porphyry Cu deposits. W skarns become increasingly prevalent from 

central Baja California northward into San Diego County, California. They are most 

common in Paleozoic carbonate rocks intruded by tonalitic and granodioritic intrusions 

(Weise, 1945; Menchaca, (985). Tungsten most often occurs as scheelite both in skarn 

and quartz veinlets with little additional associated mineralization. The deposits are small, 

rarely exceeding 2 x 106 tons ore and were mostly mined during World War II (Fries and 

Schmitter, 1945). 
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Porphyry Cu deposits are a second type of middle Cretaceous deposit with the best 

known example occurring in central Baja California near the village ofEI Arco (Barthelmy, 

.1979). Less well known Cretaceous pluton-hosted copper deposits occur in scattered 

locations throughout Sinaloa (Henry, 1975). These contain copper veins and breccia pipes 

that have been dated between 120-80 Ma. The Cretaceous porphyry systems appear to 

have lower initial 87Sr/86Sr, be more dioritic, and have more Au associated with them than 

the Laramide porphyries (Damon and others, 1983a). They are preserved in areas that have 

been less deeply eroded particularly in central Baja California where volcanic rocks of 

similar age surround porphyry deposits (Echavarri-Perez and Rangin, 1978). In northern 

Baja California Cretaceous rocks are more deeply eroded, equigranular, coarse grained 

batholithic complexes contain W skarn and greisen mineralization are common (Gastil and 

others, 1975). 

Two other deposit types that likely formed during the middle Cretaceous are 

intrusion-hosted bonanza gold-silver quartz veins and greenschist ("Motherlode-type") low 

sulfide gold-quartz shear veins. Dating of these deposit types in NW Mexico has not been 

done so regional comparisons must be used to constrain their age of formation. The 
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intrusion-hosted quartz veins in Baja California are up to several kilometers long and up to 

4 meters wide, locally blossoming into stockworks (Menchaca, 1985). In Sonora and 

Sinaloa, similar veins are found but their age is more difficult to constrain because of 

superimposed Laramide igneous activity. The veins in Sonora and Sinaloa could be 

Cretaceous age but may also be younger, further work on this mineralization type is 

necessary to better understand its relation to the temporally associated metallogeny. 

Metamorphic Au-Ag quartz veins make up a second-type of precious metal 

mineralization which is common in northern and central Baja California. The veins occur 

along the western margin of the batholith and in metasedimentary roof pendants over the 

Cretaceous batholith. The veins form anastomosing stockworks of quartz-carbon ate

chlorite veins with small high grade Au zones (Wisser, 1954). Alteration envelopes around 

veins are chlorite-epidote dominated grading outward over meters to tens of meters to 

regional metamorphic prehnite-pumpellyite and lower greenschist facies. Veins are 

commonly found near the chlorite-biotite isograd. Fluids developing these veins may be 

products of devolatilization during cooling and emplacement of the Baja California batholith 

and/or dewatering of the sedimentary section. Ag~s for these metamorphic shear zone 

veins are rarely published, but field mapping demonstrates that they are closely aligned 

along brittle-ductile fabrics with bonanza ore-shoots commonly controlled by fault flexures 

and intersections (Staude, unpublished mapping). 

Late Cretaceous-Early Tertiary (80-40 Ma) 

Diverse and abundant mineral deposits formed during the Late Cretaceous-Early 

Tertiary period in NW Mexico. Porphyry and skarn Cu-(Mo), Wand Pb-Zn skarn, and 

Au-Ag quartz veins are some of the most economically significant. These deposits are east 

of the middle Cretaceous ones, being found mainly in Sinaloa and Sonora. The 

mineralization of this period appears to be closely related to the synchronous magmatic 
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activity and is common around calc-alkaline volcanic areas, metasomatised intrusive contact 

aureoles, and deeper plutonic environments. 

Porphyry Cu-(Mo) deposits are the most important group (Sillitoe, 1976; Damon, 

1978; Barton and others, 1995). They are common in areas containing synchronous 

volcanic rocks, and have mineralization features extending several kilometers away from 

the main ore bodies. Igneous rocks of this age extend from northwestern Arizona, through 

Sonora into Sinaloa and Durango (figure C9c). Most porphyry Cu-related intrusions are 

68-52 Ma although a few in western Sonora and Sinaloa are as old as 80-75 Ma (Damon 

and others, 1983b). Sericite alteration associated with mineralization is commonly 2-3 Ma 

younger than the host intrusion. Calc-alkaline plutons intrude a wide variety of lithologies 

from Proterozoic to Early Tertiary with differing degrees and styles of alteration often 

dependent upon magmatic composition, depth of emplacement, and external fluids 

(Cocheme and Demant, 1991). Intrusions cutting calcareous strata commonly develop 

skarns which have higher grade/lower tonnage ore bodies. Cu and Pb-Zn skarns are 

typically around calc-alkaline plutons and their distribution extends southward from 

northern Sonora into southern Sinaloa (Perez-Segura, 1985; Consejo de Recursos 

Minerales, 1992, 1993). Dating in the northern Sinaloa-westernmost Chihuahua Early 

Tertiary plutonic rocks that have Zn-Cu contact skarns gave ages between 62-50 Ma (e.g., 

San Jose de Gracia, La Reforma) (Shafiqullah and others, 1983; Staude Appendix D). 

To the east of the SMa in central Chihuahua Cu-bearing igneous centers formed 

prior to 60 Ma and span as much as 20 m.y .. Prior to 80 Ma in northern Durango Cu

bearing intrusions were emplaced (Aguirre-Diaz and McDowell, 199 I). Recent summaries 

of intrusion-hosted Cu districts exposed in canyons through the overlying Oligocene 

volcanics (Barton and others, 1995) suggest that there may be a number of Laramide 

porphyry systems stilI undiscovered many of which are likely covered by the younger 

Sierra Madre Occidental ignimbrite sequence. 



Early Tertiary tungsten deposits are best developed in central Sonora and extend 

southeastward into NW Durango overlapping in time and space the porphyry copper 

deposits. The largest tungsten districts of this age are in the largest intrusive massif of 
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Sonora, the Aconchi batholith (e.g., EI Jaralito district). Unlike Cretaceous tungsten 

districts in northern Baja California which are associated with metaluminous granitoids, the 

younger Sonoran deposits are more common with calc-alkaline to peraluminous magmas 
.--

(Roldan-Quintana, 1991). The types of tungsten deposits change across Sonora and 

Sinaloa from skarns in the west to veins and greisens in the east (Weise, 1945; Mead and 

others, 1988). This change may be the effect of level of exposure because deeper 

carbonate rocks are exposed in the west and younger, shallower clastic sediments and 

volcanic rocks are preserved in the east. 

Fissure Au-Ag quartz veins are common through much of the central and eastern 

portions of the study area, however their full extent is uncertain because of superimposed 

younger events, and sparse age dating. Precise ages on mineralization are known for only 

a few locations and these are typically constrained by cross-cutting and overlapping 

relations rather than dating of alteration minerals which are associated with the ore. From 

northern Sonora to southern Durango there are hundreds of Au-Ag vein occurrences but 

determining age is difficult and requires further detailed studies. A number of the larger 

districts that are hosted in pre-Oligocene rocks are plotted on figure C9c to indicate their 

general distribution. These veins are hosted in granodiorite intrusions, metamorphosed 

sediments, and andesitic-dacitic flows and tuffs, and dated districts are noted. Veins 

typically have chlorite, adularia, sericite alteration halos. They have Ag:Au ratios> I 00 

(commonly> I 000), and minor Zn, Pb, Cu sulfide minerals (Wisser, 1966; Clark and 

others, 1979). The veins have long strike lengths often exceeding 3 km and vary in 

thickness and metal content along strike (e.g., Batopilas, Tayolotita). Ores are bonanza 
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pockets usually controlled by local geologic features (Clarke and Titley, 1988; Loucks and 

Petersen, 1988). 

Middle Tertiary ( -40-27 Ma) 

Like the Laramide, the late Eocene-Oligocene was a major period of metallic 

mineralization in western Mexico, with the formation of diverse types and a large number 

of ore deposits most of which are associated with volcanic rocks of the Sierra Madre 

Occidental. The principal types being adularia-sericite quartz Ag-Au (± Pb-Zn-Cu) veins, 

advanced argillic Au-(Cu) deposits, and high-temperature carbonate-hosted deposits (figure 

C9d). Other mineralization not hosted by Oligocene volcanics but of probable middle 

Tertiary age are sediment-hosted Au and low-angle fault zone Au deposits. These two may 

be related to extensional processes coincident with Middle Tertiary magmatic events in 

northern Mexico (figure C9e). 

Of the over 800 middle Tertiary volcanic-hosted precious metal vein and 

disseminated occurrences known in northwestern Mexico the majority are quartz±calcite 

veins with chlorite-adularia-sericite alteration halos (Leonard, 1989; Orris and others, 1993; 

Staude, 1993b). These deposits, such as at Ocampo (Knowling, 1977) and Maguarichic 

(Staude, in prep), are silver dominated with spotty gold and base-metal pockets. Recent 

dating of rhyolitic stratigraphy hosting advanced argillic Au-(Cu) ores in the Mulatos 

district constrain ore between 25-31 Ma. Other districts having disseminated mineralization 

along favorable tuff horizons (El Zapote) and minor hot-spring cinters (Pinos Altos) locally 

cut rhyolitic tuffs of probable middle Tertiary age. Polymetallic vein districts such as 

Uruachic anq Ag-Mn veins like those at Palmarejo are other examples for mineralization 

hosted by Oligocene age rhyolitic-andesitic volcanics. Precise age dating for >95% of the 

districts is not available therefore estimates using regional correlation and relation to basal 

rhyolitic ignimbrites that were largely extruded from -40 to -34 Ma must be used. 
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Likewise, few of the numerous mercury, antimony, manganese, tin and uranium 

occurrences located in and to the east of the Sierra Madre Occidental are dated. In 

Chihuahua, they are commonly hosted by Oligocene volcanosedimentary sequences, 

however their formation age is uncertain. From northern Chihuahua to southern Durango 

the SMa hosts numerous Hg, Sn and Sb occurrences that are locally overlain by post

mineralization basaltic units likely related to the change in magmatic composition at roughly 

25Ma. 

Middle Tertiary carbonate-hosted Ag-Pb-Zn deposits are best known east of the 

Sierra Madre Occidental, however a few occurrences have been identified in isolated 

canyon-bottom exposures beneath the Sierra Madre Occidental volcanics. Some of these 

may be middle Tertiary age, although up to now the only two dated districts are early 

Tertiary age (Piedras Verdes (51.9 Ma Staude, Appendix B and D) and La Reforma (59.2 

Ma Damon and others, 1983a)). Along the western margin of the Sierra Madre Occidental 

the -40 Ma caldera-related Zn-Pb-Ag district of Oposura-Moctezuma is hosted by 

Cretaceous limestone but likely formed during late Eocene time (Marrs, 1979; Deen and 

Atkinson, 1988). 

Sediment-hosted and low-angle shear zone gold deposits found to the west of the 

Sierra Madre Occidental volcanic province may have formed at a similar time. K-Ar ages 

from post-mineralization basaltic dikes and pre-alteration two-mica granites in the Santa 

Teresa district indicate an age between 28-36 Ma for at least some of the Santa Gertrudis 

mineralization (Bennett, 1993). These deposits are found along the western edge of the 

Sierra Madre Occidental from Magallanes near the Sonora-Arizona border to Fundaci6n 

near the Sonora-Sinaloa border (figure Cge). They are stratigraphically controlled with ore 

in favorable beds in Jurassic and Early Cretaceous siltstones, shales and shallow marine 

limestones. They have alteration characterized by jasperiod silica bodies, abundant Hg and 

As minerals, local sinters, and minor clay associated with small poddy gold mineralization 
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(Bennett and others, 1993). The deposits are in areas that have undergone extension, 

including around some areas of core complex uplifts. Mineralization in some of the 

districts follows low angle faults and is cut by later high-angle faults (e.g., Amelia, 

Papago). The timing of extension and core complex uplift is approximately the same age as 

mineralization in the sediment-hosted gold districts. 

Shear zone quartz-Au districts in central and western Sonora are dated by regional 

relations which suggest that some flat mineralized faults cut Oligocene volcanics and are 

offset by later high angle structures (e.g., La Jajoba, Quitovac). At other districts, adularia 

alteration envelopes around mineralized low angle faults give ages between 35-28 Ma (San 

Francisco-Estacion Llano; Perez-Segura, 1995). The low angle normal faults in some 

deposits steepen into high-angle strike-slip shear zones ("flower structures") and these 

deposits are only found in the extended areas of NW Sonora. La Choya, Quitovac, Basero 

are a few of the examples that Silberman and others (1988, 1991) published fluid 

inclusion, oxygen isotope, and whole rock geochemical analyses which indicate that the 

fluids were low salinity, 200-300°C, and neutral pH with Au associated with a specific 

quartz depositional event. La Herradura. west of Caborca. is a major auriferous low-angle 

fault system that may be similar in genesis and perhaps size to the Mesquite deposit in 

southeastern California which lies 150 km to the northwest. Potassium metasomatism is 

found in the upper plate of La Choya similar to the detachment gold occurrence at 

Copperstone, AZ. Sub-horizontal tabular ore horizons at La Choya are like those at the 

American Girl, Cargo Muchacho, and Picacho Mines in Arizona and California, and like 

these examples, the Mexican deposits are cut by NW trending normal faults. The NW 

normal faults have been interpreted to be part of the Basin and Range while the low angle 

detachment structures which locally host mineralization are associated with large scale 

middle Tertiary extension (Nourse and others, 1994). It is unlikely that all the gold

quartz±hematite fault zone veins in western Sonora are of the same age or generated by the 
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same process, but at least some appear to be hosted by the low-angle fault zones ranging in 

age from 24-17 Ma in Sonora (Miranda, 1992) and are cut by Basin and Range faults 

which were active through out the Miocene (McDowell and Roldan-Quintana, 1991; 

Stewart and Roldan-Quintana, 1994). The sediment-hosted Au and shear zone Au deposits 

are found in areas of middle Tertiary extension and may be produced by crustal thinning 

and basin dewatering rather than purely magmatic processes which are common for ore 

formation in the Sierra Madre Occidental. 

Late Tertiary-Recent (-27 Ma - present) 

Two main metallic deposit types formed during the late Tertiary, red bed Cu and hot 

spring Au deposits, both of which formed in and around the Gulf of California (figure 

C9f). Previous authors have noted that these deposits are associated with the rift 

magmatism and faulting and liken the environment to the Red Sea (McKibben and others, 

1988). Wilson (1955) described the Boleo copper district as a Miocene sedimentary 

stratiform-stratabound conglomerate-hosted deposit. Later studies at Boleo related copper 

mineralization to the Miocene-Pliocene Gulf of California extension (Schmidt, 1975). Over 

a dozen hot spring gold occurrences have been identified around the Gulf of California and 

as exploration continues more are likely to be discovered (Staude, 1991). Most of the 

deposits are along the western edge of the Gulf, where transform faults and fault splays 

extend inland along the eastern portion of the Baja California peninsula. The age of the 

Gulf opening spans nearly 20 million years (Stock and Hodges, 1989) and the hot spring 

deposits are hosted in units as old as Miocene (Santa Lucia) to as young as recent beach 

sands (Puertocitos). It is unlikely that there is a single age for the deposits, and instead that 

they formed during progressive rifting up to and including active formation in geothermal 

environments today (Skinner and others, 1967; McKibben and others, 1988). 
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RECONSTRUCTION OF MAGMATISM AND MINERALIZATION 

Pre-Extension 

The geologic make-up of NW Mexico is complex with superimposed magmatic and 

metallogenic events which have in many cases been translated from their location of 

formation by post-formation events. Previous metallogenic summaries have defined belts 

based on present-day configurations (Salas, 1975). Clark and others (1982) accounted for 

some of the translation associated with the most recent Gulf of California rifting but did not 

take into account earlier extension or displacements inland of the Gulf. Using the tectonic 

reconstruction presented above, the metallogeny of NW Mexico can be re-evaluated starting 

with the late Jurassic. The interpreted metallogeny is based on only restoring the geology 

to its pre-extensional configuration and does not account for the effect of Laramide and 

Sevier deformation which also had an effect on lithologic and mineral deposit distributions, 

but which have not been studied sufficiently to restore the geology. 

Using the pre-extension restoration, outcrops of Jurassic age volcanic and 

volcanosedimentary rocks with sparse intrusive centers can be traced from southern 

Arizona through northern Sonora and southeastward into Mexico. This restoration matches 

surprisingly well the models previously suggested by Dickinson (198 I) and Tosdal and 

others (1989). The three main packages of Jurassic rocks (figure C lOa) come together to 

form a belt of volcanic with minor intrusive rocks with scattered clastic sedimentary 

sequences. The units of eastern Baja California and Sonora appear to join with Jurassic 

rocks of the Parra I Formation in southern Chihuahua thus linking the geology beneath the 

SMO. Mineral deposits of possible Jurassic age restore to closer proximity and similar 

deposits become grouped once extension is taken into account. 

Using this same pre-extension reconstruction the Cretaceous intrusive rocks in 

western Sonora may be traced across to the restored Baja Peninsula, the Cretaceous W 

province can be linked between northern Baja California and Sonora, Mesozoic 
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Figure C 10. Restored positions of mineralization and major lithologic units to the 
appropriate pre-extensional configuration. 
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accretionary sediments can be restored between central Baja California and southern 

Sonora, and porphyry copper district of EI Arco correlate with Cu-bearing portions of the 

Sinaloa batholith (figure CI0b). When the abundance of Cretaceous intrusive outcrop area 

is contoured, one can see how the batholith restores across the Gulf and continues 

northward into the reconstructed position of southern California. The abundance of 

Cretaceous intrusions appears to decrease to the east. To the east the intrusions may 

continue the younging trend that has been documented between Ensenada and Mexicali 

(Ortega-Rivera and others, 1994) however more published data is needed for Sonora. 

Further south, the Baja California batholith correlates well with the Cretaceous intrusions in 

Sinaloa and with the porphyry copper deposits on either side of the Gulf occur in a similar 

region of the restored batholith. It has been previously noted that the Cretaceous copper 

districts on both sides of the Gulf have lower 87Sr/86S r (Damon and others, J983a) and are 

more Au-rich than the Laramide ones, and now one can see that they tie together spatially. 

To the west along the Pacific coastal edge of Baja California, accretion of fore-arc 

sediments and ophiolites contributed to the metallogeny during Cretaceous time, although 

their precise location during Cretaceous time is uncertain (Hagerstrum and others, 1985). 

The Cr, Co, Ni deposits formed with mafic magmatism during Late Jurassic and Early 

Cretaceous time and were accreted to Baja California prior to the Cenozoic (Abbott and 

Gastil, 1979). Since Oligocene time, the western part of Baja California has not undergone 

tremendous extension, however, translation along faults parallel to the San Andreas and 

Aqua Blanca has caused right-lateral movement for which the reconstruction accounts. 

For the Late Cretaceous-Early Tertiary the reconstruction proves useful for 

interpreting the bulk of Sonora and Sinaloa batholiths, and their relation to similar aged 

rocks in southern Arizona. Once restored, mineralization systems form a narrow belt 

trending southeast along the western edge of Mexico. Previous interpretations of the 

distribution of porphyry copper deposits show a wide bulge in extent of deposits along the 
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Arizona-Sonora border which thins north of Phoenix, AZ and south of Sonora (Sillitoe, 

1976; Damon and others, 1983a); however once extension is restored this apparent bulge 

decreases by up to 50%. The width becomes more typical of other porphyry copper belts 

throughout the world (e.g., Andes, British Columbia, Turkey). Contouring of the extent 

of 80-50 Ma intrusive centers and the restored present-day outcrop areas (figure ClOc) the 

abundance of plutonic rocks is found to be high beneath the SMO. Without the cover of 

the volcanics, both undated Laramide and younger extrusives would have a larger exposed 

area. Porphyry type systems, exposed in windows through the younger Sierra Madre 

Occidental ignimbrites, aid in tracing the batholith and suggest a high probability for other 

deposits beneath the younger volcanics. Previous lineament studies of porphyry copper 

deposits have rarely taken into account this tri-part deformation and once the deformation is 

restored many of the lineaments no longer appear as prevalent. Lineaments, if they do 

exist, have been rotated from their original orientations, and if lineaments are to be used 

they need to be corrected for the substantial displacements that have occurred in the last 30 

m.y. Deposits are tilted such as at Cananea (Wodzicki, 1995) while others are strongly 

extended and dissected like at Piedras Verdes, Sonora (Dreier and Braun, 1995), exposing 

districts on their side and revealing some of the extension that has occurred in NW Mexico. 

Outlines of mineralized regions including porphyry copper, Au-Ag, W, and Pb-Zn 

deposits indicate that mineralization follows the same SSE trend as the magmatic arc with 

mineralization clustering in areas with superimposed metal associations, and not as separate 

metallic belts. The clusters correspond with many of the exposed Laramide igneous rock 

areas. This could be quite significant, because it suggests that much of the Laramide is 

mineralized. Moreover, if more Laramide rock areas are discovered they might have 

substantial mineralization. Exposure plays a vital role in controlling the present day metal 

distribution and it is possible that prior to erosion and Cenozoic volcanic superposition, 

there could have been an even larger extent of rocks and mineralization. Looking at the 
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present-day abundance of deposits in southern Arizona and northern Sonora, there are 

potentially hundreds of deposits which were covered by younger volcanics of the SMO 

from central Sonora to southern Durango. Igneous rocks of Laramide age crop out in most 

canyons exposing pre-Middle Tertiary rocks throughout the SMO. These outcrops help 

define the magmatic contours. 

In the loops of figure C IOc at least three deposits in each region have been dated 

between 80 and 40Ma. The copper districts are most widely distributed and are outlined by 

the dashed line. Tungsten deposits are largely inside the loop enclosing Cu districts. The 

tungsten is recognized by our study, much further east and over a larger area than previous 

metallogenic summaries for Mexico (Clark and others, 1982), and with the reconstruction it 

becomes evident how ore types are superimposed. In the reconstruction, Pb-Zn districts 

are still east of many of the W districts, however Cu and Pb-Zn are highly coincident, 

especially when looking at the skarn subset of deposits. The observation of more Pb-Zn to 

the east is not new (Gonzalez-Reyna, 1956), but with the reconstruction one sees deposit 

types are spatially much closer than previously suggested (Perez-Segura, 1985), and some 

Cu districts are zoned outward into Pb-Zn deposits (e.g., Cananea; Meinert, 1982). 

Late Eocene-Oligocene mineralization and magmatism can be restored to 

approximate their distribution prior to extension although in part some of this mineralization 

is likely related to the onset of extension and may have formed as extension was underway. 

Gold deposits are most abundant in the SMO volcanic province along the Sinaloa-Durango 

and Sonora-Chihuahua state borders, however a few Au-Ag deposits of Oligocene age are 

found further west in northern Sonora. The Au-(Cu) districts within the SMO are 

presently recognized in only a few areas and thus their distribution extent is preliminarily 

drawn as a smaller region within the larger Au-Ag districts of the SMO. Carbonate-hosted 

Pb-Zn-Ag deposits occur to the east and along the western edge of the SMO. The full 

extent of Sierra Madre Occidental volcanism during the middle Tertiary ignimbrite period is 
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not known, however by restoring the deformation and using the presently exposed dated 

outcrops, it is possible to estimate the extent of late Oligocene volcanism (figure ClOd) and 

contour the restored geography based on thicknesses and extents of >27 Ma. Dating in 

Baja California indicates the earliest middle Tertiary volcanics began to be deposited about 

-30 Ma in increasing amounts as time progressed. The few locations in Baja and in 

westernmost Sonora suggest SMO magmatism may have covered a larger area than 

commonly recognized. It is difficult to evaluate compositional differences with so little 

published compositional data for the Baja Peninsula volcanic rocks. However once 

restored, they appear to be the western edge of the middle Tertiary volcanic belt. 

SYll- and Post-Extension 

Two major periods of mineralization in NW Mexico may be restored to their syn

extensional approximate positions. The -27 to -20 Ma extensional faulting opened Sonora 

possibly forming sediment-hosted gold systems in the east and shear zone Au deposits in 

the west (figure C lOe). The middle Tertiary post-core complex reconstruction mainly 

effects the north and central parts of Sonora, with the dotted line surrounding much of 

Sonora reconstructing the approximate boundary of >300 Tertiary tilting and areas of low 

angle «250 normal faults) (modified from Stewart and Roldan-Quintana, I 994). During 

the core complex extensional event northern Sonora may have extended as much as 30 

percent. Some areas had> I 00% extension locally (Nourse, 1990; Nourse and others, 

1994) and these are restored to their pre-Basin and Range position in black. The region of 

low-angle shear zone gold deposits is within the area of middle Tertiary extension with 

many occurring around and to the west of restored core complexes. The La Jajoba district 

may be a district that is preserved over top of the Magdalena core complex. Sediment

hosted gold districts restore to the eastern edge of core complexes but reside within the area 

extended during middle Tertiary time. One hypothesis for this association is that the 
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deposits are related to extensional phenomena as has been suggested for middle Tertiary 

sediment-hosted mineralization in central Nevada (Seedorff, 1991). The Sonoran deposits 

have far less study than sediment-hosted deposits in central Nevada and interpretations of 

their genesis are speculative. 

The late Tertiary reconstruction shows the distribution of volcanic and sediment

hosted hot-spring Au districts and the Boleo stratiform copper district (figure C 1Of). These 

deposits appear to be temporally and spatially associated with the rift opening of the Gulf of 

California and restore to the general boundary of the proto-Gulf region. The reconstruction 

reveals the region encompassed by late Tertiary mafic igneous rocks and the generalized 

location of the restored, Pre-Gulf opening geography modified from (Atwater, 1970; Gastil 

and others, 1979; Lonsdale, 1989; Stock and Hodges, 1989). The reconstruction indicates 

that opening of the Gulf during the past 6 million years included a 15° clockwise rotation of 

the peninsula away from mainland Mexico. The loop around the Sierra Madre Occidental 

volcanic province indicates the general position of this older volcanic region. Miocene age, 

rift-related copper mineralization restores to a latitude Culican, Sinaloa (Schmidt, 1975; 

Guilbert and Damon, 1977). Hot spring Au districts ring the Gulf of California with a 

larger abundance of deposits on its western margin. This asymmetry may be due to the 

proximity of spreading and rift centers along the eastern coast of northern Baja California 

over the past 12 million years and most notably over the past six (Staude and Barton, 

1993). 

The three-step reconstruction provides a useful base map for interpreting the 

distribution of mineralization through time. This reconstruction can be summarized in a 

time-space model that links the tectonism, magmatism, and mineralization of NW Mexico 

over the past 150 m.y. 
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DISCUSSION-TIME-SPACE RELATIONSHIP AND METALLOGENIC CONTROLS 

Linked Tectonic-Magmatic-Mineralization Relationship 

The time-space distribution of fault and igneous activity relates directly to the 

formation and subsequent deformation of metallic ore deposits. For much of the past 150 

million years magmatism in NW Mexico had formed diverse deposits, commonly 

simultaneously forming different deposit types at spatially distinct areas across the 

magmatic arc. Figure C 11 summarizes the spatial and temporal relations of magmatism, 

deformation, and mineralization in NW Mexico. Space is represented as a west to east 

transect from the Pacific Ocean to the Sonora-Chihuahua border at roughly the latitude of 

Hermosillo. This transect is -500 km across today, however that distance has varied 

through time as first Mesozoic compression and later Cenozoic extension deformed the 

region thus resulting in the hour-glass shape of the diagram. The general igneous history is 

presented on the left and the mineral deposit types on the right. The position of the Gulf of 

California is marked by the solid black line with its motion to the east associated with 

inferred compression and movement to the west related to extension. The magmatism 

figure illustrates the change in broad compositional patterns and relative location and 

amounts of igneous activity over the past 150 m.y. with the size of font signifying the 

abundance of individual magmatic events. The change from preserved intrusive to 

extrusive rock with younging, and spatially overprinting of distinct magmatic events 

through time may be observed. The figure demonstrates that although individual magmatic 

events may be 5-15 m.y., the region as a whole has experienced magmatic activity for 

much of its Mesozoic to present geologic history. The composition of individual magmatic 

events is diverse with a general association of more mafic and less crustal to the west 

however much more work is needed to evaluate this hypothesis. Igneous units such as the 

Cretaceous Peninsular Ranges batholith links across the trace of the Gulf of California and 

the focus of magmatism is shown moving east with time. 
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The mineralization half of the figure uses the same geographic outline and shows a 

superposition of deposit types through time closely matching the location and age of pulses 

of magmatic activity. The font size for deposit types indicates the significance for metallic 

ores in NW Mexico. Lateral variations in deposit types at a given age are common, such as 

Cu skarns to the west and Cu porphyries to the east during early Tertiary time. Copper and 

other commodities occur in different areas at different times and are not concentrated to a 

single metallogenic event. Gold is the best example of this phenomena as deposits formed 

throughout the area in diverse events over much of the past 150 m.y. Deposit types cross 

time and space boundaries and commonly correlate with exposed igneous rocks. The 

volcanic-hosted deposits are in either volcanic young rocks or volcanics preserved in 

extended areas, such as the Jurassic arc of north-central Sonora. Batholith hosted deposits 

such as W skarn deposits occur in older igneous rocks (Baja California) or in the root 

zones beneath extended terranes (east-central Sonora). Ore deposit types found in deeper 

environments are generally older, such as skarn and greisen deposits, where as shallower 

environments have younger deposit types like hot spring Au and sandstone-hosted Cu 

deposits. 

Previous authors have concluded their is a gap in the magmatism between early and 

middle Tertiary time, however, in Mexico their are many two-mica granites with ages that 

fill the time period of the proposed gap. With these two-mica granites of central Sonora 

and andesites in eastern Sonora minor W greisen and volcanic-related Au-Ag vein deposits 

developed during the period of a proposed magmatic gap. The present study does not 

evaluate magmatism to the east of the Sierra Madre Occidental which occurs largely 

between 45-35 Ma (Cameron and others, 1980), however here we show that magmatism 

did not cease in the western part of Mexico even though it was active in the east as well. 
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METALLOGENIC CONTROLSIPROCESSES 

Magmatism 

Jurassic and early Cretaceous magmas are largely mafic dominated where as 

younger melts associated with the Laramide and Middle Tertiary are more felsic. 

Preliminary studies suggest these magmas changed their source characteristics with time 

and space as they were emplaced (Cocheme, 1985). Across NW Mexico the apparent 

sources for magmas may change as thicker crust is found to the northeast approaching the 

craton. The siderophile and gold-rich systems are typically associated with andesitic and 

more mafic melts. Trace element data for large numbers of intrusive systems for NW 

Mexico are not yet known, however pulling on data from the United States one sees a 

strong correspondence that more primitive melts and reduced magmas generally producing 

more gold-rich deposits. This could be true in Mexico. The Baja California and Sinaloa 

batholiths have lower 87Sr/86Sr ratios and more Au and Cu whereas rocks to the east of the 

Sierra Madre Occidental have higher 87Sr/86Sr and more Ag, Pb, and Zn (Cameron and 

others, 1980). In the Sierra Madre Occidental and eastward the crust thickens and the 

composition of magmas reveals increased crustal inheritance (Aiken and others, 1988; 

Albrecht, 1990). 

Igneous belts indicate a general progression over 60 million years of magmatic 

pulses increasingly eastward, starting with the Cretaceous batholith in Baja California (90 

Ma), then Laramide batholith in Sonora and Sinaloa (60 Ma), and lastly the SielTa Madre 

Occidental batholith in Chihuahua and Durango (30 Ma). This progression is not a 

continuous younging to the east but instead an eastward stepping with each subsequent 

magmatic period. Within a given period the ages are widely dispersed over the area. 
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Provincial Character-Crustal Composition 

Crustal composition may be a factor in metal distribution as can be seen from the 

general transition in metals from west to east associated with the transition from an oceanic 

to cratonic crust. If one looks at the three main provincial domains of NW Mexico one sees 

that the more Pb- and Ag-rich districts are to the east and more Au and Cu rich to the west. 

The boundaries for these deposits are not as precise as terrane boundaries and actually most 

metals are intermixed. The apparent eastward increase in Pb may come from more 

Precambrian basement to the east, and more abundant Cu and Au to the west may come 

from increasingly more oceanic and thicker sequences of Paleozoic sedimentary rocks. 

Fluids interacting with more sialic, older (lead-rich) crust may have different transport 

capacities and could in this way effect the type of ore deposits formed. Fluids related to 

rifting in the Gulf may be seawater rich, whereas fluids in extending continental basins may 

be meteoric with varying degrees of brine influx, and fluids in and around the magmatic 

centers may be mixed with various components as well. AulAg ratio maps developed for a 

portion of Sonora indicate a decrease to the northeast although the transition is not 

exceptionally sharp nor well defined (Miranda, 1991, personal communication). 

To quantitatively test the metallic association, a compilation of metallic occurrences 

for NW Mexico was made and the occurrences of Au, Ag, Pb, Zn, Cu plotted. The maps 

show a significant amount of overlap (Orris and others, 1993) and that there are numerous 

Cu deposits in the east and Pb occurrences in the west. However, looking in detail at the 

largest mines and deposits the metal groupings begin to separate. These data were 

subdivided by mineralization age, but the association is not greatly improved. Instead it 

appears different deposit types are preserved from different times. In conclusion, basement 

composition appears to have a general effect, however exact boundaries are not common. 

Previous metallogenic syntheses define parallel metallic belts across NW Mexico. 

These belts do not appear as obvious on compilations using a large number of occurrences 
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and instead indicate a possible metallogenic province transition from southwest to northeast. 

Because other factors such as erosion, weathering, burial, extension and amount of uplift 

can also effect apparent deposit distribution, it may be better to use large numbers of 

locations to deduce a general pattern. 

Preservation 

Distribution of ore deposits in NW Mexico is strongly effected by erosion and 

cover. Processes such as weathering, enrichment, uplift, and tectonics also act to expose 

different parts of the upper crust and different types of deposit form at different levels of the 

crust. The general pattern of ophiolites in the west, batholiths in the middle and volcanics in 

the east may largely be a consequence of preservation and not subducting slab angle as 

previously suggested. The synchronous timing of mineralization across NW Mexico 

argues for preservation rather than a migrating magmatic front. Weathering processes 

commonly enhance metal grades such as chalcocite enrichment from primary chalcopyrite or 

oxidation of sulfides such as making free gold+hematite out of auriferous pyrite enabling 

production of these metals. Uplift and/or erosion expose deeper geologic areas, typically 

uncovering magmatic sources and root zones to hydrothermal systems. Extension drops 

areas and by lowering base-level, preserves near surface environments. Older deposits have 

more time to become metamorphosed, faulted, intruded or otherwise modified, thus older 

deposits may in general be more diverse whereas younger systems will expose generally 

similar levels. 

The alteration, grade, and even metal content may be zoned vertically through the 

hydrothermal systems. During pluton emplacement and development of a batholith, metals 

will be precipitated due to changes in solubility conditions, thus generating an inherent depth 

association with mineralization (Lindgren, 1933) which has been broadly generalized F, B, 

Sn, Hg, As, Sb, Au shallow to deeper Pb, Zn, eu with deepest Wand POE. In detail 
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metal mobility is much more complex and few qre systems are stacked with different ore 

deposits directly above or below another, however these broad depth generalizations do aid 

in interpreting metallic distributions in Mexico. Moving south along the Baja Peninsula 

batholith one finds the W/Cu ratio in mineralization decreases signficantly. To the east in 

the Sierra Madre Occidental where volcanic with very few coeval intrusive rocks are found, 

the mineralization is Au, Ag, Sn, with other shallow environment trace elements (figure 

CI2). Areas of Mexico can be subdivided on the basis of crustal depth and mineral deposit 

types cluster into these regions. The exposed depths can be a function of various 

preservation and exposing processes as discussed below. 

Many metallic deposit types occur at the volcanic-plutonic interface (e.g., porphyry 

Cu, acid-sulfate Au-(Cu», thus exposure of this level in a magmatic arc can be critical for 

mineralization. As in Bolivia (Ericksen and Cunningham, 1993) and the Andes (Sillitoe, 

1991), the volcanic-hypabyssal interface can be a key region for mineralization. Detailed 

studies of physiochemical constraints in this environment show that phase separation, metal 

solubility, and temperature go through key transitions effecting metals in solution in this 

environment (Beane and Titley, 1981). In Sonora, for example, where abundant Late 

Cretaceous-Early Tertiary volcanics are present, one finds numerous porphyry copper 

deposits, however in western Sonora igneous rocks of the same age and generally similar 

bulk rock composition are more deeply eroded and do not preserve the volcanic carapace. 

In the west intrusions are fine to medium grained equigranular. Spatially the deposits are 

coincident with regions of magmatism, however presently available geochronometry is 

insufficient to fully evaluate the detailed timing of magmatism and mineralization. To the 

north in the western United States, extensive dating suggests a small time lag between 

magmatic cooling and mineralization with some districts having mineralization up to 10 m.y. 

after the main exposed magmatic event (Seedorff, 1991). 
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Figure C 12. Estimated exposure depths for igneous rocks and principle deposit types across 
NW Mexico schematically shown. A) typical surface exposed emplacement depths, B) 
environment for preserved mineral ization, C) types of deposits exposed today. 
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Because certain deposit types form in volcanic environments while others occur only 

with intrusions, the type of exposed igneous rocks is a major control on mineral deposit 

types. Some metals appear to be vertically zoned in magmatic-hydrothermal systems, the 

exposed portion of the system will playa strong role in the type of deposit discovered 

(Sawkins, 1984). For example, in the Baja California batholith, no Cretaceous volcanic

hosted vein deposits are found, largely because few Cretaceous volcanic rocks remain. 

Those volcanics that do remain are in the south and probably not coincidentally, that is 

where the porphyry copper and other hypabyssal environment hydrothermal ore deposits are 

preserved. There are no Sb or Hg vein districts probably because they form in shallower 

environments than are preserved today. The inverse of this is true for the Sierra Madre 

Occidental province which has numerous volcanic-hosted epithermal precious metal deposits 

yet very few W griesen or porphyry Cu occurrences. The intrusion-related Wand porphyry 

copper are found only in the bottoms of deep canyons and are associated with older igneous 

events. 

Erosion of volcanics above portions of the Cretaceous and Late Cretaceous-Early 

Tertiary batholiths may have removed numerous ore deposits. If one looks at locations 

where the pre-Oligocene volcanics remain both on the mainland and peninsula one notes that 

numerous mineralized centers are preserved. Beneath the Sierra Madre Occidental 

hundreds of Ag-Au veins occur and those that have been studied in detail generally indicate 

mineralization prior to ignimbrite volcanism (e.g., Maguarichic, Tayoltita, Topia). The 

degree of erosion varies but may have removed as much as a kilometer or more from some 

Laramide stratavolcanoes (Cocheme, 1985). In locations like Maicoba, coarse grained 

granodiorite is deeply eroded, and the coarse grained Santa Ana W greisen is overlain by 

mid-Tertiary ignimbrites with few exposures of Laramide volcanics in the region. The 

erosion at San Antonio de la Huerta and Satevo has developed a Cu-rich supergene cap and 

in the central Sierras epithermal veins are eroded and unconformably overlain by pre-
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Oligocene conglomerate. It is interesting to note that most of the older epithermal fissure 

veins in the Sierra Madre do not have hot spring or disseminated Au-Ag ore caps and 

instead are capped by erosional unconformities. One can speculate that there might have 

been early Tertiary hot springs that were eroded away during Eocene erosion. Earlier in 

time there might have been large porphyry copper deposits like Chuciquimata above the Baja 

batholith but they have beer. removed due to erosion. 

Age is significant because in general, volcanic dominated systems are eroded 

through time and thus the younger systems will have a higher volcanic/plutonic exposure 

ratio (Barton and others, 1995). However, other factors such as extension can complicate 

the picture because extensional processes drop and protect shallow environments. The 

extension in central Sonora is an example where Jurassic volcanic rocks were deposited in a 

rift environment and were preserved from later erosion through Cenozoic extension possibly 

along reactivated earlier graben structures. The preservation in grabens of volcanic geology 

does not just occur within the Jurassic but may be found throughout Sonora including 

Precambrian and Lower Paleozoic sediments like those preserved in the Capote basin at 

Cananea (Valentine, 1936). 

Uplift may playa factor in telescoping hydrothermal systems and exposing different 

levels of mineralization (Sillitoe, 1994). Rapid uplift can superimpose mineralization events 

as well as expose deeper rocks faster. K-Ar and 4oAr/39 Ar data from hornblende and biotite 

for intrusions across NW Mexico suggest distinct apparent uplift rates from as fast as 

-40°C/m.y. for northern Baja California (Ortega-Rivera and others, 1994) to -15°C/m.y. in 

parts of central Sonoran (Mead and others, 1988). In detail calculated rates for single areas 

appear complicated as found when comparing porphyry copper intrusive areas to tungsten

bearing mineralization centers. The porphyry copper deposits appear to cool more rapidly 

with hornblende-biotite age differences of -2-6 m.y. (Damon and others, 1983b) where as 

tungsten deposits which are mainly preserved within the Sonora batholith have hornblende-
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biotite pairs that differ by -9-12 m.y. (Mead and others, 1988). The apparent slower 

cooling may not be due to uplift rate but rather to a larger associated magmatic volume 

which cooled slower. The porphyry copper deposits form shallower and are commonly 

associated with hypotheses and discreet stocks, where as tungsten mineralization although 

of similar age is emplaced 1-2 km deeper and is associated more directly with the upper 

portions of batholiths (Peabody, 1979; Dunn, 1980). Tungsten in some cases is exposed in 

central portions of highly extended areas with cooling ages coincident with the inferred age 

of initiation of extension in Sonora based on offset volcanics. The late Oligocene biotite and 

muscovite ages on tungsten-bearing plutons may be a marker event for identifying the age of 

the onset of extension in central Sonora. Modern metal distribution may be as much or 

more a factor of preservation (tectonics, erosion, burial, etc.) as distance from an ancient 

subducting trench. 

Extension-related Mine ralizatioll 

The majority of mineralization in NW Mexico appears to be magmatic related; 

however two deposit types that may be amagmatic are sediment-hosted and shear zone

associated Au deposits of central and northern Sonora. These two types are almost 

exclusively found in areas that were highly extended during the mid-Cenozoic, and are 

typically exposed around core complexes. The sediment-hosted deposits have numerous 

low angle faults and the strata are inclined, and locally overturned. The fluids related to 

mineralization are low salinity (Silberman and others, 1991), and the deposits may be 

generated from extensional fluids liberated during dewatering without a definite magmatic 

source. The shear zone Au deposits include a wide range of vein to brecciated fault zone 

occurrences. It is unlikely that these all formed from the same extensional process or event, 

however many are along low angle detachment fault structures, with mineralization locally 

extending more deeply along vertical shear zones. These fluids similar to the sediment-
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hosted occurrences have low salinity fluid inclusions much although work is needed to 

begin to constrain precise fluid sources and timing. 

Pre- and Post-Mineralization Metamorphism 
-. 

Regional metamorphism in Sonora and Sinaloa occurs in areas underlain by 

Cretaceous and Early Tertiary batholithic rocks. This apparent regional metamorphism 

could be the consequence of coalescing contact metamorphic aureoles which would make 

hornfels and harden the pre-mineralization lithologies. This hardening would cause later 

brittle fracturing and formatidn of more physically controlled mineralization rather than 

lithologic associated chemical metal precipitation. Bedrock exposures in western and central 

Sonora commonly contain >30% plutonic rock ringed by small skarns grading into distal 

hornfels. The pre-Cenozoic rocks appear to have been regionally metamorphosed with this 

metamorphism possibly developed from a coalescence of metasomatic halos due to a large 

number of intrusive centers over millions of years time similar to those found in the western 

United States (Barton and Hanson, 1989). In Sonora, intrusive/overall outcrop area ratios 

are quite high, and this magmatism could have given off large amounts of heat and volatiles. 

This type of regional metamorphism in Sonora does not appear to be superimposed on many 

deposits, and may be largely pre-mineralization. Thus effecting the rock's strength and 

reactivity properties. 

CONCLUSIONS 

The metallogenic make-up of NW Mexico is a superposition of time-transgressive 

mineral deposits that appear to be related to varying magmatic compositions, country rocks, 

and variable levels of exposure. Metal associations are superimposed through time and do 

not appear to form distinctive metallic belts. Ore deposits and geologic unit distributions 

have been significantly modified by three stages of middle and late Cenozoic extension. 
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Using geochronology, stratigraphy and structural data, a simplified tectonic reconstruction 

can be developed and used to re-evaluate the time-space history of mineralization. Late 

Jurassic rocks form a magmatic arc through much of NW Mexico with minor Au and Fe 

occurrences along its strike. Cretaceous plutonic rocks of Sonora and Baja California are 

restored and tungsten, copper and gold deposits form a mineralized arc with ore deposits 

possibly controlled by subsequent preservation more than original igneous compositions. 

Late Cretaceous porphyry copper deposits define a much narrower belt and pass beneath the 

younger Sierra Madre Occidental volcanics. Middle Tertiary gold±silvedcopper deposits 

are coincident with the SMO arc and extend westward possibly including volcanic-hosted 

gold deposits on the Baja California Peninsula. At -27-24 Ma, as core complex extension 

began, sediment-hosted gold and low angle shear zone gold deposits may have formed, 

perhaps in relation to extension associated fluid flow. Late Tertiary mineralization 

predominates around the Gulf of California as rifting and its related magmatism generated 

hot springs and elevated geothermal gradients that continue today. 

Lateral variation in deposit types at a given time appear to be the consequence of 

differing igneous composition, crust composition, superimposed tectonics, erosion, burial, 

enrichment and other factors. The most recent previous synthesis concluded that distance 

from the subducting trench was the most important factor; however, in this study the 

abundant data indicate a more complex relation including numerous other factors. 

Preservation is one feature that has been overlooked in many metal distribution studies 

although it is a major control in the Cordillera. This type of reconstruction and preservation 

study may be applicable to re-evaluating magmatic and metallic belts worldwide. 

The past 150 Ma may be subdivided into five periods of characteristic magmatism. 

structure and stratigraphy although the exact time boundaries are gradational. From late 

Jurassic to Recent, the periods have evolved as a changing continental margin as the 

southwestern margin of North America has developed. The magmatic and structural 
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patterns in addition to the overall stratigraphic makeup of NW Mexico are generally similar 

to portions of the southwestern United States, however the distribution of magmatic rocks 

and associated regional metamorphism seems more extensive in Mexico. The stratigraphy 

has previously been divided by different authors into separate terranes yet few terrane maps 

resemble one another. We have simplified the geology into three blocks which appear to 

have generally similar geology. By doing this simplification one can more easily interpret 

the geology as either dominantly oceanic, continental margin-transitional, or cratonic. The 

structures, magmatism, and sediments vary between blocks but timing of different events 

provides links between blocks. 

Reconstructions from present day back to pre-core complex extension are critical for 

evaluating the spatial distribution of mineralization in Mexico. They also demonstrate that a 

metallogenic model which simply looks at present day distributions may be misleading, 

particularly when making spatial interpretations, such as lineaments and trends. The 

reconstructed distributions show that metallogenic zones are thinner and typically 

superimposed through time. By making time slices one gains a step by step look into the 

time-space relations of mineralization. The reconstructions show that lineament studies 

must take into account post-mineralization displacement and that present day lineaments may 

not have existed at the time of emplacement or mineralization. The distributions may be 

related to features other than the position of a proposed subducting slab, including both 

hypogene and supergene features. 

The reconstructions are important for reevaluating proposed metallogenic models 

which assumed no movement prior to the Gulf opening. The reconstructed distribution 

indicates that belts are thinner and partly superimposed and, even more importantly, that 

environments and processes are more useful than belts when examining metallogeny. The 

reconstructions show that present day lineament studies must take into account post

emplacement deformation. Various magmatic pulses over the past 150 m.y. are 
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superimposed in NW Mexico, and the southwestern continental margin appears to be a long 

lived feature that has experienced numerous superimposed events followed by recent 

extension and a transition to a rift environment. The ore deposits fit into this tectonic 

con.text with large amounts of superposition of diachronous mineralization. 
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APPENDIXD 

40 Ar/39 Ar Geochronology 

Five biotite samples from four mining districts in the northern Sierra Madre 

Occidental were analyzed to determine the age of igneous mineral formation. From 

cross cutting and overlying field relationships these ages can be used to constrain, but 

not absolutely date, the age of mineralization in the districts. The 40Ar/39 Ar age 

spectrum for each sample is shown in the following figures (D I-D5). The individual 

sample characteristics including location and nature of biotite mineralogy are presented 

in table D I. A summary map of Mexico shows the general location of districts where 

ages were determined (figure D6). Ages are calculated from isotopic measurements of 

argon released during incremental heating. The age is calculated as a function of 

daughter to parent ratio using the equation: t=( I 1,.)1 n(l +J(40Ar*139 Ark)) where 'A is the 

radioactive decay constant, 40 Ar* is the radiogenic daughter product, 39 Ark is the 39 Ar 

produced from 39K during radiation of the sample, and J is the irradiation parameters 

(Merrihue and Turner, 1966; Mitchell, 1968). The 40Ar/39Ar method is summarized in 

detail by McDougall and Harrison (1988), thus the discussion below focuses on the 

results. The samples were analyzed and data reduced by Michael Kunk of the United 

States Geological Survey, Reston, VA. All but sample 92JMS53A have plateaus where 

a plateau is defined as three or more contiguous steps (incremental heating) with 

concordant ages (Dalyrymple and Lanphere, 1974; Fleck and others, 1977). According 

to McDougall and Harrison (1988) these same steps should represent a significant 

proportion of the 39 Ar in the sample and should yield a well defined isochron or isotope 

correlation diagram. Inverse isochron diagrams (Turner, 1971) uses 40 Ar as a reference 

isotope because 40 Ar is usually the most abundant isotope and therefore can be 

measured very precisely, the correlation between errors in both ratios is small and often 



Table D I: 40 Ar/39 Ar geochronology for Sierra Madre Occidental * 

Samrrle #_Pisll"i~ .. ~ _ ~LU!itllde,J,.ongitude _ SaI11ple [)cscri(llion Apparent Age (Ma)** Significance of Age 

Ttk-2 Mulatos, Sonora 
Flow foliated bio-ricb welded rhy Youngest rhyolite to host mineralization, 

2S-39-SSN, IOS-42-S0W tuff. Bio SO-I 00 micron, fresh, 32.91±.12 plateau caps district stratigraphy 

93JMSSSA Mulatos, Sonora 

92JMS6SE Maguarichic, Chih 

black, clean, no inclusions 
Welded bio rhy tuff. Bio 30-S0 

2S-37-S5N, 108-44-1 OW micron, black, tracc interstitial 
chlorite 
Pumaceous rhyodacite tuff. Bio 

27-S2-30N, 108-00-20W elongate in flow foliation, black, 
fresh, no inclusions, 30-S0 micron 

Poorly welded fragmental rhy tuff. 
93JMSSID Guazapares, Sonora 27-25-0SN, IOS-27-2SW Bio black, fresh, euhedral60-80 

micron 

31.58±.14 plateau 

36.90±.13 plateau 

3S.19±.12 plateau 

Equigranular coarse bio-hbl gd. Bio 
92J1\1S53A Piedras Verdes, Chih 27-06-00N,107-59-20W black, fresh, 100-ISO micron. Hbl not S1.86±.l8 no plateau 

analyzed, slightly chlorite altered 

* Argon analyses by M. Kunk, U.S. Geological Survey, Reston, V A, October, 1994. Actual data presented in Appendix D. 

Oldest rhyolite tuff, hosts mineralization, 
provides oldest possible age for 
mineralization at Mulatos 
Unaltered, unmineralized. interpreted to be 
post-minemlization and provide minimum 
age boundary for district hydrothermal 
event 
Rhyolite tuff hosts mineralization and is 
locally altered, sample provides maximum 
age constraint on mineralization at 
Guazapares 
Plutonic stock causing contact 
metasomatism and at contact with Zn-(Pb
Cu) mineralization, interpret as associated 
with formation of ore 

** I sigma precision estimates are for intra-sample reproducibility and intra-irradiation package reproducibility. All samples run in same radiation package with J factor 
J=O.009624±O.2S%. 

N 
UJ 
\0 
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Mulatos Mineralization bracketed 
between 31-25 Ma. Rhy olite 
stratigraphy dated. 

Granodiorite stock associated with 
Zn-Pb-Cu skarn mineralization 
event. 52 Ma on intrusion. 

• Sierra Madre Occidental 
Volcanic Province 

Mineralization Pre-37Ma. Dated 
Maguarichic overlying unaltered rhyolite ignimbrite 

tuff(possible outflow ofTomochic 
caldera studied by Swanson, 1985). 

Guazapares 
Mineralization Post-35a. Dated ore 
h(JSling rhyolite ignimbrite tuff 

Figure D6. Location of districts where radiometric ages were determined on igneous 
rocks which bracket ages of mineralization. 
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negligible. The method compares the 36Ar/40Ar to 39Ar/40Ar giving the age on the 

39 Ar/40Ar axis and testing the validity of the assumption that trapped argon (i.e., argon 

incorporated into the rock at the time of its formation) is of atmospheric composition. 

For all but sample 92JMS53A the argon is at or near atmospheric composition (figure 

D7). 

All samples except for 92JMS53A are from rhyolite tuffs which were extruded 

during the Oligocene age Sierra Madre Occidental ignimbritic vokanic event. Thus they 

would have quenched quickly and the plateau ages should indicate the age of volcanism. 

Sample 92JMS53A is an older sample from a fresh equigranular granodiorite which 

appears to have a somewhat more complex argon history. Its 36Ar/40Ar ratio for 

atmospheric argon is lower based on a very poor projection. The age spectra does not 

define a plateau, however with more than 95% of the gas released giving ages between 

50.S and 52.9, and 41 % of the gas released in steps 12S0°C through 1450°C giving an 

average age of 5 I .S6±. I S (Michael Kunk, personal communication, 1995). All five 

samples show some argon loss (younger age) in the initial step(s). These initial steps 

could be due to a thermal disturbance associated with basin and range uplift or Miocene 

to younger magmatism in the region. In the .vacinity of the samples no Miocene rocks 

are known. All samples were collected from localities with simple, clear geologic 

relationships with no nearby dikes. Sample 93JMSS5A and 93JMSSIB have initial age 

steps that released gas giving a 12 Ma age. In both cases this amounted to about 5% of 

the total 39 Ark released. If this first step represents loss of argon then the precise age of 

the event that caused argon loss would be -12 Ma or possibly younger. Sample 

92JMS53A released a trace of gas (0.2%) at 750° having an age of 23.1±1.0 Ma. The 

next step released 4% of the gas having an age of 42.8 Ma. This sample, like 

93JMSS5A and 93JMSS IB indicates the possibility of a younger event (perhaps post

Oligocene). But with only three widely spaced samples, one must take care to not over-
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interpret the data, however the possibility of being able to date a younger event is 

appealing. In only one district were more than one sample dated that being at Mulatos 

where two were dated. In that district one of the two samples shows evidence for a 

possible younger disturbance event. Additional geochronology in the Sierra Madre 

Occidental will clearly help to better understand the geology and will provide crucial 

constraints on the timing of ore deposits and hydrothermal activity in the region. 
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