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ABSTRACT 

- . 
santa Eulalia contains two separate, contrasting Pb-Zn-Ag 

deposits. The East Camp consists of a symmetrically zoned 

calc-silicate skarn with distal sulfide and tin-bearing 

orebodies; whereas the west Camp is composed of massive 

sulfide orebodies with minor proximal calc-silicate skarn 

and isolated intermediate calcic-iron skarns. 

Mineralization and alteration are zoned within each camp but 

do not overlap. Sulfide mineralization in both camps 

consists of pyrrhotite, sphalerite, galena, and pyrite with 

lesser amounts of arsenopyrite and chalcopyrite. The East 

Camp is apparently richer in zinc and copper than the West 

camp. 

Mineralization is temporally and spatially related to 

geochemically identical felsite intrusions which apparently 

have a common source. Mineralizing fluids followed these 

felsites through a thick section of evaporites and 

organic-rich shaly limestones into clean, homogeneous, 

relatively undeformed, limestone hosts. West Camp 

mineralization occurs along an interconnected network of 

vertically discontinuous tight fissures and sill contacts, 

whereas East Camp mineralization is located along vertically 

throughgoing faults and dike contacts. strata-bound, but 

not stratiform, mantos extend off discordant chimneys in 

both camps. Ore textures reveal that mineralization 

occurred primarily by limestone replacement. 
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Pressure-corrected primary fluid inclusion homogenization 

temperatures in fluorite range from 220 to 490 deg. C. 

Salinities are bimodal with high-salinity (>26.3 equivalent 

wt% NaCl) and low-salinity (1-12 equivalent wt% NaCl) 

populations. Mineralogical constraints indicate that the 

hydrothermal fluids were acid and reduced. Sulfur isotope 

analyses indicate that the ore fluids varied from -17 to +4 

permil without correlation to iron-sulfide species, 

temperature, or salinity. Co-existing sulfides are commonly 

in isotopic disequilibrium. Sulfur isotopes from the West 

Camp are crudely zoned, but no consistent patterns exist in 

the East Camp. Oxygen and carbon isotope analyses of 

limestone wallrocks reveal a distinct isotopic alteration 

halo. A single analysis of gangue calcite from each camp 

indicates that the ore fluids contained 

non-carbonate-derived carbon and oxygen, possibly of 

magmatic origin. 

Metals were apparently transported as chloride complexes 

and deposited through coupled dissolution-precipitation 

replacement reactions. Most ore sulfur apparently came from 

diagenetic pyrite and sedimentary anhydrite, but some of the 

sulfur may have had a magmatic source. The metals probably 

came from the felsite parent magma and this magma may have 

also contributed fluids. Close similarities between Santa 

Eulalia and numerous other intrusion-related 

carbonate-hosted deposits in northern Mexico reinforce these 

interpretations. 
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CHAPTER 1 

INTRODUCTION 

The Santa Eulalia Mininq District lies in central 

Chihuahua, Mexico at latitude 28 deq. 35', lonqitude 105 

deq. 50'; about 360km south of EI Paso, Texas and 20km east 

of Chihuahua City (Fiq. 1). The district occupies the 

approximate center of the Sierra Santa Eulalia which is a 

north-northwest elonqate, fault-bounded ranqe risinq to 

elevations of 2200m. The surroundinq plains lie at 1500m 

elevation. Topoqraphy is ruqqed with veqetation dominated 

by the cacti and thorny plants typical of the Chihuahuan 

Desert. 

On a reqional scale, Santa Eulalia is the larqest of a 

number of si~ilar districts which lie between Hidalqo and 

the Chihuahua-U.S.A. border alonq the intersection of the 

Laramide-aqed Mexican Thrust Belt (Campa, 1985) and the 

Tertiary volcanic plateau of the Sierra Madre occidental 

(Meqaw, 1988b; Meqaw and others, 1988). 

The Sierra Santa Eulalia consists of Cretaceous carbonate 

strata unconformably overlain by a southward-thickeninq 

succession of lower and mid-Tertiary volcaniclastic and 

volcanic rocks. The district is divided into three portions 

called the West. Middle, and East Camps, based on a 

combination of qeoqraphy, production, and style of 

mineralization. The West Camp (a.k.a. The Main Mineral 

Zone; Prescott, 1916 and Hewitt, 1968) lies on the western 
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Figure 1. Location Ma~ showinq position of Santa Eulalia 
Mininq District in Chihuahua, Mexico. 
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flank of the range and is characterized by massive sulfide 

manto and chimney orebodies with local, high-level 

iron-calcic skarns. The East Camp (a.k.a. the San Antonio 

Mine Area) lies on the eastern fringe of the range and is 

characterized by symmetrically zoned, intrusion-cored, 

zinc-lead skarns with peripheral massive sulfide manto 

bodies. Although the 2.5km wide intervening Middle Camp has 

minor mineralization and limited production, it is generally 

considered barren (Hewitt, 1968: de la Fuente, 1969 and 

Maldonado, 1979). 

PURPOSE AND SCOPE OF STUDY 

santa Eulalia and comparable districts are characterized 

by tabular-elongate "manto" orebodies developed in specific 

strata within thick successions of largely homogeneous 

carbonate rocks. Mantos commonly grade downward to or 

extend from, steeply-inclined, tubular cigar-shaped 

orebodies called chimneys, that cross-cut enormous thickness 

of the same host rocks (Prescott, 1926: Megaw and others, 

1988). These deposits, including Naica, Chihuahua; 

Providencia-Concepcion del Oro, Zacatecas; and Mapimi, 

Durango (Megaw and others, 1988) have generally been 

considered to form by sulfide replacement of carbonate rocks 

(Lindgren, 1933, Prescott, 1926, Hewitt, 1968), although an 

alternative hypothesis of cavern in-filling has also been 

propounded (Callahan, 1977; DeVoto, 1983 and 1988). 
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generally inconspicuous (Spurr, 

controls on mineralization have 

Renewed interest in these deposits has resulted in the 

revival of old debates concerning their genesis, and the 

gathering of new field and geochemical data in an attempt to 

resolve several vital questions. These include: 

1. Why do these deposits appear to cluster and what are 

the geological characteristics of the crust in which they 

occur? 

2. What is the nature of the profound stratigraphic 

limitation of mineralization seen in these systems? Is it 

textural, compositional, or simply the fortuitous location 

of a bed at a physico-chemical boundary? 

3. What are the structural controls on mineralization and 

how do they vary within and between districts? 

4. What is the significance of the common association 

between distinctive felsite intrusions and mineralization? 

Is there a genetic link to magma genesis and evolution, or 

are the intrusive contacts simply convenient ore-fluid 

migration conduits? 

5. Do mappable alteration aureoles exist and if they do, 

how can they be recognized ? 

The Santa Eulalia District was chosen for investigation of 

these questions because it has numerous features that make 
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it an exceptionally suitable laboratory for analyzing the 

genetic and exploration problems associated with the deposit 

type: 

1. It is the best exposed example of its type within a 

belt of comparable districts (Titley and Megaw, 1985; Megaw 

and others, 1986; Megaw and others, 1988). 

2. It displays well-developed manto and chimney orebodies 

developed in a compositionally homogeneous carbonate 

section. 

3. The host rocks are gently folded but lack significant 

pre or post-mineral faulting. 

4. The geometry and character of the ore-associated 

felsite dikes and sills is well known through extensive 

underground exposures and drill hole data. 

5. Surface exposures are excellent and both volcanic and 

carbonate rocks crop out ab~ve the most heavily mineralized 

parts of the district allowing recognition of host-rock 

influences on alteration caused by rock type. 

6. Detailed geological maps and descriptions of the 

stratigraphy, structure, intrusive relationships, 

mineralogy, and contained metals of many of the individual 

orebodies are available. 

7. Undergound access is very good, although many of the 

major orebodies are completely exhausted. 



27 

Examination of the santa Eulalia District was undertaken in 

three phases of successively increasinq detail, desiqned to 

yield a comprehensive picture of the deposit's localization 

and qenesis in the context of reqional and local qeoloqic 

processes and evolution. These three parts, plus 

interpretation, will be reflected in the body of the text as 

follows: 

1. Reqional qeoloqic context 

includinq: tectonostratiqraphic 

of the Sierra santa Eulalia 

terrane localization and 

reqional stratiqraphic and structural framework. These were 

ascertained throuqh research and reconnaissance mapping of 

the entire Sierra Santa Eulalia. 

2. Characteristics 

mineralization and 

of the 

alteration 

Santa Eulalia District 

includinq: district-scale 

stratiqraphy, structure, and intrusive relationships; 

orebody composition and morphology; and types and 

distribution of meqascopic alteration. These were 

determined by detailed surface and underqround mappinq and 

samplinq of the mineralized zone, coupled with Hewitt's 

(1943 and 1968) syntheses of district qeoloqy and mine 

data. Hewitt's data were updated from mine records wherever 

possible. 

3. Detailed characterization of mineralization and 

alteration includinq: mineraqraphic; fluid inclusion; 

qeochemical; and isotopic analyses of mineralization, 

qanque, and wall rocks. 
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4. Interpretation of geochemical data and synthesis of 

geologic data into a model for district genesis. 

PREVIOUS WORK 

Literature on Santa Eulalia 

The literature on the Santa Eulalia District is focused 

almost exclusively on mineralization and alteration and the 

immediate geology of the mineralized areas. This includes 

unpublished company reports, theses, mining journal 

articles, guidebook articles, and scientific publications. 

Data from most of these has been incorporated into this 

study, but Prescott (1916 and 1926) and Hewitt (1943 and 

1968) are the principal references on the district. 

Important secondary sources covering the West Camp 

include: Kimball (1870): Weed (1902): Argall (1903): Spurr 

(1911): Prescott (1910a, 1910b): Benham (1928, 1929); 

Clendenin (1933): Hewitt (1966): De la Fuente (1969): 

Lofquist (1986): Megaw (1986b): Miranda and Megaw (1986): 

Calles and Martinez (1987): Padilla (1987): and Megaw and 

Miranda (1988 and 1989). The principal secondary sources for 

the East Camp include: Knapp (1906); Benham (1925); Hewitt 

(1940, 1951, 1984); Maldonado (1979); and Bond (1986a, 

1986b, 1987). 

The remaining literature on the district contains elements 

of useful information, but none approach the importance of 

the papers listed above. These are grouped and listed below 

by general subject. 
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The resurgence of activity in the late 1800s resulted in a 

spate of articles in the popular mining press of the U.S. 

and Mexico and a few unpublished theses and company 

reports. These include: Hill (1902 and 1903): Aiken (1903): 

Pearce (1906): Rice (1908a, 1908b, 1908c): Adams (1909 a and 

1909b): Lane (1909): Bain (1911): Brinker (1913): Hunt 

(1922): Schofield (1922): Walker (1922, and 1939): Millikan 

(1925): ~astanedo (1927): Horcasitas (1927 and 1929): Barry 

(1931): and Hubbell (1936). 

More recent mining publications, theses, and guidebook 

articles include: Syner and Hewitt (1952): Villalba (1955): 

Gonzalez-Reyna (1956): Horcasitas and Snow (1956): Vasquez 

(1964); Escandon (1973): Kirschner (1973): Heinrichs (1983): 

Maldonado and Megaw (1983): and Pena (1988). 

Detailed stUdies of mineralogy, geochemistry, 

zonation are widely represented in company 

unpublished theses: only a few are published. 

and metals 

reports and 

These will be 

referred to in detail where appropriate, and include: Ebbutt 

(1947): Brown (1952): Hewitt (1954): Allen and Fahey (1957); 

Lees (1969): Clanton (1975); Kesler (1976); Takeda (1977): 

Gomez (1978): Munoz (1978a, 1978b, 1979, and 1983): Silva 

and Morales (1978); Munoz and Torres (1981): Torres and 

Munoz (1981): Torres (1982): Walter (1985): Bond (1986b and 

1987): Silva and Arredondo (1986): Megaw (1986a, 1986b, 

1986c, 1987, 1988a): and Aguirre (1988). 
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Exploration geochemistry and geophysics have been attempted 

with generally negative results. Reports on these studies 

include: Lundberg (1948); Kirschner (1959); Franco-Iturralde 

(1959); Maldonado (1964); Martinez (1964); Sanchez and Gomez 

(1977); Silva (1980); and Silva and Arredondo (1986). 

Regional Studies of Santa Eulalia and Related Deposits 

Regional studies of Santa Eulalia and related deposits are 

dominated by Prescott's (1926) "Underlying Principles of the 

Limestone Replacement Deposits of the Mexican Province". 

This landmark synthesis describes the continuity of 

orebodies, their gradual attenuation, and their development 

from ascending and laterally migrating fluids. It also 

details the importance of stratigraphic position to 

favorability for mineralization, and the importance of 

stratigraphic barriers to fluid flow as orebody localizers. 

Prescott restricted this paper to geologic observations but 

he allowed Spurr (1926) to provide interpretations as a 

post-script. Spurr followed the precepts of his 1923 "Ore 

Magmas" theories and implied that these systems were the 

result of emplacement of volatile-rich sulfide magmas. 

Fletcher (1929) proposed that these deposits are part of a 

spectrum ranging from proximal contact skarns to distal 

manto and chimney deposits. Santa Eulalia was his example 

for the most distal position. This idea was incorporated 

into Megaw, Ruiz, and Titley's (1988) review which compares 

the mineralization style, controls, and geochemistry of 17 

Santa Eulalia-like deposits in Mexico. Graybeal and others 
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(1986) also embrace this concept in their review of Santa 

Eulalia-like deposits worldwide. 

WORK ACCOMPLISHED FOR THIS STUDY 

The field data presented here are the result of over 58 

weeks of surface and underground mapping and sampling 

accomplished between May, 1983 and January, 1989. The 

operators' focus on mine geology meant that surface mapping 

was largely neglected. Spurr's (1911) and Benham's (1925, 

1928, and 1929) detailed surface maps are notable exceptions 

to this but cover very limited areas. Both included 

subdivisions of the capping volcanics, and identification of 

major alteration types. These maps, coupled with IMMSA's 

(1978) air-photo interpretation map of the entire Sierra 

Santa Eulalia, provided a useful basis for districtwide 

detailed mapping, and have been incorporated into Plates 1, 

2, and 3, along with Bond's (1987) East Camp map. 

Systematic examination and sampling with local mapping of 

mineralization and underground geology was carried out 

through the majority of the accessible workings in the 

district. However, although an extensive collection of mine 

data survives, obtaining representative samples from the 

hearts of orebodies was largely impossible because the 

majority of west Camp orebodies are largely exhausted, and 

access to the upper parts of the East Camp, especially the 

tin orebodies, is extremely limited. This prevented 

unraveling of paragenesis except on a local scale in these 

areas. Data for the mined-out areas were gleaned from the 
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literature and examination of pillars and stope rubble. 

Detailed paraqenetic study could only be done in the active 

mininq areas. Core from over 50 drill holes within and 

beneath the mininq areas was also examined. 

The laboratory data include over 100 sulfur isotope 

analyses; fluid inclusion analysis of 56 samples; oxyqen and 

carbon isotope analyses of 25 samples; and optical 

microscopy of over 100 thin and polished sections, performed 

by the author with co-workers at the University of Arizona. 

In addition, several aqe dates, microprobe analyses, and 

whole rock analyses were made by the courtesy of other 

investiqators. 

HISTORY AND PRODUCTION 

Indiqenous peoples may have encountered and exploited 

mineralized outcrops in the San Antonio Graben (Ramirez, 

1884 and Merrill, 1909), but 1591 is cited as the date of 

initial discovery by the Spaniards, and production 

do not beqin until 1703 (von Humboldt, 1808; Kimball, 

Hewitt, 1963; and Hadley, 1975 and 1979). The first 

records 

1870; 

formal 

mininq claims were made in 1704 in the West Camp and 1705 in 

the East Camp (Hadley, 1979). Hiqh-qrade oxidized orebodies 

that cropped out on the surface were exploited durinq this 

period. Between 1709 and 1777 the district yielded a 

quarter of the silver produced in all of Mexico and remained 

the country's larqest sinqle silver producer until 1790 

(Hadley, 1979). By 1790, over 4 million tons of ore had beEn 

produced with qrades that ranqed from 500 to 6000 q/MT 
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silver, and averaged about 700 g/MT silver (Ramirez, 

1884) {Table 1). The exhaustion of the readily-exploited ores 

coincided with the beginning of increased hostilities with 

the Apaches, and an increase in problems with administration 

of the Spanish empire in Mexico (Ramirez, 1884). 

By 1800 the district was reduced to near inactivity. 

Mining continued by "gambusinos" who high-graded pillars and 

narrow off-shoots from previously exploited orebodies. A 

few significant ore pods were discovered during this period, 

but total production during this period was only 700,000 

tons (Table 1). (Wallace, 1867; Kimball, 1870; Robinson, 

1880; Dahlgren, 1883, and Grigsby, 1976). 

In the late 1800s an enormous influx of mining capital 

from the United States spread throughout Mexico (Weed, 

1902). Santa Eulalia got its share, and by 1900, at least 19 

companies with foreign capital were operating in the 

district (Honigman, 1917a, 1917b). These operations produced 

an estimated total of 7.5 million tons of oxide ore grading 

500g/MT silver and 12% lead (de la Fuente, 1969)(Table 1). 

The majority of this came from the elongate "mantos" for 

which the district became famous (Lindgren, 1933). Some 

high-grade galena-rich sulfide ores were also produced 

during this period. 

The "Modern Epoch" began in 1925 with the construction of 

the first selective flotation sulfide mill in the district; 

sulfide mining eclipsed oxide production within two years. 

The sulfide ores were found as huge continuous bodies of 



Epoch 

1703-1790 

1791-1880 

1881-1924 

1925-1986 

TABLE 1 

TONNAGE AND AVERAGE GRADES FOR THE 
SANTA EULALIA DISTRICT: 1703=1986 --

PRODUCTION* 

Tonnage Silver Lead Zinc Tin 
Call as thousands of metric tons) 

4000 2.737 ? 

700 0.540 ? 

7500 3.750 890 ? 

26380 5.253 1885 1908 4 
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Copper 

7 
------------------------------------------------------------------

TOTAL 38580 12.28** 2775 1908 4 7 

C** 12,280 Metric tons of silver - 395,000,000 troy ounces) 

In aclclition the district haa proclucecl: 700 MT of Vanadium and 
an estimatecl 1 M'!' of Gold. 

GRADE 

Epoch Tonnage Silver Lead Zinc Tin*** copper 
(M'!' x 1000) (g/MT) ct) ct) ct) ct) 

1703-1790 4000 684 

1791-1880 700 770 

1881-1924 7500 500 11.9 

1924-1968 26380 227 8.1 7.3 1.0 0.3 

Average 
1703-1986 38580 318** 8.8 7.3 

* From de la Fuente, 1969: upclated to 1986 with company data 
** 318 g/M'l' - 10.1 troy ounces per short ton 
*** Theae figures for restrictecl areas where these metals 
were found. 
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almost pure galena, sphalerite, pyrrhotite, and pyrite. 

Silver grades dropped to about 250g/MT, but tonnage rose 

sharply with over 25 million tons of sulfide ores being 

produced to date (Table 1). Recovery of zinc, tin, copper, 

gold, and trace metals began during this epoch. 

By the 1980's, the average west Camp grade had dropped to 

approximately 150 g/MT silver; 5.3% lead; and 5.5% zinc: 

while East Camp grade had dropped to 112 g/MT silveri 2.7% 

lead: and 8.1% zinc. Approximately 10 million tons of 

reserves were known in the district in 1989. These were 

prima~ily East Camp skarn ores of the lower grade quoted 

above, although recent re-discovery of a long by-passed 

orebody in the west Camp has added a significant amount of 

high-grade sulfide ores to the district's reserves. 
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CHAPTER 2 

REGIONAL GEOLOGY 

Research to determine how santa Eulalia fits into its 

regional geologic context concluded that santa Eulalia is 

one of a group of related deposits that occur in a belt that 

cuts across northern Mexico (Fig. 2) (Megaw and others, 

1988). These deposits show 

features: 

several important common 

1. All are located 

terranes composed of 

(Fig. 3). 

above tectonostratigraphic basement 

Paleozoic or older continental crust 

2. All lie within the Laramide-aged Mexican Thrust Belt 

(Fig. 2). 

3. All of the deposits occur along the eastern fringes of 

the mid-Tertiary Sierra Madre Occidental magmatic belt or 

its outliers (Fig. 2), and mineralization in most is 

spatially associated with intrusions of mid-Tertiary age. 

4. Timing of mineralization in many of the districts may 

correspond to a transition from regional compression to 

regional extension. 

These commonalities suggest the geologic framework and 

history of the belt should reveal important clues to the 

timing, sources, and geneses of santa Eulalia and related 

deposits. Discussion here will focus primarily on Santa 
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Figure 2. Generalized geologic map of Mexico showing 
location of ma~or high-temperature, carbonate-hosted, 
Pb-Zn-Ag deposits ~n relation to the Sierra Madre occidental 
volcanic field and Sierra Madre oriental fold-thrust belt 
(aka Mexican Thrust Belt, campa, 1985). 1 - Santa Eulalia, 2 
- Providencia- Concepcion del Oro, 3 = Naica, 4 = San 
Martin, 5 - Charcas, 6 =- Velardena, 7 = Catorce, 8 = 
Zimapan-La Negra, 9 - Sierra Mojada, 10 = Mapimi, 11 = Cerro 
San Pedro, 12 - La Encantada, 13 = Plomosas, 14 = Sierra 
Almoloya, 15 =- San carlos, 16 =- San Pedro Corralitos, 17 = 
Los Lamentos: C =- Cananea, SF - San Felipe, R = Reforma, 
SF-S8 =- San Francisco del Oro-Santa Barbara, Co = Cosala, F 
- Fresnillo, Z - Zacatecas, A-T =- Asientos-Tepezala, Tx = 
Taxco. 
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Figure 3. Tectonostrati~aphic terrane ma~ of Mexico showing 
location of Santa Eulal1a and related d1stricts in their 
respective terranes. See Figure 2 for explanation of mining 
district symbology. (From Megaw and others, 1988). 
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Eulalia: the reader is referred to Megaw and others (1988) 

for discussion of the deposit type in general. 

TECTONOSTRATIGRAPHIC LOCALIZATION 

Albers (1983) noted that Santa Eulalia-like deposits in 

the u.S. occur exclusively in carbonate successions 

underlain by continental cratonic crust, and further noted a 

lack of these deposits in apparently similar carbonate rocks 

outboard of the continental margin. Although they did not 

examine specific deposit types, Campa and Coney (1983) noted 

that the majority of Mexican lead-zinc deposits occur in 

rocks above continental-rock floored terranes. These 

authors interpreted the overall evidence as indicating a 

continental crustal source for the deposits. 

Tectonostratigraphic Terranes of Northern Mexico 

Northern Mexico has been interpreted as being composed of 

tectonostratigraphic basement terranes of continental 

affinity juxtaposed against basement terranes of oceanic and 

island arc affinities (Fig. 3). Both types of basement 

terranes are overlapped by thick Mesozoic sedimentary 

successions and/or late Mesozoic-Tertiary volcanic 

successions. Late Mesozoic through late Tertiary intrusions 

cut through the entire succession (Campa and Coney, 1983; 

Coney and Campa, 1987). 

The basement terranes of continental affinity .include: the 

Chihuahua, Coahuila, and Sierra Madre Oriental Terranes. The 

Chihuahua Terrane is interpreted as being the unmoved, 
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southernmost portion of the Precambrian North American 

Craton, whereas the Sierra Madre oriental Terrane is 

believed to be a slice of this same craton displaced 

southeastward along a major pre-Mesozoic strike-slip fault 

system (Campa and Coney, 1983; Ruiz and others, 1988). The 

Coahuila Terrane is interpreted as being a Paleozoic 

sedimentary terrane thrust over the Chihuahua and Sierra 

Madre Oriental Terranes during the Appalachian Orogeny 

(Campa and Coney, 1983; Ruiz and others, 1988). Lead, 

strontium, and neodymium isotopic evidence indicate a 

1.4-1.65Ga age for the continental crust underlying all 

three terranes (CUmming and others, 1979; Ruiz and others, 

1988). The data have been interpreted to indicate that lead 

from these ancient crustal 

deposits through magma 

hydrothermal leaching (CUmming 

others, 1988). 

rocks was introduced to the 

contamination rather than 

and others, 1979; Ruiz and 

STRATIGRAPHY AND STRUCTURE OF THE CHIHUAHUA TERRANE 

Pre-Mesozoic 

Santa Eulalia and several similar deposits lie within the 

Chihuahua Terrane (Fig. 3) (Megaw, 1988b; Megaw and others, 

1988). Highly altered and deformed Precambrian amphibolites 

crop out less than 100km north of Santa Eulalia at Rancho 

los Filtros and Carrizalillo (Mauger and others, 1983; Ruiz 

and others, 1988). These rocks yield 1.0Ga metamorphic 

cooling ages interpreted as representing the Grenville 

Orogeny (Mauger and others, 1983; Ruiz and others, 1988). 
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Samarium/neodymium isotopic studies (Ruiz and others, 1988: 

Patchett and Ruiz, 1988) yield Nd model ages of 1.77 to 

1.38Ga for the pre-metamorphic ages of these rocks. 

The Precambrian rocks are unconformably overlain by a 

thick sequence of Paleozoic carbonates and flysch (Bridges, 

1964: and Handschy, 1985), which are exposed in the Sierra 

del CUervo 30km north of Santa Eulalia (Clark and Ponce, 

1983). 

The proximity of these pre-Mesozoic rocks to Santa Eulalia 

suggests that similar rocks underlie the Cretaceous strata 

known within the Sierra Santa Eulalia, and the lead isotopic 

evidence indicates that crust of 1.3Ga age was probably the 

major lead source for Santa Eulalia mineralization (CUmming 

and others, 1979). 

Mesozoic 

The Mesozoic of central Chihuahua is dominated by a thick 

section of lower Cretaceous carbonate rocks with subordinate 

evaporites and shales deposited in the Chihuahua Trough: a 

northwest-trending marine embayment approximately 800km long 

by 500km wide (Lofquist, 1986: Hennings and others, 1989). 

The trough is thought to have been open to the northwest, 

merging with the Bisbee Basin (Bilodeau and Lindberg, 1983) 

and open to the Gulf of Mexico to the southeast. The trough 

is flanked by the Florida and Diablo Platforms on the north 

and east, respectively, and by a magmatic arc on the west 

and southwest (Coney, 1978). This basin has been interpreted 
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as forming by rifting related to the opening of the Gulf of 

Mexico during late Jurassic time (Lofquist, 1986). The 

trough apparently began as a graben-like feature that 

accumulated a substantial thickness of red-beds, evaporites 

and black shales (Smith, 1981). Later, the western bounding 

fault ceased subsiding and the trough became a wedge-shaped 

feature with a steep eastern margin marked by carbonate 

reefs and a western, shallowly-dipping carbonate-ramp 

environment (Lofquist, 1986: Hennings and others, 1989). 

Pronounced gravity and magnetic anomalies mark the 

approximate location of the western fault zone, which may 

have undergone post-cretaceous movements related to Basin 

and Range and/or Rio Grande Rift extension (Aiken and 

others, 1983). The bulk of the western Chihuahua Trough 

package is dominated by a 2000 m thick, remarkably 

homogeneous section of basinal limestones dominated by 

micrites and calcarenites (Lofquist, 1986). Several thousand 

meters of middle and upper Cretaceous shales and limestones 

were deposited on top of this lower Cretaceous succession. 

Cretaceous deposition ended with the onset of the Laramide 

Orogeny. This roughly SSW-NNE-directed compressional event 

deformed the Mesozoic sediments of northern Mexico into the 

sinuous Mexican Thrust Belt: a 2000 km-Iong belt of locally 

thrusted anticlines and synclines (Campa, 1985). Deformation 

throughout the belt was thin-skinned with decollement on 

Jurassic and early Cretaceous evaporites (Smith, 1981). 

These evaporites flowed into the cores of many anticlines, 

creating evaporite thicknesses exceeding 2000 m (Smith, 
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1970; Gries, 1980). Initial volcanism in the Sierra Madre 

Occidental began during this time (McDowell and Clabaugh, 

1979). 

The Mexican Thrust Belt consists of two 

north-northwest-trending portions, separated by an 

east-west-trending segment (Fig. 2) (Raisz, 1964). All of the 

high-temperature, carbonate-hosted Pb-Zn-Ag deposits of 

Mexico occur within the Mexican Thrust Belt, and many show 

mineralization control by fold-related structures and/or 

structural grains parallel to the local trend of the Mexican 

Thrust Belt (Megawand others, 1988; Megaw, 1988b). santa 

Eulalia lies in the Chihuahua Tectonic Belt which is the 

northernmost segment of the belt (Smith, 1970). This NNW 

trend is evident on geologic maps of the region (Fig. 

2) (Soc. Geol. de Mexico, 1985), and satellite images (Fig. 

4) • 

Tertiary 

Erosion began during Laramide folding and continued into 

the early Tertiary, stripping off most of the upper 

Cretaceous sediments (Smith, 1981) and carving deep valleys 

into the exposed lower Cretaceous limestone surface. These 

valleys began to be filled during the earliest Tertiary with 

volcanic rocks and sediments 

deposits are locally folded, 

compression continued during 

compression has been estimated 

until 52-47Ma ago in northern 

and these lower Tertiary 

indicating that Laramide 

their deposition. This 

to have persisted at least 

Chihuahua (Clark and Ponce, 
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Figure 4. ERTS I Image of the Chihuahua City Area, Mexico. 

Note NNW-trending anticlinal fold in the Cretaceous 

sediments (upper right): NNW-trending late Tertiary Basin 

and Range Faults (lower left): Sierra Pastorias Caldera 

(center): El Ojito basalt field (b): and santo Domingo 

Caldera (sd). Chihuahua city lies at the C. Santa Eulalia 

lies in the next range east of Chihuahua City at the S. 
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1983; Hennings and others, 1989), but may have continued 

until about 40Ma in central Chihuahua (see below). 

The Tertiary deposits of 

volcanic and volcaniclastic 

Madre Occidental magmatic arc 

Chihuahua are dominated by 

rocks related to the Sierra 

(Atwater, 1970; Coney, 1978). 

Sierra Madre volcanic rocks have been subdivided into two 

large packages informally named the "lower volcanic complex" 

and the "upper volcanic supergroup" (McDowell and Clabaugh, 

1979). Lower volcanic complex rocks span the time from late 

Cretaceous until approximately 45 Ma, and the upper volcanic 

supergroup spans the interval from roughly 45 to 23 Ma. The 

lower volcanic complex is dominated by intermediate 

composition materials, while the upper volcanic supergroup 

is significantly more silicic (McDowell and Clabaugh, 1979). 

In central Chihuahua, lower volcanic complex rocks, 

consisting principally of mixed limestone-volcanic 

conglomerates and andesitic to rhyolitic tuffs and ash-flow 

tuffs, unconformably overlie the Cretaceous carbonates. The 

upper volcanic supergroup in central Chihuahua is dominantly 

composed of rhyolite ash-flow tuffs and flows erupted from 

overlapping caldera complexes (McDowell and Clabaugh, 1979). 

Numerous intrusions are also present which largely match the 

volcanic rocks in age and composition. Many of these occur 

in areas where the volcanic rocks appear to have been 

removed by erosion, and many are associated with ore 

deposits (Clark and others, 1979; Damon and others, 1981). 

Regional NE-SW-directed extension began around 30Ma as 
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subduction slowed and ceased along the western coast of 

Mexico and the overriding continental plate relaxed 

(Atwater, 1970: Price and Henry, 1984). This mild exten?ion 

was oriented parallel to the earlier compression and may 

have re-opened both deep basement flaws and shallow-level 

structures allowing magmas and/or ore fluids to migrate 

along them (Muehlberger, 1980: Dickerson, 1982: Goetz and 

Dickerson, 1985: Murray, 1986: and Megaw, 1988). 

Extension accelerated during the late Miocene to early 

Pleistocene with the development of the Basin and Range 

tectonic regime and opening of the Rio Grande Rift (Clark 

and Ponce, 1983: Goodell and others, 1986). This created 

large scale horst and graben structures parallel to the 

earlier NNW-SSE-trending compressional folds. The 

anticlines generally coincide with horsts, and synclines 

with the grabens. Enormous thicknesses of gravels were shed 

into the basins and lap up around the edges of the horsts. 
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CHAPTER 3 

DISTRICT GEOLOGY 

The Sierra Santa Eulalia is elongate in a north-south 

direction and extends 30km from Puerto Dolores on the north 

to El ojito Pass on the south (Fig. 4, and Plate 1). At its 

widest it is roughly 18 km from San Guillermo on the west to 

the San Antonio Mine area on the east. The range is 

composed dominantly of lower cretaceous limestone and 

underlying evaporites which were folded into a broad 

doubly-plunging anticline with a NNW-SSE trending axis and 

gentle dips. Limestone crops out throughout the northern 

portion of the range but becomes covered by an increasing 

thickness of lower Tertiary volcanic and volcaniclastic 

rocks towards the south. Erosional windows of limestone are 

locally exposed through the volcanic rocks (Plates 1 and 2). 

The lower Tertiary section thickens southward until it 

becomes buried under a thick package of mid-Tertiary 

ash-flow tuffs and basalts, apparently erupted from the 

small resurgent Santo Domingo Caldera. The southern portion 

of the sierra consists almost entirely of these intracaldera 

rocks. 

Mineralization occurs in all but the lowermost Cretaceous 

carbonates and evaporites and extends into the basal part of 

the Tertiary succession. Mineralization trends are broadly 

parallel to the overall NNW-oriented structure of the range, 
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but deviate from it in detail. Mineralization is very 

closely related in time and space to a series of felsite 

intrusions that apparently had a common source. The 

districtwide stratigraphy, structure, and intrusive rocks 

will be discussed in this chapter with a focus on their 

contribution to ore localization. 

STRATIGRAPHY OF THE SIERRA SANTA EULALIA 

MESOZOIC ROCKS 

Mildly deformed Chihuahua Trough-related rocks of upper 

Aptian and Albian age are the oldest rocks known in the 

Sierra Santa Eulalia (Lofquist, 1986). The West Camp 

cretaceous succession has an explored thickness of 1450 

meters, but only the uppermost 375 meters are exposed on the 

surface; the remainder is known from mine workings and deep 

diamond drill holes (Hewitt, 1968) (Fig. 5). The Cretaceous 

sedimentary stratigraphy of the East Camp appears identical 

to that of the West Camp, although only one East Camp drill 

hole has penetrated as deep as the uppermost evaporites of 

the CUchillo Formation (Lofquist, 1986). 

CUchillo Formation 

The CUchillo Formation is the oldest unit in the Sierra 

Santa Eulalia and it contains no known mineralization. Up 

to 285m of the CUchillo Fm. is known from west Camp drill 

intercepts, but its full thickness is unknown because it is 

cut off by a quartz monzonite stock. The CUchillo Fm. is 

1000m thick elsewhere in Chihuahua, and locally exceeds 
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Composite Stratigraphic Section 
Sierra de Santa Eulalia, Chihuahua, Mexico 
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Figure 5. Composite Stratigraphic section for the Sierra 
Santa Eulalia, Chihuahua, Mexico with potassium-arqon dates, 
sulfur isotope characteristics, and associated 
mineralization. 
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2300m in thickness where it has flowed into the cores of 

larqe anticlines (Burrows, 1910: and Gries, 1980). The 

section at santa Eulalia consists of coarse-qrained, clean 

anhydrite that qrades upward into dark, orqanic-rich 

calcareous shale and black, carbonaceous, fetid limestone. 

Thin beds of the shaly limestones are common within the 

evaporites and locally contain abundant Gryphea sp. fossil 

fraqments. Chemical analyses of the anhydrite (Appendix A) 

show it to be 96.3% calcium sulfate with almost no 

maqnesium, potassium or sodium minerals. The bulk of the 

remaininq 3.7% appears to be composed of alumino-silicate 

clays. Trace elements and metals are exceedinqly low. 

The evaporites qrade conformably upward into very 

fine-qrained, carbonaceous shaly limestones which contain up 

to 5% framboidal and cubic pyrite, and have a stronq fetid 

odor. Chemical analyses of a relatively pyrite-poor sample 

of the bulk shale (Appendix A) suqqest that it is composed 

of alumino-silicate clays, calcium carbonate, and iron 

oxides. It is rich in fluorine (1560 ppm), but relatively 

low in the ore metals, trace metals, and trace elements. 

Comparison with published values for selected trace elements 

in black shales (Appendix H) (Holland, 1979), shows these 

shales to be considerably less enriched than most other 

black shales, but still siqnificantly enriched over sea 

water (Wedepohl, 1970). 

The CUchillo Formation qrades rapidly, but conformably, 

into the dark non-fossiliferous limestones of the Beniqno 
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and Lagrima Formations. This has been interpreted as 

representing a transition from supratidal evaporite flat and 

restricted lagoon environments to more open marine 

conditions (Lofquist, 1986). 

Benigno and Laqrima Formations 

The Benigno Formation conformably overlies the CUchillo 

Fm. and grades upwards into the Laqrima Formation. Both of 

these limestone units are very similar in appearance and 

have historically been lumped together and referred to as 

the "Blue Limestone" in the district (Hewitt, 1968). 

Overall, both the Beniqno and Lagrima Formations are 

qenerally monotonous, clean limestone with 0.6% to 1.5% 

insoluble content and minor orqanic component (Lofquist, 

1986). These two formations host the major skarns in the San 

Antonio area and the larqest chimnies in the West Camp 

(Hewitt, 1968; Maldonado, 1979; and Miranda and Meqaw, 

1986). 

The Beniqno Fm. is composed of 105m of thick- to very 

thick-bedded medium to dark qray micrite and biomicrite 

(Lofquist, 1986). The overlyinq Laqrima Fm. is 510m thick 

and is similar to the Beniqno Fm., except that it contains 

thinly bedded and marly zones and two dolomitic strata 

(Clendenin, 1933; and de la FUente, 1969). The contact 

between the two is arbitrarily taken as the lowermost marly 

horizon. Lofquist (1986) interpreted these carbonates as 

havinq been deposited under shallow to medium-depth open 

marine conditions, with occasional incursions of littoral 
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environments. Similar conditions persisted during the 

deposition of the overlying Finlay Formation. 

Finlay Formation 

The Finlay Formation conformably overlies the Lagrima 

Formation and has long been called the "Fossiliferous 

Limestone" in the district (Spurr, 1911; Hewitt, 1968). The 

Finlay Fm. has been divided into three members with a 

combined thickness of 375m. The lower member is known as the 

"Main Fossil bed" and consists of a SSm thick section of 

massive, light gray micrite and biomicrite with locally 

abundant rudist biostromes (Lofquist, 1986). This member is 

the only one of the three that can be consistently 

identified throughout the camp (Spurr, 1911). Two thin 

dolomitic strata are present within the member and it 

contains no significant chert beds. The middle and upper 

members are called the "Intermediate beds" and the "Upper 

Fossiliferous beds" respectively (Benham, 1928). They are 

composed of medium to dark-gray, variably-bedded, micrite, 

biomicrite, and intraclastic miliolid biosparite with local 

nodular chert beds and rudist biostromes (Lofquist, 1986). 

The Upper Fossiliferous member is not uniformly 

fossiliferous throughout the camp (Clendenin, 1933). 

Individual beds throughout the formation are locally 

thoroughly recrystallized, both near and remote from 

mineralization (Clendenin, 1933). 

The upper and lower members contain the majority of the 

elongate mantos in the West Camp, and the elongate manto, 
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tin orebodies, and high-level skarns in the East Camp. 

Efforts to determine why these specific strata were more 

receptive to mineralization than the middle member of this 

formation have revealed no consistent physical or chemical 

differences (Spurr, 1911; Prescott, 1916; Benham, 1928: 

Clendenin, 1933; Hewitt, 1968; Lofquist, 1986). 

UNCONFORMITY BETWEEN CRETACEOUS AND TERTIARY ROCKS 

A pronounced unconformity showing over 250m of relief 

separates the Finlay Limestone from the overlying Tertiary 

rocks (Fig. 6) (Kimball, 1870: Weed, 1902: Argall, 1903; 

Rice, 1908a, 1908b). Comparison with nearby, complete 

Cretaceous sections (Smith, 1970) suggests that this 

unconformity represents the removal of several thousand 

meters of post-Finlay Cretaceous sediments. Potholes and 

sinks filled with layered sediments and capped by Capping 

Series rocks demonstrate that caverns developed in the 

Finlay Limestone during this erosional period (Plate 

2)(Hill, 1902). 

TERTIARY DEPOSITS 

The Tertiary rocks of the Sierra Santa Eulalia consist of 

a lower-Tertiary tuff and volcaniclastic sediment-dominated 

package, called the "Capping Series" (Spurr, 1911: Prescott, 

1916; and Hewitt, 1968), separated by a slight angular 

unconformity from a welded ash-flow tuff and basalt 

succession erupted from the mid-Tertiary Santo Domingo 

Caldera (Fig. 7 and Plate 1) (Megaw, 1986b). Although once 



Figure 6. View looking north at northeastern edge of Middle 

Camp limestone window showing contact between cretaceous 

Finlay Limestone (light grey) and Capping Series (tan). Note 

amount of paleorelief on limestone surface. La Luz Mine 

ruins (Plate 3) at arrow. 
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Figure 7. Composite stratiqra~hic section of the Sierra 
Santa Eulalia Tertiary rocks, W1th potassium-argon dates. 
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considered post-mineral and of no importance to ore genesis 

(Spurr, 1911) it is now known that the Capping Series is 

pre-mineral and is itself mineralized (Megaw and McDowell, 

1983: Megaw, 1986b). The following discussion will focus on 

the stratigraphic aspects of the capping Seri~s that 

influenced the horizontal and vertical development of 

mineralization and alteration. More detailed discussions of 

the Capping Series can be found in Spurr, 1911 and Megaw, 

1986b. 

The Capping Series 

Definition and Districtwide Relationships 

The Capping Series consists of a 500-900m thick succession 

of conglomerates, tuffs, volcaniclastic sediments and welded 

ash-flows which cover the irregular Post-Finlay erosion 

surface (Plates 1 and 2; and Fig. 7). The thickness of the 

lowermost members varies considerably, reflecting burial of 

the rugged underlying surface; the thickest sections occupy 

paleovalleys and any of the three lowermost units may 

directly overlie limestone or be locally absent. Above the 

level of the highest paleo-hills, the succeeding units 

become relatively continuous sheets, although few of the 

specific units identified in the West Camp can be traced 

into the East Camp. Because of this districtwide 

variability, the Capping Series was mapped as a single unit 

except for certain especially resistant units which were 

mapped individually to highlight structural or stratigraphic 

relationships (Plates 1 and 2). 
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The lower part of the Capping Series in the West Camp 

consists of a thin basal limestone conglomerate overlain by 

a moderately-welded lithic tuff and capped by a 

densely-welded ash-flow tuff. The upper part of the West 

Camp succession is composed of 4 thick conglomerates 

separated by thin andesite tuff beds and welded rhyolite 

ash-flow tuffs. Knapp (1906), Hewitt (1943) and Bond (1987) 

mapped a similar succession in the East Camp but found that 

the basal limestone conglomerate there is up to 100m thick 

and more throughly indurated than in the West Camp, the 

lower tuffs are dominated by pumiceous andesites, and the 

densely-welded rhyolite ash-flow tuffs are missing. The 

differences between the two camps can probably be related to 

original depositional contrasts and erosion. 

Age of the Capping Series 

Although terrestrial gastropod fossils occur in the lower 

capping Series (Fig. 7) and have been interpreted as 

indicating a Paleocene-Eocene age for the Capping Series 

(Hewitt, 1968; Megaw, 1986b), it is now known that no such 

age assignment may be made for these fossils so field 

relations must be used to bracket its age (Roth and Megaw, 

1989). 

The Capping Series overlies folded and deeply eroded 

Cretaceous limestone, and is 

by 3l.7Ma welded ash-flow 

Domingo Caldera (Megaw and 

in turn unconformably overlain 

tuffs erupted from the santo 

McDowell, 1983). The Capping 

._---- - ---------,-----



series and cretaceous limestone are conformably warped along 

the west side of the range (Megaw, 1986b) (Plate 2). This 

may indicate that these rocks were affected by latest 

Laramide deformation (53-46Ma) and could be as old as late 

cretaceous (Clark and Ponce, 1983). However, the warped zone 

flanks an area of the west Camp known to be underlain by a 

37.8Ma quartz monzonite intrusion (Fig. 5) and, although the 

precise extent of this intrusion is unknown, it is possible 

that this intrusion caused the warping (Megaw, 1986b). If 

the warping was related to the intrusion, the Capping Series 

can be no younger than 39Ma. If not, it can be no younger 

than the overlying 31.7Ma old ash-flow tuffs. The Capping 

Series thus may be as old as late Cretaceous to pre-53-46Ma 

and as young as 39 or 32Ma. 

Mid-Tertiary Volcanic Rocks of the Santo Domingo Caldera 

The Capping Series are separated by a slight angular 

unconformity from a thick section of variably welded 

mid-Tertiary silicic ash-flow tuffs erupted from the Santo 

Domingo Caldera (Megaw, 1986b). The santo Domingo Caldera 

lies at the south end of the Sierra santa Eulalia and is 

similar to the 34.5 Ma. old Sierra Pastorias Caldera which 

lies 12km to the west (Plate 1) (Megaw, 1979, 1981; and 

Megaw and HcDowell, 1983). No caldera-related volcanic rocks 

directly overlie mineralized areas and ash-flow tuffs from 

both calderas appear to be significantly older than 

mineralization-related intrusive rocks (Fig. 5). 
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The major exposure of mid-Tertiary volcanic rocks is a 10km 

diameter, 900m thick section of intracaldera rhyolite 

ash-flow tuffs consisting of 5 major cooling units of 

moderately to densely-welded, lithic and crystal-rich ash 

flow tuffs. These range from pumice-crystal tuffs to 

lithic-rich, crystal-poor tuffs (Megaw, 1986b). The 

individual cooling units are crudely wedge-shaped suggesting 

a series of emanations from restricted vents rather than 

large, single eruptions from a complete ring-fracture vent. 

The intracaldera package is surrounded by a narrow, 

curvilinear ring-fracture fault zone, and thin outflow 

sheets (Plate 1 and Fig. 8). The outflows are generally less 

densely-welded and contain fewer and smaller lithic 

fragments than their intracaldera equivalents. The largest 

outflow lies northwest of the caldera, along Highway 45 

(Plate 1). This sheet is about 100m thick and correlates 

with the uppermost intracaldera unit. It is a high 

potassium calc-alkalic rhyolite (Megaw, 1979 and 1981) and 

yielded a potassium-argon sanidine date of 31.7ma (Fig. 

7) (Megaw and McDowell, 1983). Another large area of outflows 

lies along the southern margin of the caldera. These 

exposures dip south and overlie ash-flow tuffs of unknown 

source. 

Large areas of vesicular mafic flows overlie the thin 

outflow sheets along the western and southwestern margins of 

the santo Domingo Caldera (Plate 1). They appear to be 

typical late-stage products of the mid-Tertiary, 
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Figure 8. View looking east at exposures along the northern 

ring-fracture zone of Santo Domingo Caldera. Intracaldera 

facies ash-flow tuffs to right; capping Series (CS) 

volcaniclastic rocks overlain by outflow facies ash-flow 

t~ffs to left. Small promontory at arrow in saddle marks 

precise location of ring-fracture fault. 
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compositionally bimodal, calderas of this part of Chihuahua 

(McDowell and Clabaugh, 1979). Similar rocks were erupted 

along the ring-fracture zone of the nearby Sierra Pastorias 

Caldera shortly after silicic volcanism ceased (Megaw and 

McDowell, 1983). The petrographic characteristics and field 

relationships are identical in both calderas and the name 

"San Ramon basalt" is used for both. 
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STRUCTURES OF THE SIERRA SANTA EULALIA 

MAJOR STRUCTURAL ELEMENTS 

The Sierra Santa Eulalia is a single, roughly NNW-trending 

horst block, bounded by post-mineral Basin and Range normal 

faults. The sierra is composed of four principal structural 

elements (Plates 1 and 2): 

1. The broad, doubly-plunging NNW-trending Santa Eulalia 
Anticline; developed in the cretaceous sedimentary rocks 

2. The tilted and locally warped Capping Series 

3. The mid-Tertiary Santo Domingo Caldera. 

4. The East Camp Block. 

Santa Eulalia Anticline 

The Cretaceous strata of the district are warped into a 

broad, doubly-plunging NNW-SSE-trending anticline or 

elongate dome called the Santa Eulalia Anticline (Hewitt, 

1968). Dips to the east and west are generally less. than 15 

degrees except in the area north of Cerro EI Frijolar where 

dips locally exceed 30 degrees. Dips are shallower to the 

north and south (Plates 1 and 2). This dome is irregular in 

detail with many local inflections and gentle subsidiary 

folds (Plates 1 and 2). 

All of the district mineralization occurs in the 

southerly-plunging end of the dome (Plate 2) and West Camp 

mineralization is coincident with one of the small 

subsidiary folds (Hewitt, 1968). 
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Tilted and Warped Capping Series Rocks 

Although the Capping Series is horizontal in the Cerros 

Picachos and locally east-dipping along the west side of the 

San Antonio Graben, in most places it is tilted 5 to 20 

degrees to the southwest or west (Plate 2). This tilting is 

generally discordant in both strike and dip to the folding 

of the Cretaceous rocks except for an area west of the West 

Camp in Canon San Joaquin where both limestone and the 

capping Series are conformably deformed with a northwest 

strike and dips of 10 to 150 to the southwest ((Plate 2, 

Fig. 9). 

Santo Domingo Caldera Structures 

The curvilinear ring fracture zone faults of the santo 

Domingo Caldera are well exposed along the northern, western 

and southern parts of the caldera (Plates 1 and 2). The 

apparently straight eastern caldera-bounding fault is poorly 

exposed and largely inferred. The only prominent 

intra-caldera structures are a series of N45E-trending 

faults and no certain caldera-related structures have been 

found north of the ring-fracture zone. 

East Camp Block 

The eastern side of the Sierra santa Eulalia Anticline is 

truncated by a number of interconnected N55W, N70-75W, and 

N20E-trending normal faults with tens to hundreds of meters 

of displacement. These include the faults of the San 

Antonio and Dinamita Grabens (Plates 1 and 2). Most of the 



Figure 9. View looking southeast up Canon San Joaquin (Plate 

2) showing contact and conformable dips between cretaceous 

Finlay Limestone (below) and Capping series volcaniclastic 

rocks (above). Main part of west Camp is immediately over 

saddle at arrow. 
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offset occurred along the NW-trending faults and in some 

cases these faults have brought Capping Series rocks down 

against limestone (Plate 1). 

RANGEWIDE FAULTS AND FISSURES 

Prominent linear structures cut both the Cretaceous 

limestones and Capping Series rocks throughout the northern 

portion of the Santa Eulalia Anticline (Plates 1 and 2). 

These structures are throughgoing in the Cretaceous 

limestones, but can generally only be traced into the 

Capping Series for short distances (Plates 1 and 2). Most of 

these structures trend N60W, N45W, and N20-50E, but a few 

minor fractures and faults trend NNW to N-S, approximately 

parallel to the anticlinal axis (Plates 1 and 2). The 

NE-trends are marked by persistent closed fractures, but 

locally contain dikes. Most of the NW-trending fractures 

are also closed but some are filled with coarse cockscomb 

. calcite veins up to 2m wide. 

CARBONATE DISSOLUTION FEATURES 

Early workers in the district discerned a difference 

between "wet" caves that overlay oxide orebodies and "dry" 

caves which occur throughout the mineralized areas but are 

themselves unmineralized (Grigsby, 1976: Hill, 1902: Weed, 

1902: Aiken, 1903: Argall, 1903: Rice, 1908: Merril, 1909: 

Prescott, 1910: Spurr, 1911: and Brinker, 1913). They found 

consistent differences between the two but were unable to 

ascertain whether the " dry II caves were pre- or 
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post-mineral. It is important to know this because, if they 

are pre-mineral, they may have been important ore-fluid 

conduits. 

The "wet" caves always overlay rich deposits of oxide ores 

and were typically lined with carbonate helictites and 

gypsum; none were found with scalenohedral calcite linings 

(Hewitt, 1968). These caves often had collapsed roofs and 

the collapsed material overlay ore and was intermingled with 

ore, but never underlay ore (Weed, 1902; Argall, 1903). 

These caves probably formed by volume loss during oxidation 

of sulfide ores, possibly with enlargement by sulfuric acid 

created by the oxidation process (Hewitt, 1968). 

The "dry" caves encountered in the mines are up to 300 x 

60 x 30m in size and occur in both the oxide and sulfide 

levels (Hewitt, 1968). They seldom impinge on orebodies and 

are commonly lined with scalenohedral calcite crystals 

(Hewitt, 1968). The scalenohedral calcites contain 

significant amounts of lead, suggesting that they were 

deposited from the mineralizing fluids (Hewitt, 1968). 

Carbonate dissolution features ranging from minor solution 

pockets developed along fractures (Fig. 10) to 40m diameter, 

80m deep sink-holes, and cavern collapse breccias up to 300m 

in diameter (Fig. 11) occur in the cretaceous limestones 

throughout the Sierra Santa Eulalia and in the Barrios and 

IMMSA flux pits (Plates 2 and 3). These lie near to, and 

remote from, mineralized areas (Plate 2). Some contain 

scalenohedral calcite, but the majority are unlined. These 
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Figure 10. View of solution pits developed along a fracture 

in the northern Middle Camp immediately east of sample 219-3 

(Plate 3). Note weak Argentiferous Manganese-Oxide 

Mineralization (AMOM) along the fracture. Hammer is 40cm 

long. 
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Figure 11. View looking at north wall of Canada Central in 

the northern Middle Camp (Plate 2), showing large collapse 

zone in Cretaceous Finlay Limestone. Note prominent bounding 

faults on the breccia and numerous cave openings within the 

breccia. These caves contain deteriorating speleothems. 
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caves ~re probably equivalent to the ore-zone "dry" caves. 

Several caves are filled with laminated sediments and Terra 

Rosa and are covered by the Capping Series. In one case, 

mineralization affects the cavern walls, Terra Rosa, 

sediment fill, and Capping Series volcanics (Figs. 12, 13). 

These data clearly indicate a pre-mineral timing for at 

least some of the district cavern development. 

INTRUSIVE IGNEOUS ROCKS 

Eleven intrusive igneous rocks are found within the 

district. Cross-cutting relationships indicate that two are 

pre-mineral, three are pre- or syn-mineral, and the 

remaining six are indeterminable. Whole-rock and trace 

element analysis (Appendix A), K/Ar age dating (Fig. 5), and 

REE analysis (Fig. 14) of several of these intrusions was 

undertaken to establish: absolute timing limits on 

mineralization; possible co-magmatic relationships between 

the various intrusive rocks; and the geochemical nature of 

the intrusive rocks most closely associated with 

mineralization. 

Quartz Monzonite 

Four deep diamond drill holes under the west Camp 

penetrated up to 65m into a greenish, medium-grained, 

equigranular holocrystalline intrusive rock composed of 

plagioclase, K-feldspar, augite, hornblende, and magnetite 

with rare quartz (Hewitt, 1968). The magnetite appears to be 

primary. Altered fragments of a rock of similar appearance 



70 

Figure 12. View of north wall of IMMSA Argentiferous 

Manganese-Oxide Mineralization (AMOM) flux pit (Plate 3), 

showing Terra Rosa filling solution holes on upper surface 

of cretaceous limestone. Capping Series rocks, seen in 

background, cover the Terra Rosa. Face is about 8m high. 



o___-

71 

Figure 13. Close-up of Terra Rosa filling in Fig. 12 above. 

Note AHOM Ca) affects both limestone and Terra Rosa 

filling. Hammer is 40cm long. 
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Figure 14. REE patterns for Santa Eulalia intrusive rocks 
(See Appendix A for whole rock analyses). (REE analyses 
courtesy of A.E. Bence). 
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have been found in intrusive breccia dikes in the San 

Antonio Mine (Maldonado and Meqaw, 1983). 

This intrusion has been petroqraphically classified as 

qranodiorite, quartz monzonite, diorite, and syenite 

(Hewitt, 1968). Its normative classification is quartz 

monzonite (Streckeisen and LeMaitre, 1979) and it will be 

called that here. Potassium-arqon analysis of plaqioclase 

phenocrysts yielded a date of 37.8Ma (this study), which is 

probably a minimum aqe (Fiq. 5). 

The only alteration that appears to have been caused by 

the quartz monzonite is a 10 em thick zone of massive 

vesuvianite which replaced the enclosinq anhydrite. There 

is no evidence for endoskarn development in any of the four 

holes. 

Basic dikes and sills 

Dikes and sills of qreenish, 

aphanitic to porphyritic basic 

plaqioclase laths, hornblende and 

exposed in both the West and East 

outcrops west of the San Antonio 

fine to medium-qrained, 

intrusive rock composed of 

sparse olivine are widely 

Camp mines and in limited 

Graben (Plate 2). Whole 

rock and REE analyses on samples from both the west Camp and 

the San Antonio mine are very similar, suqqestinq they are 

co-maqmatic (Appendix A and Fiq. 14). Normative alkali 

feldspar is sliqhtly dominant over sodic feldspar (Appendix 

A). These intrusions have been petroqraphically classified 

as dolerites, diorites, and diabases (Hewitt, 1968), but 
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their normative classification is nepheline monzonite 

(Appendix A) (Streckeisen and LeMaitre, 1979). Because these 

intrusions have long been referred to as diabase (Hewitt, 

1968) this usage will be continued here to avoid confusion. 

K/Ar dating of plagioclase from two members of this group 

from the west Camp yielded dates of 37.5Ma (Fig. 5) (Clark 

and others, 1979). Although this date is very close to the 

37.8Ma date 

differences 

obtained from the quartz monzonite, the 

in whole rock analyses (Appendix A), suggest 

that they are probably not co-magmatic. REE patterns do not 

allow resolution of this problem (Fig. 14). 

Felsite sills and dikes 

A complex series of flatly inclined felsite dikes and 

sills underlie, and occur within, mineralization throughout 

the depths of the west Camp. Some of these felsites are 

mineralized whereas others cut and intrude mineralized 

bodies. A group of similar mineralized felsite dikes occupy 

the core of the bilaterally symmetrically zoned East Camp 

skarns. No post-mineral felsites are known in the East 

Camp. Intrusive breccias associated with these felsites also 

appear to have been emplaced during mineralization. The 

close temporal and spatial relationship of many of these 

felsites to mineralization throughout the district suggests 

a close link between them (Hewitt, 1968). Because of this, 

close attention will be paid to features related to the 

genesis, source, alteration, and 

felsites. 

emplacement of the 
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The felsites contain sparse quartz, K-feldspar, and 

plagioclase phenocrysts in a very fine-grained to aphanitic 

matrix of quartz and feldspar (Fig. 15). Granophyric 

intergrowths are locally present in some phenocrysts. All 

the felsites show highly contorted, fine-scale, 

flow-banding. Irregular sutured lines, resembling 

stylolites, have locally been noted in the felsites (Brown, 

1952). Chemical analyses and normative 

(Appendix A) show the felsites to be mildly 

calculations 

peraluminous 

alkali rhyolites (Streckeisen and LeMaitre, 1979). K/Ar 

feldspar dates from two felsites in the west Camp yielded 

dates of 26.6 Ma (Clark and others, 1979). Although no East 

Camp felsites have been dated, their chemical analyses and 

REE patterns (Appendix A and Fig. 14) are nearly identical 

to those of the West Camp, suggesting that the two suites 

are probably co-magmatic (Megaw, 1988a). 

The West Camp felsites have been cut by numerous drill 

holes and mine workings, allowing an accurate picture of 

their morphology. In the center of the mineralized zone, 

they consist of two major sills, or flatly inclined dikes, 

separated by 25-50 meters. They are known as the first 

(upper) and second (lower) felsite, and they rise from the 

southeast toward the northwest and split repeatedly into 

multiple northwest-thinning wedges (Hewitt, 1968). They 

coalesce towards the southeast and form a single body 

underneath the Bustillos Trend (Hewitt, 1968). In the 

central part of the West Camp they are completely enclosed 
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Figure 15. Photomicrograph of felsite dike composed of very 

fine-grained quartz and K-feldspar. Note micro-scale flow 

banding and alteration. From J-North Trend, 1110m elevation 

Buena Tierra Mine. (Plane-light, Field of view is 1cm). 
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within the Lagrima and Benigno Limestones, but cut down 

across section towards the southeast through the black shaly 

limestones of the CUchillo Fm •• The felsites are completely 

enclosed by CUchillo Fm. evaporites at the Democracia Mine 

(Plate 2). 

An additional felsite body was encountered in drill-holes 

below the Zubiate stope (Plate 3). This body is a sill at 

depth within the Benigno Formation, but turns upwards to 

become a dike directly below the stope. This body is 

evidently separate from those in the main part of the West 

Camp. 

The felsite dikes of the East Camp are a series of 

southwest to northeast en echelon bodies 4-10m in width, 

which overlap by up to 40m, and are referred to collectively 

as the "San Antonio Dike" (Hewitt, 1943; Bond, 1987). These 

dikes have an overall strike length of over 1.Skm and trend 

parallel to the strike of the San Antonio Graben (Plate 2). 

The principal ore-related members of this group cut across 

the graben's west Fault at depth, follow it for several 

hundred meters, and then cut into the center of the graben. 

A similar, though poorly mineralized group of dikes was 

intruded along the East and Central Faults. Locally the 

dikes flatten out into sills emplaced between bedding planes 

(Bond, 1987). The terminations of all the felsite dikes 

exposed within the San Antonio Mine pitch north at 45-60 

deqrees. 
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Coupled with the southwest to northeast en echelon overlap, 

this suggests emplacement from the south and west (Hewitt, 

1943). 

Intrusive Breccia sills and Dikes 

West Camp 

Many of the west Camp felsites have breccia zones along 

their margins and thin sills of felsite breccia injected 

between bedding planes adjacent to felsite sills are locally 

common, especially in the deep, southern parts of the Potosi 

Mine (Miranda and Megaw, 1986). Other West Camp felsites 

have dark-colored, flow-banded tongue-shaped bodies of 

minutely brecciated limestone and felsite that extend up to 

40m beyond the sill's terminus (Fig. 16) (see "rhyolitized 

limestone" descriptions in Hewitt, 1968). Most of these 

breccia sills are associated with post-mineral felsites and 

are themselves unmineralized. However, mineralized 

dike-like and podiform breccias of similar appearance occur 

in the deep southern end of the Potosi Mine, associated with 

pre- and syn-mineral felsite bodies (Miranda and Megaw, 

1986: Padilla, 1987: Calles and Martinez, 1987: and Megaw 

and Miranda, 1988, 1989). 

The mineralized breccias are rooted in large dike-like 

protrusions on the upper surface of the upper felsite sill 

and grade from undisrupted felsite, to brecciated felsite 

dike, to heterolithic intrusive breccia dikes l-lOm in width 

that extend upward 50-120m until they expand and coalesce 
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Figure 16. Face showing termination of felsite sill (F) with 

tongue of mixed felsite-limestone breccia invading host 

limestone. Note felsite flow-banding parallel to contact 

and molding of felsite around breccia fragments. Buena 

Tierra Mine near J-North Trend, 1110m elevation. Pry bar is 

approximately O.Sm long. 
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into inverted tear-drop shaped heterolithic breccia pods 

5-35m wide and 10-GOm long in maximum dimensions (Fig. 17). 

These breccias are composed of a mixture of limestone, 

felsite, and diabase fragments supported by a rock-flour 

matrix which comprises approximately 40% of the breccia 

volume. Fragment size ranges from 1mm to 1m, with an 

average size range of 10 to 20cm (Fig. 18). The fragments 

range from tabular to ellipsoidal to subround and all have 

been rotated. Breccia fragments include limestone units 

known to occur 100-300m below their current position, and 

several of the breccia dikes contain irregular masses of, 

and are partially cemented by, felsite which appears to have 

been intruded into the breccia (Fig. 19). Dike walls are 

sharp and protrusions are smoothly rounded off. Elongate 

framents are commonly aligned parallel to the dike wall, and 

the rock-flour matrix is strongly flow-banded parallel to 

the dike walls and individual fragment margins. The breccia 

matrix is commonly mineralized with sulfides and many 

fragment margins are irregular and embayed, with concentric 

bleached and locally chloritized selvages. Many of the 

breccia fragments are replaced by sulfides (Fig. 20), and 

locally the entire breccia is mineralized to massive 

sulfides. 

East Camp 

Two 1-2m wide breccia dikes, of unknown vertical and 

horizontal extent, have been found at 1010 and 1350m 

elevations in the San Antonio Mine (Maldonado and Megaw, 
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Figure 17. Detailed cross-section, looking north, throu9h 
the Condesa Breccia and underlying intrusive breCC1a 
bodies. Note the prominent bulge on the underlyin9 felsite 
sill, the upward flaring of the individual 1ntrusive 
breccias, and the depressions filled with laminated 
sediments. Cross-cutting relationships indicate that the 
central intrusive body was emplaced first, followed by the 
one to its right, with the one to the left being em~laced 
last. Compare to Figures 38 and 39. (Modified from M1randa 
and Magaw, 1986) 
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Figure 18. Slab of breccia dike from below the Condesa 

Breccia showing angular fragments of felsite (f), diabase 

(d) and limestone (1). Breccia is supported by a rock flour 

matrix. The matrix is heavily mineralized with pyrite, as 

are the margins of the felsite fragment. Potosi Mine, 

Condesa Breccia, 1060m elevation. Knife is 8.5 cm long. 
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Figure 19. Close-up of felsite (F) intruded into the 

Milionaria Breccia. Note: angularity of limestone fragments 

in the breccia (upper right); molding of felsite around rock 

fragment just to right of pry-bar; and mineralization 

cutting both felsite and breccia. pry bar is O.Sm long. 
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Figure 20. Slab of mineralized breccia dike from below 

Condesa Breccia containing felsite (f) and limestone (1) 

fragments (See Fig. 18). Note concentric mineralization of 

limestone fragment and ghosting of the original fragment 

size and shape. Sulfides include pyrite, sphalerite, and 

galena. Potosi Mine, Condesa Breccia, 1110m elevation. 

Knife is 8.Scm long. 
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1983). These dikes are composed of a mixture of limestone, 

felsite, diabase, calc-silicates, and pyrite fragments 

enclosed in a fine-grained rock-flour matrix (Fig. 21). The 

walls of the dikes are very smooth and the matrix is locally 

flow-banded (Fig. 22). Fragments in the deeper exposure are 

highly anqular, whereas those in the shallower exposures are 

anqular to sub-angular. Some of the limestone fragments in 

the deeper exposure come from units known to lie below 850m 

elevation. Fragments of a plutonic rock that looks similar 

to the West Camp quartz monzonite are also present 

(Maldonado and Megaw, 1983). Neither of these breccia dikes 

is mineralized. However, Hewitt (1968) described tin 

mineralization that replaced a breccia composed of 

limestone, felsite, and skarn. He interpreted these as 

oxidation-shrinkage breccias, but their description closely 

matches that of the intrusive breccia dikes. 

Discussion: Origin of the intrusive breccias 

The intrusive breccia dikes show many features indicating 

significant vertical transport of fragments in a streaming, 

abrasive matrix and the molding of felsite masses around the 

angular breccia fragments indicates that semi-molten felsite 

was incorporated into the breccia stream. These features 

fit well with those described from magmatic-hydrothermal 

breccias (Perry, 1961: Bryant and Metz, 1966: Bryant, 1968: 

and sillitoe, 1985). The general limitation of 

mineralization to the margins of the West Camp breccia 

bodies, leaving near-barren cores (Miranda and Megaw, 1986: 
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Figure 21. San Antonio Mine Breccia Dike as exposed at 1010m 

elevation. Note smooth contacts and angular fragments. Pry 

bar is O.Sm long. 
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Figure 22. Slab of San Antonio Breccia Dike from lOlOm 

elevation showing hetero1ithic nature of the breccia. The 

fragments include: felsite (f); diabase (d); and a variety 

of limestones (1). The black limestone is known to have come 

from at least 300m below this exposure. Locally, fragments 

of pyrite and skarn have been found in these dikes. Knife 

is 8.Scm long. 
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Calles and Martinez, 1987; 

of magmatic-hydrothermal 

Padilla, 1987), is also typical 

breccias (Sillitoe, 1985). The 

absence of irregular felsite 

skarn and sulfide fragments 

fragments and the presence of 

in the East Camp intrusive 

breccia dikes suggests that these dikes were emplaced at a 

later stage, or are exposed at a higher level than those in 

the West Camp. These combined data indicate that it is 

reasonable to invoke Burnham's (1985) model involving 

explosive volatile exsolution from the felsite magma for 

their development. The volatile exsolution event apparently 

coincided closely with mineralization and may be closely 

related to the genesis of the district ore fluids. 

The pronounced upwards flaring of the intrusive breccias 

suggests a mushrooming effect as if the material was 

emplaced into a void, or other low pressure environment 

(Miranda and Megaw, 1986; Padilla, 1987). One of the shingle 

breccias (see below) that overlie the bulbous tops of the 

intrusive breccias has sediment-filled depressions along its 

base (Fig. 17) suggesting that the intrusive breccias were 

intruded into one of the pre-mineral, "dry" caves common 

throughout the West Camp (Megaw and Miranda, 1988, 1989). 

Lamprophyre dikes 

The Potosi and Mina Vieja Dikes are N60E-trending 

lamprophyre dikes with steep westerly dips that crop out in 

the south and north parts of the West Camp, respectively 

(Plates 1 and 2). The name Potosi Dike is also used for a 

group of similar lamprophyres that occur throughout the 
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southern portion of the Potosi Mine. The curvilinear, 

deeply-weathered, fine-grained to aphanitic, "andesite" dike 

that crops out in the northeastern part of the Middle Camp 

and is in approximate linear alignment with the Potosi Dike, 

is probably another member of the lamprophyre suite (Plates 

1 and 2). 

The lamprophyres consist of medium-grained plagioclase and 

hornblende phenocrysts in an aphanitic groundmass of 

plagioclase and mafic minerals. They are compositionally 

different from the diabases, and have distinctly different 

REE patterns from any other analyzed intrusions in the 

district (Appendix A, and Fig. 14). 

The lamprophyres cut across the diabase and felsite sills 

and the intrusive breccias, and are mineralized or altered 

where they abut orebodies (Hewitt, 1968; de la Fuente, 1969; 

Padilla, 1987). This indicates a pre- or syn-mineral timing 

for lamprophyre emplacement. However, K/Ar dating of 

hornblende from the Potosi Dike yielded a date of 32.2 +/

O.4Ma (this study) which is incompatible with two 26.6Ma 

feldspar dates obtained from the felsites (Clark and others, 

1979). Either the lamprophyre date is wrong or the felsite 

dates are reset. 

Micropegmatite Dikes 

Numerous micropegmatite dikes, consisting of quartz and 

K-feldspar in graphic intergrowth, occur in the area of tin 

mineralization in the San Antonio Mine (Hewitt, 1943). The 



micropegmatites cut skarn, are 

and grade into quartz veins 

examined during this study. 
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cut by tin mineralization, 

(Hewitt, 1943). None were 

OTHER FELSITES AND RHYOLITE PORPHYRY DIKES 

Several other felsites and related porphyritic intrusive 

rocks occur in the west and Middle Camps (Plates 1 and 2). 

Most are not associated 

display features that may 

with mineralization but several 

be very important to unraveling 

the timing and genesis of the ore-related felsites. 

Velardena Dikes 

The Velardena Dikes are a group of en echelon felsite 

dikes known from mine workings and limited surface outcrops 

in the north-central part of the West Camp (Plates 1 and 

2) (Spurr, 1911; Prescott, 1916). Most trend ENE-WSW but 

Prescott (1910b) also reported Velardena Dike members 

following NNW-trending fissures just west of the Velardena 

Shaft. The ENE-trending felsite dike exposed above the 

village of Aquiles Serdan is probably a continuation of the 

Velardena Dike (Plate 2). 

The underground exposures of these dikes are all in the 

oxide zone and pervasively altered to a pasty white clay 

(Prescott, 1916; Hewitt, 1968). Surface outcrops show sparse 

K-feldspar and quartz phenocrysts in a flow-banded matrix 

texturally identical to that of the ore-related felsites. 



Whole-rock 

depletion 

analysis of 

and elevated 

zirconium (Appendix A). 
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a surface sample shows sodium 

levels of silver, zinc, tin and 

Hewitt (1968) inferred that the Velardena Dikes were 

post-mineral because they cut across oxidized mantos in the 

northern West Camp. However, he also shows drill hole data 

that suggest that the Velardena dikes are connected to the 

deep felsite sills. Coupled with the alteration noted in 

the surface outcrops, this suggests that the Velardena Dikes 

are better considered contemporaneous with the later stages 

of mineralization. 

Middle Camp Dikes 

Two felsite dikes and four large porphyry dikes crop out 

in the Middle Camp (Plates 1 and 2). One of the porphyritic 

dikes trends north-south, and the others all trend roughly 

east-west. None is fresh enough for chemical analysis. 

The Middle Camp felsite dikes are largely aphanitic to 

very sparsely porphyritic with extremely contorted flow 

banding. They are visually indistinguishable from the deep 

West Camp and East Camp felsites and the Velardena dikes. 

One is aligned with the Velardena Dikes and another has 

minor mineralization along its margins (Plate 3). 

The porphyritic dikes are coarse-grained rhyolites 

containing 1cm euhedral K-feldspar phenocrysts, 1-3mm 

euhedral quartz phenocrysts, and abundant glomerocrysts, up 

to 4cm across, of plagioclase, magnetite and hornblende 



(altered to chlorite) 

K-feldspar matrix. No 

with these porphyries. 
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set in a fine-grained quartz and 

mineralization is known in contact 

One of the porphyry dikes has a fine-grained, flow-banded 

felsite extension that runs outward for 150m from the main 

porphyritic body (Plate 2). The extension looks identical to 

the other felsites of the district. There is a gradational 

contact between the two textural zones about 1m wide and it 

appears that the felsite portion is a non-porphyritic 

equivalent to the porphyry dike. 

santo Domingo Caldera Ring-Fracture Rhyolites 

The ring-fracture zone of the santo Domingo Caldera is 

locally intruded by rhyolite dike-flow-domes near its 

intersection with the San Antonio Graben (Plates 1 and 2). 

These rhyolites are vertically flow-foliated, 

autobrecciated, steep-sided bodies, locally with marginal 

vitrophyres. They look like the other felsites in the 

district and one yielded a K/Ar feldspar date of 27.SMa 

(this study) (Fig. 7). An undated, similar body, lies 1km to 

the east next to a pair of fluorite-cemented breccia bodies 

(Plates 2 and 3). The area between these two bodies locally 

shows pervasive argillic alteration. 

DISCUSSION: RELATIONSHIPS BETWEEN MINERALIZATION AND THE 

ORE-ZONE FELSITES AND INTRUSIVE BRECCIAS 

Mineralization in the Main and Zubiate areas of the West 

Camp and the San Antonio Mine of the East Camp is very 
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closely related, in time and space, to the apparently 

co-eval felsites and associated intrusive breccia dikes. 

The deepest and southernmost felsites in the west Camp are 

characterized by locally pervasive sulfide mineralization 

and/or sericite alteration (see below) indicating that the 

ore fluids migrated along these felsite sills into the 

deepest parts of the West Camp (Hewitt, 1968; Miranda and 

Megaw, 1986). Similar evidence indicates that ore fluids 

followed the San Antonio felsite dikes from the south and 

west into the mineralized areas of the East Camp (Hewitt, 

1943; Munoz, 1978a; Maldonado and Megaw, 1983; Walter, 1985; 

Bond, 1987). 

PHYSICAL LOCATION OF THE ORE ZONE FELSITE SOURCE(S) 

The West Camp felsites were intruded from the southeast 

(Hewitt, 1968), and the San Antonio Dike felsites were 

intruded from the south and west (Hewitt, 1943; Walter, 

1985). These two vectors point toward 

Camp and/or the Santo Domingo Caldera 

the southern Middle 

(Fig. 23). Regional 

geophysical studies show a pronounced positive aeromagnetic 

anomaly, and more subtle Bouger and Residual Gravity 

anomalies in this general area (Aiken and others, 1981: 

Aiken and others, 1983), indicating the probable presence of 

a buried intrusion (Fig. 24). However, the data are too 

large in scale to determine if these anomalies reflect the 

subvolcanic magma chamber of the Santo Domingo Caldera or 

the presence of a post-caldera stock north of the caldera 

(Fig. 23). 
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The santo Domingo Caldera as a possible Felsite Source 

Because calderas have been linked to ore genesis in many 

districts in the u.S. and Mexico (steven and Lipman 1976; 

Clark and others, 1979), the geophysical evidence and the 

simple spatial proximity of the Santo Domingo Caldera to 

mineralization, require evaluation of whether the source 

magma for this caldera was also the source 

ore-related felsites. 

of the 

The crux of the question is the ring-fracture rhyolites. 

Their similarity in age and appearance to the 26.6 Ma old 

ore-related felsites, coupled with.the strong fluorite and 

argillic alteration around these rhyolite plugs (Plate 3) 

suggests that both are related to mineralization and may 

have come from a common source. If this source was the 

Santo Domingo Caldera system, it would require a four 

million year interval between principal caldera eruptions 

(>31.7Ma), ring-fracture zone intrusions (27.5Ma) and 

mineralization (26.6Ma). Such spans have been documented in 

several of the largest mo~ caldera-related 

magmatic-hydrothermal systems (Hildreth, 1983), but the 

small size of the Santo Domingo Caldera suggests that its 

duration should have been much shorter. However, if the 

32Ma date from the Potosi lamprophyre is correct and both 

the ring-fracture zone rhyolites and the dates from both the 

ore-zone felsite dates are reset, then the mineralization 

may be about 32Ma old and a magmatic connection to the 

caldera is possible. In short, the evidence linking the 
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felsites, mineralization, and the santo Domingo Caldera 

magma source is permissive but equivocal. 

PHYSICAL AND CHEMICAL NATURE OF THE FELSITE PARENT MAGMA 

The ore-related felsites are physically indistinguishable 

from the Velardena Dike felsites which are apparently 

late-mineral to post-mineral in age. The Velardena Dikes 

appear to be the westward extensions of the Middle Camp 

felsite dikes which themselves appear to be related to the 

Middle Camp porphyry dikes (Plate 2). The 

porphyry-to-felsite gradation seen in one of the Middle Camp 

porphyry dikes indicates that the Middle Camp felsites 

formed by physical segregation from a porphyritic magma. 

This suggests that the ore-related felsites may also have 

segregated from a porphyritic parent stock, perhaps even the 

same one that f~d the Middle Camp dikes. The REE patterns 

for the felsites are typical of highly evolved rhyolites, 

which is consistent with this field evidence (Fig. 

14) (CUllers and others, 1981). 

Determining the geochemical nature of the parent magma 

will be important later for modeling the sulfur isotope 

evolution of the district. The felsites are clearly 

associated with major sulfide mineralization which is 

typical of magnetite-series granitoids. However, they have 

some associated cassiterite and wolframite which are 

indicative of the ilmenite-series. The geochemistry is also 

borderline: the felsites are mildly peraluminous 

(AI203/K20+Na20+1/2CaO= 1.48) which is indicative of the 
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ilmenite series. However, they contain 0.8% normative 

corundum which is indicative of the magnetite series 

(Ishihara, 1981). The presence of hornblende in the Middle 

Camp porphyry dikes is suggestive of a magnetite series 

parent if these dikes are truly related to the felsites. 

These data indicate that the composition of the felsite 

parent magma was intermediate between ilmenite and magnetite 

series. It will be modeled as such later. 

SUMMARY AND SPECULATION ABOUT REGIONAL MAGMA GENESIS 

The link between East and west Camp felsites, intrusive 

breccias and mineralization strongly suggests that all three 

may have had a common source (Hewitt, 1968). This inference 

is strengthened by similar temporal and spatial associations 

between similar felsites and mineralization throughout 

northern Mexico (Megaw and others, 1989). The best example 

of this is the nearby Naica deposit (Fig. 2) where similar 

mineralization is associated with felsites dated at 

25.9-26.2Ma (Stone, 1956; Clark and others, 1979; Ruiz and 

Barton, 1985: Ruiz and others, 1986). The similarity between 

these systems suggests that the ore-related magmas may have 

had similar geneses and source environments;. 

Felsite Petrogenesis 

There has been some debate as to the origin of the 

ore-related felsites and those of the Sierra Madre 

Occidental in general. Whole rock geochemistry shows that 

felsic intrusions at Naica and Santa Eulalia are very 
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similar (Megaw and others, 1988) and petrologic and isotopic 

studies of the Naica felsites show that they are remarkably 

similar to high-silica, fluorine-rich rhyolites found 

throughout the Sierra Madre Occidental (Huspeni and others, 

1984: Ruiz and Barton, 1985: Ruiz, 1988: Ruiz and others, 

1988: Burt and Sheridan, 1988). The high-silica, tin-bearing 

rhyolites have Epsilon Nd values between -3 and 0 and 

87Sr/86Sr ratios usually greater than 0.706 (Reece and 

others, 1988). These values are similar to those of lower 

crustal xenoliths found throughout northern Mexico, which 

suggests that the high-silica rhyolites of the sierra Madre 

Occidental are derived from lower crustal materials. The 

analyses for the ore-related intrusions suggest that they 

also had a crustal source, but were perhaps more evolved 

(Megaw, 1988b). In contrast, Cameron and others (1980) and 

Cameron and Cameron (1985) interpret the geochemical 

evidence from Sierra Madre Occidental volcanic rocks as 

indicating a high degree of crustal contamination of 

mantle-derived melts. This interpretation is difficult to 

reconcile with the extremely low epsilon Nd values, however 

(Ruiz and others, 1988). 

If the source for the Sierra Madre Occidental volcanics, 

the tin-topaz rhyolites, and the ore-related felsite 

intrusions can be limited to the crust, it follows that both 

the metals and sulfur must also have been crustally 

derived. 
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They must have either been accumulated by incorporation into 

the magmas at the site of partial melting, or by 

assimilation or hydrothermal scavenging at higher levels in 

the crust. 



CHAPTER 4 

ORE BODY TYPES: STRUCTURAL AND STRATIGRAPHIC 

LOCALIZATION AND CONTROLS 
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Mineralization at Santa Eulalia occurs within a limited 

area approximately 10 km long and 5 km wide (Plates 2 and 3; 

Fig. 25). The west Camp has produced about 80% of the 

district's silver, lead and zinc and a small fraction of the 

gold and copper (Hewitt, 1968). only minor reserv"es ~~main 

in the west Camp as of mid-1989. The East Camp has produced 

the remainder of the above metals plus all of the district's 

tin, vanadium and rare earth metals (Hewitt, 1943; de la 

Fuente, 1969; Bond, 1987). The San Antonio Mine 

overwhelmingly dominates East Camp production and it 

contained a minimum of 9 million tons of reserves in 

mid-1989 (Ing. A. Garcia, pers. comm., 1989). 

Outlying orebodies, separate from the principal ore zones 

of the two camps, occur in the southeastern west Camp in the 

Zubiate-catas de San Andres area and in the East Camp along 

the southern San Antonio Graben, the Dinamita Graben, and 

the Tres Mercedes-Santa Juliana area (Plate 3). The limited 

development of these and the isolated Middle Camp orebodies 

do not allow determining their relationships to the main 

centers of mineralization. 
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Figure 25. 
elements of 
District. 

Schematic diagram of the major structural 
the mineralized areas in the Santa Eulalia 
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TERMINOLOGY 

Orebodies in the district are classified on the basis of 

both mineralogy and morphology (Spurr, 1911: Prescott, 1916; 

Hewitt, 1943 and 1968; Megaw and others, 1988). Orebodies 

are composed of either nmassive sulfide" or "skarn" 

mineralization. Massive sulfide ores consist of 95%+ 

sulfides with minor non-calc-silicate ganque. Skarn ores 

consist of varying amounts of sulfides in a ganque dominated 

by calc-silicate or calcic-iron-silicate minerals. 

orebodies are called either "mantos" or "chimneys" 

depending on their overall morphology and relationship to 

the near-horizontal carbonate host beds. Mantos (Spanish 

for "blankets") are roughly horizontal, stratabound, but not 

stratiform, orebodies of either elongate tubular shape 

(Prescott, 1916) or broad tabular shape (a.k.a. "bedding 

replacements", Hewitt, 1968). Chimneys (a.k.a. "pipes") are 

steeply-inclined to vertical, 

of tubular elongate shape 

strongly discordant orebodies 

(Prescott, 1916) or tabular 

vein-like habit (a.k.a. "replacement veins", Hewitt, 1968). 

Less common orebodies include irreqular pods and lenses 

lacking distinctive morphology, and annular bodies 

surrounding breccia pipes (Miranda and Megaw, 1986; Megaw 

and Miranda, 1988, 1989). 

The elongate mantos 

similar ••• In both cases 

axis vary from simple 

sometimes rectilinear 

and 

the 

linear 

paths, 

chimneys are: "essentially 

courses followed by their long 

paths, through irreqular but 

to the vaquest and most 



unpredictable wanderings. In each 

cross-sections vary from roughly 

case, their 

circular to 
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idealized 

crudely 

compressed ellipses and exhibit all types of irregularities 

and variations" (Hewitt, 1968). 

The following discussion incorporates observations made 

during this study with those of numerous preceding workers. 

The reader is referred to: Spurr (1911): Prescott (1916) and 

(1926): Clendenin (1933): Hewitt (1943) and (1968): de la 

Fuente (1969): Maldonado (1979): and Bond (1987): for more 

detailed information. 

WEST CAMP 

GENERAL SETTING 

West Camp mineralization occurs in a roughly elliptical 

zone approximately 4 km long from north to south, and 2 km 

wide, east to west (Plate 3). The fringes of the camp are 

marked by numerous thoroughly oxidized near-surface 

orebodies (Fig. 26). The bulk of West Camp mineralization 

lies within this fringe zone in an area 1 km in width by 3 

km in length by 750m deep. Orebodies within this principal 

zone consist of an interconnected series of manto and 

chimney orebodies that occur along tight, laterally 

continuous, but vertically discontinuous structures or 

trends. Sill contacts and breccias of several origins are 

also important ore localizing structures in parts of the 

camp. 
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Fi~e 26. Surface projection of all West Camp orebodies and 
maJor mines. (Modified from Hewitt, 1968) 
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Laterally extensive mineralization is preferentially 

developed within certain strata: especially within the 

Benigno Formation and in the lower and upper members of the 

Finlay Limestone (Fig. 27). The limestone-Capping Series 

contact also appears to have influenced lateral orebody 

development. 

The overwhelming majority of west 

consists of massive sulfides, 

calcic-iron-silicate skarn bodies lie 

Camp 

but 

within 

mineralization 

distinctive 

and/or above 

some massive sulfide orebodies. Most of these skarns occur 

near the base of the Finlay Formation and all but two are 

remote from intrusive bodies. A small body of calc-silicate 

skarn occurs in one of a group of breccia-hosted orebodies 

in the deepest, southeasternmost part of the west Camp. 

West Camp orebodies bottom on, and locally surround, the 

felsite sills that occur throughout the depths of the camp 

(Fig. 27). The orebodies show systematic changes of 

morphology, mineralogy, structural controls, and 

stratigraphic localization upward and outward from these 

deep felsite sills. From the deep southern parts of the 

Potosi Mine to the northernmost fringes of the camp the 

overall orebody-structure sequence is: mineralization hosted 

in deep breccia bodies: sill contact mantos: fissure-related 

mantos; tabular and tubular chimneys; and elongate mantos. 

Because the various orebody types appear to be controlled to 

varying degrees by the same structures, discussion will 

focus first on the structures. 
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Underlying structure 

west Camp mineralization occurs within a gentle 

E-w-trending, W-plunging, anticline-syncline pair that is 

superimposed on the southerly-plunging end of the Sierra 

santa Eulalia Anticline (Figs. 25 and 28) (Hewitt, 1968). At 

depth within this zone, the warped limestones are intruded 

by numerous diabase and felsite sills. Drill hole data show 

that the diabase sills show up to several meters of low 

angle, thrust-like, top-to-the-northwest, reverse 

displacement where they are breached by the felsite sills 

(Hewitt, 1968). Hewitt (1968) noted that many of these 

breaches lie near the roots of some of the largest orebodies 

(Fig. 28). 

west Camp Ore Trends 

The majority of west Camp orebodies occur along 

near-vertical, laterally continuous, but vertically 

discontinuous linear zones referred to as "trends". The 

trends are variably marked along their courses by discrete 

faults, obscure fractures, or apparently 

non-structure-specific elongate orebodies (Fig. 26) (Spurr, 

1911; Prescott, 1916; Clendenin, 1933; Hewitt, 1968). The 

N10W-N10E (referred to as N-S for simplicity) trends are the 

most important and host the majority of the camp's 

orebodies. Two N60E-oriented trends also host significant 

orebodies (Prescott, 1916; Hewitt, 1968; Miranda and Megaw, 
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Figure 28. Composite West camp structural contours 
superimposed on ~lan map of West Camp orebodies. Shows 
qentle fold in min1nq area and locations of where felsite 
sill breaches up~er surface of lower diabase sill. Beds are 
numbered sequent1ally from the top down. (From Hewitt, 
1968). 



1986). N10-40E and N30W trends are locally 

especially as modifications of the N-S trends 

1916; Hewitt, 1968). 

N-S Ore Trends 
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important, 

(Prescott, 

From west to east the N-S trends are called the: Peru, 

Chorro, Potosi, J-North, Penoles, Tiro-Alto-Q-Denis, and 

Bustillos Trends (Figs. 25, 26, and 29 through 33) (Hewitt, 

1968). Several less important N-S trends also exist. The 

N-S-trends appear to radiate from a common intersection 

about 3km south of the Condesa Fissure (Hewitt, 1968). 

In the deep, southern part of the west Camp, many of the 

N-S trends are faults that cut the limestone and diabase 

sills, but do not cut the felsite sills (Brown, 1952; 

Hewitt, 1968). Displacement is uniformly down to the west 

(Hewitt, 1968), and the faults have both vertical and 

horizontal slickensides (Miranda and Megaw, 1986). Bedding 

plane slippage adjacent to these faults has also been noted 

(Prescott, 1916; Hewitt, 1968; Miranda and Megaw, 1986). The 

faults show up to 8m of offset in the southern Potosi Mine, 

but displacement diminishes toward the north with the faults 

gradually becoming N-S-trending fissures or fissure zones by 

the Buena Tierra-Potosi Mine boundary (Hewitt, 1968). 

Displacement also decreases westward, from 8m on the 

Q-Denis, to 4.5m on the J-North, to only 0.5-1.0m on the 

Chorro (Hewitt, 1968). 



Figure 29. Lonqitudinal section, 
N10W-trendinq Chorro Trend. 
volcanic-limestone contact by u~per 
and felsite breachinq lower s1ll 
Chimney. (From Hewitt, 1968) 
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lookinq east alonq 
Note mimicking of 
part of Chorro Chimney, 

immediately below Chorro 
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Figure 30. Lonqitudinal section, lookinq east alonq 
Nlow-trendinq Potosi Trend. Note felsite breachinq lower 
sill below orebody. (From Hewitt, 1968) 
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Figure 31. Lonqitudinal section, lookinq east alonq 
Nlow-trendinq J-North Trend. Note position of J-North 
Chimney above felsite breachinq of lower sill (Modified 
after Hewitt, 1968) 
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Figure 32. Longitudinal section, looking east, through 
N10W-trending Penoles Fissure. Note small chimney lying 
above felsite breaching of lower sill. (From Hewitt, 1968). 
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Figure 33. Lonqitudinal section, lookinq east, of 
NloW-trendinq Tiro Alto-Q-Denis Trend. Note mimickinq of 
volcanic-limestone contact by uppermost manto, and location 
of felsite breachinq of lower sill relative to 
mineralization. (Modified after Hewitt, 1968). 
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Horizontal Continuity 

The fissures show remarkable continuity where they cut the 

Benigno and lower Lagrima Formations. For example, at 1210m 

elevation, the J-North Fault-Fissure can be traced over 

18S0m from the Milionaria Breccia through the J-North 

Chimney, and beyond. However, this lateral continuity is 

not seen in the upper Lagrima and Finlay Formations. 

Although most of the mantos hosted in the Finlay Fm. above 

1S00m elevation in the northern part of the west Camp have a 

N-S orientation (Fig. 26), continuous structures trending 

parallel to the orebodies are uncommon (Clendenin (1933) and 

what fractures do exist 

and inconspicuousness 

1916). 

are "remarkable in their tightness 

in the country rocks" (Prescott, 

Vertical Continuity 

Numerous mantos may occur at different elevations within a 

given trend and chimneys that vertically extend for up to 

SOOm connect between these mantos. However, tracing a 

single fissure vertically between them is seldom possible. 

In detail, mineralization tends to occur along a series of 

vertically staggered fissures that define a fissure zone 

rather than a single structure (Fig. 34) (Hewitt, 1968). This 

off-setting structural style appears to characterize most of 

the major N-S-trends and, like the horizontal transition 

from faults to fissures, the lack of vertical connectivity 

between fissure segments increases from south to north 
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throuqh the 
mineralized 
not shown. 
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(Hewitt, 1968). The Penoles Fissure is a notable exception; 

within the Buena Tierra Mine, it persists over 500m 

vertically without lateral offset. 

N60E structures 

The Parcionera Trend and the Condesa Fissure are 

N60E-trends that mark the northern and southern ends of the 

Camp (Fig. 25 and Plate 3). The Condesa Fissure is a 

north-dipping normal fault with up to 3m of displacement and 

horizontal slickensides (Miranda and Megaw, 1986; Padilla, 

1987). The Condesa Fissure is vertically continuous and cuts 

limestone and diabase sills, and may extend through the 

capping Series (Plate 2) (Megaw and Miranda, 1988). It is 

intruded by several felsite and intrusive breccia dikes. No 

structure is evident within the Parcionera Trend. 

N30-50E Structures 

Most of the N30-50E-trending structures are vertically and 

horizontally continuous faults and fissures that cut the 

limestones, diabase sills, felsite sills, and the Capping 

series. Mineralization hosted in the Capping Series occurs 

almost exclusively in these fissure systems, and alteration 

is strong along many of them. The N35E-trending Donald 

Fault and the N40E-trending San Lazaro Fissures are the 

major examples of this group; they are continuously 

mineralized from the Capping series downward into limestone 

and both also displace mineralization by up to 15m (Spurr, 

1911; Prescott, 1916; Clendenin, 1933; Hewitt, 1968; Megaw, 
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1988b). These are the only important post-mineral faults in 

the district (Hewitt, 1968). 

N45E Fissures 

N45E-trending fissures occur primarily along cliff-like 

upwarps of the felsite sills. The limestones dip downward 

toward these upwarps, but the N45E fissures do not extend 

more than a few meters into the limestone (Brown, 1952: 

Hewitt, 1968). These fissures are unknown in the diabase 

sills (Hewitt, 1968). 

Deep Breccias 

Podiform shingle breccias cap the intrusive breccias 

emplaced within the Condesa, Rampa, and Q-Denis Fissures, 

and within the Matona Chimney; below 1060m elevation in the 

Potosi Mine (Fig. 35). These breccias are fragment-supported 

shingle breccias composed of angular slabs of limestone and 

diabase. All are mineralized. Detailed descriptions of all 

the deep breccias may be found in Miranda and Megaw (1986): 

Padilla (1987); Calles and Martinez (1987); and Megaw and 

Miranda (1988 and 1989) but the following discussion will be 

limited to the Condesa and Matona Breccias. 

Condesa Breccia 

The Condesa Breccia lies at the intersection of the 

Condesa and Rampa Fissures and is the largest of the shingle 

breccias. It sits atop three 1-10m wide, E-w-trending 

intrusive breccia dikes which coalesced to become an 
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Figure 35. Plan map of major structures and breccias in the 
deep, southern end of the Potosi Mine, 1110m elevation. 
(Modified from Padilla, 1987). 
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inverted tear-drop shaped breccia pod 2SxSOm in plan (Figs. 

17, 36). The Condesa Breccia is approximately 70m by 35m in 

major and minor dimensions, and about 6Sm high (Figs. 36, 

37). It is roughly ellipsoidal in plan and bell-shaped in 

long section (Figs. 36, 37, 38). It is tooth-shaped in 

cross-section with the roots of the tooth being the 

intrusive breccia dikes and pods. The base of the main 

Condesa Breccia body is marked by a series of small 

depressions that are filled with laminated sediments (Figs. 

17, 39 ). The Condesa Breccia cuts 

(Fig. 37) and the entire Conde sa 

post-mineral felsite dike (Fig. 38). 

several 

system 

diabase 

is cut 

sills 

by a 

The Condesa Breccia is composed of slabs of limestone and 

diabase, ranging from centimeters to over Sm in length. 

'These slabs are very angular and show no milling on their 

edqes. They are locally imbricated. The Condesa Breccia is 

larqely fraqment-supported, but significant areas are 

supported by coarsely crystalline calcite and 

manqanoan-ca1cite (Fig. 40) (Miranda and Megaw, 1986). 

Unlike the intrusive breccia dikes, no fraqments of rocks 

from below have been found within it. However, the breccia 

locally contains crude alternating layers of limestone and 

diabase slabs which lie 3-Sm below similarly spaced diabase 

sills in the surroundinq walls. The breccia is capped by a 

I-15m wide zone of finely laminated calcite which appears to 

have filled a void that once overlay the breccia (Fig. 37). 
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Figure 36. Cross-section, lookinq northeast, throuqh 
N60E-trendinq Condesa Fissure, showinq Condesa Breccia, 
Condesa Chimney, I-10 and Inqlaterra Silicate Bodies. See 
Fiq. 17 for details of multiple lobes at base of Condesa 
Breccia and relation to Condesa felsite. (Modified from 
Miranda and Meqaw, 1986). 
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Figure 37. Longitudinal section, looking northwest, along 
N6oE-trending Condesa Fissure showing Condesa Breccia and 
underlying felsite sills. See Figure 36 for explanation of 
symbols. (Modified after Miranda and Magaw, 1986). 
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Figure 38. Plan map of Condesa Breccia on the Potosi Mine, 
1160m elevation, showinq intrusive and collapse breccias. 
Figure 36 is section A-A', and Figure 37 is section B-B'. 
See Figure 36 for explanation of symbols. (Modified from 
Miranda and Meqaw, 1986). 

----- - --------- --- -------------
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Figure 39. Base of the Condesa Breccia (See Figs. 11 and 

36). Note concave-downward contact between limestone (L) and 

finely laminated sediments (S). This appears to be a filled 

solution depression (See Fig. 17). Potosi Mine, Condesa 

Breccia, 11S0m elevation. Pry bar portion is approximately 

30cm long. 
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Figure 40. Close up of shingle-breccia portion of Condesa 

Breccia showing pyrite-rich massive sulfide mineralization 

affecting coarse calcite (c) breccia matrix and elongate 

limestone (1) slab. Potosi Mine, Condesa Breccia, 1210m 

elevation. Pry Bar portion is approximately 20cm long. 



Matona Breccia 

The Matona Breccia occurs in the nU-Zone" (de 

1969) at the intersection of the Rampa and 

Fissures (Fig. 35). This body is the 
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la Fuente, 

Potosi Dike 

deepest and 

southeasternmost mineralized area known in the West Camp (de 

la Fuente, 1969). The Matona Breccia is a 65m diameter 

breccia pipe that extends 425m upwards to an abrupt terminus 

just above 1300m elevation. Its basal contact is the upper 

felsite sill, which shows a prominent inflection immediately 

adjacent to the western wall of the breccia pipe (Padilla, 

1987). The breccia has a core composed of fragments of 

limestone, felsite, and diabase up to 5m in diameter, 

surrounded by a ring of breccia of similar composition but 

with sizes ranging from 1cm to 3m in diameter. The core 

also contains unbroken, irregular masses of felsite which 

are molded around the angular breccia fragments as in the 

Milionaria Breccia (Fig. 19). Fragments throughout the 

Matona Breccia are angular and milled and are supported by a 

chloritized, sericitized, and calcite-rich rock-flour matrix 

(Padilla, 1987). The percentage of rock-flour matrix 

decreases upwards, and the uppermost parts of the breccia 

have open-space calcite filling. The Potosi lamprophyre 

dike cuts the breccia, but was apparently emplaced before 

mineralization. 
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Shallow Breccia Bodies 

Parcionera Breccia 

The main body of the Parcionera Breccia overlies an open 

stope where the N6oE-trending Parcionera Manto was removed. 

Its poor resistance to erosion makes it a topographic 

depression (Figs. 41, 42, 43). The lateral edges and 

termination of the Parcionera Breccia and Manto are exposed 

in three dimensions along the sides of Canon Mina Vieja 

(Plate 3). Undisturbed limestones lie adjacent to the 

breccia and beneath the manto. A large open cavern lies 

about 50m southwest of the breccia and is apparently 

connected to an open sink-hole which lies directly above the 

apex of the breccia (Fig. 42). No additional breccias were 

found in the over 1km of accessible workings beyond the 

cavern. The cavern is partially filled with laminated 

carbonate sediments with no volcanic component. 

The Parcionera Breccia consists of highly angular blocks 

of limestone partially cemented by coarsely crystalline 

calcite (Fig. 44). Abundant scalenohedral calcite crystals 

project into the numerous vugs within the breccia. Small, 

horizontal, tabular pockets partially filled with 

travertine, stalactites and finely laminated, alternating 

layers of red and white carbonate sand are exposed on the 

north side of the breccia exposure (Fig. 42). 
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Figure 41. View looking S60W at outcrop of Parcionera Manto 

from termination of the same manto. Compare to Figure 42. 

Note triangular, unbedded area directly overlying manto (bx) 

and undisturbed limestone (Is) on either side: this is the 

expression of the Parcionera Breccia (See Figs. 43, 44). 

Dark strata adjoining manto are thoroughly impregnated with 

Argentiferous Manganese-Oxide Mineralization (AMOM) (See 

Figs. 81, 82). Hole at top center connects to a large cavern 

SOm behind the manto outcrop. 
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Pigure 42. Cross-Section, facing SOUth~st, ~ough Surface 
exposure of Parcionera ~to (See Pig. 41). ShOWing cOllapse breccia, paleotopography, and peripheral AMaH mantos. 
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Figure 43. View roughly perpendicular to Fig. 41 above 

showing depression into hill which coincides with the 

Parcionera Breccia (See above). Note Argentiferous 

Manganese-Oxide Mineralization [AMOM] (am) manto at base of 

cliff at right center. 
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Figure 44. View of central part of Parcionera Breccia 

immediately above manto (Disturbed triangular area of Fig. 

41 above). Breccia vugs are lined with scalenohedral 

calcite. Note undisturbed limestone (Is) in left 

background. 
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Tunel Breccia 

The Tunel Breccia is about 100m tall and extends from a 

well-defined floor, just below l650m elevation, to the 

Capping series contact. This fragment-supported breccia 

consists of large anqular blocks of limestone with partially 

filled vugs between them. There is no evidence for faulting 

in the area. 

WEST CAMP OREBODIES 

Orebody Types alonq the Principal Trends 

Fissure-Related Tabula~ Mantos 

Numerous tabular mantos occur directly along throughgoing 

fissures in the Lagrima and Benigno Formations, especially 

in the Potosi Mine (Fig. 45). Most of these lie along the 

principal N-S-trending fissures, but some connect between 

adjacent parallel trends. The N30-60E-trending 

breccia-hosting Rampa and Condesa Fissures also contain 

significant examples. 

Many of these mantos occur above and below thin shaly beds 

or other apparently less permeable strata such as 

fine-grained dolomite beds (de la Fuente, 1969). At the 

north end of the J-North Chimney at l2l0m elevation in the 

Buena Tierra Mine, the top of a small manto closely follows 

a stylolite for several meters. At the same elevation on 

the Chorro Fissure, a larger manto is floored by a Scm thick 
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Figure 45. Plan map of tabular mantos on principal 
N-S-trends in southern portion of Potosi Mine at 1160m 
elevation. The reference point is the same in this figure 
and Figure 49. (Simplified from MINAMEX company maps). 
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shaly layer with nball and socket" structure, that appears 

to be a nmega-stylolite" (Fig. 46). 

Tabular Chimneys 

Tabular chimneys 

1968) up to 500 

(a.k.a. nFissure Replacements" Hewitt, 

x 500 x 3-20m in size (Fig. 32) occur 

directly along the N-S trends. None are known along the 

other trends. The majority are composed of massive sulfides 

and occur in the Lagrima and Benigno Formations throughout 

the southern part of the camp. Rarer examples occur in the 

Finlay Formation and include the South Silicate Body (Fig. 

33) which is composed of silicates. 

Tubular Chimneys 

The tubular chimneys are the second most important orebody 

type in the West Camp (Lindgren, 1933). They occur only in 

the N-S trends and the Conde sa Fissure, and range from 5 to 

160m in diameter and are up to 500m tall (Fig. 29). Most are 

single, cigar-shaped bodies throughout their extent, but 

several of the larger ones have two or three "roots" that 

coalesce upwards into 

commonly extend outwards 

strata (Fig. 27). 

a single 

from the 

body. Tabular mantos 

chimneys along specific 

The bottoms of the chimneys may terminate abruptly, or may 

merge into mantos of different types. The Mapula and 

Purisima Chimneys merge into elongate mantos at the base of 

the Finlay Formation (Figs. 27, 31). These mantos in turn 

connect to chimneys that, along with the other major 
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Figure 46. View of basal contact of sulfide manto with 

underlying "ball and socket" textured shaly layer. 

Mineralization bottoms on this apparent "megastylolite". 

Potosi Mine, Chorro Trend, 1210m elevation. Pry bar is O.Sm 

long. 
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chimneys, extend downward to the first felsite sill (Fig. 

29). Sill-contact mantos surround the first sill around the 

bottom of these chimneys and numerous fissure-related mantos 

and calcite-sulfide veins occur directly below these 

chimneys along the N-S trends between the first and second 

sills (Figs. 27, 47). The tops of a few chimneys terminate 

bluntly, but most spread out 5-10m below the Capping Series 

and mimic the shape of the limestone/Capping Series contact 

(Figs. 29, 31, 33). Benham (1910) noted that bedding 

commonly dips radially inward around the tops of the 

elongate chimneys, but that this deformation only extends 

for a few tens of meters away from the chimney. At about 

1300m in the Buena Tierra Mine, fissures along the top of 

the Tiro Alto Chimney are marked by a series of solution 

pockets which have a distinctive 2/3 to 3/4-sphere 

morphology. These pockets extend for hundreds of square 

meters across the entire top of this chimney. Similar 

pockets occur at the top of the Chorro Chimney at 1750m 

elevation. 

Elongate Mantos 

The elongate mantos were historically the most important 

orebodies in the district (Lindgren, 1933), but are now 

completely mined out. The largest examples were 3-15m in 

height by 5-30m in width and up to 3km in length, extending 

between the Condesa and Parcionera Trends (Figs. 26, 27). 

Although the elongate mantos have a strong overall N-S 

linearity they are highly irregular and do not show simple 
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Figure 47. Sulfide-studded calcite vein occupying the Chorro 

Fissure at l060m elevation in the Buena Tierra Mine, 

immediately below the Chorro Chimney (Fig. 29). Note 

bleaching along parallel structures. Vein is about 20cm 

wide. 
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fissure control throughout their length. N30E and 

N30W-oriented manto segments are increasingly common towards 

the north and N-S oriented segments become scarce (Prescott, 

1910: Hewitt, 1968) (Fig. 26). 

The elongate mantos dominantly occurred in the upper and 

lower fossiliferous members of the Finlay Formation but were 

not stratiform (Fig. 27). Hewitt's (1968) description of 

them is apt: "Santa Eulalia mantos, although essentially 

horizontal and tending to lie within some particular 

stratum ••• also tend to work irregularly upwards and 

frequently step, chimney-like, from bed to bed". Several 

appear to follow the limestone-capping Series contact, but 

lie 5-8m below it (Figs. 28, 29, 31, 33). 

Despite their overall irregularities, the mantos tend to 

be localized in certain strata within the host members. 

Studies of the physical and chemical characteristics of 

these members have failed to find consistent differences 

between the mineralized beds and their surrounding 

unmineralized beds (Spurr, 1911; Clendenin, 1933; Lofquist, 

1986). Clendenin (1933) did note however, that much of the 

mineralization appeared to be localized in some of the 

finer-grained limestone beds in the section. However, Brown 

(1952) reported that two mineralized dolomitic limestones in 

the Finlay Fm. had an overall, 1mm grainsize, which was 

significantly coarser grained than the enclosing limestone 

beds. 
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Sill contact Orebodies 

Many of the sills found below 1210m elevation have massive 

sulfide mantos along their upper and lower contacts where 

they are in close proximity to the principal trends. 

Mantos along diabase sill contacts trend roughly N-S and 

are aliqned with, and connected to, the N-S fissures of the 

major trends. Sulfide mineralization is generally equally 

well developed above and below the diabase sills, with 

narrow sulfide-filled fissures connecting the two (Fig. 48). 

Some diabase sills have open breccias along their margins 

which are partially filled with euhedral sulfide, fluorite, 

and apophyllite crystals. 

Mantos along the felsite sills show both N-S and N45E 

trends, but are unequally developed along the upper and 

lower contacts (Fig. 49). The N-S-trending mantos occur 

almost exclusively along the bottom of the felsite sills 

and, like the diabase contact sills, are connected to the 

major N-S fissures. In contrast, the N45E-trending . mantos 

occur along cliff-like upwarps on both the upper and lower 

surfaces of the felsite sills (Fig. 50). These upwarps rise 

vertically 2 to 7 meters and have sinuous courses with 

overall N45E trends (Hewitt, 1968). Mantos along these 

inflections are up to 30m wide and extend for several 

hundred meters between the major N-S fissure trends. Brown 

(1952) felt that the N45E-trending fissures that occur above 

the principal N-S trending fissures along the inflection 

define N-S-trending en echelon patterns. 
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Figure 48. View of small diabase sill (D) cutting limestone 

with a small manto along the lower contact and a small 

chimney extending from the upper contact. Note 

sulfide-filled fracture cutting diabase and connecting 

between orebodies. From stope on J-North Trend 10GOm 

elevation, Potosi Mine. sill is approximately .Sm thick. 
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Figure 49. Plan map of orebodies on upper and lower surfaces 
of felsite sill at 1110m elevation in the Potosi Mine. Note 
stronq NE-trends, and subsidiary N-S-trends. Reference point 
is the same in this fiqure and Figure 45. (Simplified from 
MINAMEX company maps). 
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Figure 50. Map of slusher stope on upper surface of felsite 
sill just below 1210m elevation on the J-North Trend in the 
Buena Tierra Mine. Showing NE-trending fractures and 
vertical faces on upper surface of felsite. Note lack of 
N-S fissures cutting the felsite. (From Hewitt, 1968). 
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Orebodies Hosted in the Deep Breccias 

Orebodies occur in and around the Condesa, Q-Denis, Rampa, 

Milionaria, and Matona Breccias and their underlying 

intrusive breccias. All these orebodies consist of massive 

sulfide mineralization, except for the small amounts of 

calc-silicate skarn that occur in the Matona Chimney. 

Mineralization in the main breccia bodies affects the 

breccia fragments and cement, and also cuts the included 

felsite masses. Mineralization is concentrated around the 

peripheries of the breccias and extends into the surrounding 

wallrocks. The cores of the breccias are barren or low 

qrade (Miranda and Megaw, 1986; Padilla, 1987; Calles and 

Martinez, 1987). 

Orebodies Hosted in the Shallow Breccias 

Both the Tunel and Parcionera Breccias are mineralized. 

Breccia fragments throughout the Tunel Breccia are replaced 

by sulfides and silicates and the vugs are partially filled 

with sulfide-coated, euhedral quartz crystals. Some 

fragments have unmineralized limestone cores. 

In contrast, only the base of the Parcionera Breccia was 

extensively mineralized. The Parcionera Manto (Plate 3, 

Fiq. 26) appears to have been a typical elongate manto 

except for the limestone breccia along its roof. Its floor 

is marked by abundant solution rills cut by fractures and 

laminated sediments affected by Argentiferous 

Manqanese-Oxide Mineralization (AMOM, see below). 
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Galena is sparsely distributed in the Parcionera Breccia 

matrix and AMOK affects many of the breccia fragments. 

There is no apparent systematic distribution of AMOM in the 

breccia and adjacent fragments show differing degrees of 

mineralization (Fig~ 51); some fragments are apparently 

fresh, while others are thoroughly mineralized. Several 

breccia fragments show concentric 

diminishing AMOM intensity which 

fragment's shape (Fig. 52). 

MINERALIZATION IN THE ZUBIATE AREA 

zones of inwardly 

closely mimics the 

The orebodies of the Zubiate area (Plate 3) mines consist 

of a series of small oxidized massive sulfide mantos 

connected to the Zubiate Chimney. The structural controls on 

these orebodies are poorly known, but the Zubiate Chimney 

itself is floored by a felsite dike. This felsite is not 

known to connect with the principal west Camp felsite sills, 

and the entire area appears to be totally separate from the 

bulk of West Camp mineralization. 
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Figure 51. Slab of Parcionera Breccia showing variably 

mineralized fragments and laminated sediment infilling 

(Terra Rosa?) between breccia fragments. Entire rock is 

affected by Argentiferous Manganese-Oxide Mineralization 

(AMOM). Knife is a.5cm long. 
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Figure 52. Close-up view of an individual breccia fragment 

of limestone in Parcionera Breccia. Note concentric zoning 

of Argentiferous Manganese-Oxide Mineralization (AMOM) which 

closely mimics the shape of the fragment. 

long. 

Knife is 8.5cm 
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EAST CAMP 

GENERAL SETTING 

The San Antonio Mine orebodies lie at the center of a N-S 

elongate zone roughly 1.5km wide and 3km long where numerous 

interconnected skarn and massive sulfide orebodies occur 

sporadically along open, vertically and horizontally 

continuous structures related to the faults of the San 

Antonio and Dinamita Grabens. Mineralization in the San 

Antonio Mine extends to depths of 650m and surrounds a group 

of en echelon felsite dikes intruded into the central part 

of the San Antonio Graben. The remaining East Camp orebodies 

are a group of shallow elongate oxidized sulfide mantos that 

occur in a zone lkm wide by 2km long extending from the 

northwestern part of the principal ore zone (Plate 3). In 

contrast to the west Camp, significant mineralization occurs 

in the thick basal limestone conglomerate (C1) of the 

Capping Series (Fig. 7). 

San Antonio Mine ores comprise a compound, tabular chimney 

surrounding the San Antonio Dike. This chimney is 

bilaterally symmetrically zoned from calc-silicate skarns to 

massive sulfides. Massive sulfide mantos locally extend 

outward from this chimney along specific carbonate strata. 

Quartz-sulfosalt veinlets cut both the skarns and sulfides 

in the deepest levels of the mine (Torres, 1982) and 

carrot-shaped tin-rich chimneys and tabular lode-veins occur 

in the upper levels. From depth upward and outward, the 

orebody sequence is: sill contact mantos; dike contact 
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tabular chimneys; tabular mantos; and tubular chimneys, and 

tabular veins. 

EAST CAMP ORE ZONE STRUCTURES 

San Antonio Graben 

The San Antonio Graben is a NNE-trending feature 

approximately 4km long and 1km wide at the surface (Plates 1 

and 2; Fig. 53). Its western limit is a single east-dipping 

normal fault called the west Fault (Hewitt, 1943). The 

graben's eastern side is formed by a pair of west-dipping 

normal faults, known as the East and Central Faults, that 

are scissored in the central part of the mining area (Knapp, 

1906; Hewitt, 1943; Maldonado, 1979). The graben bounding 

faults intersect about 1000m below the surface in an area 

containing numerous pre-graben diabase sills (Fig. 53); the 

nature of the structure below 1000m is unknown. 

The graben shows between 140 and 250 meters of normal 

displacement and offsets both the Cretaceous limestones and 

the Capping Series (Figs. 53, 54). Minimal offset of the San 

Antonio Dike indicates that most of this movement occurred 

before felsite intrusion. Mineralized breccias containing 

fragmentsofore occur locally along the graben faults 

indicating that movement continued through ore deposition. 

(Megaw, 1986b). Displacement on the graben faults lessens to 

the north and the structures appear to die out north of 

their intersection with a strong WNW-EsE-trending normal 

fault (Plates 1 and 2). The graben extends to the south 
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Figure 53. Geologic cross-section, lookinq north, throuqh 
San Antonio Graben showinq offset of Tertiary section, 
felsite dikes crossinq and followinq the qraben faults, and 
orebodies surroundinq the dikes. 
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Figure 54. View looking north up the San Antonio Graben from 

the ring-fracture zone of the Santo Domingo Caldera. Central 

Fault runs along base of hill on right, and West Fault can 

be seen in tall central hill juxtaposing Cretaceous Finlay 

Limestone (1) against the capping Series (c). Note numerous 

prospect pits in the Capping Series rocks in the saddle. 

The San Antonio Shaft is just over this saddle. 



until it meets the ring-fracture zone of the 

Caldera (Plates 1 and 2). The dropped graben 

markedly near the caldera boundary. 

santo 

block 

Domingo 

widens 

Several faults within the graben strike parallel to the 

graben, whereas others cut across it at moderate to high 

angles (Plate 2). The average displacement on these minor 

faults is 10m, but some have up to 40m of normal 

displacement (Hewitt, 1943). These faults include the 

Dolores Fissures, which hosted important tin orebodies 

(Plate 3). 

Dinamita Graben 

The Dinamita Graben is roughly parallel to the San Antonio 

Graben and lies approximately 400m west of the West Fault 

(Plates 1 and 2 and Fig. 25). The Dinamita Graben is 180m 

wide and extends for 2km from near the Dinamita Shaft to 

north of the Santa Juliana Shafts. This graben has 

approximately 50m of normal offset near the Dinamita Shaft, 

with lessening displacement to the north and south. 

EAST CAMP OREBODIES 

Sill contact Orebodies 

A group of between 5 and 8 diabase sills are known from 

San Antonio Mine exploration drill holes that 

below 900m elevation (Fig. 55) These sills have 

penetrated 

3-10m of 

limestone between them which is replaced by both skarn and 

massive sulfides (Maldonado, 1979). 
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Figure 55. Detailed cross-section, looking north through the 
San Antonio Mine at mine co-ordinate 2200N. Shows felsite 
cutting and following qraben faults, and skarn 
mineralization enveloping the felsite. Note offset on 
diabase sills. water table lies at 1214m elevation. 
(Modified from IMMSA company sections). 



Tabular Chimney Orebodies 

The bulk of mineralization in the San Antonio Mine occurs 

as zoned tabular skarn and massive sulfide chimneys along 

the contacts of the San Antonio felsite dikes (Fig. 56) 

(Hewitt, 1943: Maldonado, 1979), with the strongest 

mineralization occurring along the west Fault. The East and 

Central Faults are mineralized largely below 1300m 

elevation. The tabular chimneys extend from below 900m 

elevation to the surface, and are hosted by the Benigno, 

Lagrima and Finlay Formations as well as the thick basal 

Capping Series limestone conglomerate. Knapp (1906) and 

Hewitt (1943) both reported relict conglomerate textures' in 

oxidized tabular chimney ores from the upper levels of the 

mine. 

Tabular Mantos 

Tabular mantos extend off the principal tabular skarn 

chimney along specific carbonate beds in the Lagrima and 

Benigno Formations (Fig. 55). The largest example (the 

13K2229 Manto) occurs at about 1035m elevation and consists 

of a horizontal silicate-free galena-sphalerite-pyrrhotite 

body identical to the majority of West Camp ores. An 

east-dipping fault, probably related to the west Fault, 

separates this manto from immediately adjacent skarn. 

Breccia along this fault contains abundant limestone and 

skarn fragments, but no massive sulfide fragments, 

suggesting that both movement on this fault and skarn 

mineralization predated massive sulfide mineralization. 
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Tubular Tin-Bearing Chimneys 

The Tin Chimney and the Cock's Orebody are carrot-shaped 

chimneys that sprout from the east and west sides 

respectively, of a major branch of the San Antonio Dike 

(Fig. 53). They occur directly above the northerly-plunging 

termination of another branch of the dike (Hewitt, 1943). 

The Tin Chimney is 300m high and approximately 40m in 

diameter, and the Cock's Orebody is 250m high and 30m in 

average diameter. Both bottom in the upper part of the 

extend through the thick basal Tertiary 

limestone conglomerate, and top out against the tuff that 

overlies the conglomerate (Hewitt, 1943). 

Tin-Bearing Fissure Veins 

The Dolores Fissures are faults with displacements ranging 

between 5 and 20m, and averaging 10m, that radiate from the 

upper, eastern side of the Tin Chimney and rise flatly 

towards the east at 45 to 60 degrees (Hewitt, 1943). They 

are primarily hosted by the conglomerate, but extend as 

fissure-veins through the tuff, and are exposed on the 

surface just northeast of the San Antonio Shaft (Plate 3). 

Mineralization within them ranged from narrow streaks to 

shoots 10m wide, with an average of 0.5 to 1.5 meters over 

50m of strike length. The longest was stoped for 300m along 

strike. 
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Elongate Mantos 

Several small elongate manto orebodies occur in the 

peripheral mines of the East Camp such Tres Mercedes, 

Aurora, santa Juliana, and Dinamita (Plate 2, 3). These 

mantos occur in what is probably the upper fossiliferous 

member of the Finlay Formation. 

Isolated Podiform Orebodies 

Numerous podiform orebodies occur along the San Antonio 

Graben faults and felsite dikes within, and to the north and 

south of the San Antonio Mine, from 1400m elevation to the 

surface (Plate 3). The pods are typically lenses of either 

skarn or massive sulfides ranging from a few cubic meters to 

several thousand cubic meters in volume. They are probably 

best thought of as small versions of the tabular chimneys. 

Many are connected to each other by narrow sulfide or skarn 

veinlets, but no attempts have been made to trace most of 

these occurrences to the principal ore bodies. 

DISCUSSION: STRUCTURAL AND STRATIGRAPHIC CONTROLS ON 

MINERALIZATION 

WEST CAMP STRUCTURAL ORE CONTROLS 

The nature, and even the existence of structural controls 

on the West Camp orebodies, has long been in debate and 

variously ascribed to: direct fracture and fissure control, 

with mantos following individual fissures and chimneys 

occurring at fissure intersections: infilling of linear 



caverns; and zones of unreleased stress of unspecified 

nature. These alternatives have generally been presented as 

competing hypotheses, but all may have been important in 

certain areas. 

Fissure Control 

Many early workers in the district published 

cross-sections showing fissures in the center of orebodies 

with mineralization waning laterally from the fissures and 

inferred that mineralizing fluids were controlled by an 

interconnected fissure network (Fig. 56) (Weed, 1902: Argall, 

1903; Prescott, 1910a, 1910b, 1916, 1926; Spurr, 1911; 

Brinker, 1913; and Millikan, 1925). Based on this 

hypothesis, most subsequent exploration entailed following 

fissures until ore was encountered. However, later attempts 

to systematically evaluate this fissure control hypothesis 

found no consistent relationship between fissures and 

mineralization: 

"In the ground above and below a manto, it is usually true 

that no fractures can be found which strike in directions at 

all close to the trend of the manto. Through the mine 

developments, however, there are exposed rather numerous 

fractures which carry mineralization, but which strike in 

directions altogether diverse from the usual trend of the 

mantos ••• The conclusion is that these fractures were fed 

from major orebodies, usually mantos; but that they had 

nothing to do with determining the courses taken by the 

mantos, but were simply random fractures which were 
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Figure 56. Arqall's (1903) interpretive cross-section 
throuqh an elonqate manto showinq preferential 
mineralization of specific strata adjacent to a central 
fissure. Clendenin (1933) was unable to verify this control 
over lonq distances. 
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traversed by the mantos as they developed, and along which a 

little of the mineralizing solutions migrated." (Clendenin, 

1933). 

Why the tubular chimneys rise where they do has also long 

been a question. Numerous early workers asserted that they 

form at the intersection of N-S and NE or NW-trending 

fissures (Weed, 1902: Argall, 

1926: Spurr, 1911: Brinker, 

Clendenin (1933) again found 

1903: Prescott, 1910, 1916, 

1913: and Millikan, 1925), but 

no evidence to confirm this. 

Hewitt (1968) reinforced the lack of evidence for fissure 

intersection controls. One clear example of fissure 

intersections controlling small tubular chimneys was found 

during this study (Fig. 57), but examination of the larger 

chimneys in the West Camp revealed no larger-scale examples 

of this style of control. 

Mineralization along the persistent West Camp ore trends 

shows obvious fissure control at depth, which becomes 

increasingly obscure to the north and at higher levels in 

the system. The transition from the deep orebodies 

localized along obvious, throughgoing fissures to shallow 

level irregular elongate orebodies corresponds closely with 

the the change from the relatively homogeneous, 

thickly-bedded middle Lagrima Formation to the thinly bedded 

upper Lagrima and Finlay Formations (Fig. 27). It is 

possible that the thinly-bedded units diffused the stresses 

that caused the deep, throughgoing fissure-faults, resulting 

in the generation of an irregular, but still 
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Figure 57. Sketch map of small tubular chimneys occurring 
alonq the intersection of N35w-trending fissures and the 
N-s-trendinq Q-Denis Fissure at 1010m elevation in the 
Potosi Mine. 
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fissure-controlled percolation network. The overall 

parallelism and physical connections between the two is 

striking, suggesting that structural continuity of some kind 

between the two exists. It is further possible that 

mineralization was so thorough that the evidence for fissure 

control was obliterated. 

Cavern Control 

The overall irregularity of manto mineralization in the 

Finlay Formation, the lack of persistent fissures, and the 

morphological similarity between the Santa Eulalia deposit 

and major cavern systems have been cited as evidence that 

the mantos and chimneys are fillings of pre-ore caverns 

(Hill, 1902; Aiken, 1903: Merri1, 1909). A similar 

hypothesis was proposed by DeVoto (1983 and 1988) and Landis 

and Tschauder (1985) for Sherman-type mineralization in the 

Leadville District of Colorado. Callahan (1977) asserted 

that virtually all elongate mantos are deposited in 

caverns. 

The field evidence indicates that major karst development, 

including the development of the "dry" caves, occurred 

before mineralization. Open, "dry" caves seldom impinge on 

orebodies but, in one of the two documented cases where they 

do, sulfide mineralization ceased where it met the cave, and 

in the other case it appeared that "a strong sulfide fissure 

had been healing its truncated end with calcite, scab-like, 

and in turn had been replacing this calcite scab with 

sulfides" (Hewitt, 1968). These data strongly suggest that 
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mineralization actually avoided the open caves rather than 

following them. 

zt is possible that mineralization followed filled or 

collapsed caverns. The lack of faulting and the 

well-defined floor of the Tunel Breccia strongly indicate 

that it was a collapsed pre-mineral cave and the field data 

clearly indicate that the Parcionera Breccia formed from the 

partial collapse of a large cave. The coarse scalenohedral 

calcite linings of the breccia voids suggests that this was 

a pre-mineral "dry" cave. The presence of galena in the 

breccia matrix, plus the concentrically mineralized breccia 

fragments, further suggest that the majority of collapse 

occurred before the Parcionera Manto was emplaced, rather 

than as a result of oxidation of this manto. However, the 

cave-fill sediments that cut solution rills and AMOM-filled 

fractures along the floor of the manto near its termination, 

indicate that some post-AMOM solution also occurred along 

the floor of the manto. This solution probably occurred 

during oxidation of the Parcionera Manto and may have been 

accompanied by minor re-brecciation. 

The Tunel and Parcionera Breccias appear similar to well 

documented examples of mineralized collapse breccias that 

occur in numerous Mississippi Valley Deposits (Ohle, 1985; 

Sangster, 1988), and Gilman (Snively, 1955; Lovering and 

others, 1978), and Leadville in Colorado (Thompson and 

others, 1983). This demonstrates that at least some West 

Camp mineralization was controlled by pre-mineral solution 
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collapse features. However, the vast majority of manto 

stopes show no evidence of pre-mineral brecciation or 

collapse of their roofs (Weed, 1902: Prescott, 1916: Hewitt, 

1968) suggesting an absence of caves in most places. It is 

possible that sediment-filled caves might have existed 

between the isolated collapse zones and that replacement of 

stratified cave sediments in flat-lying limestone might 

closely resemble wholesale carbonate replacement. However, 

the abundance of undisplaced and unmineralized chert and 

shale beds within orebodies strongly indicates that the 

majority of mineralization occurred by replacement of solid 

limestone (Prescott, 1916: Hewitt, 1968). 

Thorough oxidation and removal of the manto mineralization 

prevents evaluation of these hypotheses, but the 

karst-system morphology arguments remain. There is a strong 

resemblance between the composite long section of the West 

Camp and many cavern systems, including Carlsbad Caverns, 

New Mexico. A recent study of Carlsbad Caverns concluded 

that they formed not by descending surface waters, but by 

mixing of oxygenated meteoric water with ascending 

H2S-charged water expelled from the adjacent Delaware Basin 

(Hill, 1987). This mixing created sulfuric acid which 

dissolved the carbonates along the fissures followed by the 

ascending fluids. This suggests that fissure-control of 

either ascending or descending corrosive fluids will create 

remarkably similar solution morphologies. It follows that 

genetic interpretations based solely on morphology are 

probably invalid. 
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EAST CAMP STRUCTURAL CONTROLS 

The majority of mineralization in the East Camp is closely 

limited to the contacts of the San Antonio Dike and the 

horizontally and vertically continuous faults and fractures 

within the San Antonio and Dinamita Grabens. Many of these 

structures show clear evidence for syn-mineral movements, 

suggesting that they were open zones of high permeability. 

West Camp-style mineralization is only seen in the 

peripheries of the East Camp. 

STRATIGRAPHIC CONTROLS ON MINERALIZATION 

There appear to be two different types of 

stratigraphically controlled orebody at Santa Eulalia: those 

confined by permeability boundaries; and those that occur in 

specific strata within an apparently homogeneous succession 

of strata. 

Mineralization Controlled by Permeability Barriers 

Mineralization commonly occurs 

demonstrable permeability barriers that 

immediately 

appear to 

below 

confine 

mineralizing solutions to adjacent carbonate units without 

themselves becoming mineralized. These aquicludes range 

from obvious barriers such as the pre-ore diabase and 

felsite sills and the capping volcanic rocks, to such subtle 

features as apparently less permeable carbonate units, thin 

shaly layers, and stylolites. Pre-mineral, but locally 

unmineralized, fractures cross these barriers, but 
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mineralization blossoms out only within certain strata 

adjacent to these barriers. 

Perhaps the most impressive examples of orebodies forming 

below permeability barriers are those that lie just below 

the Capping series/limestone contact and mimic its shape. 

It is notable that these orebodies do not occur at the 

contact, but lie a few meters below it, wholly within the 

limestone. This may be the result of reduced permeability 

of the limestone just below the contact caused by downward 

infiltration of silica from the overlying volcanic rocks, 

but quantitative evaluation of this has not been 

undertaken. 

The occurrence of major deep mantos on the contacts of 

felsite and diabase sills is another example, but the 

development of orebodies along both the lower and upper 

contacts of these sills (Figs. 27, 49) indicates that the 

sills are not merely damming the ascending fluids, but are 

exerting other influences as well. These will be discussed 

below. 

Subtler permeability barriers are the stylolites which 

acted as barriers to Argentiferous Manganese-Oxide 

Mineralization AMOM and sulfide mineralizing fluids along 

the peripheries of orebodies throughout the camp. 

Stylolites apparently form by pressure solution along 

inhomogeneities within otherwise massive carbonate rocks 

such as clay-rich horizons or zones of contrasting grain 

size (Logan and Semeniuk, 1976; Wanless, 1979). As pressure 
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solution progresses, the stylolite becomes a zone of 

accumulation of insoluble residues, and limestone adjacent 

to the stylolite becomes less permeable because of 

redeposition of dissolved carbonate (Wanless, 1979). Thus 

they become thin zones of decreased permeability within 

otherwise homogeneous carbonate beds (Fig. 58). 

The influence of shaly layers depends on thickness: thick 

shale beds will act as aquicludes on the same scale as sills 

and other impermeable strata: thin shales will behave in a 

manner similar to stylolites. Examples of both are 

plentiful in the district. 

Mineralization in "Favorable" Beds 

One of the most distinctive characteristics of Santa 

Eulalia mineralization is the limitation of mantos to 

certain carbonate beds or groups of beds. These mineralized 

strata are commonly described as "favorable beds" because 

they host numerous, spatially distinct orebodies, while 

adjacent strata are virtually barren (Fig. 27). The 

characteristics that make the ore-bearing beds more amenable 

to mineralization have long been sought at Santa Eulalia and 

elsewhere (Spurr, 1911: Prescott, 1916 and 1926: Hewett, 

1928: Hayward and Tripplett, 1931: Clendenin, 1933: Brown, 

1947: Rove, 1947; Ohle, 1951; Garrels and Dreyer, 1952; 

Maxwell and Verrall, 1953: Wehrenberg and Silverman, 1965; 

Howd and Barnes, 1975: Losej and Beales, 1977; and Lofquist, 

1986). These studies have broadly determined that 

secondarily enhanced permeability is essential to the 
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Figure 58. Photomicrograph showing contact between 

sphalerite mineralization (S) and limestone (L). Note that 

the sphalerite stops at a stylolite marked by an 

accumulation of clay (sty). Potosi Mine, J-North Trend, 

1210m elevation. (Reflected light, Field of view is 2mm). 
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formation of large orebodies and that permeability contrasts 

between units are an important secondary factor. However, 

the specific chemical and physical characteristics that 

contribute to creating porosity and permeability contrasts 

appear to vary widely, even within a single district. 

Chemical Characteristics of Carbonate Hosts 

Hayward and Tripplett's (1931) study of the chemical 

composition of host carbonates in several Mexican districts 

showed that mineralization in some districts is 

preferentially hosted in dolomite units, whereas in others, 

manto mineralization occurs in limestone beds immediately 

below, and above, dolomitic units. Titley (1962) documented 

a relationship similar to the latter at Magdalena, New 

Mexico. Both these effects have been seen at Santa Eulalia. 

Clendenin (1933) found that two mineralized beds in the 

Finlay Formation were slightly magnesian, but that the 

remaining manto-hosting horizons were pure limestone. In 

contrast, two principal dolomitic strata in deeper parts of 

the west Camp contain no mineralization, but do have mantos 

immediately below them (Hewitt, 1968; de la Fuente, 1969). 

The dolomites in all these instances are apparently of 

diagenetic origin. 

Spurr (1911) suggested that organic material in the 

heavily mineralized lower member of the Finlay Formation 

might have acted as a reductant for sulfide deposition. 

However, Lofquist (1986) found the organic content of this 

and other major mineralized and unmineralized beds at Santa 
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Eulalia to be uniformly low. The sulfur content of these 

units has not been investigated. Howd and Barnes (1975) 

found that quartz grains in marble were favorable loci for 

sulfide replacement, but geochemical studies at santa 

Eulalia have found no correlation between the insoluble 

content of host carbonates and mineralization (Clendenin, 

1933: Hewitt, 1968: Lofquist, 1986). 

Physical Characteristics of Carbonate Hosts 

The primary porosity and permeability of most limestone is 

too low to allow adequate fluid migration for formation of 

large orebodies, and secondary enhancement of porosity and 

permeability appears necessary to allow mineralization 

(Brown, 1947: and Ohle, 1951). Although it is often possible 

to determine why fluids remained within a certain interval, 

it remains unclear what factors initially directed the 

fluids into that interval. Faults, fissures, and breccias 

of diverse origins are obvious zones of enhanced 

permeability, but subtler permeability enhancement can occur 

by structural deformation (Bianchetti and Reeder, 1985; 

Rove, 1947), dolomitization (Hewett, 1928; and wehrenberg 

and Silverman, 1965), recrystallization (Garrels and Dryer, 

1952: Wehrenberg and Silverman, 1965; and Howd and Barnes, 

1975), and simple heating (Maxwell and Verrall, 1953). These 

potentially are overlapping processes, and all increase 

porosity and permeability by several orders of magnitude. 

Norton (1988) cautions that reactions between wall rocks and 

hydrothermal fluids significantly alter the transmissivity 
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of a percolation network both during and after 

mineralization, and that measurements of modern day 

permeability in host carbonates may not accurately reflect 

their permeability during mineralization. The self-healing 

properties of carbonate rocks exacerbate this problem. 

structural enhancement of permeability occurs both before 

and after the ductility limits of carbonates are reached. 

Rove (1947) showed that shattering of individual beds is an 

important mechanism for increasing permeability, but the 

degree of deformation at santa Eulalia does not appear 

sufficient for this to be a major factor except locally. In 

contrast, Bianchetti and Reeder (1985) showed that simply 

straining calcite significantly increases its permeability. 

This observation is consistent with Hewitt's (1968) 

suggestion that unreleased stress, perhaps related to 

folding or intrusion, could have created elongate, 

physically favorable zones for mineralization at santa 

Eulalia. However, this does not explain why the ore trends 

should be so vertically discontinuous. 

Maxwell and Verrall (1953) showed that simple heating of a 

carbonate rock significantly increases permeability. At 

temperatures of 100 to 700 deg. Cand confining pressures of 

up to 700 bars, they measured permeability increases of two 

to four orders of magnitude depending on whether the rock 

was initially dry or water-saturated. They concluded that 

conductive heat transfer would result in a zone of increased 

permeability immediately adjacent to an igneous body, 



171 

whereas convective heat loss in fractured, water-saturated 

rock would lead to tabular zones of increased permeability 

where the hot fluid heated the fracture walls. The 

conductive heat transfer mechanism could explain the 

location of mantos both above and below sills in the deep 

parts of the west Camp (Fig. 27) as well as orebodies 

enveloping dikes in the San Antonio Mine (Fig. 55). In 

contrast, the fracture-controlled fluid-carried convective 

heat loss mechanism is consistent with the morphologies of 

the elongate, manto-dominated upper parts of the West Camp. 

Summary 

No consistent chemical differences have been found between 

the mineralized and unmineralized strata at Santa Eulalia 

indicating that the location and physical properties of the 

host strata were more important factors in localizing 

mineralization. Ore fluid migration was sensitive to 

differences in the physical characteristics of the 

sedimentary succession, and this sensitivity apparently 

increased with distance from interpreted fluid sources; 

sills, volcanic units, and thick shaly units impeded flow 

near the sources, whereas thin shaly partings, stylolites, 

and carbonates of differing grain size (Clendenin, 1933; 

Lofquist, 1986; Megaw, 1986c) influenced fluid flow near the 

edges. 

Sill contacts and fissures appear to have been the 

principal fluid conduits in the deep West Camp but, although 

mineralization in the upper West Camp is closely parallel to 
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the deep fissures, there is no evidence for throughgoing 

fissure control in this zone. Fissures and collapsed 

caverns were locally important but throughout most of the 

elongate mantos there is no obvious control. The East Camp 

is dominated by dike contact and fault-fracture control, but 

some of the peripheral orebodies appear to show the same 

subtle controls as the upper west Camp. 

Mineralization in both camps thus appears to represent an 

upward and outward transition from tight structural control 

to obscure, possibly overlapping structural and 

stratigraphic controls. No single control is dominant 

everywhere in the camp. It appears that an accessible fluid 

pathway is the fundamental requirement, and that its origin 

is immaterial. 
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SUMMARY AND INTERPRETATION: STRUCTURAL EVOLUTION 

The strong NNW-trend of the Sierra Santa Eulalia is 

approximately parallel to: faulting initiated during the 

Marathon Orogeny (Clark and Ponce, 1983): the Chihuahua 

Trough (Lofquist, 1987): the axis of Laramide folding: an 

axis of Mid-Tertiary extension (Price and Henry, 1984): the 

principal West Camp ore trends: and Basin and Range faults 

(Plate 1, and Figs. 4, 25). This suggests a deep-seated 

structural fabric that repeatedly influenced structural 

development and maqma emplacement. 

Field data from outside the mineralized areas show that 

structures parallel to the three principal West Camp 

ore-hosting trends are better developed in the Cretaceous 

limestones than in the Capping Series. This suggests that 

movement on all three structural trends was initiated before 

deposition of the Capping Series: probably during the 

Laramide deformation that caused the anticlinal folding 

(Hewitt, 1968; Smith, 1970; Megaw, 1986b). 
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The cross-cutting relationships of these and other 

structures indicate at least six periods of movement during 

the Tertiary. These are: 

1. Post-Capping Series, pre-diabase sill: as reflected by 

lack of NW-trending structures in the diabase and felsite 

sills. 

2. Post-diabase, pre-felsite sill: as reflected by the 

N-s-trending structures that cut the diabase, but not the 

felsite. 

3. Syn-felsite: as reflected by the N45E-trending fissures 

that lie along the N45E-trending upwarps on the felsite 

sills (Fig. 51). Hewitt (1968) interpreted these as tension 

cracks related to felsite emplacement and/or cooling. 

4. Post-felsite, syn-mineral as reflected 

brecciation along the San Antonio Graben faults 

and Megaw, 1983; Megaw, 1986b). 

by the 

(Maldonado 

5. Post-mineral: as reflected by the 

movements on the San Lazaro Fissures and the 

(Hewitt, 1968) (Fig. 32). 

post-mineral 

Donald Fault 

6. Basin and Range Faulting: as reflected by the 

range-bounding faults. These may be continuous with #5. 

. ..----_._--



These Tertiary movements apparently 

reactivation of specific pre-existing 

probably related to the intrusion 

monzonite, 

extension. 

regional volcanism, 
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caused preferential 

structures and were 

of the deep quartz 

and later regional 

INTERPRETIVE MODEL FOR DISTRICT STRUCTURAL DEVELOPMENT 

with compression of the limestones into the broad, doubly 

plunging anticline, N-S trending zones of maximum tensional 

stress were developed with conjugate NE and NW-trending 

zones of lesser stress (Cloos, 1939). Failure occurred along 

each zone allowing individual beds or groups of beds, to 

slide relative to each other, principally in an horizontal, 

E-W sense (Fig. 59). The gentleness of the folding inhibited 

development of throughgoing vertical faults and allowed 

slabs of limestone to fail independently, creating 

vertically discontinuous fracture and fissure trends which 

experienced little or no movement. In the 

southerly-plunging end of the anticline, the E-w-trending 

folding turned the N-S-trending fissures into strike-slip 

faults with a vertical tear-like component increasing to the 

south. 

The NE and NW-trending fissures 

apparently formed the bounding 

limestone slabs that underwent a 

oriented shuffling. This model 

in the west Camp thus 

planes on N-S elongate 

gentle, but complex N-S 

can account for: the long 

mineralized N-S trends, the shorter NE and NW-trending legs 

of the orebodies, and the lack of vertical connectivity 
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Figure 59. Schematic block diagram showing possible origin 
of N-S-trending fissures as a product of E-W directed 
Laramide compression. These fissures would have been 
preferentially opened by mid-Tertiary E-W directed 
extension. 
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between fissure segments. 

The NE-SW-directed 

mineralization (Price and 

the western Chihuahua 
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extension that coincided with 

1984) may have re-opened 

bounding fault and the 

Henry, 

Trough 

district's N-S and NE-trending structures, making them 

especially favorable for ore fluid migration and magma 

emplacement. This interpretation is consistent with the 

regional location of santa Eulalia-like ore deposits above 

the western fault of the Chihuahua Trough (Megaw, 1988a), 

the overall NNW-trend of the west Camp orebodies, and the 

syn-mineral brecciation along the San Antonio Graben 

faults. 



178 

CHAPTER 5 

MI~ZATION AND ALTERATION 

MINERALIZATION 

Ten hypogene mineralization types and their oxidized 

equivalents have been mined and/or identified in the East 

and West Camps (Tables 2 and 3) (Spurr, 1911; Prescott, 1916 

Hewitt, 1943 and 1968). The hypogene mineralization types 

will be described separately in their order of importance 

for each camp. The oxide ores will be discussed 

collectively. 

WEST CAMP MINERALIZATION 

Normal Sulfides 

"Normal Sulfides" and their oxidized equivalents account 

for at least 85% of West Camp production and are the 

principal constituent of all West Camp orebodies (Hewitt, 

1968). They are mined for lead, zinc and silver (Table 4) 

and are composed predominantly (95% +) of pyrrhotite, 

galena, sphalerite, and pyrite. Arsenopyrite and 

chalcopyrite are locally significant, and trace amounts of 

other sulfides and sulfosalts occur sporadically throughout 

(Appendix B). The sphalerite ranges from 5 to 35 wt% FeS and 

contains up to 1.5 wt% manganese (Burnham, 1959). 

Fine-grained pyrrhotite inclusions are common in sphalerite, 

both randomly dispersed and aligned along cleavage planes 

(Ebbutt, 1947) (Fig. 60). Few silver minerals can be found 
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TABLE 2 

WEST CAMP MINERALIZATION TYPES 

1. nNormal Sulfidesn: composed of varying mixtures of 

pyrrhotite, pyrite, sphalerite, and galena with very minor 

amounts of fluorite and carbonate gangue. 

2. "Silicate Ores" consisting of the abovementioned 

sulfides in a calcium-iron-silicate skarn dominated by; 

manganoan-fayalite, manganoan-clinopyroxene, ilvaite, 

hisingerite, and chlorite. Rhodochrosite, quartz, and 

fluorite are distinctive gangue ingredients. 

3. "Calc-Silicate Skarn Ore" consisting of 

sulfide assemblage in a gangue of calc-silicates 

tremolite, diopside, garnet, vesuvianite, 

rhodonite-pyroxmangite with abundant fluorite. 

the normal 

including 

and/or 

4. "Veinlet Mineralization" 

veinlets which cut across 

mineralization. 

consisting of calcite-sulfide 

silicate and normal sulfide 

5. "Gypsum Ores" composed of normal sulfides with a gypsum 

gangue. Of very limited extent, these locally contain minor 

amounts of gold. 

6. "Disseminated Mineralization": consisting of small 

grains of the normal sulfides sparsely disseminated in 

limestone. Of very limited distribution in the upper levels 

of the camp. 
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TABLE 3 

EAST CAMP HINERALXZATION TYPES 

1. "Skarn Ores" consisting of the normal sulfide 

assemblage in a mixture of calc-silicates dominated by: 

manganoan-hedenbergite, andradite-grossular garnet, 

tremolite, actinolite, cumminqtonite, epidote, and 

vesuvianite, with chlorite, calcite, fluorite, and quartz. 

2. "Normal Sulfides": composed of varying mixtures of 

pyrrhotite, pyrite, sphalerite, and galena with very minor 

amounts of fluorite and carbonate gangue. 

3. "Tin Ores" consisting of cassiterite with accompanying 

wolframite in a gangue of mixed lead, zinc, and iron oxides 

containing sparse topaz, quartz and tourmaline. 

4. "Veinlet Mineralization" consisting of 

quartz-magnetite, quartz-pyrarqyrite-proustite, and 

quartz-calcite-fluorite-sulfide veinlets which cut across 

skarn and normal sulfide mineralization. 



181 

TABLE 4 

NORMAL SULFIDE ASSAYS 

1 2 3 4 5 6 7 

Aq (ppm) 230 170-420 250-300 500-1000 NA NA NA 

Pb (%) 12 8-25 12 4 12.7 13 3 

Zn (%) 11 5-19 12 4 10.3 11 6 

Fe (t) 30 33-38 12 25 36 32 20 

As (t) NA NA NA NA 1.3 1.5 1 

Mn (%) 0.3 NA NA NA 1 NA INA 

S (t) 24 NA NA NA 28.1 33 30 

cao (t) 5 1-3 NA NA 1.5 4 15 

Si02 (t)" 6 NA NA NA 2.2 4 20 

Explanation: 

1: Averaqe of stope mininq assays, incl. limestone dilution 
(Hewitt, 1968) 

2: stope channel sample averaqe (Hewitt, 1968) 
3: calculated averaqe for normal sulfides in southern 

West Camp (Hewitt, 1968) 
4: Calculated averaqe for normal sulfides in northern 

West Camp (Hewitt, 1968) 
5: Production stope averaqe (Prescott, 1916) 
6: Calculated averaqe for normal sulfides in southern 

7: 
West Camp (Prescott, 1916) 
calculated averaqe for normal 
West Camp (Prescott, 1916) 

sulfides in northern 
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Figure 60. Photomicrograph showing aligned pyrrhotite (p) 

blebs in sphalerite (s). These appear to lie along cleavage 

planes in the sphalerite and may be a replacement phenomenon 

analogous to "chalcopyrite disease" (Barton and Bethke, 

1987). Potosi Mine, J-North Trend, 1210m elevation. 

(Reflected light, Field of view is 4mm). 
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in polished section, but acanthite or 

tetrahedrite-freibergite locally occur as inclusions in 

galena (Ebbutt, 1947: Brown, 1952). Late, discrete acanthite 

(pseudomorphous after argentite), pyrarqyrite and polybasite 

are also known (Megaw, 1986a) (Appendix B). Gold is present 

in widely scattered areas. Calcite, dolomite, and fluorite 

are the principal gangue minerals, with quartz only becoming 

important in the upper parts of the camp (Prescott, 1916). 

Grainsize ranges from Imm to Scm and varies widely on 

local and orebody-wide scales. Large-scale, coarse banding, 

consisting of nearly mono-mineralic sulfide layers that 

apparently cut across other sulfide layers, is common in 

mantos but is much less common in the chimneys (Hewitt, 

1968). Fine-scale mineralogical banding is common in both 

mantos and chimneys. Although this banding is locally 

parallel to the walls of the orebody, especially in mantos, 

on a stope-wide scale the banding in both mantos and 

chimneys is highly complex and bears no relation to the 

enclosing wallrocks (Hewitt, 1968). 

Polished sections reveal equant mosaic or interlocking 

textures between anhedral or subhedral grains with mutual 

embayments between individual sulfide species (Figs. 61, 

62). Repeated mutual embayments are between individual 

sulfide bands are locally common (Fig. 63). 

The iron sulfide species change systematically with depth 

and location in the normal sulfide ores (Spurr, 1911). 

Pyrite, both as primary euhedra and as pseudomorphs after 
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Figure 61. Photomicrograph of jigsaw-textured intergrowths 

of sphalerite (S), galena (G), and pyrrhotite (P). Note 

fine-grained chalcopyrite (brassy yellow) inclusions 

[chalcopyrite disease] in the sphalerite. Fluorite (black) 

lies between the sulfides. Potosi Mine, Chorro Chimney, 

1210m elevation. (Reflected light, Field of view is 4mm.) 
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Figure 62. Photomicrograph showing sphalerite (s) replacing 

galena (g). Note a tendency for sphalerite to invade 

cleavage planes. Potosi Mine, Q-Denis Trend, 

elevation. (Reflected light, Field of view is lmm). 

along 

1110m 
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Figure 63. Photomicrograph showing contact between pyrite 

(PY) , galena (G), and sphalerite (S) replacing 

recrystallized limestone (L). The galena appears to be 

replaced by pyrite and replace sphalerite. Potosi Mine, 

Milionaria Breccia, J-North Trend, 1210m elevation. 

(Reflected and transmitted light, Field of view is 2mrn). 
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pyrrhotite, predominates in the orebodies above 1630m 

elevation and throughout the northern west Camp (Prescott, 

1916), but pyrrhotite content increases gradually to the 

south and below 1630m until it becomes 

1403-1342m elevation. Most pyrite 

dominant at 

found below 

about 

this 

transition occurs as fracture-controlled replacements 

(Ebbutt, 1947), as pseudomorphs after euhedral pyrrhotite 

(Megaw, 1986a), and as a distinctive "zebra-stripe" 

replacement after pyrrhotite (Fig. 64). These zebra-stripe 

replacements are commonly associated with euhedral pyrite, 

which also appears to replace pyrrhotite. The principal 

occurrence of euhedral primary pyrite in the deep ores is 

within, and around the Condesa and Matona Br~ccia orebodies 

(Fig. 65). This pyrite occurs with and without pyrrhotite 

(Padilla, 1987). Marcasite occurs locally, replacing both 

pyrrhotite and pyrite. Native sulfur has been rarely found 

on pyrite with no apparent reaction between them. 

Evidence for replacement is common. Many workers have 

noted undisplaced nodular chert and shale beds that pass 

undisturbed from limestone wallrocks through massive sulfide 

ore and back into limestone and fossils replaced by sulfides 

(Spurr, 1911; Prescott, 1916 and 1926; Hewitt, 1968; and de 

la Fuente, 1969) (Figs. 66, 67). Partial replacement of 

individual limestone fragments and calcite matrix in 

breccia-hosted orebodies is common 

(Miranda and Megaw, 1986; Megaw and 

Brown (1952) noted that normal 

dolomitic-limestone-hosted manto 

(Figs. 18, 20, 40) 

Miranda, 1988, 1989). 

sulfides in one 

contained tiny 



188 

Figure 64. Photomicrograph showing sphalerite (s) replacing 

pyrrhotite (p) and galena (g). The galena is also replacing 

the pyrrhotite. The pyrrhotite shows "zebra-stripe" 

replacement by pyrite (py). Buena Tierra Mine, Potosi Trend, 

1340m elevation. (Reflected light, Field of View is 3mm). 



Figure 65. Photomicrograph 

pyrite (Py), galena (g) and 

showing 

sphalerite 

189 

mutually intergrown 

(s). There is no 

evidence for the former presence of pyrrhotite here. Potosi 

Mine, core of the Condesa Breccia, 1160m elevation. 

(Reflected light, Field of view is 2mm). 



of normal 

layer in 

Ore is 

Figure 66. Close-up 

crossing thin shaly 

disruption of the shale. 

190 

sulfide mineralization 

the Benigno Fm without 

composed of pyrrhotite, 

galena, and sphalerite. 

1060m elevation. 

Buena Tierra Mine, Chorro Trend, 
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Figure 67. View of 2cm thick shale layer passing from 

limestone (Is) through sulfides without disruption. Ore is 

composed of pyrrhotite, sphalerite, and galena. Potosi 

Mine, J-North Trend, approximately 1185m elevation. Pry bar 

is O.5m long. 
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dolomite-lined cavities that occurred in patterns identical 

to similar dolomite-lined cavities in the host bed. Both 

felsite and diabase sills are locally replaced along their 

margins also. 

Evidence for open-space filling is much less common in the 

normal sulfide ores. Open vugs, often lined with 

spectacular crystals of ore sulfides and gangue minerals 

(Megaw, 1986a), are common throughout the district, but 

appear to be local voids within otherwise massive ores. 

Large areas of crustified ores are relatively rare (Hewitt, 

1968), and only two minor examples were found during this 

study. 

controvery has long centered on the relative importance of 

replacement versus open-space filling in the sulfide ores 

(Prescott, 1916: Hewitt, 1968: Callahan, 1977: Megaw and 

others, 1988). Most of the arguments are based on a 

combination of orebody morphology and the mineral textures 

seen in the normal sulfide ores. Orebody morphology is not 

definitive (See Chapter 4) but the abundance of replacement 

textures versus the paucity of open-space filling textures 

indicates that replacement was dominant. The "collapse" 

phenomenon described by Clendenin (1933) and Hewitt (1968) 

appears to be good evidence for replacement of limestone by 

sulfide and that replacement was accompanied by volume 

reduction. 



Silicate Ores 

The West Camp contains a number of distinctive 

calcium-iron-silicate skarn bodies referred to as "Silicate 

Ores" in the district (Prescott, 1916; Hewitt, 1968; de la 

Fuente, 1969). This terminology will be continued to allow 

distinction from the calc-silicate skarns of the East Camp. 

The silicate orebodies largely contain the same sulfide 

species as the normal sulfide ores, but they are distinctly 

richer in silver (Prescott, 1916; de la Fuente, 1969). 

CUrrent high-grade silicate ore production averages: 7.6% 

Pb; 4.2% Zn; and 120 ppm Ag (Ing. R. Tarin, 1988, oral 

comm.). Unlike the normal sulfides, the silicate ores 

contain trace amounts of tin, tungsten, and boron (Appendix 

B). 

The silicate bodies are composed of a fine-grained mixture 

of anhydrous and hydrous calcic-iron silicates. The 

anhydrous assemblage is dominated by manganoan-hedenbergite 

and manganoan-fayalite (Appendix B). Microprobe analyses (L. 

Meinert, written comm., 1987) and wet-chemical analyses 

(Prescott, 1916) of the manganese-rich olivines are 

presented in Appendix C. These show a variation in manganese 

content from 15% to nearly 25%, with iron varying inversely 

from 45% to 55%. 

The anhydrous silicates appear to have formed first and 

were replaced by the hydrous silicates: ilvaite and 

chlorite; accompanied by rhodochrosite and quartz (Ebbutt, 
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1947). Pyrrhotite, galena, and sphalerite, occur between 

bands in the hydrous assemblage and replace both the 

anhydrous and hydrous silicates (Figs. 68, 69). Pyrite, 

arsenopyrite, chalcopyrite, realgar, silver sulfosalts, and 

an extensive suite of unusual silicate, oxide, and gangue 

minerals also occur in the abundant vugs between hydrous 

mineral bands (Appendix B). Fluorite is especially common in 

the late vugs. 

The silicate ores commonly show compositional banding 

consisting of layers of the abovementioned anhydrous and 

hydrous silicates. unmineralized limestone blocks within 

the silicate bodies are locally surrounded by concentric 

bands of silicates, but elsewhere the banding is highly 

contorted and bears no relationship to the wallrocks. Like 

the normal sulfide ores, the silicate bodies have 

razor-sharp contacts with their enclosing limestone wall 

rocks (Prescott, 1916). 

The silicate bodies occur as both mantos and chimneys 

along, and separate from, the principal normal 

sulfide-hosting ore trends. The majority of the silicate 

orebodies occur in the Potosi Mine at, and extending above, 

1450-1510m elevation, approximately coincident with the 

lower member of the Finlay Limestone (Prescott, 1916) (Fig. 

27). However, minor silicate bodies occur in the Buena 

Tierra Mine at 1340m elevation on the Penoles Trend (Fig. 

32), and within elongate mantos at 1810, 1730, and 1590m 
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Figure 68. Slab of silicate ore from the Main Silicate 

Orebody (Fig. 29), showing alteration of the anhydrous 

assemblage fayalite+hedenbergite (upper black zone) by the 

hydrous assemblage chlorite+ilvaite+quartz (banded green and 

grey). Pods of sulfides (S) occur only within the hydrous 

bands. From the Potosi Mine lS10m elevation. Knife is 

8.Scm long. 
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Figure 69. Photomicrograph 

silicates (blue-grey). Note 

and pyrite (Py) replacing 

of pyrrhotite (p) replacing 

reaction rim 

pyrrhotite 

Potosi Mine, Main Silicate Body, 

(Reflected light, Field of view 2mm). 

between the two, 

along fractures. 

1510m elevation. 
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elevation near the Velardena Shaft (Hewitt, 1968). In all 

cases the silicate bodies lie at least 350m above the 

nearest felsite dikes or sills. 

The silicate orebodies exist both separate from, and 

intimately associated with, normal sulfide ores. The 

Inglaterra Silicate Body sits atop massive sulfide ores of 

the Condesa Chimney which connects at depth to the Condesa 

Breccia (Fig. 36) (Miranda and Megaw, 1986; Megaw and 

Miranda, 1988). The Main Silicate Body also sits atop a 

massive sulfide chimney that extends downward from the base 

of the silicates to below 1340m elevation in the Potosi Mine 

(Fig. 29). Clendenin (1933) noted that silicate ores in the 

upper levels of the the Buena Tierra Mine appeared abruptly 

along the walls of sulfide mantos and gradually enlarged 

until they occupied the entire orebody. In one case these 

silicates terminated mineralization, 

sulfide mineralization resumed and 

distance. 

whereas 

continued 

in another 

for some 

The core of the Tunel Orebody (Fig. 33) is a breccia 

consisting of large blocks of limestone and banded silicates 

wi th sequential crusts of euhedral quartz, sul fide, 

pyrargyrite, and calcite crystals filling the vugs between 

the breccia fragments. Many of the concentrically banded 

silicate blocks have unmineralized limestone cores. Very 

coarse-grained sphalerite-dominant normal sulfide mantos 

2-8m thick, with no, or minor, silicate gangue surround the 

silicate-mineralized breccia zone. 
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Calc-Silicate Skarn 

The Matona 

(Fig. 35) 

chimney of the nun Zone (de la Fuente, 1969) 

is overwhelmingly composed of breccia-hosted 

normal sulfide ores, but small pods of calc-silicate skarn, 

composed of tremolite, actinolite, diopside, and garnet, 

with a gangue of manganoan-calcite, and fluorite occur in 

the deepest part of the core of the Matona Breccia (Padilla, 

1987). The actinolite appears to replace the tremolite 

(Padilla, 1987). Rhodonite-pyroxmangite skarn occurs as 

isolated pods in the lowermost portions of the chimney, 

outside the core zone (de la Fuente, 1969). Galena, 

sphalerite, arsenopyrite, pyrite, and pyrrhotite are the 

dominant sulfides in the skarn, with trace amounts of 

chalcopyrite, acanthite, pyrargyrite, and stephanite 

occuring as inclusions in the sphalerite (Padilla, 1987). 

Veinlet Mineralization 

Calcite and calcite-sulfide veinlets, ranging from 1mm to 

25cm in width, cut limestone, felsite, diabase, sulfide and 

silicate ores throughout the West Camp. The most important 

of these lie along the principal ore trends and connect 

individualorebodies (Fig. 47). Myriad 1-5cm thick veinlets 

extend outward from orebodies into the surrounding 

limestone. Clendenin (1933) noted that these were most 

common along the tops of orebodies, and Brown (1952) found 

that many individual veinlets graded outward from 

sulfide-bearing to pure calcite veinlets. Brown also noted 
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that flat-lying pearly calcite veinlets with disseminated 

galena, sphalerite, and pyrrhotite occur peripheral to many 

important massive sulfide orebodies. These veinlets thicken 

towards the orebodies and gradually merge with small mantos 

within a few meters of the principal orebody. 

Gypsum Ores 

"Gypsum ores" were common in the high-level peripheries of 

the west Camp, and marked a change from an iron-oxide 

dominated gangue to one dominated by gypsum, and a change to 

high silver and low lead contents (Hewitt, 1968). Most of 

the gypsum coats oxide minerals and is probably secondary, 

but gypsum has also been found coating unoxidized pyrite, 

sphalerite, galena and fluorite in the west, Ventura, Roy, 

Tunel, and Main Silicate orebodies indicating a hypogene 

origin (Hewitt, 1968: Megaw 1 1986a). Although there are no 

sulfides associated with the giant gypsum crystals in the 

Cave of the Candles (Fig. 70), euhedral purple fluorite 

inclusions occur within this gypsum and may indicate a 

hypogene origin (Megaw, 1986a). 

Disseminated Mineralization 

Pyrite, sphalerite, and galena disseminations in limestone 

wall rocks occur adjacent to major orebodies in extremely 

limited areas throughout the upper levels of the west Camp 

(Clendenin, 1933: Hewitt, 1968). These disseminations only 

occur in apparently highly porous limestone near orebodies 

and are volumetrically and economically insignificant. 
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Figure 70. Giant gypsum crystals in the Cave of the Candles 

(West Camp Ramp). The walls of this cave are lined with 

scalenohedral calcite, sprinkled with purple fluorite and 

coated with snowy gypsum. The largest crystals are over 2m 

in length. (W.P. Panczner photo). 
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EAST CAMP MINERALIZATION 

Calc-silicate Skarn 

The East Camp skarns are composed of a complex intergrowth 

of calc-silicate and sulfide minerals, which are bilaterally 

symmetrically zoned from the San Antonio Dike outwards 

through epidote-chlorite skarn: garnet-hedenbergite skarn: 

masssive sulfides: and limestone. Certain zones may be 

locally absent: most commonly the epidote-chlorite skarn or 

massive sulfides. vertical zoning development occurs over 

hundreds of meters whereas the horizontal zoning is only 

developed over tens of meters (Bond, 1987). 

Within the skarn orebodies, the borders of the felsite 

dikes are converted to a 1-2m wide, compact mass of 

intergrown epidote, chlorite, and quartz with large blebs of 

dark purple fluorite. Arsenopyrite and pyrite are the most 

common sulfides in these dike border skarns. Locally, 

almost the entire dike has been digested leaving small 

masses of felsite engulfed in skarn (Fig. 71). The former 

existence of felsite is inferred in other areas where this 

epidote-chlorite assemblage is found. 

The garnet-hedenbergite skarn is itself zoned from 

garnet-dominated skarn adjacent to the epidote-chlorite 

skarn, to a central subequal garnet-hedenbergite skarn, to 

an outermost hedenbergite-dominant skarn (Hewitt, 1943: 

Maldonado and Megaw, 1983: Bond, 1987). A nearly pure 

hedenbergite zone locally intervenes between the dike and 
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Figure 71. Underground view of one member of the San Antonio 

Felsite Dike (f), 1225m elevation, showing extensive 

digestion of the felsite by skarn. Note felsite remnants 

encompassed by skarn, and sulfides (sparkles) intermingled 

with skarn silicates. The felsite is approximately 6m 

wide. 
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the garnet-rich zone (Maldonado and Megaw, 1983). These 

skarns may have a sharp outer contact with limestone or 

grade into pods of normal sulfide ores. The contact between 

both skarn and normal sulfides with the enclosing limestone 

is either razor-sharp with some minor extensions along 

fractures or bedding planes (Fig. 72), or marked by a narrow 

bleached and recrystallized selvage less than Scm wide 

(Maldonado and Megaw, 1983). 

The earliest calc-silicates appear to have been diopside 

and tremolite with some garnet (Takeda, 1977). Radial, 

fibrous manganoan-hedenbergite to ferroan-johanssenite (L. 

Meinert, written comm., 1987) (Appendix C) appears to have 

followed, forming at the expense of the earlier diopside and 

tremolite (Takeda, 1977). The hedenbergite-johanssenite 

formation was accompanied by the growth of large quantities 

of andraditic garnets with grossularitic cores (Appendix C). 

These were reportedly accompanied by scapolite (Hewitt, 

1943). The garnets are both isotropic and birefringent 

(Takeda, 1977). Some sphalerite and pyrrhotite appear to 

have deposited contemporaneously with the hedenbergite (Fig. 

73). 

Subsequently, the hydrous calc-silicates actinolite, 

cummingtonite, with minor ilvaite replaced most of the 

fibrous clinopyroxene. Quartz and colorless fluorite 

accompanied this with lesser amounts of vesuvianite and 

chlorite (Hewitt, 1943; Takeda, 1977, Bond, 1987). 

-- -------------:------



Figure 72. contact between hedenbergite skarn (sk) and 

limestone (Is), showing skarn along fractures. Note very 

narrow bleached selvage along contact. San Antonio Mine 13R 

stope, l030m elevation. Field is approximately 2m across. 
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Figure 73. Photomicrograph showing intergrowth of pyrrhotite 

(p) and fibrous silicates (sil). San Antonio Mine, 13R 

Stope, 1030m elevation. (Reflected light, Field of view is 

4mm) 
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Arsenopyrite, pyrrhotite and most sphalerite cut and replace 

the anhydrous minerals and occur in the interstices between 

the hydrous minerals (Clanton, 1975; Munoz, 1978a). Pods of 

nearly pure sulfides are also common within the skarn and 

garnet locally replaces sphalerite along fractures in these 

pods. Sphalerite and pyrrhotite locally replace 

arsenopyrite along the contact between the epidote-chlorite 

skarn and garnet-pyroxene skarn (Clanton, 1975). The 

sphalerite contains between 11.8 and 25 wt% FeS and up to 

1.5% manganese (Burnham, 1959; Lees, 1968; Clanton, 1975). 

Chalcopyrite and later sphalerite followed, replacing the 

pyrrhotite and some calc-silicates. Galena was the last ore 

sulfide to form, replacing pyrrhotite, sphalerite, and 

chalcopyrite (Clanton, 1975). Acanthite inclusions have 

locally been found in the galena (Munoz, 1978a). The 

chalcopyrite is also replaced by bornite, covellite, and 

chalcocite (Munoz, 1983). Where garnet-pyroxene skarn is 

mined as ore it averages: 71 ppm Ag; 1% Pb; 7% Zn; and <1% 

CU. Byproduct metals from these ores include Cd, In, Bi, and 

Au (Bond, 1987). 

Pyrite is the dominant iron-sulfide above the 8th Level 

(Hewitt, 1943), and was deposited as both a primary phase, 

and as a replacement of pyrrhotite. Pyrite pseudomorphs 

after euhedral pyrrhotite crystals, up to 30cm in diameter, 

were found during this study. Euhedral marcasite appears to 

have formed last, replacing both pyrrhotite and pyrite. 

Colloform marcasite has also been found replaced by both 

pyrite and pyrrhotite (Takeda, 1977). Late, rare cinnabar, 
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stibnite, realqar, and orpiment have also been found in the 

skarns (Meqaw, 1986a). Axinite has been reported cuttinq 

sulfides and calc-silicates in two places deep in the mine 

(Takeda, 1977). 

The skarn ores typically show bandinq parallel to the 

felsite dike marqins in the epidote-chlorite skarn, but 

bandinq in the qarnet-pyroxene skarn tends to be parallel to 

the enclosinq limestone contact. Larqe blocks of 

unmineralized limestone occur within the skarn, and locally 

have concentrically banded sulfides and silicates 

surroundinq them (Bond, 1987). Larqe areas of contorted 

bandinq are also common. Isolated vuqs with sequential 

concentric fillinqs of sulfides, quartz, and calcite are 

common within the skarns, but their bandinq appears to show 

no relationship to bandinq in the surrounding 

wallrock contacts. As is seen in the West 

skarn or to 

Camp sulfide 

ores, undisturbed shaly horizons and chert nodules are found 

surrounded by ore (Hewitt, 1943: Maldonado, 1979). 

That skarns form by metasomatic replacement seems 

qenerally accepted (Lindqren, 1933: Einaudi and others, 

1981: Einaudi and Burt, 1982: Meinert, 1987). Johnson and 

Norton (1985) concluded that open spaces are actually 

unfavorable places for skarn formation because diffusion of 

ions throuqh fluid-filled openinqs is too slow to allow 

skarn formation over qeologically reasonable time spans. 
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Holland and Malinin (1979) suggest that local open-space 

filling in skarns occurs when incompletely silicated 

limestone blocks are dissolved late in skarn formation, 

creating vugs that later fill with sulfide and gangue 

minerals. 

Normal Sulfide Ores 

The normal sulfide ores in the East Camp consist of both 

pods and mantos (Fig. 55) and these ores account for 

approximately 20% of the East Camp's production (Maldonado 

and Megaw, 1983). The average grade of East Camp normal 

sulfides is . . 177 ppm Ag: 5% Pb: 8% Zn, and 0.1-0.2% CU 

(Walter, 1985). Podiform orebodies are the more abundant, 

and generally occur as tabular bodies of sphalerite and 

pyrite or pyrrhotite (+/- galena) between skarn and the 

enclosing limestone. Many consist almost exclusively of 

sphalerite with minor amounts of carbonate gangue and traces 

of calc-silicates. Mantos are uncommon in the San Antonio 

Mine, but appear identical to those of the West Camp. They 

consist principally of galena and pyrrhotite with minor 

sphalerite (Maldonado, 1979). No calc-silicates occur in the 

mantos. Crude horizontal mineralogical banding parallel to 

the enclosing limestone is common (Bond, 1987). 

Tin-bearing Ores 

Tin values are widely but erratically, distributed 

throughout the San Antonio Mine skarns (Munoz, 1978b) but 

the only productive tin orebodies were the Tin Chimney, the 



Cock's Orebody, and a series of tin-bearing replacement 

veins collectively referred to as the Dolores Fissures 

(Hewitt, 1943). These orebodies lie between 1200m elevation 

and the surface (Fig. 53): entirely within the zone of 

near-complete oxidation. They carried tin grades ranging up 

to 2% and total production was 400,000 tons of ore averaging 

1% Sn (Hewitt, 1943). Both the Tin Chimney and the Cock's 

Orebody were rooted in massive garnet-pyroxene skarn, which 

had tin grades below 0.1%. Mill concentrates from these 

orebodies contained: cassiterite, fluorite, ilmenite, 

muscovite, tourmaline, hematite, magnetite, topaz, 

orthoclase, wolframite, columbite, and franklinite (Hewitt, 

1943: Takeda, 1977). The cassiterite occured as tiny 

euhedral crystals (Hewitt, 1943). 

Although all the tin orebodies produced significant 

quantities of cassiterite-bearing lead-zinc-silver oxides, 

significant mineralogical contrasts in overall mineralogy 

and zonation are apparent between them. The Tin Chimney was 

remarkably unzoned and silicate-poor; isolated pods of 

calc-silicates were found, but lacked systematic 

distribution (Hewitt, 1943). In contrast, the Cock's Orebody 

had a shell of calc-silicates that surrounded a central 

orebody that was zoned upwards from silver-lead oxides, 

through lead-vanadium oxides, and finishing in 

silver-Iead-tin oxides. Hewitt (1943) reported an inward 

zoning of: limestone; garnet; garnet-tremolite-hedenbergite; 

hedenbergite: jasperoid: oxide ores. The body yielded 700 

tons of vanadium as vanadinite-descloizite sands. Hewitt 
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(1943) found that hedenbergite and sphalerite in the area of 

the Cock's Orebody contained between 0.25 to 0.5% V, and 

0.3% V respectively. The Dolores Fissures were completely 

silicate and fluorite-free with very uniform tin 

distribution and showed no discernible vertical or lateral 

zonation. 

veinlet Mineralization 

Skarn and sulfide mineralization in the San Antonio mine 

is cut by magnetite-franklinite-quartz veins, 

quartz-pyrarqyrite-proustite veins, and 

quartz-cal cite-fluorite +/- sulfide veins. None has ever 

been exploited. The magnetite-franklinite-quartz veins cut 

both skarn and massive sulfides throughout the vertical 

range of mineralization (Hewitt, 1943~ Munoz, 1978b and 

1983~ Bond, 1987), but the assemblage also occurs 

interstitial to silicates in a few areas. The 

magnetite-franklinite locally replaces sphalerite but most 

commonly occurs as a fracture or vug filling covered by 

quartz. Specular hematite replaces this 

magnetite-franklinite in many places. The 

quartz-pyrarqyrite-proustite veins cut silicate and sulfide 

mineralization as well as the magnetite-franklinite-quartz 

veins (Munoz, 1979~ Torres, 1982). This quartz-ruby silver 

mineralization occurs only in the deeper parts of the mine 

and increases in abundance towards the south end of the 
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mine. The quartz-calcite-fluorite 

ubiquitous throughout the mine. 

+/- sulfide veins are 

They are throughgoing 

features with coarse euhedral sulfide crystals locally 

studding their margins. 

Oxide Ores 

The earliest exploitation at santa Eulalia focused on the 

numerous oxide orebodies of the district. This included 

many small peripheral mines which are now largely 

inaccessible and have little literature describing them. 

What data do exist, coupled with dump examination, indicates 

that most of these mines produced oxide ores similar to 

those of the major west Camp mines and the San Antonio Mine. 

Exceptions to this are the ores of the ventura and Carmen 

mines of the west Camp, and the small mines of the southern 

East Camp which contained several ppm gold (Knapp, 1906; 

Hewitt, written comm. 1985) (Plate 3). Discussion will be 

limited to the well-described oxide ores of the principal 

mines. 

The San Antonio ores are almost completely oxidized down 

to the water table, which lies approximately 400m below the 

surface at 1225m elevation (Fig. 53) (Maldonado, 1979). They 

dominantly consisted of cerussite, anglesite, hemimorphite, 

and smithsonite with a gangue of iron and manganese oxides 

and fine to coarse-grained quartz and calcite. Relict 

fibrous pyroxene textures preserved 

unoxidizable pods of fluorite and 

sulfides and silicates that escaped 

as iron oxides; 

quartz; and pods 0 f 

oxidation show that 
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these ores were originally skarn. The oxides show a 

distinct vertical zonation from the surface down to the 

water table from: cerussite-anglesite-wulfenite-mimetite 

(above 1320m elevation), to cerussite-hemimorphite (between 

1320 and 1260m elevation), and hemimorphite-smithsonite (at 

1225m elevation). There is an abrupt transition from 

oxidized to primary ores at the water table where 

smithsonite occurs coating unaltered sphalerite (Megaw, 

1986a). 

The west Camp mines are all above the water table, but the 

depth of oxidation is highly variable. Sulfide ores locally 

lie directly below the Capping Series, whereas in other 

areas, complete oxidation extends 750m below the surface. 

The erratic depth of oxidation apparently reflects 

variations in the thickness of the covering Capping Series 

and the location of fractures which cut it (Hewitt, 1968). 

The oxidation of the west Camp normal sulfide ores left 

orebodies composed of cerussite, anglesite, hemimorphite, 

mimetite, smithsonite, and silver halides with abundant 

iron-manganese oxides, polymorphic calcite, and fine to 

coarse-grained quartz (Prescott, 1916). The oxide ores 

commonly showed distinct compositional layering consisting 

of layers of nearly pure cerussite overlying layers of 

siliceous iron oxides and wad (Prescott, 1916). Prescott 

(1916) compared oxide ores throughout the upper levels of 

the West Camp to their contained remnant sulfides and found 

that: Zn, Fe, and S were effectively leached during 
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oxidation; CaO and silica were added; and Ag, Pb, As, and Mn 

remained relatively constant (Table 5), although silver 

appears to be locally enriched. Prescott (1916) 

demonstrated that the lowest Zn values marked the courses 

followed by the oxidizing waters. He noted that these 

watercourses were lined with gypsum and suggested that some 

of the lost sulfur became reprecipitated as sulfate, but he 

was puzzled about the ultimate repository for the leached 

zinc. The large bodies of hemimorphite, found in deeper 

workings after Prescott's time, are probably this 

repository. 

Prescott (1916) noted that the oxide ores were highly 

siliceous, especially in the northern West Camp, and further 

noted that neither the oxidation watercourses nor the 

wallrocks surrounding orebodies were silicified. Quartz is 

volumetrically insignificant in the bulk of the normal 

sulfides throughout the West Camp (Ebbutt, 1947), and no 

extensive zones of silicified limestone have ever been found 

near primary mineralization (Hewitt, 1968). Barry (1931) 

noted an upward increase in crystalline quartz content 

between chimneys and their associated mantos and there is 

abundant quartz in the very high level Tunel Orebody. These 

data suggest that fine and coarse-grained quartz was 

preferentially deposited in the upper parts of the system. 



TABLE 5 

OXIDE ORE ASSAYS 

8 9 10 11 

Ag (ppm) 495 5320 250-500 NA 

Pb (%) 0.8 3.1 13.9 4.4 

Zn (%) 1.8 3 1.8 1.5 

Fe (%) 7.3 11.9 28.5 10 

As (%) NA NA 1 0 

Mn (%) 31.2 NA 1.5 1.5 

S (%) 1.5 NA 1.5 1 

CaO (%) NA 13.6 6.1 23.8 

Si02 (%) 34.3 24.8 19.6 19 

Explanation: 

8: Calculated average for oxides derived from normal 
sulfides in northern concentration (Hewitt, 1968). 

9: Calculated average for silver-rich oxides derived 
from normal sulf~des in northern concentration 
(Hewitt, 1968). 

10: Calculated average for oxides derived from normal 
sulfides in southern concentration (Prescott, 1916). 

11: Calculated average for oxides derived from normal 
sulfides in northern concentration (Prescott, 1916). 
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ARGENTIFEROUS MANGANESE-OXIDE MI~ZATION (AMOM) 

Introduction 

The mineralized areas of the East and West Camps are 

surrounded by non-overlapping, discontinuous halos of 

Arqentiferous Manganese-Oxide Mineralization, referred to as 

"AMOM" (Megaw, 1986c, 1987) (Plate 3). Limestone-hosted AMOM 

locally has high silver grades (>50ppm; Appendix D) and has 

long been mined as smelter flux (Fig. 74) (Spurr, 1911; 

Hewitt, 1968; Torres and Munoz, 1981; Pena, 1988). 

Widespread areas of low-silver AMOM lie beyond the mineable 

zones (Plate 3), so AMOM can best be considered transitional 

between mineralization and alteration (Megaw, 1986c; 1987; 

Bond, 1987). 

AMOM is also widely developed in the capping volcanic 

section throughout the West and East Camps: it principally 

overlies zones of major orebodies (Plate 3). Its development 

is more spatially restricted than that of limestone-hosted 

AMOM, and it dominantly occurs as narrow fillings and 

coatings on NE-trending fractures. It has been mined in 

several places where the fillings exceed 0.5m in width (Fig. 

75) (Rice, 1908). 

Limestone-Hosted AMOM 

Composition 

X-Ray diffraction analysis shows that limestone-hosted 

AMOM consists dominantly of pyrolusite, coronadite, and 
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Figure 74. View looking down on Barrios AMOM Flux pit in 

eastern West Camp. AMOM production has come from a single 

thick bed capped by unaltered limestone (1) and overlain by 

capping series volcanic rocks (C) (Figs. 12, 13). Projection 

of Bustillos Trend (BT) runs through extreme lower left of 

Photo (Fig. 26). opening is 8m high. 
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Figure 75. View looking north at AMOM vein cutting T1 member 

of the Capping series. Note limestone outcrop (1) in upper 

left. This AMOM vein has been followed downward to its 

connection with a large limestone-hosted manto. Sample 

PM-112 was taken here (Plate 3), and yielded: 3S0ppm Ag; 

6.5% Pb; 1.08% Zn; and 14.4% Fe. 
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hollandite (Appendix 0) which occur as fracture fillings, 

and dendritic or very fine-grained (1-15 micrometers) 

intergranular disseminations surrounding the fractures (Fig. 

76). No manganese carbonates have been identified in XRD 

analyses of whole-rock AMOM (Appendix 0). The AMOM-altered 

limestones are progressively stained from shades of dark 

gray to black on or near the fractures and dendrites: to red 

and pink colors in the disseminated zones (Fig. 52). The 

blackest AMOM contains about 3% total manganese, whereas the 

red and pink-stained limestones contain 1.9% total 

manganese, or less (Bond, 1987). 

Pyrarqyrite-proustite and native silver provide the 

silver-values, with pyrite, marcasite, galena, sphalerite, 

chalcopyrite, and covellite occurring in significant, but 

sub-economic concentrations (Fig. 77) (Torres and Munoz, 

1981). The native silver, sulfides, and sulfosalts generally 

occur as very fine-grained (1-15 micrometers) disseminations 

within the manganese oxide impregnated zones, but some 

native silver has been found filling minute pores in the 

limestone, and crystallized on the edges of Mn-oxide 

dendrites (Torres and Munoz, 1981). Coarse-grained galena, 

to 0.5 em, occurs locally in AMOM in, and around, the 

Parcionera Breccia. 

AMOM containing between 35 and 1500 ppm silver occurs 

within 9-15 m of major orebodies with the silver content 

decreasing progressively away from orebodies (Spurr, 1911). 

Spurr further found that silver values diminish with depth, 
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Figure 76. Photomicrograph of Argentiferous Manganese-Oxide 

Mineralization (AMOM) dendrites along fractures in 

recrystallized limestone from Pareionera Manto zone. 

(Plane-light, Field of view is 1 em) 
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Figure 77. Photomicrograph of Argentiferous Manganese-Oxide 

Mineralization (AMOM) dendrite showing intimate mixture of 

pyrolusite and pyrite. (Reflected light, Field of view is 

2~) 
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whereas manganese increases. He also found that silver and 

manganese are not necessarily co-extensive. Blue-gray, 

manganese-oxide-free limestone containing up to 600 ppm 

silver occurs in the uppermost levels of the Purisima 

chimney, whereas black and red, manganese-oxide-rich, 

limestones lower in the chimney average less than 250 ppm 

silver (Spurr, 1911). 

Textures 

In most places, AMOM is non-destructive and faithfully 

preserves fossils and stylolites. In the Sin Nombre #6 

Shaft area above the Parcionera Manto (Plate 3), AMOM 

textures are complex and show parallel concentric dendrites 

superimposed on a radial fibrous carbonate texture (Fig. 

78). Fossil fragments are common throughout this material in 

positions identical to those in the surrounding, unaltered 

limestone (Fig. 79). 

Occurrence and Distribution 

The best developed AMOM occurs almost exclusively in the 

Finlay Limestone adjacent to, above, and/or below oxidized 

normal sulfide mantos and chimneys, silicate bodies, and 

skarns that lie within 400m of the surface (Spurr, 1911: 

Meqaw, 1986c, 1987). However, minor amounts of AMOM have 

been found in the San Antonio Mine adjacent to unoxidized 

ores hosted by the Lagrima Formation and oxide ores in the 

basal limestone Capping Series conglomerate (Bond, 1987). 
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Figure 78. View of radial and concentric textures in 

well-developed Argentiferous Manganese-Oxide Mineralization 

(AMOM) in sin Nombre zone (Plate 3). Note chert nodule in 

lower left center. Hammer is 40cm long. sample 207-3 was 

taken here and assayed: 32ppm Ag; 0.09% Pb; 0.15% Zn; NO eu; 

and 0.9% Fe. 
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Figure 79. Close-up view of margin of outcrop shown in Fig. 

78 showing dendritic, banded Argentiferous Manganese-oxide 

Mineralization (AMOM). Note fossil fragments at tip of 

pencil, these are in identical positions to fossil fragments 

in unaltered limestone 3m distant. Pencil is 7cm long. 
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AMOM is almost pervasive throughout the upper levels of the 

district where orebodies are very closely spaced, but 

becomes more selective in the peripheral areas and is 

limited to specific strata (Torres and Munoz, 1981). AMOM 

commonly occurs as widespread mantos occupying the same 

strata as sulfide mineralization, but does not necessarily 

follow the orebodies or the orebody trends. Elsewhere, the 

AMOM follows the trends, but occurs in strata above or below 

those containing ore mineralization (Spurr, 1911; Clendenin, 

1933). Progressively weaker AMOM occurs along fractures, 

caves, and minor solution zones in the Finlay Limestone for 

distances up to 2 km from known mineralization (Plate 3) 

(Fig. 10). 

In the Parcionera Manto area (Plate 3), AMOM occurs 

adjacent to the manto itself and in a series of individual 

beds lying above the manto (Fig. 80). Figures 41 and 42 show 

that the same beds that preferentially hosted the manto 

orebody, are some of the principal beds affected by AMOM. 

The strongest AMOM occurs at the AMOM-manto contact where 

AMOM cuts across bedding, chert horizons, and stylolites. 

Thirty five meters north of the manto, the AMOM no longer 

transgresses stratigraphy and has become restricted to a 

series of individual strata marked by stylolites on their 

upper and lower margins (Figs. 81, 82). Some of these AMOM 

mantos can be traced over 500m from the stope (Benham, 1929) 

and show a very gradual outward diminishment of AMOM 

intensity. In thin section, the stylolites are seen to be 

marked by thin clay layers surrounded by selvages of 
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Figure 80. View looking north from the santa Rita Shaft 

(Plate 3) at major Argentiferous Manganese-Oxide 

Mineralization (AMOM) zone around Sin Nombre #6 Shaft (dump 

at upper right). Bedding is nearly flat, and AMOM 

transgresses bedding. Samples #207-3 and 207-4 were taken 

from here: #207-3 assayed: 32ppm Ag: 0.09% Pb: 0.15% Zni NC 

CUi and 0.9% Fe. #207-4 assayed: 43ppm Agi 0.24% Pbi 0.4% 

Zni NO CUi and 1.1% Fe. 
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Figure 81. Argentiferous Manganese-oxide Mineralization 

(AMOM) manto approximately SOm north of Parcionera Manto 

outcrop (Fig. 42). Note unaffected limestone above and below 

AMOM zone, and thin unaffected zone in center. This latter 

follows a stylolite, and other stylolites lie along the 

upper and lower margins of the AMOM (Fig. 82). AMOM manto is 

2m thick. 
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Figure 82. Close up of lower contact of Argentiferous 

Manganese-Oxide Mineralization (AMOM) manto above. Note 

stylolite about 2cm below limit of AMOM and diminishment of 

AMOM near the stylolite. Also note lack of AMOM along 

fractures that cut the stylolite. Knife is a.Scm long. 
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finer-grained, less porous carbonate than the surrounding 

rock. The AMOM comes within 2 em of these stylolites, but 

rarely reaches or cross-cuts them. Only along relatively 

large fractures does the AMOM cross the stylolites. But 

even along these fractures, AMOM diminishes within 5 em of 

the other side of the stylolite. Some stylolites within the 

AMOM mantos remain unaffected (Fig. 81). 

East Camp AMOM is well 

the San Antonio Graben, 

Dinamita Graben in the 

Josefina Shafts (Plate 3) 

Geochemistry 

developed along the West Fault of 

and along both faults of the 

area between the Dinamita and 

Anomalous amounts of Ag, Pb, Zn, CU, Cd, MD, Fe, and Ba 

have been qualitatively detected in limestone-hosted AMOM by 

argon-plasma spectrophotometry (Megaw, 1987), and 

quantitatively measured by atomic absorption and neutron 

activation analysis (Bond, 1987: this study) (Appendix D). 

In addition, the East Camp AMOM contains anomalous amounts 

of V, Cd, Co, Ni, and Bi (Bond, 1987). These elements are 

also found in higher concentrations in East Camp ores than 

West Camp ores (Burnham, 1959: Bond, 1987). All these values 

drop to background amounts immediately upon crossing the 

visually distinct contact between AMOM and surrounding 

limestone (Megaw, 1987). 
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Volcanic-Hosted AMOM 

Composition 

X-Ray diffraction analysis shows that volcanic-hosted 

manganese-oxide mineralization includes: hollandite; 

ramsdellite; coronadite; pyrolusite; todorokitei 

hetaerolite: groutite; and nsutite. Abundant hematite, 

goethite, quartz, and calcite, are also present accompanied 

by minor amounts of galena, pyrite, fizelyite, and 

plagionite. Traces of possible raspite were also found 

(Megaw, 1986a). Grades vary, but assays of veinlet fillings 

exceeding 25 ppm silver and 0.5% lead are common (Appendix 

D). 

Occurrence and Distribution 

In the west Camp, the volcanic-hosted AMOM preferentially 

affects the Capping series members that lie below the 

lowermost fine-grained andesitic tuff bed [T-2] (Figs. 7, 

83). Fractures cutting from limestone through T-l to C-2 

contain AMOM to the base of unit T-2, but no higher. 

Fractures that cut T-2 locally have bleached margins, but no 

AMOM. 

The AMOM, in units T-l and W-l is most pervasive above the 

central chimney zone of the southern West Camp, and above 

the Purisima Chimney, Parcionera Manto, and the Bustillos 

Manto in the northern west Camp (Plate 3). The majority of 

this AMOM occurs as fracture-fillings and stains but the 

poorly to moderately-welded lower portion of unit W-l shows 
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Figure 83. View looking north at Canon Mina Vieja. The 

Purisima, Mina Vieja, and Dolores Shafts all lie in the 

vicinity of the buildings in the bottom of the canyon (Plate 

3). W1 member of Capping Series (w) unconformably overlies 

limestone (ls) throughout the view. This contact shows over 

250m of paleorelief in this area. Note prominent knobs of 

black AMOM-stained W1 (am) in lower foreground. sample 

209-8 was taken from this knob and assayed: 20ppm Ag; 0.35% 

Pb; 0.33% Zn; 

J-North trend 

0.03% CUi and 4.4% Fe. The projection of the 

runs northward approximately through the 

center of the view. 
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widespread development of fine, parallel Mn-oxide dendrites 

resembling leisegang bands, and easily mistaken for 

flow-banding (Fig. 84). The transition zone between the two 

is less than 3 m thick. 

In the East Camp, volcanic-hosted AMOM is most pervasive 

on the hill immediately south of the San Antonio Shaft. This 

area is pockmarked with myriad small mines and prospects 

where fracture-hosted, silver-rich AMOM was mined during the 

Spanish Epoch (Plate 3, Fig. 54). 

Discussion: Origin of AMOM 

The origin and utility of AMOM has long been in dispute. 

Early investigators of the district interpreted AMOM as a 

hypogene effect and a valuable exploration tool (Kimball, 

1870: Dahlgren, 1883: Rice, 1908: Prescott, 1910). However, 

after Spurr (1911) concluded that AMOM resulted from orebody 

oxidation and was unrelated to primary metals dispersion, 

virtually all evaluation of AMOM as an exploration guide 

ceased. Some workers did continue to map AMOM in detail 

(Benham, 1928, 1929: Clendenin, 1933), but Hewitt (1968) was 

one of the few to suggest that AMOM might be hypogene. 

Although Santa Eulalia AMOM is similar in many respects to 

demonstrably supergene manganese-oxide mineralization at 

Tintic, utah (Anderson, 1964), and Butte, Montana (Allsman, 

1955), the occurrence of Santa Eulalia AMOM above orebodies, 

the presence of sulfides, its metals content, and its 

occurrence in the sulfide zone of the San Antonio Mine, 

strongly indicate that it is a hypogene product. Crerar and 



232 

Figure 84. Close-up view of finely dendritic AMOM affecting 

poorly-welded lower portion of Wl member of the Capping 

series. 
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others (1980) found that manganese-bearing hydrothermal 

solutions that become increasingly oxidized under shallow 

level, low temperature conditions, deposit many of the same 

manganese-oxide minerals that form in the supergene 

environment, which may explain the similarity. The local 

presence of the supergene manganese-oxides; groutite and 

todorokite, (Frenzel, 1980) in santa Eulalia AMOK (Appendix 

D), suggests that a supergene overprint on hypogene AMOK may 

have occurred locally. 

The location of the strongest AMOK development along 

fractures indicates that the causative fluids migrated 

primarily along these fractures, with diffusion outward into 

the surrounding carbonate. The occurrence of disseminated 

AMOK in the same strata that host manto mineralization 

suggests that the same factors that allowed the AMOK-causing 

fluids to preferentially migrate through these strata, may 

have been the same as those favoring sulfide-mineralizing 

fluid movement. Detailed study of the AMOK-manto-hosting 

beds could therefore reveal important information on the 

"favorable bed" problem. 

ALTERATION 

INTRODUCTION 

Alteration of various kinds affects virtually all 

pre-mineral rock types in the district to some degree. 

Although most of the alteration types discussed here were 

originally identified by previous workers (Spurr, 1911: 
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Prescott, 1916; Benham, 1926; Hewitt, 1968) none was 

comprehensively mapped throughout the range before this 

study. This mapping (Plates 2 and 3) shows that several 

types of alteration are widely developed and, combined with 

AMOM distribution, define zoned alteration halos that extend 

several kilometers around the west and East Camps. These 

halos do not overlap. 

oxidation in both camps extends quite deeply and some of 

the bleaching and clay alteration of the volcanic and 

intrusive rocks may be the result of weathering or 

oxidation. However, alteration is generally limited to 

near-ore areas, and is often geochemically anomalous, 

suggesting that hypogene alteration affected these rocks 

before supergene alteration was superimposed on them. 

ALTERATION OF ORE ZONE INTRUSIONS 

Alteration of the west Camp quartz monzonite consists of 

sericitization of feldspar, chloritization of mafic 

phenocrysts, and minor sulfide introduction (Hewitt, 1968). 

The alteration is best developed close to the quartz 

monzonite contact with the CUchillo Fm. evaporites, and 

diminishes downwards: 65m below this contact, the rock is 

only slightly altered. Pyrite, sphalerite, galena, and 

chalcopyrite occur only in the uppermost portions of the 

body (Hewitt, 1968). 

Propylitic alteration is common in the diabase bodies with 

abundant chlorite, calcite, and epidote replacing 
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plagioclase and mafic minerals. The pervasiveness of this 

alteration varies widely, but tends to be strongest nearest 

orebodies, and in the coarser grained portions of these 

intrusions. This alteration is reflected by high CaO and 

H20 in the whole-rock analyses (Appendix A). Fine-grained, 

cubic pyrite and pyrite veinlets are ubiquitous in the 

diabase bodies both near and remote from, mineralization. 

Sphalerite, galena, arsenopyrite, and apophyllite occur in 

the diabase adjacent to orebodies, especially along 

brecciated sill margins. 

Alteration of the felsites is widespread. The felsites in 

both camps locally contain pyrite, pyrrhotite, sphalerite, 

galena, and arsenopyrite. These sulfides dominantly occur 

in minor amounts along fractures and flow bands 

felsite (Fig. 85). Very sulfide-rich felsite 

within the 

is locally 

mined as ore in the extreme southern part of the Potosi Mine 

(Marmolejo, pers. comm., 1988). 

Within the deep, unoxidized zones of the East Camp, 

sericite and clay alteration affects both the sparse 

of the felsite, especially 

strongly fractured zones 

1943). At distance from 

phenocrysts and the groundmass 

along dike margins and within 

adjacent to skarn bodies (Hewitt, 

ore, the San Antonio felsites are only mildly sericitized. 

Bond (1987) found K-spar destructive alteration, which did 

not affect plagioclase, in silicified zones within the East 

Camp felsites. outcrops of the San Antonio Dike (Plate 2) 

are clay-altered and geochemically anomalous (Bond, 1986, 
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Figure 85. Slab of felsite showing sulfides along flow 

bands. El Potosi Mine, Level 22 Ramp at lOlOm elevation 

along Condesa Fissure (See Fig. 37). Knife is 8.scm long. 
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and 1987), as are outcrops of the Velardena Dikes (Appendix 

A). sericitization and clay alteration is present, but much 

more limited, in felsites exposed throughout the west Camp 

mines (Hewitt, 1968). This alteration becomes more pervasive 

towards the southeast, especially where the felsite is 

extensively mineralized by sulfides. 

The West Camp lamprophyres are altered 

contacts with orebodies to a mixture of 

chlorite. This is reflected by high CaO and 

whole-rock analyses. 

ALTERATION OF THE CAPPING SERIES 

along their 

calcite and 

H20 in the 

The Capping Series volcanic rocks are locally 

clay-altered, bleached and chloritized throughout the 

district but this alteration appears to be most pervasive 

around the mineralized centers of the west and East Camps. 

The degree of alteration of a given Capping Series unit is 

strongly dependent on its composition, competence, thickness 

and position relative to the underlying volcanic units and 

limestone. Thus, the competent rhyolite welded ash-flow 

tuffs and pumiceous tuffs closest to the limestone contact, 

and below the lowermost andesitic tuff bed [T-2] (Fig. 7), 

are more pervasively altered than the units above it. T-2 

appears to have been an effective barrier to all types of 

ascending altering and mineralizing fluids. 

Clay alteration is the most widespread alteration in the 

Capping Series. Clays replace groundmass, lithic and pumice 
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fragments, and feldspar phenocrysts, but are not texturally 

destructive. No analytical work has been done to determine 

the mineralogy of these clays. 

Bleaching, accompanied by iron-oxide staining, is best 

developed in the andesitic units of the Capping Series, but 

also affects the rhyolites. Bleaching is typically limited 

to relatively narrow halos around fractures (Fig. 86). These 

bleached zones are modestly anomalous in Pb, Zn, and Ag 

above the mineralized areas but the two outlying bleached 

zones that occur in the welded rhyolite ash-flow tuffs above 

the town of Aquiles Serdan (Plate 3) are not. 

The dumps of the Potosi #2 and #3 shafts (Plate 3) are 

largely composed of fragments of units Tl and/or T2 with 

groundmass, and 

sample (PM-113) 

This material 

chlorite-altered pumice fragments and 

abundant disseminated pyrite. An assayed 

contained 25ppm Ag, 0.5% Pb, and 0.75% Zn. 

does not crop out, nor is it accessible underground. 

LIMESTONE ALTERATION 

The district's limestones locally show recrystallization, 

bleaching, silicification, jasperoid development, 

fluoritization, and calcite veining. 

Recrystallization 

Fine to medium-grained recrystallization is 

common carbonate alteration type throughout 

Substantial zones of discontinuous and variably 

the most 

the range. 

developed 
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Figure 86. View of fracture-controlled bleaching in T2 

member of Capping series (Fig. 7) immediately adjacent to 

the Central Shaft (Plate 3). Sample 216-4 came from here and 

assayed: 8ppm Ag; 0.25% Pb; 0.2% Zn; and 1.0% Fe. Bleached 

zone is about 2m wide. 
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recrystallized limestone lie adjacent to many orebodies, but 

there is no consistent halo of recrystallization or 

marmorization surrounding ore in any part of the district 

(Spurr, 1911; Clendenin, 1933; Hewitt, 1968; Lofquist, 

unpubl. data) such as those that surround many orebodies at 

Naica (stone, 1956; Ruiz and Barton, 1985; Sweeney, 1987). 

In addition, extensive areas of recrystallized Finlay Fm. 

limestone also occur remote from mineralization and may 

reflect a regional diagenetic event that affected limestones 

throughout Chihuahua (Smith, 1970). It is not now possible 

to differentiate between the two types. 

The contact between mineralization and limestone is 

commonly marked by narrow rims of bleached and coarsely 

recrystallized calcite (Fig. 87). These selvages range from 

less than 1 mm to over 5 em in width, with 1cm being 

average. Elongate crystallites of sulfides 

locally extend from convex-outwards embayments 

or silicates into these rinds (Figs. 88, 89). 

Silicification 

or silicates 

of sulfides 

Silicified limestone, consisting of complete 

cryptocrystalline quartz replacements with no addition of 

iron or other metals, is locally present adjacent to 

orebodies in the west and East Camps (Prescott, 1916; 

Hewitt, 1968; Bond, 1987). None of these areas is 

volumetrically important, nor can they be considered halos 

surrounding ore. 
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Figure 87. Massive sulfide manto composed of pyrrhotite, 

sphalerite, and gal.ena in Lagrima Fm limestone. Note 2cm 

wide bleached and recrystallized rim on unmineralized 

limestone inclusion. Potosi Mine, J-North Trend, 1210m 

elevation. Hammer is 40cm long. 



Figure 88. Photomicrograph of the contact between 

(black) and limestone (pink) showing recrystallized 

(C) halo with invading crystallites of sulfides. 

Mine, Chorro Chimney, 1210m elevation. (Transmitted 

Field of view is 6mm). 

242 

sulfides 

calcite 

Potosi 

light, 
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Figure 89. Close-up photomicrograph of a portion of Fig. 88, 

showing crystallites of sphalerite (5) invading 

recrystallized calcite. Potosi Mine, Chorro Chimney, 1210m 

elevation. (Reflected and transmitted light, Field of view 

is 2mm) 
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Jasperoid 

Two types of jasperoid, consisting of interlocking mosaics 

of fine-grained quartz replacing limestone, occur in the 

district. One is tan to gray in color and is found only as 

an isolated brecciated outcrop below the Ventura Shaft in 

the westernmost part of the west Camp (Plate 3), and in the 

Middle Camp where a bed composed of nearly complete rudistid 

fossils has been thoroughly silicified. Some of these 

rudist fossils contain l-cm long euhedral quartz crystals 

within the body cavities. There are no assay data for the 

gray jasperoids. The other jasperoid is a bright red, 

iron-rich (8-16% Fe), ore metal-bearing variety which is 

generally highly brecciated. The red variety occurs within 

the mineralized zone, and also appears to define a 

discontinuous halo peripheral to mineralization. . The 

physical and geochemical similarities of the red jasperoids 

suggests that all had the same origin. 

Red Jasperoids within Mineralized Areas 

The outcrop of the San Lazaro Fissures locally contains a 

7Scm-1.Sm wide vein of red jasperoid, and a similar vein 

lies immediately below the dumps of the San Antonio Chico 

Mine (Plate 3) These veins consist of massive jasperoid with 

minor cockscomb quartz filling of a central fracture. The 

San Lazaro Vein jasperoid carries ore-grade quantities of 

Ag, Pb, and Zn (Table 6: Sample PM-103) and is directly 

connected to orebodies at shallow depth. The San Antonio 
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TABLE 6 

Red Jasperoid Analyses 

Sample t Ag ppm Pb% Zn% CU% Fe% 

PM-103 13S 6.0 1.9 0.09 13.6 

PM-203-1 52 0.6 0.3 16.6 

PM-205-7 40 1.2 0.7 S.2 

PM-205-S 10 0.2 0.1 12.9 

PM-210-1 567 2.9 0.6 0.03 lS.7 

PM-210-2 720 1.0 0.4 0.03 15.S 

PM-210-S 49 4.2 0.5 16.0 

PM-21S-16 33 3.4 0.5 16.9 

PM-219-3 lS 0.4 0.4 0.03 15.6 

PM-221-3 6 0.1 0.1 S.3 

SAMPLE DESCRIPTIONS IN TEXT. 

SAMPLE LOCATIONS ON PLATE 3. 
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Chico jasperoid is less directly connected to an orebody and 

is of lower grade (Table 6: Sample Pm-203-1). 

Small pods of red jasperoid occur along the edges and near 

the terminations of several of the large mantos in the 

northern West Camp (Plate 3). This material is physically 

indistinguishable from the other red jasperoids but contains 

much higher silver values (Plate 3 and Table 6: Samples PM 

210-1, 210-2, and 210-8). 

Peripheral Red Jasperoids 

Red jasperoid replacement of both limestone and Capping 

Series conglomerates occurs locally around the margins of 

the mineralized areas. These occurrences are almost 

exclusively found at the tops of paleohighs along the 

limestone-Capping Series contact and are prominently exposed 

where erosion has stripped off the Capping Series cover 

(Fig. 90, Plate 3, Table 6: Samples PM-205-7, 205-8, 218-16, 

and 219-3). Most exposures are small and cover a few tens of 

square meters but jasperoid breccias cover an area of 400 X 

800m just north of the San Guillermo Mill at Cerros la 

Pedrera (Plate 3). The Pedrera jasperoid breccias are 

cemented by barite and fluorite and contain very low 

quantities of metals (Sample PM-221-3 in Table 6). No other 

barite-rich jasperoids were found in the district. 

Fluorite Alteration 

Fluorite replacement of limestone; open-space fillings of 

solution-rubble, and breccia voids; and impregnations of 
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Figure 90. View of iron-rich jasperoid alteration along "the 

contact between Cretaceous limestone and early Tertiary 

volcaniclastic package east of the Central Shaft (Plate 3). 

Sample 219-3 is from here and ran: 18 ppm Agi .4% Pbi .4% 

Zni and 15.6% Fe. Hammer is 40cm long. 
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volcanic rocks, occurs along the southern and western 

portions of the San Antonio graben, and around the northern 

and eastern edges of the Middle Camp. Discontinuous outcrops 

of fluorite alteration also occur between the southern 

Middle Camp and the abandoned fluorite prospects around Los 

Arenales (Plate 3). Like the jasperoid development, the 

fluorite alteration occurs principally atop paleohills along 

the contact between limestone, or the basal limestone 

conglomerate, and overlying Capping series rocks {Plate 3}. 

Most exposures are small but two fluorite-cemented breccias 

warrant description. 

Fluorite-Cemented Breccia Bodies 

A breccia body consisting entirely of very angular 

limestone fragments replaced by, and cemented with, clear 

yellow and purple fluorite lies along the contact between 

massive limestone and the rhyolite plug that was intruded 

along the intersection of the ring-fracture zone of the 

Santo Domingo Caldera, and the Central Fault of the San 

Antonio Graben (Plate 3). This body is approximately 40m in 

diameter and was mined to 60m depth. Poor access prevents 

determining whether this breccia formed by solution collapse 

or magmatic-hydrothermal processes related to the rhyolite 

plug. No breccias or fluorite alteration are associated 

with similar plugs in the immediate area. 

Another fluorite-cemented breccia occurs 

Independencia in the north-central Middle Camp, 

projected intersection of the north-south trending 

at La 

at the 

rhyolite 
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porphyry dike and the northeastern terminus of the Potosi 

lamprophyre dike (Plate 3). Here, a series of intersecting 

breccia bodies, up to 25m in diameter, with Terra Rosa 

fillings, lie just below the volcanic-capping contact. The 

limestone fragments in these pipes are very angular and are 

replaced and cemented by purple and yellow fluorite. 

Scalenohedral calcite crystals that lined the voids in this 

breccia have been pseudomorphously replaced by purple 

fluorite. These breccias appear to be collapsed II dry II 

caves. 

Calcite Veining 

Barren calcite veining is prominent throughout the 

district. The veins range from 1mm to 3m in width, and cut 

ore, limestone, and the Capping Series. The largest are a 

series of 1-3 m wide veins that fill large open fractures in 

the limestone throughout the northern part of the Sierra 

Santa Eulalia (Plates 1 and 3). These contain no significant 

amounts of metals. 
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CONTINUITY AND CONNECTIVITY OF ORE BODY TYPES 

WEST CAMP 

Mineralization is interconnected throughout the West Camp; 

each manto can be traced to a chimney and several mantos may 

sprout off a single chimney (Prescott, 1916 and 1926; 

Hewitt, 1968). Even where mineralization appears pod-like, 

it is possible to find stringers of mineralization 

connecting the pods. Not only is continuity of 

mineralization maintained through the horizontal and 

vertical changes and intergradations between orebody types 

and localizing factors discussed earlier, but the 

mineralogically different ore types are also 

interconnected. This is demonstrated by: the silicate 

bodies, which are all underlain or surrounded by normal 

sulfide ores; the calc-silicate pods in the Matona chimney 

which occur within normal sulfide ores; and AMOM which 

commonly envelopes the elongate mantos and chimneys or 

occurs nearby in the same strata or along the same 

structures. 

A near-complete spectrum of West Camp oretypes is 

displayed by interconnected orebodies within the Condesa 

Fissure (Fig. 36). The deepest mineralization is normal 

sulfide ore that occurs in the intrusive breccia dikes, the 

Condesa Breccia, and adjacent orebodies. The Condesa 

Chimney, also composed of normal sulfides, branches off from 

the upper, extreme southern portion of the Condesa Breccia 

and follows a sinuous vertical course for 350m until it 
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merges into the silicate ores of the 1nglaterra silicate 

Body (aka 1-10 Orebody, Prescott, 1926). The southern end of 

the 1nglaterra orebody is chimney-like and closely 

controlled by the 1nglaterra Fault. The remainder of the 

body is an elongate silicate manto, developed in the lower 

Finlay Formation (Prescott, 1926). The upper part of the 

Inglaterra body is enveloped by a pervasive zone of 

fracture-controlled, limestone-hosted AMOM. A 

volcanic-hosted AMOM-affected breccia and fracture zone is 

exposed in outcrop on the modern surface above the 

Inglaterra Orebody (Plate 3). 

EAST CAMP 

The continuity between East Camp skarn and massive sulfide 

pods and mantos is clearly shown by physical intergradations 

and mineralogical overlap between the two types (Hewitt, 

1943: Maldonado, 1979: Maldonado and Megaw, 1983: Bond, 1986 

and 1987: Megaw,. 1988a). The tin bodies appear to have been 

mineralogically distinct, but were clearly rooted in skarn 

mineralization (Hewitt, 1943). The observations that tin 

mineralization occurs sporadically in skarn throughout the 

mine (Munoz, 1978: Bond, 1987) and that hedenbergite in the 

skarn surrounding the Cock's Orebody had a high vanadium 

content (Hewitt, 1943) indicates that both formed from a 

single, but complex mineralization event. 
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DISCUSSION 

The connectedness of mineralization throughout the west 

Camp indicates that the ore-fluids migrated along a 

remarkably well integrated percolation network that extended 

from the deepest to the shallowest parts of the camp. 

Prescott (1926) noted that however irregular or split a 

manto became, the aggregate cross-sectional area of 

mineralization remained constant or diminished gradually 

upwards, or towards the north. He inferred from this that 

mineralization proceeded vertically and laterally from depth 

upwards and outwards and that the largest orebodies 

reflected the zones of maximum fluid movement. Observations 

of similar orebody morphologies in the Naica and Mapimi 

districts, led him to include continuity of ore: and upward 

and lateral fluid migration, as two of his "Underlying 

principles of the Limestone Replacement Deposits of the 

Mexican Province" (Prescott, 1926). Similar interpretations 

have been proposed for mineralization in the Leadville and 

Gilman districts of Colorado (Thompson and others, 1983: 

Beaty and others, in review). 

Hewitt (1968) applied these principles and inferred that 

all west Camp mineralization appeared to be traceable back 

to deep orebodies on the Peru, Chorro, and Q-Denis Fissures. 

These orebodies extend down to the lower felsite sill and 

apparently overlie areas where the felsites breach the lower 

diabase sill (Hewitt, 1968: Fig. 28), and Hewitt (1968) 

inferred that these orebodies mark the proximal fluid inputs 
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for the west Camp. Subsequent mine developments indicate 

that the Condesa Breccia must be added to this list of major 

fluid inputs (Figs. 27, 36). The skarn-bearing Matona 

Chimney probably also represents an input zone. 

PARAGENESIS 

paragenetic diagrams for the west and East Camp are 

presented in Figures 91 and 92. These are based on the first 

appearance of a mineral, alteration type, or mineralization 

type, but deposition of a given mineral may have occurred 

continuously or repeatedly throughout the mineralizing 

event: mineral A formed at the expense of an earlier mineral 

B, may in turn be replaced by a later stage of B. 

ZONING 

METAL ZONING 

west Camp 

There is little metal zonation within individual west Camp 

oxide or sulfide orebodies (Prescott, 1916 and 1947). 

However, there is a large-scale overall metal zonation 

throughout the camp. Oreeodies in the northern West Camp 

were much richer in silver, iron, and silicia and poorer in 

lead, zinc, and arsenic than orebodies in the southern areas 

(Table 5) (Prescott, 1916; Hewitt, 1968). 
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Although the overall gold content of the West Camp is very 

low, values of 1-3 ppm occur in two disparate areas: the 

Condesa and Matona Breccias (de la Fuente, 1969; Miranda, 

unpubl. data); and in the western fringe orebodies of the 

Carmen and Reina de Plata Mines (Plate 3) (Hewitt, 1968). 

East Camp 

The East Camp shows metal zonation with respect to the 

West Fault of the San Antonio graben and the San Antonio 

Dike. Comparable variations occur, at different scales, both 

horizontally and vertically (Bond, 1987). within the 

skarn-sulfide ores there is a downward increase in CU, Zn, 

In, Bi, Co, F, As, and Mo and an upward increase in Pb, Ba, 

Sn, Sb, W, Cd, Hg, V, and Hi (Maldonado and Megaw, 1983; 

Bond, 1987). There are also upward and outward increases in 

the FeS content of sphalerite, from 11.8 to 25 wt% (Clanton, 

1975), downward increases in CU in pyrrhotite (Munoz, 

1978b), and downward increases of Mn in skarn silicates 

(Bond, 1987). The small orebodies along the southern San 

Antonio Graben apparently contained more copper and gold 

than the remainder of the East Camp (Knapp, 1906). 

METAL RATIOS 

West Camp 

Metal ratios for normal sulfide orebodies in the 

unoxidized portions of the West Camp have been calculated 

from stope production data (Aguirre, 1987) and drill hole 

intercept and face sampling (Miranda, unpub. data). Both 
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studies found relatively consistent average values for each 

ore type: but neither found significant overall vertical or 

horizontal variations of ratios within individual 

orebodies. The silicate and breccia-hosted orebodies have 

Ag (ppm):Pb (%) ratios of 25-60:1, whereas normal sulfides 

have Ag (ppm):Pb (%) ratios ranging between 10 and 15:1, 

except for the Condesa Chimney, which has ratios similar to 

those of the adjacent Condesa Breccia (25:1) (Miranda, 

unpub. data). 

Prescott (1916) found that each of the oxidized elongate 

mantos of the northern west Camp had metal ratios values 

which were distinctive enough that they could be used as an 

exploration guide to determine which chimney a particular 

manto was connected to. The uniqueness and uniformity of 

these values suggests that there was a primary variation of 

metals ratios that survived oxidation. 

East Camp 

Walter (1985) found complex but systematic variations of 

metal ratios in skarn throughout the unoxidized portions of 

the San Antonio Mine. Contours of these ratios are convex 

upwards and towards the north. Combining Walter's (1985) 

and Bond's (1987) results also shows that the Pb/Zn ratio 

increases towards the east, and is followed by a decrease in 

As, Sb, and cu. These results indicate that East Camp ore 

fluid migration proceeded from depth upwards towards the 

north and east (Goodell and Petersen, 1974). 



PERIPHERAL MINERALIZATION TO ALTERATION ZONING 

The crudely concentric distribution of AMOM, 

and fluorite alteration around the two camps 

apparently represents a zoned alteration halo 

ore mineralization. These halos extend well 

jasperoid, 

(Plate 3) 

surrounding 

beyond ore 

mineralization and both their pervasiveness and metal 

content wanes outward (Appendix D) (Megaw, 1986b, 1987). 

These distribution patterns and metal content suggest that 

each formed from highly evolved ore fluids, with AMOM 

forming first, followed in time and space by red jasperoid 

and fluorite mineralization. The overall alteration 

distributions appear to define the limits of the spheres of 

hydrothermal influence and indicate that the West and East 

Camp mineralization systems did not overlap in space. 

DISCUSSION: OVERALL ZONATION OF THE WEST AND EAST CAMPS 

The data show that west Camp metal contents and metal 

ratios are not well zoned, but do show differing values for 

distinct ore types and orebodies. Prescott (1916, 1926, and 

1947) interpreted the lack of orebody-scale metal and metal 

ratios zoning as indicating that mineralization proceeded by 

sequential emplacement of individual orebodies from discrete 

packets of homogeneous ore fluids rather than simultaneous 

deposition of numerous orebodies along a broadly advancing 

and evolving front. However, the large scale differences 
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seen across the camp (Hewitt, 1968) indicate that zonation 

does exist, but on a much larger scale than Prescott (1947) 

envisioned. 

Both camps show transitions from continuous skarn and 

normal sulfide mineralization to concentric alteration halos 

over vertical distances of over 1km and horizontal distances 

of up to 5km (Plate 3). These transitions can be combined 

with the metals and metals ratio data to define the 

following overall zonation patterns for the two camps: (from 

depth, upward and outward) 

west Camp 

Zn-Pb-Ag (CU, As) [Au] 
Pb-Ag > Zn-Fe-Mn 
Ag-Pb-Fe-Zn [Au] 
Ag-Mn 
Mn 
Silicification 
Fluorite + Quartz 

East Camp 

Zn-CU (Au, In, As, Bi) 
Zn-Pb-Ag (CU, and very minor Sn) 
Ag-Pb (Mn) 
Sn-V (Pb, Ag) 
Ag-Mn 
Mn 
silicification 
Fluorite + Quartz (some fluorite may be proximal). 

These are typical metals zonation patterns for many base 

metal deposits (Lindgren, 1933), especially skarns (Einaudi 

and others, 1981) and high-temperature, carbonate-hosted 

Pb-Zn-Ag-cu deposits (Titley and Megaw, 1985; Megaw and 

others, 1988). Hemley and others (1987) modeled the 
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evolution of a fluid with geochemical characteristics almost 

identical to that inferred for santa Eulalia (see below), 

and found the order of metal solubility to be Fe»Pb»Zn»CU 

with the resulting zoning being the reverse of this. They 

further predicted that pyrrhotite would be the proximal iron 

sulfide, giving way to pyrite in the lower temperature 

regions. This theoretical zoning pattern agrees closely 

with the observed zoning at Santa Eulalia. The peripheral 

manganese halo is comparable to that noted for Irish-type 

silver deposits (Russell, 1974: Samson and Russell, 1987) 

and Meggen (Gwosdz and Krebs, 1977). The consistency of the 

pattern suggests that it reflects primary metals dispersion 

from a single, large, pulsating hydrothermal system. 
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CHAPTER 6 

FLUID INCLUSION DETERMINATIONS 

Fluid inclusions from Santa Eulalia ores were studied to 

determine: the temperature, salinity, and gas content of the 

inclusion fluids; the fluid inclusion daughter mineralogy; 

whether boiling occurred; and whether any of these 

characteristics were zoned (Roedder, 1979 and 1984). 

ANALYTICAL METHODS AND INSTRUMENTATION 

Materials Sampled 

Fluorite was selected for district-wide study because, 

although it generally comprises much less than 1% of the ore 

volume, it is the only transparent mineral intergrown with 

ore minerals in all ore types and it survives oxidation. 

Several calcite samples were studied but contained mostly 

secondary, low temperature inclusions. Other minerals were 

rejected because they were too opaque (sphalerite), of 

limited distribution or paragenetically late (quartz), or 

contained no usable inclusions (garnet, rhodochrosite, 

ludlamite, vivianite, and siderite). 

Fluorite in both camps overgrows sulfides and is overgrown 

by sulfides, indicating contemporaneous deposition with the 

ore sulfides. west Camp fluorite is commonly fine-grained 

and dispersed in the normal sulfide ores and coarsely 

euhedral in the silicate ores. East Camp fluorite is 

commonly coarse-grained, and occurs intergrown with sulfides 
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and silicates and as late vug-fillings in skarn. 

in the San Antonio Dike border skarn zones is 
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Fluorite 

purple, 

whereas fluorite 4m or more from the dikes and in vugs is 

colorless. Some individual crystals from the dike border 

zones show alternating purple and colorless bands. 

Subhedral sphalerite inclusions in solid fluorite were found 

in several East Camp samples but these samples contained no 

usable inclusions. No usable inclusions were found in 

fluorite from either the fluorite-cemented 'breccias or the 

fluorite alteration zones. 

Fluorite from ore was sampled along selected principal 

trends of the west Camp and throughout the entire San 

Antonio Mine. The intention was to achieve three-dimensional 

coverage of the district to maximize discernment of zoning 

relationships. Near-total extraction of ore in the west 

Camp prevented this however, so samples were taken wherever 

fluorite-bearing ore remnants could be found. Pods of 

coarse relict fluorite were readily found in the oxide 

levels of the East Camp, but the finer grainsize of west 

. Camp fluorite made it impossible to find in the oxide ores. 

Because of 

geographically 

the sampling 

representative 

limitations, 

samples from 

a series of 

the principal 

ore-types and trends of the west Camp were studied first to 

determine the gross inclusion-fluid characteristics of each 

ore-type and whether zoning existed. A similar approach was 

taken for the San Antonio Mine, with an emphasis on 
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determining if lateral variations existed between sulfides 

in skarn versus peripheral massive sulfide bodies. 

The results of the first determinations revealed a wide 

range of fluid inclusion homogenization temperatures, 

salinities, daughter minerals, and carbon dioxide contents. 

Additional samples were then examined from intermediate 

areas and areas where the paragenesis was known; these also 

showed a wide range of values, so further study was 

abandoned. The data are therefore principally useful as 

indicators of overall fluid characteristics. Unfortunately, 

most of the sulfur isotope samples did not contain adequate 

amounts of fluorite for fluid inclusion determinations. 

Limitations on studying Fluid Inclusions in Fluorite 

Fluid inclusions in fluorite can stretch, causing errors 

of up to 20% in the homogenization temperatures (Bodnar and 

Bethke, 1984). Stretching may occur naturally or during 

analysis if the fluorite is heated 30 deg. C or more above 

the homogenization temperature of the contained fluid 

inclusions (Roedder, 1984; Bodnar and Bethke, 1984). 

Stretching may also occur by undercooling below the complete 

freezing point of the inclusions, especially if the vapor 

bubble disappears on undercooling (Lawler and Crawford, 

1983). 

orientation runs on santa Eulalia fluorite showed that the 

vapor bubble remained on freezing, but that the samples 

shattered during heating runs, probably by decrepitation of 
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secondary inclusions aligned along healed 

Because of this, freezing runs were done 

first and care was taken to avoid significant undercooling. 

To minimize stretching on heating, heating rates were kept 

below 5 deg. C per minute and low temperature inclusion 

populations were examined first, followed by the higher 

temperature inclusion populations. 

Instrumentation 

All analyses were performed by the author on an USGS-SGE 

Inc. gas-flow heating and cooling stage at the University of 

Arizona under the direction of Dr. C.J. Eastoe. The 

equipment was periodically calibrated by Robert Smith and 

Mark Bradley using melting of salts and metal standards for 

heating and freezing of distilled water and organic liquids 

for freezing. A detailed account of the calibration 

procedure was presented by 

the apparatus is accurate 

Smith (1984) who concluded that 

to within 1 deg. C for 

homogenization temperature and 0.1 deg. C for the melting 

temperature of ice. 

Fluorite was broken from bulk ore samples and cleaved to 

obtain - 0.5-1mm thick plates, which were analyzed without 

polishing (Roedder, 1984). Cleavage fragments of calcite 

were obtained in a similar manner. Each sample was first 

examined to determine the number and type of inclusion 

populations. populations were defined based on whether they 

were isolated or occurred along planes, their overall size, 

the size of the vapor bubble, and the presence, type, and 

-- ----- ---------------:------------
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number of daughter minerals. Several samples yielded 

multiple measurable populations. An effort was made to 

study a minimum of ten inclusions from each population, but 

some populations were not that large and several samples 

shattered before certain populations could be both frozen 

and heated (Table 7) Thirty samples, containing a total of 

34 populations, were analyzed from the west Camp, and 26 

samples, containing a total of 42 populations were measured 

from the East Camp. OVer 760 inclusions were studied. The 

data will be discussed as averages for each population. The 

complete laboratory data and sample descriptions and 

locations are presented in Appendix G and Figs. 93 through 

99 and 30. 

Fluid Inclusion Classification 

Isolated fluid inclusions that occurred sporadically 

throughout a sample and those that occurred in planes that 

intersected at right angles were interpreted as being 

primary inclusions (Roedder, 1979 and 1984). Inclusions that 

occurred along planes that intersected at 70 or 110 degrees 

were interpreted as secondary inclusions formed along healed 

octahedral cleavage planes (Fig. 100) (Roedder, 1979 and 

1984). 

Approximately half of the inclusion populations are 

two-phase, with uniform fluid and vapor bubble volumes 

within a given population. The remaining populations 

contain vapor bubbles and between one and four daughter 

minerals (Table 7, Appendix G). In all populations the vapor 
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Figure 93. Distribution of sulfur isotope values and fluid 
inclusion analyses in the Chorro Trend. 
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Figure 96. Distribution of sulfur isotope and fluid 
inclusion analyses in the Tiro Alto-Q-Denis Trend. 
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TABLE 7a 
WEST CAMP FLDID INCLDSION CHARACTERISTICS 

Sample Elev. N e0- n Type T(h) T(m) Daughter 
I (m) ord 1/2* min (ave. ) max min(ave.)max Minerals ------- . -~--------- ~~----------------------1 c 1600 2800 9 1 307(311)315 H-l 

2 c 1510 2600 10 1 247(254)280 H-1, Daw? 
3 c 1510 2600 5 1 305(307)309 -5.9(-6.8)-7.2 

9 1 339(345)350 -2.7(-3.0)-3.2 
4 c 1370 2700 10 2 217(224)228 -0.5(-1.4)-6.2 
5 c 1370 2900 12 1 298(320)331 -2.2(-2.3)-2.4 
6 c 1210 2600 10 2 210(220)224 -0.8(-1.0)-1.2 
7 c 1210 2500 6 1 245(263)285 -1.3 (-1.4) -1. 5 
8 c 1210 2500 9 1 360(365)372 H-l, A-l 
9 c 1160 2400 8 1 385(401)411 H-2 

10 c 1160 2900 11 2 194(199)204 -0.4(-0.4)-0.5 
11 c 1160 2400 9 1 224(235)241 H-2 
12 c 1160 1500 8 1 189(200)215 H-2 
13 c 1160 1500 10 1 339(354)372 H-2 
14 c 1160 1500 10 2 267(279)299 -0.4(-0.4)-0.5 
15 c 1110 2300 11 1 286(331)366 H-l,S, 

161(167)172 
I-?, A-? 

16 c 1110 2500 11 2 -0.8(-1.3)-1.7 
17 c 1110 2900 10 1 325(334)390 H-2 
18 c 1110 1800 10 1 185(202)232 H-2 
19 P 1110 1500 10 1 283(295)306 -6.2(-6.4)-6.7 

10 2 197(211)225 -1.9(-2.1)-2.2 
20 c 1060 2300 9 1 358(370)378 H-2 
21 c 1060 1500 10 1 280(294)308 H-1, A-l 
22 c 1060 1500 10 1 261(297)322 H-1, A-l 
23 c 1060 2500 10 1 220(231)240 -0.7(-1.2)-1.6 
24 c 1060 2100 10 1 210(214)225 H-2 
25 c 1060 2100 10 1 272(275)278 H-l 
26 c 1010 2300 11 1 332(344)356 H-l, A-l 

10 2 226(227)228 -1.3 (-1.4) -1.5 
27 c 1010 1500 5 1 227(229)231 -1.7(-1.8)-2.0 

10 2 189(205)208 -0.8 (-1.1) -1. 2 
28 c 1010 2200 11 1 335(341)345 H-l 
29 c 1010 1500 11 1 355(356)359 A-2 
30 c 1010 1600 10 1 363(370)374 H-l, S 

EXPLANATION OF ABBREVIATIONS: 
pIc - purple or co1orl... fluorite Daughter Minerals 
cal - calcite B-1 - Halite, cubic 
Elev. - meters above sea level B-2 - Halite, equant, irreq. 
N co-ord - IMMSA north co-ordinate A-1 - Anhydrite,tabular 
n - number of inclusions in population A-2 - Anhydrite, acicular 
Type 1 - primary inclusion S - Sylvite 
Type 2 • secondary inclusion A-? - Anisotropic unknown 

I-? - Isotropic unknown 
Daw? - Dawsonite ? 
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TABLE 7b 
EAST CAMP FLDID INCLDSION CHARACTERISTICS 

Sample Elev. N co- n Type T(h) T(JIl) Daughter 
I pIc (JIl) ord 1/2 min (ave) max JIlin (ave)JDax Minerals 

1 c 1290 2100 8 2 73(75)77 -1.3(-1.5)-1.7 
2 c 1290 2100 14 1 293(303)312 -4.3(-4.5)-4.7 
3 c 1220 2000 10 1 196(219)245 H-l, S 

A-l, A-? 
4 c 1220 1725 10 2 220(233)242 -1.1(-1.3)-1.4 
5 c 1220 1725 10 1 296(304)311 -1.5(-1.6)-1.7 

10 1 254(256)261 -1.1(-1.5)-1.7 
6 P 1220 1725 10 1 180(194)223 -0.6(-0.6)-0.7 
7 c 1220 1650 9 1 292(295)298 -3.7(-3.8)-3.9 

10 1 265(266)267 -3.1(-3.2)-3.3 
10 2 158(165)180 -1.2(-1.3)-1.3 

8 cal 1110 2350 8 1 212(245)300 -0.9(-2.2)-2.8 
9 c 1030 2100 2 1 235(238)240 H-l 

5 2 185(188)191 -1.3(-1.6)-1.8 
11 2 155(160)165 -0.6(-0.7)-0.8 

10 P 1030 2200 7 1 dacrep-365 -7.6(-7.7)-7.8 
11 1 285(314)327 -3.2(-3.4)-3.7 

11 c 1030 2250 9 1 250(272)292 -2.1(-2.2)-2.4 
10 2 182(191)206 -0.4(-0.8)-1.1 

12 c 1030 2200 17 1 214(253)302 -1.2(-1.4)-1.7 
13 c 1030 2200 9 1 164(175)182 -1.1(-1.3)-1.4 
14 P 1010 2300 5 1 320(336)350 H-l 

c 11 1 246(293)314 -0.8 (-1.1) -1.3 
15 p 1010 2300 10 1 decrep-350 H-l 

9 1 250(272)300 H-l 
16 c 1010 2075 11 1 189(191)193 8-1 

11 1 164(170)184 H-l 
17 c 990 1900 10 1 306(313)319 H-l 

11 2 208(220)232 -3.1(-3.2)-3.3 
18 P 960 2100 11 1 255(265)269 H-l 
19 c 960 2200 9 1 317(320)325 -2.5(-2.6)-2.7 

10 2 219(222)223 -1.4(-1.5)-1.6 
20 c 980 2200 8 1 450(460)465 -6.8(-7.0)-7.1 

11 2 185(198)212 -0.4(-0.7)-0.9 
21 P 960 2200 11 1 314(320)327 H-1 

9 1 237(241)247 -2.9(-3.0)-3.1 
10 1 175(197)223 -1.0(-1.2)-1.5 

22 c 960 2050 12 1 232(240)252 H-l, A-1 
23 P 960 2000 11 1 190(233)235 -0,6(-1.2)-1.6 

10 1 159(175)198 H-l, A-l 
24 c 960 2000 11 1 131(146)158 H-l, A-l 
25 c 960 2000 12 2 157(167)189 -1.0(-1.1)-1.3 
26 P 960 ? 4 1 232(240)244 -4.3(-4.7)-5.1 
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Figure 100. Photomicrograph of secondary inclusions in 

fluorite aligned along octahedral cleavage planes. Potosi 

Mine, 1060m elevation, Matona Breccia, Sample #7. (Plane 

light~ Field of view is 2mm) 
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bubbles are uniform in size and the dauqhter minerals occupy 

a volume less than one fifth that of the vapor bubble. All 

inclusions homogenized by vapor disappearance and all 

samples shattered before the dauqhter minerals melted. No 

liquid carbon dioxide or vapor-rich inclusions were found. 

Visual identification of 

morpholoqy, isotropism or 

refraction relative to the 

dauqhter minerals was based on 

anisotropism, and index of 

inclusion fluid {Roedder, 1984}. 

CUbic, isotropic crystals with n > fluid are the most common 

and are interpreted as beinq halite {Fiq. 101}. Crudely 

cubic to equant, isotropic crystals with n > fluid are also 

interpreted as halite because they appear very similar to 

proven halite dauqhter crystals in fluid inclusions in 

fluorite from deposits in Coahuila, Mexico and Naica, 

Chihuahua (Kesler, 1977; Erwood and others, 1979). CUbic or 

irreqular equant, isotropic crystals occur with sharp halite 

cubes in three populations. These have an n > fluid, but 

less than the coexistinq halite, and are interpreted to be 

sylvite. Anisotropic, birefrinqent, tabular-elonqate, to 

acicular crystals with rectanqular cross-sections, and n > 

fluid are probably anhydrite {Fiq. 102}. Isotropic and 

anisotropic dauqhter minerals that are too small to identify 

visually were found in three populations and a sinqle 

halite-bearinq inclusion contained a spray of anisotropic 

crystals that may be dawsonite. The identification of the 

principal dauqhter minerals as halite, anhydrite, and 

sylvite, is supported by analyses of sphalerite fluid 

inclusion decrepitates which contained 48.5% NaCl, 6.5% KCl, 
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Figure 101. Photomicrograph of primary fluid inclusion in 

fluorite 

mineral 

elevation. 

with vapor bubble and cubic, isotropic daughter 

(Halite). San Antonio Mine, 14R Stope, 975m 

Sample #14R-2050 N, #22. (Plane light, Field of 

view is 0.6mm) 
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Figure 102. Photomicrograph of primary fluid inclusion in 

fluorite with vapor bubble and irregular, anisotropic, 

birefringent daughter mineral (Anhydrite?). Potosi Mine, 

core of Condesa Breccia, 1160m elevation. Sample #EP-19 CB 

Heart. (Plane light, Field of view is O.6mm). 
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45.1% CaCI2, and 9.4% S (Haynes and Kesler, 1988). Bodnar 

(1986) also reported that halite, anhydrite, and sylvite are 

common dauqhter minerals in fluid inclusions from many 

deposits similar to santa Eulalia. 

Eiqhteen of twentynine primary inclusion populations in 

the West Camp contain dauqhter minerals (Table 7a). All but 

one of these contain halite, with the exception containing 

only anhydrite. Ten populations contain only halite, 5 

populations contain halite plus anhydrite, and 1 population 

contains halite and sylvite plus two unidentified minerals 

((Table 7a, Appendix G). The halite-only populations include 

all eiqht of the populations with the irreqular equant 

crystals and two with cubic halite. No West Camp secondary 

inclusions contain dauqhter minerals (Table 7a). 

Thirteen of thirtytwo primary inclusion populations in the 

East Camp contain dauqhter minerals (Table 7b). All 13 

contain cubic halite. Ten have only halite, 2 contain 

halite plus anhydrite, and 1 contains halite, sylvite and 

two unidentified dauqhter minerals. All halite in the East 

Camp inclusions occurs as cubic crystals. No East Camp 

secondary inclusions contain daughter minerals (Table 7b). 

Crushinq Experiments 

Crushinq experiments were performed on 2 west Camp and 4 

East Camp samples with halite-bearinq inclusions (Appendix 

G). These were crushed in qlycerin, yieldinq vapor bubbles 

which rapidly expanded to an estimated 5-10 times their 
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original volume, indicating trapping under significant 

partial pressures (Roedder, 1984). These bubbles quickly 

lost 40-50% of their volume as the contained gasses 

dissolved in the glycerin. The remaining gas probably 

contained a significant amount of carbon dioxide, but no 

attempt was made to quantify this. 

FLUID INCLUSION DETERMINATION RESULTS 

Figures 103 and 104 are histograms of the fluid inclusion 

homogenization temperatures and 

The distribution of the samples 

salinities 

is shown 

respectively. 

on Figures 93 

through 98, and 99. Freezing point depressions are equated 

to equivalent weight percent NaCI using data from Weast 

(1973). However, these must represent maximum values for 

some inclusions because dissolved carbon dioxide decreases 

the freezing point depression (Hedenquist and Henley, 1985). 

The presence of halite in all but one of the daughter 

mineral-bearing inclusions indicates minimum salinities of 

26.3 equivalent wt. % NaCI for these inclusions (Roedder, 

1984). More precise salinity measurements could not be made 

because in all cases the samples shattered before the 

daughter minerals homogenized. 

EAST CAMP 

East Camp primary inclusion homogenization temperatures 

from skarn and sulfide-hosted fluorites range from 150 to 

450 deg. C, with the majority ranging between 175 to 350 

deg. C (Fig. 103). This overlaps with the 80 to 350 deg. C 
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homogenization temperatures, from santa Eulalia fluorites. 
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populations. See Table 7 and Appendix G for the ranges of 
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range determined by Kesler (1976). The single 450 deg. C 

homogenization temperature came from a silicate-free, normal 

sulfide manto at 1010m elevation. The salinity distribution 

of the primary inclusions is strongly bimodal (Fig. 104). 

Thirteen populations contain halite plus other daughter 

minerals, indicating minimum salinities of 26.3 equivalent 

wt% RaCl. In contrast, 19 populations are two-phase: 17 of 

these populations have apparent salinities of 2 to 8 

equivalent wt% RaCl, and 2 populations contain 7-10 

equivalent wt% RaCI. Comparison of Table 7b, Appendix G, and 

Figure 99 shows that, although most daughter-bearing 

inclusions were found below 1010m elevation, there is no 

systematic association of daughter minerals with fluorite 

color, ore type, or location in the mine,. Homogenization 

temperatures for East Camp secondary inclusions range from 

80 to 200 degrees C, with apparent salinities of between 0.5 

and 3.5 equivalent wt % RaCI. 

-Samples SA13-2300R-#34 (East Camp population #14) and 

SA14-2200R (East camp population #21) contain both high and 

low salinity primary inclusions in sequential growth bands 

within individual crystals. The high-salinity inclusions 

have homogenization temperatures 50-80 deg. C higher than 

the low-salinity inclusions from the adjacent growth band. 

SA14-2200 shows the wider range, with the earliest growth 

band yielding respective homogenization temperatures and 

salinities of: 320 deg. C and 26.3+ equivalent wt% NaCI, 

followed by a band with 242 deg. C and 5 equivalent wt% 

NaCI, followed by the outermost measured zone with 194 deg. 
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C and 2 equivalent wt% HaCI. Sample SA 14-2050H #3 (East 

Camp population '23) also contained both a dilute and a 

saline inclusion population, but in this case the filling 

temperature of the dilute population was 50 deg. C higher 

than the daughter mineral-bearing population in the 

subsequent growth band. 

Many purple fluorite samples from the dike border zone 

contain naturally decrepitated 

Unfortunately, almost all of the 

inclusions (Fig. 105). 

relict fluorite from the 

oxide zone above 1200m elevation had these naturally 

decrepitated inclusions as did many samples of purple 

fluorite from below 1060m elevation. This introduces two 

biases to the temperature and salinity data: the dike border 

zone is relatively under-represented, and the upper parts of 

the mine are represented by only two samples. 

The natural decrepitation indicates that temperatures must 

have exceeded the homogenization temperature of these 

inclusions by at least 50 deg. C sometime after deposition 

(Wilkins, 1986). Additional evidence for fluctuating thermal 

conditions is indicated by reversals of the 

calc-silicate/sulfide paragenesis. This suggests that 

significant undetected natural stretching of fluid 

inclusions in paragenetically early fluorite may have 

occurred throughout the mine and that the homogenization 

temperatures measured from many East Camp fluid inclusions 

may be too high. 
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Figure 105. Photomicrograph of naturally decrepitated fluid 

inclusions in fluorite. San Antonio Mine, l3R-73 Stope, 

1030m elevation. (Plane light, Field of view is O.lmm) 
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WEST CAMP 

West Camp primary fluid inclusions show an homogenization 

temperature range of 175 to 400 deg. C, with the majority 

falling between 200 and 375 deg. C (Table 7a, Fig. 103). As 

in the case of the East Camp samples, salinity distributions 

are bimodal. Seventeen primary inclusion populations 

contain halite daughter crystals, indicating minimum 

apparent salinities of 26.3 equivalent wt% NaCl. One 

population contains only anhydrite daughter crystals. The 

six two-phase primary inclusion populations have salinities 

of 2 to 11 equiv. wt% NaCl. Only two of these exceeded 5% 

salinity (Fig.117). comparison of Appendix G, Table 7a and 

Figures 93 through 98 shows no systematic relationships 

between temperature, location, or ore-type and salinity. 

West Camp secondary inclusions range from 180 to 275 degrees 

C, with salinities between 0.5 and 4 equivalent wt% NaCl. 

PRESSURE CORRECTIONS 

Pressure corrections for the homogenization temperatures 

can be calculated based on a reasonable estimate of the 

depth of burial during mineralization (Potter, 1977; 

Roedder, 1984). Mineralization at Santa Eulalia extends 

about 1 km below the limestone/volcanic contact and at least 

1 km of Tertiary volcanic rocks probably covered the 

district during mineralization. This indicates a probable 

lithostatic load of 500 bars or a hydrostatic load of 

200-250 bars in the lower mineralized areas (Verhoogen and 

others, 1970). Table 8 shows the range of pressure 
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corrections, depending on the salinity and homogenization 

temperature of the fluid inclusions. Based on the 

characteristics of the measured fluorite fluid inclusions, 

pressure corrections range from 10 to 25 degrees for 250 

bars, and 40 to 60 degrees for 500 bars. 

TABLE 8 

PRESSURE CORRECTIONS FOR FLUID INCLUSION 

HOMOGENIZATION TEMPERATURES* 

Equivalent weight percent NaCl 
25% 

200 
1 

1% I 5% I 
Hom0genization Temperatures in degrees C 
300 I 4001 200 1 300 1 4001 200 1 300 1400 

500 bars: 40 NA 40 60 45 
I 

250 bars: 20 20 15 20 15 10 25 
1 

NA= Not Applicable, no measured inclusions had 
these characteristics 

* Based on data from Potter, 1977 

40 

15 10 

The lack of evidence for throughgoing structures between the 

orebodies and the surface, and the lack of fluid inclusion 

evidence for boiling, suggests that pressures at the time of 

mineralization were near the lithostatic estimate of 500 

bars. Evidence from other Santa Eulalia-like districts 

suggests that pressures above lithostatic are common in 

these deposits (Bodnar, 1986 and Erwood and others, 1979). 

This indicates that average pressure corrections of 40 deg. 
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C should be added to the homogenization temperatures 

determined for each camp. Thus, west Camp mineralization 

most likely occurred at temperatures between 220 and 440 

deq. C, whereas East Camp mineralization was deposited at 

temperatures between 190 and 490 deqrees C. 

POPULATION CHARACTERISTICS AND TRENDS 

Fiqure 106 includes plots of non-pres sure-corrected 

homogenization temperatures versus apparent salinity for the 

East and west Camps. Both show two distinct inclusion 

populations with stronqly contrasting salinities and 

overlapping and roughly equivalent temperature ranges. Few 

samples plot fall between the principal clusters. Note that 

inclusions from successive qrowth bands in some single San 

Antonio Mine fluorite crystals fall in opposite groups 

(Table 7b). The secondary inclusions trapped the coolest and 

most dilute fluids, but have considerable overlap with the 

low-salinity primary inclusion populations. This suggests 

that they formed from late stage equivalents of the dilute 

fluids, probably introduced along cleavage planes. 

Fiqures 107 and 108 are plots of non-pressure-corrected 

homogenization temperature versus depth in the East Camp and 

West Camp, respectively. West Camp results show that the 

full range of temperatures is represented throughout the 

camp and that there are no consistent variations of 

temperature with depth. East Camp data are less well 

vertically distributed, but appear to show some temperature 

decrease with increased elevation. It should be 
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Figure 107. Plot of mean fluorite fluid inclusion 
homogenization temperatures versus depth in the East Camp. 
Not corrected for pressure. 
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Figure 108. Plot of mean fluorite fluid inclusion 
homogenization temperatures versus depth in the West Camp. 
Not corrected for pressure. 
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that most of the fluorite from the upper 

mine contained naturally decrepitated 

inclusions so few homogenization temperatures could be 

determined for this zone. The upper East Camp data are 

therefore biased toward the low-temperature, paragenetically 

late inclusions that survived, or post-dated the 

decrepitating event. Plots of salinity versus depth for 

both camps show no systematic variations and have been 

omitted. 
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CHAPl'ER 7 

STABLE ISOTOPE GEOCHEMISTRY 

OXYGEN AND CARBON ISOTOPE ANALYSES 

Oxygen and carbon isotopic alteration halos have been 

defined in carbonate wallrocks surrounding sulfide ores in 

several different types of carbonate-hosted base metal 

deposits (Engel and others, 1958; Pinckney and Rye, 1972; 

Lattanzi and others, 1980). To evaluate whether similar 

isotopic alteration occurred at Santa Eulalia, limestone 

wallrocks were sampled adjacent to, and at increasing 

distances from: a west Camp normal sulfide chimney; San 

Antonio Mine skarn; and limestone-hosted argentiferous 

manganese-oxide mineralization (AMOM). Diamond drill core 

samples of limestone from deep beneath the East and west 

Camp ore zones were also analyzed. In addition, two samples 

of late scalenohedral calcite ganque from the sulfide and 

skarn orebodies along the underground 

analyzed to qualitatively determine the 

characteristics of the mineralizing 

samples taken 2 km distant from the 

traverses were 

o and C isotopic 

fluids. Limestone 

nearest hint of 

alteration or mineralization (Plate 2) were used as 

background references. In all 23 samples were analyzed. 
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ANALYTICAL METHODS AND INSTRUMENTATION 

Materials Sampled 

In the two underground traverses samples of megascopically 

unfractured and unaltered limestone were taken at the 

immediate ore contact and at increasing distances from this 

contact. Sample descriptions, spacings, and analytical 

results are presented in Appendix E. The west Camp suite was 

taken perpendicular to normal sulfide mineralization along 

the northern extension of the Chorro Chimney on the Buena 

Tierra Mine at 1210m elevation (Fig. 93). The samples extend 

from this orebody 230m to the west, to the projection of the 

Peru Fissure, which has been extensively, but 

unsuccessfully, prospected in this area. The San Antonio 

Mine traverse was taken at 990m elevation, along the north 

face of cut and fill stope #14R-2300N adjacent to skarn 

mineralization (Plate 4 of Bond, 1987). The final sample in 

this suite, SA14R-28, came from a core hole drilled 

perpendicular to the skarn body. The AMOM samples came from 

surface exposures immediately west of the Santa Rita Shaft 

in the northern part of the west Camp (Plate 3). This suite 

included two samples of AMOM affected rocks, a sample of 

megascopically unaltered limestone surrounded by AMOM, and 

megascopically fresh limestone adjacent to, and distant 

from, AMOM. 
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Sample Preparation and Analysis 

Field samples were broken in the laboratory to obtain 

fresh surfaces, and examined under a binocular microscope to 

select pieces free from visible fractures. Approximately 2 

grams of each sample was crushed to -200 mesh and prepared 

as described by McCrea (1950) and Craig (1957). The carbon 

dioxide gas produced was used for both carbon and oxygen 

isotope analyses and corrected for fractionation. 

were performed by Robin L. Sweeney on a 

Analyses 

modified 

VG-Micromass 602-C isotope ratio mass spectrometer at the 

Laboratory of Isotope Geochemistry at University of Arizona. 

Results are reported relative to SHOW for oxygen and PDB for 

carbon. Analytical precision of the measurements is equal 

to, or better than, +/- 0.4 permil (2-siqma) for both 13/12 

C and lS/16 o. 

LIMESTONE ISOTOPIC CHARACTERISTICS AND VARIATIONS 

Background isotopic values for unaltered Finlay Limestone 

at Santa Eulalia are del 13C= -O.S permil and del lS0= 21.S 

permil (Appendix E). Sweeney (19S7) reported values of del 

13C= 1 permil and del lS0= IS permil for unmineralized 

Finlay Limestone from Naica, Chihuahua, but the del lS0= IS 

value is probably too low to be considered completely 

unaltered. The del 13C= -O.S and 1 permil values fall 

within the del 13C= -5 to +5 permil range for Cretaceous 

limestones worldwide reported by Veizer and Hoefs (1976), 

but are somewhat lower than their quoted average value of 

del 13C= +2.4 permil. In contrast, the del lS0= 21.S permil 
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value falls below the del 180= 23 to 30 permil range for 

Cretaceous limestones worldwide and is considerably lower 

than the average value of del 180=27.7 permil (Veizer and 

Hoefs, 1976). The fact that both the del 13C and del 180 

values are significantly lower than the worldwide averages 

suggests that some sort of isotopic exchange occurred on a 

regional scale. Sheppard (1986) suggested that such 

regional shifts probably occur during carbonate diagnesis. 

Oxygen Isotope Variations 

Figure 109 and Appendix E show that del 180 varies 

gradationally from ore to background at all three sampling 

sites. The deep drill hole samples from both camps have low 

del 180 values. The del 180 values for limestone around the 

Chorro orebody rise from 14 permil at -the ore contact to 18 

permil, 1-8m from the contact, and reach background values 

30m from ore. The drop to del 180= 16 permil, 230m from the 

Chorro orebody coincides with the unmineralized extension of 

the Peru Fissure. The San Antonio skarn traverse shows a 

more gradual increase of del 180 values from 13.5 permil at 

the ore contact, to 18.5 permil, 50m from ore, but never 

reaches background values. Del 180 values in West Camp AMOM 

rise from 16 permil within pervasive AMOM, to 18 at the 

waning edge of AMOM, and reach near-background values 

immediately across the AMOM/limestone contact (Figs. 110 and 

111). Visually unaltered limestone within AMOM also has 

near-background values. 
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Figure 110. Sketch of contact in Figure 111 showin9 oxygen 
and carbon values for AMOM-affected and adjoin~ng fresh 
limestone. 
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Figure 111. Close-ip view of margin of Sin Nombre AMOM zone 

shown in Figure 111. Note abruptness of contact, chert 

nodules (C) within mineralized and fresh limestone, and 

abundant rudistid fossil fragments. Pencil is 15cm long. 



Carbon Isotope Variations 

Del 13C values along the West and East 

traverses are 1.5 and 4 permil higher 

300 

Camp underground 

than the regional 

background values but show total variations of only 1.5 and 

0.5 permil within each traverse. In contrast, the AMOM 

suite ranges from del 13C values 3 permil lower than the 

regional background in the pervasive AMOM zone, to 

background values along the fringes of AMOM and in the 

surrounding limestone. Note that there is an abrupt del 13C 

shift of 0.8 permil across the visually distinct 

AMOM-limestone contact (Figs. 110, 111). The deep diamond 

drill core samples show background carbon isotope values. 

ISOTOPIC CHARACTERISTICS OF GANGUE CALCITE 

One sample of scalenohedral gangue calcite was analyzed 

from each of the East and West Camp orebodies. Each sample 

came from within 0.5 m of the limestone contact at the 

proximal end of each underground traverse. The West Camp 

sample had a del 13C value of -1.6 permil and a del 180 

value of 15.4 permil, and the East Camp sample had a del 13C 

value of -10 permil and a del 180 value of 12.8 permil. 

These oxygen values are close to those of the adjacent 

isotopically altered limestones, but the del 13C values are 

significantly lower. 
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SULFUR ISOTOPES 

Detailed examination of the sulfur isotopic character of 

sulfide ores and sulfur-bearing country rocks was done to 

evaluate: variations and zoning of ore sulfide sulfur 

isotopes in time and space; possible sulfur sources for the 

sulfide mineralization: and sulfur isotope geothermometry. 

ANALYTICAL METHODS AND INSTRUMENTATION 

Materials Sampled 

Four principal sample suites were evaluated: sulfate and 

sulfide-bearing sedimentary rocks, sulfide-bearing intrusive 

rocks, and west and East Camp ore sulfides. In addition, 

one sample from a giant gypsum crystal from the high-level 

"Cave of the Candles" was analyzed. Sample descriptions and 

analytical results are presented in Appendix F. 

The sedimentary country rock samples were taken from 

diamond drill hole #CP-1813 (Fig. 95) and included: clean 

anhydrite from a very thick evaporite bed in the CUchillo 

Formation: and two samples of cubic pyrite from 

shaly, fossiliferous portion of the same unit 

Whole-rock chemical analyses of these same 

presented in Appendix A. 

the black, 

(Fig. 5). 

samples are 

Intrusive-hosted sulfide samples included one sample of 

disseminated pyritohedral pyrite from both East and West 
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Camp diabase sills, and a single sample of co-existing 

sphalerite and pyrite from a mineralized felsite sill at 

1007m elevation in the southern Potosi Mine. 

west Camp sulfides were systematically sampled throughout 

the camp, but suffer from a lack of paragenetic information 

due to near-total ore removal. Many of the sulfide samples 

come from the peripheries of enormous mined-out orebodies, 

and may not be representative of the cores of these bodies. 

The west Camp samples were evaluated in two stages. Initial 

analyses were performed on samples from each of the major 

ore trends, selected to obtain maximum vertical, lateral and 

longitudinal distribution. Fill-in analyses were 

subsequently performed on samples from areas between 

significantly different preliminary results. These include 

the detailed traverses along the Q-Denis Fissure, and within 

a single, high-level, elongate manto. A total of 60 ore 

sulfide samples were analyzed, including 16 sulfide pairs. 

Because of limited longitudinal access in the San Antonio 

Mine, sampling focused on vertical and lateral 

characterization of mineralization. Samples of sulfides 

intimately intermixed with skarn silicates were analyzed, as 

well as silicate-free, massive sulfides. A total of 19 ore 

sulfide samples were analyzed, including 8 sulfide pairs. 

sample Preparation and Analysis 

Sulfur isotope geothermometry is based on equilibrium 

fractionation of sulfur isotopes between co-deposited 
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sulfide minerals, so polished sections were made of 

potential samples to determine if the textures indicated 

equilibrium deposition. Although slabs of the samples 

showed smooth mutual contacts between sulfide grains under 

the binocular microscope, polished section petrography 

revealed evidence for sequential sulfide precipitation in 

each case. Systematic polished section work on the 

potential isotope samples was therefore discontinued. 

Despite the textural evidence for non-contemporaneous 

deposition, the preliminary set of analyses included 24 

sulfide pairs because non-contemporaneous sulfide deposition 

may still reflect depositional equilibrium if the sulfides 

precipitated in equilibrium with solutions which were 

uniform in temperature and isotopic composition (Rye and 

Ohmoto, 1974). However, the preliminary analyses revealed 

that sulfur isotopic disequilibrium was common, so further 

analysis of mineral pairs was discontinued. Subsequent 

analyses were limited to galena because it was available 

throughout the oxide and sulfide zones of both camps. 

Sulfide separates were hand-picked under the binocular 

microscope from medium to coarse-grained samples. For 

mineral pair analysis, co-existing sulfides were sampled 

close to their mutual contacts to minimize possible 

paragenetic variations within single crystals. Each sample 

was pulverized in an agate mortar and pestle, and leached 

with 10% HCI for 3 minutes to remove adhering carbonate. 

The samples were then washed twice with 4X distilled water 

and dried at 60 deg. C. Sample charges were 50 milligrams 
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of galena, 24 mg of sphalerite and pyrrhotite, or 15 mg of 

pyrite, mixed with 160 mg of CU20, and analyzed according to 

the method described by Robinson and Kusakabe (1975). 

The anhydrite sample was taken from the purest core 

intercept available (See Appendix F), and the gypsum sample 

was taken from a large, transparent, colorless crystal from 

the Cave of the Candles. Each sample was dissolved in dilute 

HCl and the sulfate was re-precipitated as BaS04. The 

synthetic barite was then analyzed according to the method 

described by Coleman and Moore (1978). 

Analyses were performed by Dr. C.J. Eastoe, Lisa Warnecke, 

Larry Sumpter, and the author on a modified VG-Micromass 

602-C isotope ratio mass spectrometer at the Laboratory of 

Isotope Geochemistry at University of Arizona under the 

supervision of Dr. Eastoe. Results are reported relative to 

Canyon Diablo Troilite (COT). These analyses were performed 

early in the calibration history for the laboratory, so the 

combined precision for the mass spectrometer plus analytical 

methods was probably slightly poorer than the +/- 0.2 permil 

precision (2-sigma) currently calculated for the lab. 

SULFUR ISOTOPE RESULTS 

Sedimentary Sulfates and Sulfides 

Anhydrite from the CUchillo Formation has a del 34S value 

of +15.6 permil (Appendix F) which is in close agreement 

with the expected value for 

(Claypool and others, 1980). 

lower Cretaceous evaporites 

CUbic pyrite from the black, 
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organic-rich, shaly upper portion of the CUchillo Formation 

has del 34S values of -28 permil, which falls within the 

range of values reported for diagenetic pyrite formed in 

euxinic environments (Ohmoto and Rye, 1979). Independent 

sedimentological work supports this interpretation 

(Lofquist, 1986). 

Giant Gypsum Crystals 

The giant gypsum crystal from the Cave of the Candles 

(Fig. 70) has a del 34S value of +4.1 permil. 

Igneous Rock-Hosted Sulfides 

Pyritohedral pyrite from East and West Camp diabase sills 

has del 34S values of +4 and -4.8 permil, respectively. 

Both of the sampled diabase sills were remote from ore 

mineralization, but affected by propylitic 

(chlorite-pyrite-calcite) alteration. Thin section 

examination shows the pyrite to be both disseminated and 

along microfractures. 

In contrast, anhedral pyrite and sphalerite from the deep 

West Camp felsite sill have del 34S values of -11.7 and 

-10.9 permil, respectively. These sulfides occur with 

sparse galena along flow bands (Fig. 85). This sill occurs 

in a heavily mineralized zone and although the massive 

sulfide orebodies nearest this sill are significantly 

depleted in 34S relative to these felsite-hosted sulfides, 

the values for these sulfides overlap with the ore-sulfide 
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values for the central part of the West Camp (Table 9, and 

Appendix F). 

Ore Sulfides 

Figure 112 is a histogram of the sulfur isotope results 

for East and west Camp ore sulfides. The locations of 

individual samples are shown in Figures 30, 93 through 98 

and 113. The ranges, means, and standard deviations of the 

sampling populations are presented in Table 9. Sphalerite 

and pyrrhotite generally have lower del 34S values than 

adjacent galena (Appendix F), indicating isotopic 

disequilibrium (Ohmoto and Rye, 1979). The range of del 34S 

values for the East Camp overlaps with, but has more high 

del 34S values than, the West Camp. This is reflected by the 

-5 +/- 6 permil mean for the East Camp versus the -10 +/- 2 

permil mean for the higher of the two west Camp 

populations. A student t-test indicates that these two 

populations are different at the 99.9% confidence level. 

Most of the analyzed galena and sphalerite occurred with 

pyrrhotite and a few occurred with pyrite. Only 2 West Camp 

pyrrhotites and one West Camp pyrite were analyzed; the del 

34S value for the pyrite falls between the two pyrrhotite 

analyses (Appendix F). There appears to be no significant 

difference between the del 34S character of the galena and 

sphalerite associated with these analyzed iron sulfides and 

other nearby samples, nor is there a significant difference 

between the del 34S character of galena or sphalerite 

associated with primary pyrite or pyrrhotite in the Condesa 
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Figure 112. Histoqrams of ore-sulfide sulfur isotope values 
for santa Eulalia mineralization. 
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Figure 113. Distribution of East Camp sulfide-sulfur isotope 
analyses. All projected to plane through mine co-ordinate 
N2200. 



WEST CAMP 

Overall all 
gn 

sp/po 

<-13.5 all 
population gn 

sp/po 

>-12.5 all 
population gn 

sp/po 

Southern all 
Zone gn 

sp 

Central all 
Zone gn 

sp/po 

Northern all 
and Upper gn 
Zone sp 

Condesa- all 
Ing1aterra gn 
Zone sp 

Silicate Ores 

TABLE 9 

Maximum Minimum 
n del 34S* del 34S* 

[* all in permi1] 

60# -0.9 
42 -0.9 
17 -7.3 

40 -0.9 
28 -0.9 
12 -7.3 

22 -12.0 
16 -13.2 

5 -12.9 

21 -10.8 
13 -10.8 

7 -11. 0 

14 -7.5 
9 -8.6 
5 -7.5 

14 -0.9 
9 -0.9 
5 -7.3 

13 -12.3 
9 -13.6 
4 -12.3 

-16.5 
-15.8 
-16.5 

-13.2 
-13.2 
-12.9 

-16.5 
-16.2 
-16.5 

-16.5 
-16.2 
-16.5 

-14.9 
-14.1 
-14.9 

-11.2 
-11.2 
-9.8 

-16.5 
-16.2 
-16.5 

<-13.5 all 5 -14.4 -14.9 
>-12.5 both 2 -7.3s -9.7g 

# Includes one pyrite analysis 

EAST CAMP 

Overall 

Maximum Minimum 
n del 34S* del 34S* 

[* all in permi1] 

all 18 
gn 10 

sp/po 8 

+4.2 
+4.2 
+2.5 

-12.9 
-11.8 
-12.9 

mean* 

-11.6 
-11.7 
-11.3 

-10.0 
-10.1 
-10.0 

-14.6 
-14.8 
-14.8 

-14.1 
-14.7 
-13.2 

-11.1 
-11.2 
-10.8 

-8.9 
-8.8 
-8.5 

-14.7 
-14.9 
-14.3 

-14.6 
-8.5 

mean* 

-5.0 
-4.9 
-5.2 

std. 
dev.* 

2.8 
2.9 
2.7 

2.2 
2.2 
2.0 

1.0 
0.8 
0.9 

1.7 
1.3 
2.0 
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1.9 
1.6 
2.4 

2.4 
2.6 
N.A. 

1.0 
0.7 
1.5 

0.4 
N.A. 

std. 
dev.* 

5.8 
5.7 
6.1 
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system (Table 9, Fig. 98, and Appendix F). However, galena 

from the northern, pyrite-dominant part of the West Camp 

does appear to have consistently higher del 34S values than 

galenas from elsewhere in the West Camp (Fig. 94). 

west Camp 

west Camp del 34S values range from -0.9 to -16.5 permil 

and show a bimodal distribution with population means at del 

34S= -14.6 +/- 1 permil and del 34S= -10.0 +/- 2.2 permil 

(Table 9 and Appendix F). A student t-test indicates that 

these two populations are different at the 99.9% confidence 

level. There is no significant difference between the del 

34S values for galena or sphalerite-pyrrhotite between the 

two populations or within the three principal zones (Table 

9). vertical sections along individual trends (Figs. 93 

through 98) show no consistent vertical isotopic trends, nor 

do sulfur isotope values appear to correlate with fluid 

inclusion temperature or salinity data. Horizontal trends 

are lacking except along the Q-Denis-Tiro Alto Trend (Fig. 

96) which shows a progressive depletion in 34S on the order 

of 0.5 permil per 100 m, from the center of the district 

towards the intersection with the Condesa Fissure. 

There is no consistent isotopic characterization for the 

individual ore types but there does appear to be isotopic 

consistency within certain structural trends regardless of 

ore type. This is best demonstrated by mineralization 

within the Condesa System where del 34S values range from 

-12.3 to -16.5 permil around a mean of -14.7 +/- 1 permil, 
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through a vertical distance of over 600m through 

interconnected intrusive breccia, collapse breccia, normal 

sulfide chimney ores, to high-level silicates (Table 9 and 

Figs. 97 and 98) (Megaw and Miranda, 1988, 1989). 

Del 34S values for most silicate-hosted sulfides are more 

similar to those from adjoining normal sulfides than they 

are to sulfides from the other silicate bodies (Appendix F). 

Sulfides in the Inglaterra silicate Body have del 34S values 

of -14.7, -14.0, and -14.8 permil which are 

indistinguishable from the -14.7 permil mean for normal 

sulfide mineralization throughout the Condesa-Inglaterra 

system (Appendix F, Table 9, and Fig. 97). Galena from both 

the Main Silicate Body and its underlying normal sulfide 

chimney have del 34S values of -9.7 permil which are 

indistinguishable from the mean del 34S value of -11.1 +/-

1.9 permil for mineralization throughout the central zone of 

the West Camp (Table 9, Appendix F, and Fig. 114). There is 

a significant difference between the del 34S values of -14.2 

and -14.9 permil for sulfides in silicates in the Penoles 

Fissure and the del 34S values of -11.9 and -11.1 permil for 

sulfides elsewhere in the Penoles Trend (Appendix F, Fig. 

9S). However, these samples are separated by several hundred 

meters and are not from the same orebody (Fig. 9S). 

The planar projection of all the West Camp analyses shows 

a crudely defined zoning pattern from low del 34S values in 

the Condesa area to high del 34S values in the northern 

mantos (Fig. 114). Although there is considerable overlap in 
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Figure 114. Distribution of del 348 values for West Camp ore 
sulfides, projected to the surface. Note crude zoning with 
highest values in central and northern areas, and lowest 
values at the extreme south. Intermediate values flank 
these two extremes. 



313 

the ranges of del 34S values for each zone, there is a 

distinct increase in the mean del 34S values from -14 permil 

in the southern zone, to -11 permil in the central portion 

of the district, to -S.S permil in the northern zone. A 

student t-test indicates that the southern and central and 

southern and northern populations are different at the 99.9% 

confidence level, but the central and northern populations 

are different at only the SO% confidence level. 

East Camp 

East Camp analyses define a 

range from del 34S= +4.2 to 

clusters at del 34S= -12.S to 

broad 

-12.9 

span 

permil 

of values that 

with distinct 

-lO.S permil, -6 permil, and 

+0.6 to +4.2 permil (Fig. 113, Table 9, Appendix F). This is 

reflected by the standard deviation of +/- 6 permil around 

the mean of del 34S= -S.6 permil. Like the West Camp, the 

isotope values show no consistent vertical or horizontal 

patterns (Fig. 113), nor do they show any consistent 

relationship between isotopic composition and salinity or 

temperature data. There is a suggestion that, in the deeper 

levels, the silicate-poor ores are depleted in 34S (-lO.S to 

-13 permil; Samples 13R-29M and 14R-200N) compared to nearby 

skarn-hosted sulfides (-6 to +4 permil; Samples 14R-1S00N 

and 13R-29S), but equally low values were obtained from 

skarn-hosted sulfides at 1224m elevation (Samples S-23S0N, 

and S-17S0N). Sampling density in this mine is not adequate 

to resolve this problem. 
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SULFUR ISOTOPE GEOTHERMOMETRY 

Sulfur isotope temperatures were calculated from analyses 

of co-existing sulfide pairs using the formulae of Ohmoto 

and Rye (1979) and are presented in Table 10. Eleven of 

eighteen co-existing sulfide pairs analyzed from the west 

Camp have del 34S (sphalerite or pyrrhotite) greater than 

del 34S (galena), indicating possible equilibrium 

deposition. However, only seven of these give geologically 

reasonable temperatures between 268 and 477 deg. C (Fig. 

115, and Table 10). Of the nine co-existing 

galena-sphalerite (or pyrrhotite) pairs analyzed from the 

San Antonio Mine, only two have del 34S (sphalerite) greater 

than del 34S (galena), and only one of these gives a 

geologically reasonable temperature: 247 deg. C (Fig. 115, 

and Table 10). 

Although these sulfur isotope temperatures fall within, or 

near, the. range of pressure-corrected fluid inclusion 

temperatures (Appendix G) these calculated temperatures are 

suspect because of the evidence that isotopic disequilibrium 

is common, and the petrographic evidence which shows that 

each sulfide species appears to have been deposited 

repeatedly, but separately. 
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Figure 115. Plot of sulfur isotope values for galena versus 
sphalerite or Pfrrhotite. Line of galena plus 1 permil 
represents equil~brium fractionation at 500 degrees C. 
Anything to the right of this line is out of equilibrium 
below 500 degrees. Dashed line represents equilibrium 
fractionation at 200 deg.C, which coincides with the lower 
limit of the majority of primary fluid inclusion 
homogenization temperatures. Calculated sulfur isotope 
temperatures for the samples between the lines are presented 
in Table 10. 



Sample 

SA14R 2300N 

EPCond 18-3 

2EP 19-2 

EP10 CS-2 

BT18R Potv 

BT16-90 

2V-Roy 

MVl-3700N 

TABLE 10 

CALCULATED SULFUR ISOTOPE TEMPERATURES 

Sph/Po* Gal* Delta 

-3.4 

-12.3 

-14.5 

-7.3 

-11. 7 

-9.2 

-8.3 

-7.3 

EAST CAMP 

-6.1 2.7 

WEST CAMP 

-14.1 

-16.6 

-9.7 

-13.1 

-10.5 

-10.8 

-9.5 

1.8 

2.1 

2.4 

1.4 

1.3 

2.5 

2.2 

Tmax 

262 

382 

334 

295 

471 

499 

284 

320 

Tmin 

232 

345 

300 

263 

428 

455 

252 

287 

{* All sulfur isotope values in permil relative to CDT} 

(0.85 +/- 0.03) x 1000 

316 

Tave 

247 

364 

317 

279 

445 

477 

268 

304 

Sphalerite (pyrrhotite) 
- galena 

T= ----------------------- +/- 45** 
1/2 

(Delta) 

[** = combined uncertainties from equation 
and isotope analyses] 

(From Ohmoto and Rye, 1979) 
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OTHER THERMOMETRIC STUDIES 

Clanton (1975) attempted to determine the temperature of 

formation of San Antonio skarn-hosted sulfide mineralization 

by laboratory rehomogenization of chalcopyrite "disease" in 

sphalerite. He found that crystallographically aligned 

chalcopyrite, which he interpreted as being exsolution 

lamellae, would rehomogenize into sphalerite at temperatures 

between 350 and 450 degrees C, but that "star-burst" shaped 

blebs of chalcopyrite would not rehomogenize at his maximum 

temperatures of 500 degrees C. Although Clanton's (1975) 

lower temperatures match well with the temperature ranges 

determined from fluid inclusions and sulfur isotopes, it is 

not clear what this means, as it is now believed that 

chalcopyrite disease is dominantly a replacement process 

rather than an exsolution phenomenon (Barton and Bethke, 

1987; Eldridge and others, 1988). Barton and Bethke (1987) 

found that chalcopyrite disease most often occurs in 

deposits that formed in the 200 to 400 degrees C range and 

cooled rapidly. These conditions are somewhat similar to 

those for the San Antonio skarns, but it remains unclear why 

chalcopyrite homogenization should reflect these 

temperatures. 



318 

CHAPTER 8 

GEOCHEMICAL INTERPRETATION 

SUMMARY OF MINERALIZATION CHARACTERISTICS 

west Camp mineralization overwhelmingly consists of 

massive bodies of pyrrhotite, sphalerite, galena, and 

pyrite. Pyrite mostly occurs as a replacement of 

pyrrhotite, except in the uppermost zones and deep breccia 

bodies. Gangue throughout the West Camp consists of very 

minor amounts of carbonate and fluorite. Quartz is largely 

restricted to the upper and peripheral parts of the camp. 

Calcic iron skarns composed of manganoan fayalite, manganoan 

hedenbergite, ilvaite, and chlorite with the same sulfide 

assemblage as the rest of the camp locally occur at high 

levels remote from intrusions. Magnetite and jacobsite 

occur sparingly throughout these skarns. Very minor amounts 

of tremolite-vesuvianite-garnet-rhodonite skarn are found in 

the deepest, southeasternmost parts of the camp. Although 

both of these skarn types abut or occur within massive 

sulfide ores, there is no evidence for the the former 

existence of calc-silicates in the massive sulfides. 

In contrast, the East Camp ores are dominated by 

pyrrhotite-sphalerite-pyrite-galena-bearing 

andradite-hedenbergite skarn. These skarns contain calcite, 

fluorite and quartz with late magnetite, franklinite and 
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later siderite. West Camp-style massive sulfide ores occur 

along the contact between skarn and limestone and within 

specific limestone beds peripheral to the main skarn 

orebodies. East Camp mineralization also includes discrete 

cassiterite-bearing orebodies associated with abundant 

quartz-magnetite veinlets and micropegmatite dikes. 

COMPARISON OF SKARNS TO OTHER DISTRICTS 

The West Camp silicate ores are an uncommon, but 

well-studied skarn assemblage similar to that found at 

Hanover-Fierro, New Mexico, (Allen and Fahey, 1957; Einaudi 

and others, 1981: Meinert, 1983) and Uchuchaqua, Peru 

(Alpers, 1980). Both these deposits are relatively low 

temperature «350 deg. C) manganese-rich zinc skarns that 

occur distant from their presumed hydrothermal sources 

(Einaudi and others, 1981: Meinert, 1986). Einaudi and 

others (1981) interpreted the Mn-fayalite and johannsenitic 

clinopyroxene as representing an anhydrous, prograde skarn 

assemblage which subsequently alters to a hydrous 

chlorite-quartz-ilvaite-rhodochrosite retrograde assemblage 

with roughly contemporaneous sulfide mineralization. The 

composition and petrographic and paragenetic relationships 

of the Santa Eulalia silicate ores are consistent with these 

interpretations. 

The East Camp paragenesis also appears to indicate an 

evolution of skarn-forming fluids from an early anhydrous 

stage with minor sphalerite and pyrrhotite, to a subsequent 

hydrous stage coincident with the bulk of sulfide 
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mineralization. There are local reversals of this pattern, 

but the overall skarn development shows the features 

described and modeled by Einaudi and others (1981) and 

Einaudi and Burt (1982). Thus, the sulfides are interpreted 

as a later evolutionary stage of the skarn-forming system. 

CONDITIONS OF MINERALIZATION 

FLUID INCLUSION CONSTRAINTS 

The majority of homogenization temperatures for primary 

fluorite fluid inclusions from each camp range between 200 

and 350 degrees C, but temperatures as high as 450 deg. C 

were recorded in the East Camp (Fig. 103). stratigraphic 

reconstruction suggests that 40 deg. C should be added to 

these temperatures as a correction for lithostatic 

pressure. No evidence for boiling such as vapor-rich 

inclusions, inclusion populations with highly variable vapor 

bubble size, or inclusions that homogenized to a vapor were 

found. No liquid C02 was found. Fluid inclusion salinities 

are bimodal with a low-salinity population ranging from 1-12 

equivalent wt% NaCl, and ~ high-salinity population 

exceeding 26.3 equivalent wt% NaCl. Both salinity 

populations span the entire temperature range and 

representatives of both can be found as primary inclusions 

within individual crystal fragments. Energy Dispersive 

Analysis of fluid inclusion decrepitates indicates that 

inclusion fluids in sphalerite contain significant amounts 

of Ca, K, Mg, Na, and S (Haynes and Kesler, 1988) which is 

consistent with the optical identification of the fluorite 
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fluid inclusion daughter minerals as halite, anhydrite, and 

sylvite. There is no systematic zoning of fluid inclusion 

temperatures or salinities, nor correlation to particular 

ore types. 

The two fluids overlapped in time and space, but there is 

little evidence for mixing between them (Fig. 106). This 

indicates that compositionally distinct fluids were 

sequentially trapped along fluorite growth surfaces and that 

the ore zone fluids alternately tapped two separate fluid 

sources. Combined with the evidence for sequential 

emplacement of the felsites and orebodies, sequential and 

alternating deposition of sulfides, reversals of the East 

Camp skarn paragenesis, and the thermal fluctuations 

indicated by the naturally decrepitated fluid inclusions, 

this indicates that the system was characterized by 

fluctuating thermal and geochemical conditions. 

The data from Santa Eulalia are consistent with an 

interpretation that the fluctuations were caused by periodic 

addition of felsite magma and hot, saline fluids at depth in 

the system and collapse of a slightly cooler, dilute fluid 

onto the deposit during the intervals between pulses. 

Erwood and others (1979) reported similar compositionally 

distinct fluids at Naica, Chihuahua, and Bodnar (1986) 

reported that compositionally distinct fluids are found in 

many high-temperature, carbonate-hosted Ag-Pb-Zn deposits. 

Both these authors inferred that the high salinity fluids 

were magmatic in origin and the low salinity fluids were 
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meteoric. There are no appropriate isotope analyses to 

confirm or refute this interpretation for santa Eulalia, but 

the close temporal and spatial association between 

mineralization and brecciation and the felsites strongly 

indicates that the ore fluid had a significant magmatic 

component. 

MINERALOGICAL CONSTRAINTS 

Figures 116-119 are phase diagrams of the Santa Eulalia 

ore minerals in pH versus a02 and a02 versus aH2S space at 

250 and 350 deg.C, 500 bars total pressure. The true ionic 

strength of -3 and the aK+/aH+ ratios of 4.2 (350 deg. C) 

and 4.5 (250 deg. C) were calculated using Haynes and 

Kesler's (1988) fluid inclusion decrepitate analysis [48.5% 

NaCI, 6.5% KCI, 45.1% CaCI, 84.3% CI, and 9.4% S] and 

equations developed by Helgeson (1969). However, it must be 

noted that this is a single analysis 

wide span of possible inclusion 

and there is clearly a 

compositions. The C02 

content was assumed to be <O.lm, based on its apparent 

scarcity in Santa Eulalia fluid inclusions, data compiled by 

Bodnar (1986), Einaudi and others (1981), Einaudi and Burt 

(1982), the experimental stUdies of Reed (1986), and the 

theoretical work of Johnson and Norton (1985). The total 

sulfur concentration is assumed to be .1m based on data from 

Barnes (1979) and Ohmoto (1986). 

The mineralogy of each camp defines the portions of the 

diagrams that are of interest (Figs. 116-119) and the fluid 

parameters (T, pH, oxidation state, etc) which governed 
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Figure 116. Composite phase diagram showin9 a02-pH stability 
fields of Fe-S-O minerals, S species, calc~te, graphite, and 
muscovite (sericite). T = 250 deg. C, K+/H+ = 4.5, and 
aSi02=l Large solid arrow indicates direction of bulk ore 
fluid evolution, broken large arrows indicates direction of 
evolution of individual fluid packets. Dashed small arrow 
indicates direction of evolution of fluids from West Camp 
Silicate to Normal Sulfide Ores. Dotted small arrow 
indicates direction of evolution of late-stage East Camp 
fluids. 

. --... - -
. . - --

- S-species boundaries. 
- Fe-S-o mineral boundaries at total S - .1 moles/Kq H20 
- Fe-S-O mineral boundaries at total S - .001 moles/Kq H20 
- calcite-qraphite boundary at total C - 1 mole/Kq H20 
- Calcite-qraphite boundary at total C - .1 mole/Kq H20 

(Modified after Ohmoto, 1972) 
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Figure 117. Composite phase diagram showin9 a02-pH stability 
fields of Fe-S-O minerals, S species, calc1te, graphite, and 
muscovite (sericite). T = 350 deg. C, K+/H+ = 4.2, 
aSi02=1. Large solid arrow indicates direction of bulk ore 
fluid evolution, broken large arrows indicates direction of 
evolution of individual fluid packets. Dashed small arrow 
indicates direction of evolution of fluids from west Camp 
Silicate to Normal Sulfide Ores. 

_____ - S-species boundaries. 
_"_ - Fe-S-o mineral boundaries at total S,. "1 moles/Kg H20 
_" •• _ - Fe-S-o mineral boundaries at total S - "001 moles/Kg H20 
_ __ - Calcite-graphite boundary at total C - 1 mole/Kg H20 
_"_"_ - Calcite-graphite boundary at total C" "1 mole/Kg H20 

(Modified after Ohmoto, 1972) 
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Figure 118. Superimposed phase relations in the systems 
SnO-H2S-H20-02 and Feo-H2S-H20-02 as a function of the 
activities of 02 and H2S at 250 de9. C and 500 bars. 
aSi02=1 Large solid arrow indicates d1rection of bulk ore 
fluid evolution, broken large arrows indicates direction of 
evolution of individual fluid packets. Dashed small arrow 
indicates direction of evolution of fluids from West Camp 
Silicate to Normal Sulfide Ores. Dotted small arrow 
indicates direction of evolution of late-stage East Camp 
fluids. 

- Fe-o-S minerals. 
- Contours of Wtt FeS in sphalerite (data from Burnham, 1959 

Lees, 1969, and Clanton, 1975). _0_ -Sn-S-o minerals and phases. 
- aB20 -aB2. _.0_ - fayalite-quartz+maqnetite or fayalite-quartz+pyrrhotite. 

(Modified after Jackson and Helqeson, 1985) 
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Figure 119. Superimposed phase relations in the systems 
SnO-H2S-H20-o2 and FeO-H2S-H20-o2 as a function of the 
activities of 02 and H2S at 350 dey. C and 500 bars. 
aSi02=1 Large solid arrow indicates d rection of bulk ore 
fluid evolution, broken large arrows indicates direction of 
evolution of individual fluid packets. Dashed small arrow 
indicates direction of evolution of fluids from West Camp 
Silicate to Normal Sulfide Ores. Dotted small arrow 
indicates direction of evolution of late-stage East Camp 
fluids. 

,. Fe-o-S minerals. 
_ _ _ ,. Contours of wtt FeS in sphalerite (data from Burnham, 1959 

Lees, 1969, and Clanton, 1975). 
_._ - Sn-S-o minerals and phases. 

,. aH20 -aH2. 
_ •• _ - fayalite-quartz+magnetite or fayalite-quartz+pyrrhotite. 

(Modified after Jackson and Helqeson, 1985) 
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mineral deposition can be deduced from the these diagrams 

coupled with the geologic, mineragraphic geochemical and 

fluid inclusion data. Discussion will center on the 350 

deg. C diagrams because this appears to be the temperature 

of formation of the bulk of the sulfide mineralization. 

The locally abundant sericite in the felsites in the deep 

parts of both camps indicates that fluids entering the ore 

zone had a pH of 4.2 (Fig. 118). Pyrrhotite and pyrite are 

stable over a wide pH range, so they reveal little about the 

pH within the main body of mineralization. However, the 

late marcasite indicates a pH of <5 and temperatures below 

200 deg. C (Murowchick, 1984), suggesting that acid 

conditions persisted through the very latest stages of 

sulfide deposition. The occurrence of marcasite in 

near-sulfide AMOM further suggests that the fluid remained 

acid to the limits of sulfide mineralization. 

The apparent acidity of the ore fluids indicates that the 

carbonate host, which represented an effectively 

inexhaustible pH buffer, was an extremely important chemical 

control on the system. Mineragraphic 

89) shows that mineralization occurred 

evidence (Figs. 88, 

as the ore fluids 

moved outwards from pre-existing sulfides and reacted with 

the limestones, suggesting that increased pH was an 

effective mechanism for ore deposition. Therefore, to 

create the elongate orebodies typical of the district, an 

individual packet of ore fluid must have remained focussed 

and insulated from the limestone until finally reaching its 



destined site for ore deposition. 

alteration and mineralization to the 

inferred fluid input points, suggests 
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The limitation of 

felsites near the 

that the ore fluids 

remained insulated from reacting with the limestone by 

migrating through the felsites. The data further suggest 

that, once leaving the felsites, the ore fluids stayed 

isolated from the limestone by migrating through 

previously-formed sulfides. This suggests that two types of 

ore fluid changes are reflected by the mineralogical 

transitions: those caused by changes of conditions and 

evolution of the bulk of the ore fluid in time and sPdce as 

it moved within the felsites and ore, and changes of the 

conditions in individual fluid packets as they reacted with 

the wallrocks. 

The dominance of pyrrhotite in the ores indicates that H2S 

was the dominant aqueous sulfur species and that conditions 

were strongly reducing (Figs. 116, 117). The manganoan 

fayalite in the early West Camp silicate ores is probably 

indicative of higher pH than that for the sulfide phase but 

may still indicate high aH2S (Figs. 118, 119). The high 

manganese content of this fayalite probably led to 

stablization of fayalite outside the field of pure 

Fe-end-member fayalite shown in Figs. 116-119. In 

particular, Mn-fayalite may be stable at higher values of 

a02, but it is not at present possible to accurately 

calculate the position of this field (R. Robie, oral. 

comm.). The transition from pyrrhotite to pyrite probably 

reflects an increased oxidation state (Figs. 116-119) and 
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the occurrence of native sulfur on pyrite (Megaw, 1986a) 

supports this inference (Figs. 116, 117). Decreasing 

temperature will also stabilize pyrite over pyrrhotite 

(Figs. 116, 117) (Hemley and others, 1987), but there is 

limited evidence for decreasing temperature with time and 

space in the district. This suggests that the entire 

evolution of the sulfide-depositing fluids within ore can be 

ascribed to a simple increase in aS04=/aH2S, perhaps by 

increasing aS04= at constant aH2S, with or without 

decreasing temperature: this evolution 

path on Figures 116-119. The appearance 

defines a vertical 

of magnetite and 

hematite in late stage mineralization in the East Camp 

evidently reflects a decrease in aH2S rather than a 

late-stage increase in aS04= (Figs. 116-119). 

In contrast, the evolution of individual ore fluid packets 

packets as they left ore and encountered limestone was 

dominated by drastically increased pH. This process can be 

described by horizontal paths across Figures 116 and 117 and 

its significance will be discussed in detail later. 

Fluorite, calcite and gypsum are the most important gangue 

minerals at santa Eulalia, and they represent the later 

stages of the evolution of both individual ore-fluid packets 

and the ore fluids as a whole. All of these minerals have 

high solubilities in hydrothermal solutions with high NaCl, 

CaCI, and/or KCl concentrations such as those indicated for 
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the santa Eulalia ore fluids (Holland and Malinin, 1979; 

Richardson and Holland, 1979a, 1979b, Haynes and Kesler, 

1988). 

Fluorite precipitates from NaCI-rich solutions by simple 

cooling, dilution with cool meteoric water, and brine 

mixing: whereas fluorite in dilute solutions precipitates 

principally through increasing pH or increasing aCa++ 

(Richardson and Holland, 1979a, 1979b). The fluid inclusion 

data show that very little mixing occurred between the hot 

compositionally distinct fluids present at Santa Eulalia, 

suggesting that simple cooling was the dominant mechanism 

for fluorite deposition in the ore zone. This suggests that 

the fluorite alteration halo must have had a separate 

fluorine source because fluorine in the ascending ore fluid 

would have been unable to traverse the limestone to the 

Capping series contact without cooling or mixing with dilute 

meteoric water and depositing fluorite. It is more likely 

that fluorine was leached from the Capping Series volcanic 

rocks by descending meteoric water and was deposited as 

fluorite along the limestone-capping series contact through 

reaction with limestone or Ca++-rich fluids. 

Calcite solubility increases with increased temperature in 

NaCl-rich solutions, but decreases with increased 

temperature in dilute solutions. In both cases its 

solubility decreases with increased pH (Holland and Malinin, 

1979). A complex interplay of these factors probably 

occurred at Santa Eulalia and are reflected in the overlap 
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of sulfide replacement 

calcite deposition, and 

calcite. 

of limestone, subsequent gangue 

later replacement of the gangue 

Calcite would have been very soluble in 

ore fluids, but its solubility would 

the hot, saline 

have immediately 

decreased as the pH of these fluids increased 

wallrock reaction. However, calcite probably 

precipitate immediately because the increased 

through 

did not 

pH and 

decreased temperature of the saline fluids was offset by the 

increased solubility of calcite 

fluids. Calcite probably did 

extensive wall-rock interaction 

in the surrounding dilute 

not precipitate until 

increased the pH to about 

neutral+1 

processes 

veinlets 

throughout 

unit (Ellis and Mahon, 1977). These interrelated 

may explain the abundance of calcite-filled 

in limestone above and adjacent to orebodies 

the district relative to the small amount of 

calcite gangue within ore. 

The increased solubility of calcite at lower temperatures 

suggests that the abundant vugs found in massive sulfide and 

skarn ores represent unmineralized limestone dissolved by 

late-stage, cool, dilute fluids (Holland and Malinin, 1979). 

Many of these vugs are partially to competely filled with 

calcite which is coated or interlayered with sulfides or 

gangue minerals. This suggests that the filled vugs and 

local crustification textures seen in many orebodies reflect 

late-stage hydrothermal carbonate dissolution and subsequent 

in-filling rather than the presence of pre-mineral 
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cavities. This further indicates that the cyclicity of the 

hydrothermal system continued through its waning stages. 

Gypsum solubility in hydrothermal fluids is strongly 

affected by fluid salinity. Dilution with meteoric water at 

T <100 deg. C. is inferred to be its principal depositional 

mechanism (Holland and Malinin, 1979). This suggests that 

the restriction of gypsum to the upper levels and 

peripheries of the west Camp reflects mixing between cooled 

hydrothermal and meteoric waters along the fringes of the 

system. 

SULFUR ISOTOPE CONSTRAINTS 

Overall Characteristics 

Ore-sulfide del 34S values have a range of over 21 permil 

(from -16.5 to + 4.5) and isotopic disequilbrium between 

adjacent sulfide minerals is common. There is no 

correlation between sulfur isotopes and fluid inclusion 

temperatures, salinity, ore type, or metal ratios in either 

camp. The west Camp appears to be crudely zoned toward 

heavier values with height and distance from the deep 

southern chimneys, but there is no consistent pattern in the 

East Camp. The data are insufficient to determine if there 

is a significant isotopic difference between pyrite-dominant 

and pyrrhotite-dominant mineralization but the del 34S 

values of the 4 pyrite and pyrrhotite samples fall close to 

the mean del 345 values of galena and sphalerite samples 

from their immediate surroundings (Appendix F), which 
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suggests that all these sulfides deposited from the same 

solutions. 

The predominance of pyrrhotite at depositional 

temperatures of 250-500 deg. C indicates that the 

mineralization occurred within the H25 dominant field 

(Barton and Skinner, 1979) (Figs. 116, 117). Because there is 

limited fractionation between sulfides and H25, sphalerite, 

pyrrhotite, and galena deposited from H25-dominated fluids 

have del 345 values close to those of the fluid and 

variations in the del 345 values of these sulfides should 

therefore reflect variations in the ore fluid (Ohmoto and 

Lasaga, 1982, Ohmoto, 1986). 

The transition to pyrite in the upper parts of the 

district indicates an increase in the oxidation state of the 

ore fluids (Figs. 116, 117). The lack of lower del 345 

values in the galena and sphalerite from these zones, 

relative to the del 345 values from the deep zones, 

indicates that this did not occur through oxidation of H25 

to 504= in isotopic equilibrium (Ohmoto and Lasaga, 1982), 

but that the increased 504=/H25 more likely resulted from 

addition of 345-enriched 504= from an external source. 

There are no evaporites known in the host limestones, and 

although the Finlay Formation has a distinct fetid odor 

indicating the presence of organic H25 (Spurr, 1911), the 

fact that no significant amount of organic H25 occurs in the 

Bengigo and Lagrima Formations which locally host 

345-enriched pyrrhotite-dominant ores (Appendix F), suggests 
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that the wallrock sulfur contribution is minor. This 

evidence, coupled with a lack of evidence for oxidation of 

H2S in the ore fluid to create low del 34S sulfides, 

indicates that the ore fluid acquired most of its del 34S 

characteristics outside the zone of ore deposition. Obvious 

nearby sources include the CUchillo Formation anhydrite (del 

34S= +16 permil) and diagenetic pyrite (del 34S= -27 permil) 

Significance of Sulfur Isotopic Disequilibrium 

Isotopic equilibrium should be attained in systems 

depositing sulfides at temperatures greater than 200 deg. C 

unless the concentration of metals exceeds the concentration 

of H2S, the del 34S of the hydrothermal fluids varies 

erratically, or deposition is very rapid (Ohmoto, 1986). 

Disequilibrium is common at Santa Eulalia indicating that 

one or a combination of these processes occurred. The 

coarse grain size of Santa Eulalia sulfides indicates that 

the rapid deposition mechanism can be discounted. 

At temperatures above 300 deg. C, ~elta li2S-galena= -3 

permil, and Delta H2S-sphalerite or pyrrhotite= -1% permil, 

so deposition of these sulfides may cause significant 

enrichment of 34S in the remaining fluid, especially if the 

fluid is metal-rich relative to H2S and the system is closed 

to influx of additional fluids with low del 34S (Ohmoto, 

1986). Under these conditions, sulfide deposition can result 

in 32S depletion of a given fluid packet so that succeeding 

sulfides precipitate from a fluid significantly enriched in 

34S. A Raleigh distillation model, calculated at 300 deg. C 
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and assuming constant T and pH, shows that an individual 

fluid packet can be enriched by 7 permil by incorporation of 

90% of the fluid's sulfur into galena (Fig. 120). This 

enrichment can increase to 13 permil if 99% of the sulfur is 

removed. Deposition of pyrrhotite or sphalerite results in 

much smaller fluid 34S enrichments: 2 permil with 90% sulfur 

removal, and 4.5 permil with 99% sulfur removal (Fig. 120). 

Barnes (1979) stated that 90-99% of the metals carried as 

MeCl complexes in an ore solution can be deposited through 

100 deg. C cooling of the ore fluid, or deposition through 

increased pH, suggesting that this process may be an 

important factor. However, it is apparent that insufficient 

amounts of sulfur would remain in the fluid for 

precipitation of appreciable amounts of additional 

sulfides. 

The difference in 34S between adjacent sulfides at Santa 

Eulalia is generally less than 2 permil (Appendix F and Fig. 

116) which suggests that the above del 34S enrichment 

process may have been important, especially on a local 

scale. However, several samples contained galena with del 

34S values 9 permil higher than co-exisiting sphalerite, and 

in one instance the reverse was true (Appendix F and Fig. 

116). These differences are so much larger than those 

displayed by most of the system that they probably represent 

deposition from different fluid packets and provide evidence 

for erratic variations in the del 34S characteristics of the 

ore fluids. 
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Figure 120. Raleigh distillation curves showing the 
progressive del 34S enrichment of the remaining 
H2S-dominated fluid through deposition of galena and 
sphalerite at 300 deg. C. starting points are: -17 = lowest 
del 34S value for West Camp galena and sphalerite, -13 = 
lowest del 34S value from East Camp sulfides, -11 = mean for 
all West Camp del 34S analyses, -10 = mean of West Camp del 
34S <-13.5 population, -5 = mean of all East Camp del 34S 
analyses. (See Figs. 103 and 112, Table 9 and Appendix G). 
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Origin of West Camp del 345 Zoning 

The lowest del 345 values in the West Camp occur in the 

central southern chimneys and breccias, with values becoming 

gradually higher to the north (Fig. 115). This coincides 

with the inferred upward and northward migration of ore 

fluids from the deep southern chimneys (Prescott, 1926; 

Hewitt, 1968) which suggests that at least some of the ore 

fluid variations were caused by ore fluid evolution within 

the ore zone. 

The evidence from disequilibrium for a low metal to sulfur 

ratio, combined with the field and petrographic data, 

suggests that Rayleigh distillation through deposition of 

sulfide ores from an ore fluid with initially low del 345 

values could account for some of the 6% variation seen 

between the means of the three del 345 populations. This 

may be especially true of orebodies along the Q-Denis-Tiro 

Alto Trend which show a gradual enrichment of del 345 of .5 

permil/100m from south to north (Fig. 97). However, the 

overall del 345 range of 16 permil across the west Camp 

cannot be explained by the evolution of a single fluid. 

The fluid inclusion, mineragraphic and felsite 

cross-cutting relations strongly indicate sequential orebody 

emplacement and fluctuating geochemical conditions. Thus, 

mineralization must have been deposited from separate fluid 

packets that overlapped in time and space and may have had 

different initial del 345 values. The Peru and Matona 

Chimneys do not appear to have been deposited from fluids 
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which had already deposited sulfides (Figs. 26, 27), so 

their respective del 345 values of -11 permil and -10 permil 

are probably unevolved initial values. These del 345 values 

may be representative of larger fluid packets (with equally 

high del 345 values) which directly entered the West Camp in 

the central zone, rather than migrating through and evolving 

from the southern zone. If so, then fluid packets with 

initial del 345 values of -10 to -13 permil could have 

increased 1 to 4 permil to the -9 permil del 345 values 

typical of the northern and upper zone and still have 

contained enough sulfur to make the sulfide ores. 

However, it is important to note that the northern zone 

includes del 345 values as high as -0.9 permil, and del 345 

values significantly different from immediately surrounding 

mineralization occur throughout all three zones (Figs. 

94-99). This is further evidence that the 345 content of the 

fluid changed erratically with time, probably by sporadic 

addition of sulfur from different sources to a fluid of 

either magmatic or hydrothermal origin. 

Conclusions 

In summary, a combination of varying intitial del 345 

values and isotopic evolution appear to be the best 

explanation for the del 345 range and zoning seen in the 

West Camp. The lack of clear patterns in the East Camp data 

suggest that it underwent a more erratic, polyphase history 

with larger variations between fluid packets. This is 



consistent with the structural, fluid 

paragenetic evidence for the East Camp. 

If the metal content of the ore fluids 
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inclusion and 

did exceed the 

sulfur-isotope 

lead, zinc, and 

silver carbonates, silicates, chlorides, and oxides should 

lie beyond the sulfide zone. The AMOM halo may represent 

just such a zone. The distribution and outward waning of 

Mn, Ag, Pb, and Zn values within AMOM strongly supports this 

assertion. This argument also suggests that some of the 

cerussite, smithsonite, hemimorphite, and silver chlorides 

in the oxide mantos may be hypogene. However, the presence 

of sulfides within the oxide ore and the abundance of 

anglesite, indicates that substantial amounts of sulfur were 

deposited in these zones and that the bulk of the oxide ores 

are of supergene origin. 

Ore Sulfur Origins and Evolution 

The data and interpretations presented above indicate that 

isotopically distinct sulfur reservoirs contributed sulfur 

to the mineralizing fluids. Several possible sources 

exist. The CUchillo Formation anhydrite and pyritic black 

shaly-limestone could have contributed enriched (+16 permil) 

or depleted (-28 permil) sulfur respectively (Appendix F). 

The close association between mineralization and the 

felsites, and the indications for predominantly magmatic 

sulfur at Naica, Providencia-Concepcion del Oro, San Martin, 

and Velardena (Megaw and others, 1988) strongly suggests 
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that a magmatic sulfur component may also have been 

important at santa Eulalia. 

The ore-related felsites appear to have differentiated 

from a granitoid parent that is inferred to underlie the 

south-central part of the district. The geochemical 

evidence indicates that this magma is intermediate between 

an ilmenite- and magnetite-series granite. Ilmenite-series 

granitoids typically have magmatic del 34S values of 0 to -2 

permil, and may have del 34S values as low as -6.5 permil, 

whereas magnetite-series granitoids typically have magmatic 

del 34S values of 0 to +4 permil and may reach +9 permil 

(Ishihara, 1981: Ishihara and Sasaki, 1989). Based on the 

indeterminate magma affinity and comparison with the -1 to 

+4 permil del 34S values from the related districts 

mentioned above (Megaw and others, 1988), the magmatic 

sulfur component for Santa Eulalia will be modeled as having 

del 34S = 0 permil. 

The proximal parts of the felsites are known to lie within 

the evaporite and black shale-rich portion of the Cuchillo 

Formation and the upper portion of the inferred parent stock 

is probably enclosed within similar rocks. Starting with an 

assumed del 34S= 0 permil value for a magma-equilibrated 

fluid, incorporating varying proportions of sulfur from the 

two sedimentary sources could account for both the range and 

gross variations seen in the sulfide-sulfur isotopes. The 

sedimentary sulfur could have been incorporated by 
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dissolution of sulfur species into the hydrothermal fluids 

along the fluid migration paths, or through assimilation 

into the intrusion that drove the hydrothermal system, or by 

a combination of both. 

Sulfur isotope-based mass balance calculations were done 

using three models: Model 1= mixing of maqmatic sulfur with 

evaporites and black shale-hosted pyrite, Model 2= mixing of 

black shale pyrite with maqma, and Model 3= mixing of black 

shale pyrite with evaporites (Appendix H). In the 

calculations, the following were assumed: a 24% sulfur 

content for the evaporites (Appendix A), ranges of 0.6% to 

2.5% sulfur for the black shale (Appendix A), and 250 to 

1000 ppm S for the hypothetical maqmatic sources (Appendix 

A, and averages from Wedepohl, 1970). The lower sulfur 

contents assumed for the black shale and magmas are probably 

realistic estimates for modeling, but the 1000 ppm 5 value 

for the felsite is probably too high to be representative of 

its parent because the -600ppm lead+zinc content of this 

felsite sample indicates that it is weakly mineralized with 

sulfides (Appendix A). The 2.5% sulfur content for black 

shale is also unrepresentative because it is based on a 

drill core intercept containing 5% pyrite, and the bulk of 

the core contained much less. These high amounts were 

nonetheless included in the calculations to set limits on 

the modeling. 

The calculated amounts of sulfur from each source required 

to effect the observed isotopic shifts and the minimum 
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volume of each rock that could contain these amounts are 

shown in Table 11. These calculations show that complete 

sulfur extraction from 0.75 cubic kilometers of the black 

shale, 0.01 cubic kilometers of evaporites and 11 cubic 

kilometers of granite magma are the maximum amounts of each 

rock type required by the three models. These volumes could 

be easily fit between the northern limit of the Santo 

Domingo Caldera and the southern Middle Camp (Plate 2). Note 

however, that complete metal extraction from these volumes 

of sediments can provide a maximum of 3% of the lead, 12% of 

the zinc, and 0.1% of the silver needed to form the 

district's orebodies. 

Magmatic Assimilation versus Hydrothermal Leaching 

The mass balance calculations coupled with geologic 

observation allow interpretation of whether sulfur was 

directly incorporated into the ore fluids through magmatic 

assimilation or indirectly by hydrothermal leaching. 

It is difficult to evaluate the contribution from 

anhydrite by either process because the total volumes of 

anhydrite indicated by each model are small. It is also 

possible to model the entire sulfur isotopic system without 

an anhydrite component (Table 11), which is consistent with 

Haynes and Kesler's (1988) conclusion that the 

CaCI2:NaCI:KCI ratios of fluid inclusion decrepitates 

indicate that the Santa Eulalia ore fluids had a very minor 

evaporite component. The narrowness of the zone of altered 
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TABLE 11 

SUMMARY OF MASS BALANCE CALCULATIONS IN APPENDIX H 

Million 
Tons of 
Sulfur 

Million 
Tons of 
Rock 
(cullic Jem) 
to supply 

BLK SHALE PY 
EVAPORITES 
MAGMA 

BLK SHALE PY 
[l.U py] 
[2' py1 
[5' py] 

Sulfur EVAPORITES 

MAGMA 

Model 1 

6.0 
6.8 
4.2 

1100 (.5) 
646 (.3) 
250 (.1) 

24 (.01) 
from 
each 
Source* [fm = .1t S1 4200 (1.6) 

[qam = .04' S1 10500 (4.2) 
[qrm - .25' S] 17000 (6.7) 

Total Tons Pb 14300 (3.3) 
of Metal 
Contributed Zn 302400 (9) 
from combined 
Sedimentary Aq 142 (.1) 
Sources * 
(' of district total) 

Millions of 
Tons of each Pb 
Intrusive rock 
Required to Zn 

Felsite 
5360 (2.3) 

Model 2 

10.2 
NA 

6.8 

1700 (.75) 
970 (.42) 
390 (.2) 

NA 

6800 (2.7) 
17000 (6.8) 
27000 <10.9) 

18600 (0.4) 

388700 (11.6) 

169 (.1) 

Granodiorite 
56000 (24) 

289000 (126) 

Model 3 

4.0 
13.0 

NA 

664 (.3) 
380 (.2) 
152 (.1) 

52 (.02) 

NA 
NA 
NA 

7350 (.2) 

158000 (5) 

92 (.1) 

Granite 
84000 (36) 

228000 (99) 
yield entire 
District budqet Aq 
of a qiven 

6900 (3) 

50000 (22) 

17000 (7.5) 

3000000 (1304) 33000000 (1652) 

element * S 42000 
(cullic kilometers) 

* - Assuminq lOOt extraction 
qam- Granodiorite melt (Wedepohl, 1970) 
qrm- Granite melt (Wede~ohl, 1970) 

- Maximum amount ind1cated by the models 

(18) 67000 (29) 
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anhydrite along the quartz monzonite contact suggests that 

the anhydrite may be relatively unreactive in general. 

The black shale is the only known reservoir for 348 

depleted sulfur in the district and the required amounts of 

it are large enough for district-wide geological constraints 

to be placed on possible processes for removing sulfur from 

it. The apparent impermeability of the black shale suggests 

that hydrothermal leaching of this material would be very 

limited and that many times the minimum amounts quoted in 

Table 11 would be necessary for sulfur extraction. Using 

the 100% extraction amount of 0.75 cubic kilometers (at 

1.13% sulfur) and assuming that the black shale is 200m 

thick (120m known from drill core plus 80m of beds within 

the evaporites), the area of affected black shale would be 

about 2.2km in diameter. The same amount of sulfur would be 

provided by 10% extraction over an area with a diameter of 

6.8km, or 1% extraction over an area 22km in diameter 

(Appendix H). There is barely enough area in the southern 

part of the district for 10% extraction, but not for 1% 

(Plate 2). 

In contrast, magmatic assimilation would result in 

near-complete digestion of incorporated rocks, indicating 

that the calculated volumes of black shale and/or anhydrite 

(Table 11 and Appendix H) could provide all of the sulfur 

required for the patterns seen. Are these reasonable 

volumes to be assimilated? 
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Bowen (1928) evaluated magmatic assimilation of sedimentary 

rocks and noted that the heat required to melt the sediments 

must come from the latent heat of crystallization from the 

solidifying melt. He calculated that ratios of up to 1:5, 

assimilated rock to crystallizing magma, were reasonable for 

granitic melts at 800 deg. C. McBirney (1979) and Taylor 

(1980) arrived at similar figures. The lowest ratio these 

authors evaluated was 1:9, with anything lower being 

considered easily assimilable. McBirney (1979) further 

suggested that multimineralic rocks would be more 

assimilable than monomineralic rocks, especially if the 

multimineralic rocks had gross compositions near those of 

the assimilating magma. This suggests that the black shale 

would be much more assimilable in a granitic melt than the 

evaporites. 

The sediment:melt ratios calculated for Santa Eulalia 

range from 1:1.3 to 1:84 depending on the inferred sulfur 

content of the parent magma and the black shale (Appendix 

H). Only the calculations that used the extreme 0.1% S 

analysis from the felsite as the sulfur concentration in the 

parent melt yield ratios less than 1:5. Calculations using 

more reasonable average melt contents of 0.025%S for granite 

and 0.04%S for granodiorite melts (Wedepohl, 1970) all yield 

sediment to magma ratios less than Bowen's limit of 1:5, and 

only the extreme case comparisons yield ratios greater than 

McBirney's limit of 1:9 (Appendix H). The volumes of melt 

indicated by the models that yield sediment:melt ratios less 

than 1:5, range from 6.7 to 16 cubic kilometers. Assuming 
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that the magma bodies are roughly cylindrical stocks 2km in 

height, these stocks would range from 2km to 3.2km in 

diameter. The extreme case assumption of the entire 

district sulfur supply coming from a granite (250 ppm S) 

requires a stock of 29 cubic kilometers (Table 11), which 

would have a diameter of 4.3 km. All of these stocks could 

fit easily in the inferred location for the source stock 

(Fig. 23: Plate 2). 

Summary 

The mass balance data are permissive for incorporating 

sulfur from the district sedimentary rocks either by 

hydrothermal leaching or magmatic assimilation. However, 

the general lack of field evidence for large scale 

alteration of the wall rocks at all exposed levels in Santa 

Eulalia or related districts (Megaw and others, 1988) 

suggests that magmatic assimilation is a more likely 

process. The results of either process indicate that 

sediment-derived sulfur isotopically masked whatever 

magmatic sulfur component was present, and that reactions 

between the ore fluids and the organic-rich black shale 

would cause reduction of the fluid and stabilize H2S as the 

dominant aqueous sulfur speciess. Haynes and Kesler (1988) 

reached the same conclusions based on Energy Dispersive 

Analysis of fluid inclusion decrepitates. 

Regardless of how the ore fluid acquired its initial del 

34S characteristics, it is likely that some modifications 

must have occurred as the ore fluids followed the felsites 
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through the evaporites and black shales between the parent 

stock and the ore zones. Successive felsite intrusions may 

have exposed fresh volumes of black shale and evaporites for 

leaching by the ore fluids and such intermittent 

interactions could account for some of the sporadic 

variations indicated by the del 34S data. 

Giant Gypsum Crystals 

The giant gypsum crystals from the Cave of the Candles in 

the Buena Tierra Mine (Panczner, 1983) have a del 34S value 

of +4.1 permil, which is considerably different from both 

the CUchillo Formation evaporite, and any of the West Camp 

sulfide ores (Appendix F). Similar giant gypsum crystals 

have been found in caverns elsewhere in the upper portions 

of the West Camp (Gressman, 1988) and at Naica (Degoutin, 

1912). These crystals have been generally considered of 

secondary origin, but the rare occurrences of coarsely 

crystalline gypsum coating fresh sulfides indicate a 

possible hypogene origin (Hewitt, 1968). 

Field (1966) noted that supergene sulfates, including 

gypsum, have sulfur isotope values nearly identical to their 

precursor sulfides, whereas hypogene sulfates are 

isotopically enriched relative to their associated 

sulfides. This suggests that the giant gypsum crystals 

formed from hypogene solutions, probably late in the overall 

district paragenesis. However, some of the district's 

gypsum must be supergene, as it is found coating typical 

oxide minerals such as hemimorphite and legrandite as well 
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as coating the walls of mine workings. No isotopic analyses 

were made of this presumably supergene gypsum. 

OXYGEN AND CARBON ISOTOPIC CONSTRAINTS 

There is a distinct difference between the systematics of 

the oxygen and carbon isotopes throughout the district. Ore 

calcite, wall rocks immediately adjacent to mineralization, 

and limestone from deep beneath the ore zones are 

universally depleted in 180, and del 180 values increase 

systematically outward from the ore-limestone contact into 

unmineralized limestone (Fig. 109, Appendix E) In contrast, 

del 13C values are highly variable. The two ore calcite 

samples have very different del 13C values (-1.6 permil and 

-10.1 permil), wallrocks around the underground orebodies 

show consistently enriched del 13C values, and the del 13C 

of AMOM grades from depleted values in its center toward 

background del 13C values in the fringe zones and 

surrounding unaltered limestone. There are several possible 

explanations for these trends and differences. 

Isotopic Characteristics of the Ore Fluid 

It is possible to calculate the oxygen isotopic 

composition of the ore calcite-depositing fluid using their 

del 180 values and the water/calcite fractionation factors 

and formulae of O'Neil and others (1969), coupled with fluid 

inclusion temperatures from ore-stage fluorites and calcite 

(Table 7). Because fluid inclusion homogenization 

temperatures were not determined for the specific calcites 
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analyzed, a temperature range for the system as a whole was 

considered. The 235 deg. C homogenization temperature 

obtained from primary inclusions in the only measured 

calcite (Appendix G) was selected as a minimum temperature 

for these calculations, and 335 and 350 deg. C were chosen 

from the fluorite fluid inclusion data as intermediate and 

maximum temperatures (Fig. 103). The different temperatures 

result in a range of calculated del 180 values for the 

calcite-depositing fluid, from 4.3 to 7.9 permil for the 

East Camp and from 6.7 to 10.4 permil for the West Camp 

(Table 12). The low temperature values of 4.3 and 6.7 permil 

are probably the most reasonable values for modeling. 

Calculating toe del 13C value for the fluids is more 

difficult because of a lack of information concerning the 

carbon dioxide and bicarbonate composition of the 

calcite-forming fluids (Ohmoto, 1986). However, at 

temperatures above 200 deg. C, at low pH, H2C03 is the 

dominant carbon speciess and the del 13C of calcite 

deposited in equilibrium with this will be no more than 3 

permil less than the del 13C value of the fluid (Ohmoto, 

1972). Thus, the del 13C of the East Camp fluid was no 

higher than -7.5 permil, and the West Camp fluid no higher 

than +2.6 permil (Appendix E). The lack of multiple analyses 

prevents determining if the del 13C of the fluids varied 

across this range or if each camp was characterized by 

distinctly different del 13C values. 



TABLE 12 

CALCULATED ISOTOPIC COMPOSITIONS OF WATER IN 

EQUILIBRIUM WITH EAST AND WEST CAMP ORE CALCITES 

Sample T (oC) a 

SA14K-1 350 1.0051 

" 330 1.0056 

" 235 1.00S7 

BT1SCh-C 350 1.0051 

" 330 1.0056 

" 235 1.0087 

del 180 cal 

12.8 

12.8 

12.S 

15.5 

15.5 

15.5 

a = Fractionation factor (Ohmoto, 1986) 

del 180 water* 

7.9 

7.4 

4.3 

10.4 

9.8 

6.7 

350 

* There is a +/- 15% uncertainty in the fractionation 

factors at high temperatures which results in a 1 and 2 

permil uncertainty in the calculated delta oxygen lS values 

at 350 and 200 degrees C, respectively (Ohmoto, 1986). 
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Oxygen and Carbon Sources and Implications for Ore-Fluid 

Origin 

The ore calcite del 180 values fall within the range 

calculated for magmatic water, or mixed magmatic and 

meteoric waters, or basinal brines (Taylor, 1979). Deuterium 

analyses would be required to determine which of these is 

most valid, and these are not currently available for Santa 

Eulalia. 

The West Camp ore calcite, at del 13C= -1.6 permil, is 

only slightly depleted relative to the regional background 

limestone del 13C value of -1 permil and could easily have 

formed in equilibrium with these limestones (Appendix E and 

Fig. 109). In contrast, the del 13C= -10 permil value for 

the East Camp ore calcite sample is considerably lower than 

the del 13C= -1 permil of the enclosing limestones. This 

could not be caused by equilibrium fractionation from a 

fluid in equilibrium with the limestone because at >100 

deg. C, the largest possible equilibrium fractionation 

between calcite and H2C03 is -3 permil; if HC03- was the 

dominant aqueous carbon speciess, the del 13C of the 

calcite-forming fluid could have had a del 13C values as low 

as -15 permil (Ohmoto, 1972). Although insufficient data 

exist to evaluate if equilibrium deposition occurred at 

Santa Eulalia, data from similar deposits suggest that at 

least partial isotopic equilibrium is reached in these 

systems (Rye, 1966; Lattanzi and others, 1980; Sweeney, 

1987) which suggests that it is unlikely that all the carbon 
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in the hydrothermal fluids could have come from the 

limestone wallrocks; some must have come from an external 

source with a del 13C value near or below -7 permil (Rye, 

1966). Although many authors have interpreted carbon isotope 

values like these as indicating a "magmatic" carbon source 

(cf. Ohmoto and Rye, 1979), new evidence indicates that low 

del 13C values like these can result from both magmatic and 

non-magmatic processes (Ohmoto, 1986). 

It appears possible to ascertain that not all of the 

carbon could have come from the host limestone, but that the 

source of the foreign carbon remains uncertain. The 

organic-rich black shales, if assimilated, are one obvious 

possibility. 

Mechanisms of Carbonate Carbon and Oxygen Exchange 

The systematic depletion of del 180 and enrichment of del 

13C seen along the wallrock sampling traverses are very 

similar to those documented at other santa Eulalia-like 

deposits such as: Providencia, Zacatecas (Rye, 1966); Naica, 

Chihuahua (Sweeney, 1987); La Encantada, Coahuila (Diaz, 

1986) and Gilman, Colorado (Engel and others, 1958; Beaty 

and others 1985, and in review). Similar patterns have also 

been reported in Mississippi Valley Type deposits (Fritz, 

1969; Pinckney and Rye, 1972) and skarn deposits (Shieh and 

Taylor, 1969; Lattanzi and others, 1980). In each of these 

systems the del 13C and del 180 shifts have been interpreted 

as indicating isotopic exchange between carbon dioxide and 
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water in the hydrothermal fluids and calcite in the 

carbonate wallrocks during recrystallization at temperatures 

between 100 and 300 degrees C. 

Pinckney and Rye (1972) demonstrated 

carbon isotopic alteration halos can be 

that oxygen and 

explained by: a 

steep thermal gradient in the wallrocks: a gradient in the 

isotopic content of the wallrock pore fluids: or partial 

exchange between the pore fluid and the wallrock. They 

discounted the importance of a thermal gradient because the 

large fluid flux required to create the oxygen and carbon 

isotope shifts is incompatible with the maintenance of a 

steep thermal gradient, and some deposits show high local 

variability of oxygen isotopic values, which is also 

incompatible with uniform thermal gradients. Isotopic 

gradients in the pore fluids probably exerted minimal 

influence because they would require that the isotopic 

alteration halos lie completely within recrystallized rock 

where isotopic exchange might be complete, and isotopic 

shifts clearly occur in megascopically unrecrystallized 

rocks. Pinckney and Rye (1972) concluded that partial 

exchange best explains the patterns: the individual 

wholerock isotopic values therefore represent mixtures of 

recrystallized and re-equilibrated secondary calcite with 

unaltered primary calcite. The isotopic alteration 

therefore reflect variations in both the thermal and 

isotopic characteristics of the system and differences in 

the transmissivity of the percolation network. 
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Oxygen Isotopic Exchange 

Laboratory studies have shown that most oxygen isotope 

exchange between calcite and water occurs during 

precipitation or recrystallization of calcite. At 300 deg. 

C, the resulting calcite is enriched 5 permil in del 180 

relative to the water and at 200 deg. C, the calcite is 

enriched 9 permil in del 180 relative to water (O'Neil and 

others, 1969). The congruence of the del 180 values for the 

late scalenohedral calcite and the limestones along the 

contact with ore indicates that both equilibrated with a 

fluid of the same isotopic composition and that there was 

probably only one fluid involved. This suggests that the 

del 180 values obtained from limestone surrounding the Santa 

Eulalia orebodies represent a mixture of secondary calcite, 

deposited in equilibrium with ore fluids having initial del 

180 values of 4.3-10.4 permil and primary limestone calcite 

with del 180 values of 22 permil (Pinckney and Rye, 1972). 

Carbon Isotopic Exchange 

Pinckney and Rye (1972) noted that continuous isotopic 

equilibrium exchanges of oxygen and carbon between fluids 

and wall rocks should result in a simple linear relationship 

between del 180 and del 13C for a suite of samples. They 

did not find this in their study, nor has it been found at 

santa Eulalia (Fig. 121), indicating that the carbon 

isotopic systematics in these deposits are more complex than 

those of oxygen isotopes. 
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Carbon isotope equilibrium reactions are sluggish, 

especially at low temperatures, suggesting that 1-2 permil 

variations of carbon isotope values are to be expected, even 

in unaltered rocks, from diagenesis and long-term 

ground-water movements (Ohmoto, 1986). The 2 permil 

variations in regional limestone background del 13C values 

seen between Santa Eulalia, Providencia, and Naica (Rye, 

1966; Sweeney, 1987), may be attributable to this effect. 

However, even if the initial del l3C values for santa 

Eulalia limestones varied by as much as 2 permil (-.8 +/- 2 

permil) due to these effects, the wallrocks are still 

clearly enriched in 13C, reflecting isotopic exchange with 

large volumes of water (Pinckney and Rye, 1972). 

The relative insolubility of carbon dioxide (Land, 1980) 

and the probable lack of attainment of isotopic equilibrium 

(Engel and others, 1958; Lattanzi and others, 1980: Ohmoto, 

1986: Sweeney, 1987) may cause minor variations in del 13C, 

but because the amount of dissolved carbon speciess in an 

ore fluid is small compared to oxygen, precipitation of 

carbon-bearing minerals can cause more significant changes 

over time (Ohmoto and Rye, 1979). However, the wide span of 

del 13C values indicates that the most likely explanation 

for the erratic del 13C variations is that the fluid 

obtained C02 from several sources with distinct del 13C 

characteristics. These could include circulating meteoric 

waters (Fritz, 1969), decarbonating silication or 

replacement reactions (Lattanzi and others, 1980), oxidation 

of organic matter in the black shale or other sediments, or 
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deep-seated sources (Rye, 1966, Reed, 1986). These would 

have varying effects on the overall del 13C of the ore fluid 

depending on the amount and timing of their addition. This 

is consistent with the previous interpretations of the del 

13C variations of the ore calcites. 

The overall 2-4 permil enrichment of del 13C in the 

limestones along the underground sampling traverses and the 

3-4 permil depletion in del 13C in the limestones within and 

adjacent to the AMOM zone (Fig. 110) therefore suggests the 

involvement of different fluids or isotopic equilibration 

with a single fluid at different stages of its evolution. 

Textural and geochemical evidence indicates that AMOM marks 

the path taken by large volume of sulfide-depleted ore 

fluids before the fluids were completely neutralized and 

depleted in metals (Megaw, 1987), whereas the lack of 

geochemical anomalies in the wallrocks surrounding the 

orebodies suggests that the fluids that pervaded these rocks 

were barren fluids removed from the main body of 

hydrothermal fluids. There is therefore no reason to 

believe that the same fluids affected both zones, or if they 

did, that these fluids should have had the same del 13C 

character. 

The limestones from the deep core samples yield background 

del 13C values. However, the depleted del 180 values from 

these same rocks indicate exchange with large volumes of 

water. This suggests that isotopic equilibrium was not 

established between the aqueous carbon speciess and host 
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rock carbonate minerals, because at temperatures <300 deg. 

C, dissolution or decomposition reactions may occur without 

any 13C exchange and the resulting calcites will have del 

13C values nearly identical to those of the original 

limestone (Ohmoto, 1986). It is also possible that whatever 

C02 was in these fluids was already in isotopic equilibrium 

with the limestone. 

Models for evolution of del 180 and del 13C in the ore 

fluids 

The del 180 and del 13C data show several features that 

indicate interaction between the wall rocks and an 

externally derived fluid or fluids. The correspondence 

between the del 180 values of the ore calcites and del 

180-depleted limestone immediately adjacent to 

mineralization strongly implies that a single fluid created 

the del 180 patterns seen in the district. However, it is 

not clear that the same fluids could also have caused the 

del 13C enrichments in the wall rocks. 

It is probable that the hydrothermal fluid underwent an 

abrupt pH change as it emerged from the sulfide ore and 

reacted with the wallrocks (Howd and Barnes, 1975). Within 

ore at 350 deg. C and pH -5, H2C03 would be the dominant 

aqueous carbon speciess in the fluid, but HC03- would become 

the dominant aqueous carbon speciess as this fluid reacted 

with limestone and the pH rose to -7.5. Above 100 deg. C, 

the maximum Delta (calcite-H2C03) is 3 permil, and the 

maximum Delta (calcite-HC03-) is 5 permil (Ohmoto, 1986), so 
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if the bulk fluid had an initial del 13C value of -4 permil, 

the del 13C of secondary calcite in the wallrocks would have 

del 13C= +1 permil, and the ore calcite would have del 13C= 

-1 permil. These values are close to the del 13C= -1.6 

permil for the west Camp ore calcite and the del 13C= 1.3 

permil of the adjacent wallrocks. However, this process 

cannot account for the difference between the del 13C= -10 

permil in the East Camp ore calcites and the +2.3 permil in 

the adjacent wallrocks. The del 13C >2 permil values seen 

in the wallrocks along both underground traverses are 

another problem because this model can explain a progressive 

increase of del 13C outward from ore caused by calcite 

deposition from an increasingly 13C enriched fluid, but it 

cannot explain the apparently uniform enrichment of 13C seen 

along each of the underground traverses (Fig. 109). It 

appears that although this model is consistent with many of 

the geological and geochemical constraints, it still 

requires addition of C02 of different del 13C from other 

sources. Variable amounts of C02 were found in the primary, 

halite-bearing fluid inclusions suggesting that the C02 

content of these fluids varied over time; this could have 

caused some of the variations in del 13C. 

It is possible that two fluids were involved: one (low pH, 

T >250 deg. C, del 13C <0 permil) to prepare the ground and 

alter the wallrocks, and a second (high pH, T >250 deg. C, 

in equilibrium with calcite, del 13C <-8 permil) that 

deposited sulfides. Varying the amount of C02 or varying 

the del 13C of the C02 in either of the two fluids could 
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explain the variable del 13C of the resulting calcites. 

This model is consistent with the geological and 

mineralogical evidence for fluctuating conditions and the 

fluid inclusion evidence for compositionally distinct 

fluids. However, the preservation of delicate sedimentary 

features in sulfide replacement ores indicates that 

replacement occurred by a repeated process of dissolution of 

limestone followed immediately by sulfide precipitation, and 

the data do not indicate such short-term cycling between the 

two fluids. 

utility of del 180 and del 13C Alteration Halos 

Regardless of the precise mechanisms of isotopic exchange 

reactions, it 

re-equilibration 

the influence of 

appears that the shifts represent 

of calcite isotopic characteristics 

infiltrating hydrothermal fluids. 

under 

This 

style of isotopic alteration halo has been repeatedly 

suggested as a possible exploration tool demonstrating the 

passage of hydrothermal fluids (Engel and others, 1958; Rye 

and Ohmoto, 1974; Beaty and others, in review; Ohmoto, 1986; 

Diaz, 1986) and would clearly serve to locate ore at santa 

Eulalia. The distance over which perceptibly lowered del 180 

values can be detected reflects the total distance that the 

hydrothermal fluid were able to penetrate into the 

wallrocks, or the distance they penetrated before reaching 

equilibrium with the limestone, or the distance they 

penetrated before they were overwhelmingly diluted by 

pore-fluids in the limestone. In any case, it appears that 
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the hydrothermal fluids were able to penetrate farther 

around skarns than massive sulfide, and farther from massive 

sulfides than from AMOM (Fig. 109). This suggests that the 

increased penetration reflects higher temperatures, higher 

pressure, or more reactive fluids. This further suggests 

that these shifts might be better exploration guides for 

skarn targets than massive sulfide targets. 



362 

CHAPTER 9 

CONCLUSIONS AND MODELING OF SYSTEM 

SYNOPSIS OF MINERALIZATION DATA 

Mineralization throughout santa Eulalia is closely linked 

in time and space to a series of distinctive felsite 

intrusions that were emplaced before, during; and after 

mineralization. Felsite sills floor massive sulfide 

mineralization in the West Camp and core skarn and massive 

sulfide mineralization in the East Camp. The West Camp 

felsites were clearly intruded from southeast to northwest, 

cutting upwards through the evaporites and black shales of 

the CUchillo Formation to the host limestones of the 

district. The morphology of the West Camp orebodies, del 

34S zoning, and very large scale metal zoning indicate that 

mineralization proceeded from the felsites upward and 

outward. The pattern of alteration and mineralization of 

the felsites indicates that the ore fluids migrated within 

the felsite until the felsites cleared the lower diabase 

sill, at which point the fluids appear to have left the 

felsites and migrated along a series of discrete, but 

inconspicuous fissures. Lateral diffusion into certain 

strata adjacent to these fissures resulted in manto 

formation at many different elevations in the system. 

Partially collapsed or filled caverns were locally important 

conduits at the highest levels. 
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The East Camp skarns surround a group of felsite dikes that 

appear to have been intruded from the southwest to 

northeast. Like the west Camp felsites, the deep East Camp 

felsites have locally pervasive sulfide mineralization and 

sericitic and clay alteration along fractures and their 

contacts with the enclosing limestone. This again indicates 

that the ore fluids migrated into the ore deposition zone 

through the felsites. The morphology of the San Antonio and 

surrounding orebodies and the mineralogical, metal, and 

metal ratios data indicate that East Camp mineralization 

proceeded from depth upwards towards the north. These data, 

coupled with field data showing less alteration and 

mineralization along the East and Central Faults, indicate 

that the mineralizing fluids had their source to the west 

and south. This interpretation fits well with evidence 

showing that gold and copper values increase to the south 

from the San Antonio Mine. Too little is known of the deep 

areas beyond the San Antonio Mine to ascertain the nature of 

the felsite of ore fluid migration paths outside the San 

Antonio Graben. 

The mineralogical and analytical data indicate that the 

ore depositing fluid was initially acidic (pH <4.2 at 350 

deg. C), reduced (a02 <-35) and rich in H2S (total S -.1 

mole/Kg H20). The fluids were concentrated (true I -3m) and 

rich in Na and Ca relative to K. C02 content was low «.lm). 

Mineralization appears to have occurred in pulses. This is 

indicated by sequential deposition of the various sulfide 

species, sequential trapping of compositionally distinct 
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fluids, reversals of skarn, sulfide, and gangue paragenesis, 

and evidence for sequential emplacement of orebodies. The 

fluid inclusion data show that both a saline (>26 equiv. 

wt% NaCl) and a dilute «12 equiv. wt.% NaCI) fluid were 

present during mineralization. Although both were hot 

(200-500 deg. C; 250-350 average), in most locations the 

saline fluid was 50-100 degrees hotter than the dilute one. 

These compositionally distinct fluids did not mix, 

indicating that the hydrothermal system alternately tapped 

separate fluid reservoirs. The most likely explanation for 

the fluctuations is that pulses of hot, saline solutions 

were periodically introduced in the depths of the system 

with fresh batches of felsite and a heated groundwater 

envelope collapsed onto the system between pulses. 

SOURCE FOR MINERALIZING FLUIDS AND SULFUR 

Santa Eulalia is geologically similar to, but distinct in 

sulfur isotopic composition from, a number of well-studied 

districts including Naica and Providencia-Concepcion del 

Oro, Mexico (Megaw and others, 1988) and Gilman and 

Leadville, U.S.A. (Titley and Megaw, 1985). Isotopic studies 

in all these deposits indicate that the bulk of the fluid, 

sulfur, oxygen, and carbon is magmatic, or equilibrated with 

a magma (Ruiz and Barton, 1985; Rye, 1966; Rye and Haffty, 

1969; Thompson and others, 1983; and Beaty and others, in 

review). The Santa Eulalia felsites are nearly identical in 

chemistry and age to those at Naica (Megaw and others, 1988) 

but the oxygen, carbon, and sulfur isotope data for Santa 
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Eulalia are only permissive of a magmatic component. A 

significant percentage of the sulfur at Santa Eulalia 

appears to be 34S-depleted sulfur derived through either 

magmatic assimilation or hydrothermal leaching from a 

pyritic black shale. This process may also have provided 

13C-depleted carbon. The isotopic differences between Santa 

Eulalia and the other deposits could be interpreted as 

indicating that Santa Eulalia is a separate type of deposit, 

but the preponderance of geologic similarities between the 

deposits indicates that Santa Eulalia is genetically related 

to these other deposits but had its magmatic isotopic 

signatures masked by sulfur and carbon from sedimentary 

sources. 

METALS SOURCES 

Regardless of whether the hydrothermal fluids acquired any 

sulfur from sources other than the sediments, it is clear 

that .the metal content of the sediments is too low for them 

to have provided significant amounts of metals to the system 

(Appendix A). The mass balance calculations (Appendix H) 

show that if the evaporites and black shales provided 100% 

of the sulfur, they could have provided a maximum of 3.3% of 

the deposit's lead, 11.6% of the zinc, and 0.1% of the 

silver (Table 11). Neither of these two units could have 

provided the required amounts of tin, or iron (Appendix A). 

Thus, -got of the metals must have been 

which indicates that the metals must 

hydrothermal fluid before they 

derived elsewhere 

have been in the 

encountered the 
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sulfur-bearing sedimentary units. They therefore must have 

been acquired by the hydrothermal fluid through hydrothermal 

leaching below the known sedimentary pile, or by 

incorporation into the magma during partial fusion of the 

lower crust. Lead isotope data have been interpreted as 

indicating that magmatic incorporation is the more likely 

process (CUmming and others, 1979: Ruiz and others, 1988). 

This is supported by the common association between 

felsites, or 

Eulalia-type 

1988) 

other granitoid intrusions, 

mineralization elsewhere (Megaw 

and 

and 

santa 

others, 

SPECULATION ON FELSITE SOURCES AND CHEMISTRY 

The felsites at Santa Eulalia 

crustal source (Megaw and 

geochemically similar to Topaz 

linked to Pb-Zn-Ag replacement 

1982). The inferred source for 

appear to have a lower 

others, 

Rhyolites, 

deposits 

the Santa 

1988) and are 

which have been 

(Burt and others, 

Eulalia felsite 

intrusions appears to have been intruded at shallow crustal 

levels into the thick section of evaporites and organic-rich 

shales between, and south of, the two camps (Figs. 23, 24, 

and Appendix A). If this magma assimilated large amounts of 

black shale +/- evaporites, as indicated by the mass balance 

calculations (Appendix H), it would be very reduced and rich 

in H2S (Carmichael and others, 1974). The transition from 

porphyritic intermediate to flow-banded aphanitic felsite 

dike seen in one of the Middle Camp dikes indicates that the 

felsites separated from their parent magma through fluid 
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segregation. The felsite separate must have contained a 

large amount of water for a rock with 75% Si02 to show such 

fine-scale contorted flow banding. The evidence that the 

intrusive breccias formed by violent exsolution of volatiles 

from the felsites is further evidence for the fluid-rich 

nature of the felsites. NaCI, H2S, and HCI would 

fractionate strongly from the parent magma into the felsite, 

and later into the expelled fluid (Burnham, 1979, 1985). 

These fluids would be capable of causing sericitic 

alteration of the felsite (Carten, 1987), and their 

chemistry fits closely with the deduced characteristics of 

the santa Eulalia hydrothermal fluids. This fluid could 

have become the hot, saline fluid seen in the fluid 

inclusions. 

ORE GENESIS MODELING 

METALS TRANSPORT 

Ore Transport and Deposition 

Chloride complexing would be the dominant transport 

mechanism at the temperature, pressure and oxidation state 

outlined above. All of the Santa Eulalia ore metals, and 

most of the gangue minerals, have high solubilities as 

chloride complexes (Barnes, 1979; Candela, 1987), especially 

under such relatively low pressure conditions (Urabe, 1987). 

The temperatures and acidity are high enough for both metal 

chlorides and H2S to travel in the same fluid, and the H2S 

would contribute to the acidity at temperatures above 350 



368 

deg. C (Barnes, 1979). Metal chloride complexing would be 

enhanced if the total amount of dissolved sulfur species was 

low (Barnes, 1979), and the sulfur isotopic disequilibrium 

suggests that this was the case (Ohmoto, 1986) Deposition of 

metal sulfides from chloride complexes occurs through 

decreasing temperature, decreasing chlorinity, increasing pH 

or increasing sulfur or H2S activity. This could be 

triggered by cooling, loss of gases by boiling, wall rock 

reaction, or fluid mixing occurring singly or in concert 

(Barnes, 1979). The compositionally distinct fluids did not 

mix, so cooling by dilution is not probable and there is no 

evidence for boiling. Therefore reaction between an acid 

ore fluid and limestone wallrocks was probably the dominant 

deposition mechanism at Santa Eulalia. The order of 

solubility for the important metal chlorides at Santa 

Eulalia is: FeCl<ZnCl<PbCl, suggesting that, with increasing 

pH, pyrrhotite or pyrite will deposit first, followed by 

sphalerite, with galena last. This is consistent with both 

the overall paragenesis for the district (Figs. 91 and 92), 

and with evidence for sequential and repeated deposition of 

the ore sulfide species. This further indicates that the 

physico-chemical conditions of the district fluctuated 

throughout the mineralizing event. 

The Santa Eulalia ore fluids traversed a significant 

amount of limestone before ore deposition occurred (Fig. 27) 

and similar situations where ore fluids apparently migrated 

long distances through carbonate rocks without 

mineralization have been noted in many other districts 
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(Graybeal and others, 1986; Megaw and others, 1988). A 

possible explanation for this comes from the experimental 

work of Hemley and others (1986) who showed that metal 

chloride solubilities increase with decreasing pressure at 

near-constant temperature and inferred that mineralization 

does not commence until the fluids cool enough for this 

effect to be counteracted. At Santa Eulalia, the 

metal-laden hydrothermal fluids described above migrated 

within the felsites until clearing the apparently unreactive 

Cuchillo Formation evaporites, black shaly limestones, and 

the lowermost Benigno Limestone but widespread 

mineralization did not commence until the felsites breached 

the diabase sills. The lack of reaction up to this point 

(Hewitt, 1968) suggests that these breaches coincided with a 

thermal boundary. 

Replacement of Limestone 

Textural evidence indicates that replacement was the 

dominant mode of mineralization in the district, and the 

preservation of fine-scale carbonate features in sulfides 

indicates that the chemical reactions involved caused 

near-simultaneous dissolution of carbonate and precipitation 

of sulfides or silicates. The phenomenon termed "collapse" 

(Clendenin, 1933: Hewitt, 1968) suggests that minor volume 

reduction accompanied replacement. 
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mineralization into the narrow 

recrystallized calcite that mark the 
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that extend from 

rims of coarsely 

limestone-ore contact 

(Figs. 88, 89) are very similar to textures seen in skarns 

in the Groundhog Mine in New Mexico (Meinert, 1987). Meinert 

(1987) interpreted these textures as indicating that 

replacement advances by crystallite invasion along carbonate 

grain boundaries with subsequent mineralization occurring 

along the crystallite-carbonate boundary. The replacement 

contact can thus be visualized as a diffuse front that 

advances toward the carbonate host, eventually replacing 

large volumes of it. Reaction apparently occurs only along 

the ore-limestone contact, but the ore fluids must migrate 

through the preceeding ore before reaching the replacement 

front (Meinert, 1987), which could cause recrystallization 

of earlier deposited ore minerals and possibly some isotopic 

re-equilibration between ore fluid pulses. The cyclic 

nature of this process could also explain the complex mutual 

replacement textures seen between sulfide species throughout 

the Santa Eulalia ores. 

Experimental sulfide replacements of carbonate have been 

achieved using solutions with: 1.0m CI-; O.lm C03=; and 

O.OOlm H2S (D'Andrea, 1976; D'Andrea and Barnes, 1975). This 

solution was equilibrated with sphalerite, pyrrhotite, 

pyrite, graphite, quartz, Na-montmorillonite, and kaolinite 

at 350 deg. C. On contact, the carbonate was dissolved and 

replaced by sphalerite and iron sulfides. This occurred 
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preferentially along grain boundaries. They proposed that 

the following linked reactions occurred: 

CaC03 + 2H+ = Ca++ + H2C03 and 

ZnC12(aq) + H2S(aq) = ZnS + 2H+ + 2Cl-

Similar reactions involving Fe, Pb, Cu, and Ag could be 

drawn. 

The . conditions for these reactions are close to the 

inferred chemistry of the Santa Eulalia ore fluids, although 

Santa Eulalia fluids were more saline, which would enhance 

the solubility of calcite (Holland and Malinin, 1979), and 

probably richer in H2S (Figs. 118,119) which would promote 

these reactions. 

Deposition of Fluorite 

Assuming that reactions similar to those outlined above 

occurred at Santa Eulalia, most the Ca++ would probably 

combine with Cl- to form CaCl which would increase the 

solubility of fluorite and prevent fluorite deposition until 

temperature decreased (Richardson and Holland, 1979b). The 

occurrence of fluorite in the Santa Eulalia ores is 

consistent with this interpretation, but its small quantity 

suggests that only part of the free Ca++ produced was 

consumed in making fluorite and that some remained in 

solution. Because any Ca++ remaining in the ore fluid could 

not react with the limestone, it would remain in the spent 

ore fluids as they migrated uwpard until becoming trapped 

along high points under the Capping Series volcanic rocks. 
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Descending meteoric water containing small amounts of 

fluorine leached from the volcanic rocks could mix with 

these Ca++-bearing fluids and fluorite would be deposited. 

This mechanism could explain the location of the fluorite 

alteration along the tops of paleohills, and indicates that 

this alteration represents a calcium anomaly surrounding 

mineralization rather than a fluorine anomaly. 

Gold Deposition 

The disparate occurrence of gold in the most proximal and 

distal environments suggests that two mechanisms of gold 

complexing and deposition occurred. At temperatures above 

350 deg. C gold is mobile as both chloride and bisulfide 

complexes, with the bisulfide complex dominating (Brimhall 

and Crerar, 1987). The chloride complex destabilizes rapidly 

below 350 deg. C, whereas the bisulfide complex remains 

stable until enough aqueous sulfide is precipitated in 

minerals to remove sulfide from the gold complex (Reed, 

1986). For Santa Eulalia this suggests that the proximal 

gold deposited from chloride complexes and the distal gold 

from bisulfide complexes. This is similar to patterns seen 

in some volcanogenic massive sulfide deposits (Huston and 

Large, 1988). 
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Mass Removal of Calcite During Replacement 

Mass balance calculations (Appendix H) show that if the 

estimated total of 54 million tons of skarn and sulfide ores 

at Santa Eulalia formed by replacement, then 29 million tons 

of calcite, equal to 14.4 million cubic meters, must have 

been dissolved and removed. Part of this dissolved calcite 

should have moved with the depleted ore fluids until a 

suitable environment was reached for redeposition. 

Recent studies at Gilman, Colorado (Beaty and Thompson, 

1988) have shown that large amounts of carbonate have been 

introduced into the intrusive rocks overlying important 

manto orebodies, and that the pattern of carbonate 

introduction mimics the shapes of the orebodies. They 

interpreted this as being reprecipitation in the upper 

levels of the system of the carbonate dissolved at depth 

during replacement mineralization. 

A high percentage of fluid movement at Santa Eulalia 

appears to have been along fractures, suggesting that the 

numerous calcite veinlets surrounding orebodies may be the 

result of infilling of the peripheral parts of a 

fracture-controlled percolation network. However, evidence 

from the AMOM areas indicates that lateral movement through 

selected strata also 

the calcite dissolved 

moved outward 

re-deposited. 

within 

This 

occurred. This suggests that some of 

during sulfide deposition must have 

the mineralized beds until it was 

deposition should therefore have 

occuluded much of the intergranular permeability in these 
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beds and left them very impermeable. Prescott's (1916) 

observation that much of the elongate manto mineralization 

appeared to be selectively emplaced in the finer-grained 

limestones suggests that this fine-grained appearance may 

have been an effect of mineralization, not a pre-mineral 

characteristic of the strata. Hayward and Tripplett (1933) 

noted a similar relationship in several of the deposits they 

studied. Lofquist (pers. comm., 1985) found limpid, 

post-diagenetic calcite filling 

favorable host strata examined, 

had this origin. 

micropores in many of the 

and this calcite may have 

RELATIONSHIPS BETWEEN THE EAST AND WEST CAMPS 

The data show that the East and West Camps contain 

continuous, zoned mineralization and alteration closely 

associated in time and space to groups of apparently 

identical felsite intrusions. Although the mineralization 

in the two camps does not overlap in space (Plate 3), both 

appear to have resulted from the evolution of persistent, 

pulsating, hydrothermal systems. The morphology of the 

felsites coupled with mineralogical, metals content, metal 

ratios, sulfur isotope, and mineralization style, strongly 

indicates a common hydrothermal source for the two camps. 

This source appears to lie between the two camps, 

immediately north of the Santo Domingo Caldera. 
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If this is true, why is there such a strong contrast between 

the skarn-dominated versus massive-sulfide dominated 

mineralization styles of the East and West Camps, 

respectively? 

The most obvious 

mineralogical and 

differences 

structural. 

between the 

In addition 

camps 

to 

are 

the 

calc-silicate gangue, the East Camp contains relatively more 

copper, gold, and tin minerals than the West Camp. This may 

reflect zoning, source rock differences, or concentration 

mechanisms outside the ore-depositional environment. It is 

possible that the East Camp lies closer to the hydrothermal 

source or is underlain by more siliceous rocks, but no 

concrete evidence for these assertions exists. 

Unfortunately there are insufficient data on the silica 

content of the upper West Camp ores to try mass balance 

calculations to determine if there really is an actual 

difference in the silica content of the two camps. 

The major difference appears to be structural: the East 

Camp is characterized by an open structural environment; 

whereas the West Camp mineralization occurs along relatively 

tight fissures. This may have caused telescoping of the 

East Camp through more rapid heat dissipation and fluid 

migration, whereas the West Camp fluids traveled more slowly 

allowing each zone to be stretched out over long distances. 

It can 

overlap: 

be 

The 

argued that the zones exposed in the two camps 

West Camp has been explored downward from 

massive sulfides to calc-silicate skarn, whereas the East 
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Camp has been traced outward from skarn to massive 

sulfides. Santa Eulalia and other high-temperature 

carbonate-hosted deposits have been interpreted as 

comprising a group of related deposits that define a 

spectrum that ranges from stock contact skarns, to dike and 

sill contact skarns, to dike and sill contact massive 

sulfides, to massive sulfide mantos and chimneys (Fletcher, 

1929: Graybeal and others, 1986: Megaw and others, 1988). 

Entire deposits may display a single part of the spectrum, 

or single orebodies may cover a wide part of the spectrum 

(Ruiz and Barton, 1985, Megawand others, 1988). If this 

interpretation is correct, the two camps are less different 

than they appear and there may be signficant skarn 

exploration potential in tracing both the East and West Camp 

mineralization back towards the inferred plutonic source of 

the felsites. 



INTROSIVE ROCKS 

APPENDIX A 

WHOLE ROCK ANALYSES 

Major Element Compositions of Intrusive Rocks 

unit- 1 2 3 4 5 6 7 

Oxide 

si02 75.6 76.1 79.7 60.9 48.6 

Ti02 0.06 0.06 0.07 0.08 1.12 0.59 1.40 

Al203 12.8 12.7 11.3 10.6 15.5 12.3 15.9 

Fe203 1.00 0.46 1.12 1.58 2.62 2.09 2.90 

Feo* 0.00 0.00 0.00 2.66 3.65 4.34 7.00 

!!nO 0.12 0.11 0.05 0.05 0.12 0.09 0.16 

MqO 0.08 0.07 0.27 0.12 2.12 2.02 6.59 

CaO 0.90 0.88 1.29 0.78 4.11 3.48 9.47 

Na20 2.77 0.24 0.15 0.57 4.41 4.30 2.65 

1(20 5.42 7.87 0.90 6.85 3.41 3.40 0.66 

P205 0.02 0.01 0.02 0.32 0.30 

H2O 1.23 1.77 4.39 1.47 4.00 

S 0.19 0.10 0.49 0.10 0.13 0.14 0.08 

Total 100.29 100.4 99.79 100.03 99.88 

*(Feo calculated by: Fe203 - (Ti02 + 1.50) 
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8 9 

44.7 44.6 

2.45 2.85 

15.3 14.7 

3.95 4.35 

6.45 7.65 

0.51 0.18 

5.21 4.85 

7.91 10.6 

2.51 3.31 

3.68 1.08 

0.41 0.39 

5.08 5.23 

1.78 0.41 

100.08 100.31 
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Trace Element Compositions of Intrusive Rocks 

ppm 1 2 3 4 5 6 7 8 9 

Zr 120 100 90 3935 370 355 130 150 150 

Sr 40 60 <10 69 380 232 450 710 350 

Nb 50 40 70 626 30 16 20 20 30 

Y 20 100 90 867 40 38 30 <10 10 

RD 230 250 70 1348 110 115 20 330 50 

cr 60 70 60 80 80 127 230 80 100 

Li 7 8 120 47 20 12 17 38 43 

Be 1 123 

F 400 280 820 740 720 710 380 3050 390 

sa 318 1353 

Cs 3 2 

Co 3 3 3 <1 33 15 56 71 74 

Hi 5 6 5 14 23 22 120 61 46 

Sn <3 10 60 113 <3 <3 <3 <3 <3 

ACJ 3 1.5 5 1.6 <0.5 1.5 0.5 5 1 

Pb 630 390 1800 299 92 8 38 1300 34 

Zn 640 330 2100 513 440 74 150 >4000 180 

Cd 5 2 14 <1 <1 <1 <1 5 1 

CU 22 23 51 19 23 61 56 71 74 

Mo 6 17 8 10 6 6 1 4 2 

W <1 <1 

As 114 7.2 

Sb 25 0.3 

HCJ (ppb) 85 10 

Tl 6.2 <0.2 
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V 9 111 

U 127 3.6 

Th 356 13 

B 80 65 

La 170 59 

Hf 176 11 

Ta 60.8 1.2 

NORMATrvE COMPOSITIONS OF INTRUSrvE ROCKS 

Norm. Mineral (wtt ) 1 5 7 9 

Quartz 36.75 10.25 1.41 
coruncium 0.78 
Orthoclase 32.02 20.15 3.9 6.38 
Albite 23.43 37.31 22.42 23.51 
Anorthite 4.33 12.42 29.53 22.06 
Diopsicie 2.71 9.0 16.81 
Hec1enDerqite 2.12 3.49 5.68 
Enstatite 0.19 4.01 12.23 
Ferrosilite 3.6 5.44 
Forsterite 3.0 
Fayalite 1.28 
Magnetite 0.21 2.34 4.2 6.3 
IllIlenite 0.11 2.12 2.65 5.41 
Hematite 0.84 
Apatite 0.04 0.75 0.71 0.92 

Total 98.77 97.84 95.03 93.82 



SAMPLE DESCRIPTIONS 

1. Felsite sill from West Camp Drill Hole #1813 at 700' from 
collar. Fine-qrained, sparsely porphyritic, flow-banded 
rhyolite. 

2. Felsite dike from San Antonio Mine: Drill Hole tl199 at 850' 
from collar. Fine-qrained, sparsely porphyritic, flow-banded 
rhyolite, remote from ore. 

3. Felsite dike from San Antonio Mine: Level l4 Stope. 
Fine-qrained, sparsely porphyritic rhyolite, from core of major 
skarn mineralization. 

4. Velardena Dike from outcrop above Velardena Shaft. 
Fine-qrained, strongly flow-banded rhfolite. Outcrop of altered 
sill seen cutting mineralization ~n the Velardena Mine l7th 
level. 

5. Quartz Monzonite intrusion from West Camp Drill Hole #l813 
at 1950' from collar. Holocrystalline, with coarse plagioclase, 
X-feldspar, quartz, and hornblende phenocrysts. Close to bottom 
of hole in freshest possible material. 

6. Quartz Monzonite intrusion from West Camp Drill Hole #l813 
at 1995' from collar. Same as is, but slightly deeper in hole. 

,7. Potosi Dike monzonite, El Potosi Mine Level 18. Fine-grained 
dike, sparsely porphyritic with hornblende phenocrysts in an 
a~hanitic groundmass. Cross-cuts felsite sill, diabase sill, and 
m~neralization. 

8. "Diabase" sill from extreme south 
Level 8. Fine-qrained, with abundant 
Remote from mineralization. 

end of San Antonio Mine, 
plagioclase phenocrysts. 

9. First Sill "Diabase" from West Camp Drill Hole #l813, 80' 
from collar. Fine-qrained, with abundant plagioclase 
phenocrysts. Remote from mineralization. 
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Samples 1,2,3,5,7,8,and 9 analyzed by X-Ray Assay Laboratories Ltd. 
ontario Canada (7/24/84). 

Samples 4 and 6 analyzed by Bondar-Clegg Inc. Lakewood Colorado 
(9/9/85). 



SEDIMENTARY ROCK ANALYSES* 

Oxide Weight Percents 

Unit/Composition Al203 MgO CaO S04 Na20 K20 
CUchillo FID. Anhydrite 0.47 0.03 24.77 71.54 <0.01 0.07 
CUchillo FID. Shaly Ls. 15.21 1.76 13.96 2.01 1.21 2.95 

Minor Elements in ppm (* Hg, Au, and Ir 

CUchillo FID. 
CUchillo FID. 

Li 
C.F.A. 1 
C.F.L. 24 

Aq 
C.F.A. 0.5 
C.F.L. 0.1 

As 
C.F.A. 0.7 
C.F.L. 26 

Au* 
C.F.A. <2 
C.F.L. <2 

Anhydrite 
Shaly Ls. 

Be 
<1 

1 

Pb 
<2 
11 

Sb 
<0.1 
2.4 

Se 
<5 

6 

F 
36 

1560 

Zn 
<100 

230 

8i 
<2 
<2 

Te 
<0.2 
<0.2 

Fe 
5 

Mn 
6 

159 

sa 
<50 
210 

Cd 
<2 

7 

V 
<1 

265 

Ir* 
<SO 
<SO 

Sr 
1130 

355 

Cs 
<1 
12 

CU 
61 
60 

U 
<.02 
9.2 

Ta 
<0.5 
0.7 

Rb Nb 
<1 2 
86 6 

Co 
<1 

7 

Mo 
6 

46 

Th 
0.3 
8.2 

Y Cr 
1 4 

34 142 

Ni Sn 
<20 <1 

70 2 

W Hg* 
<1 20 
<1 20 

La Hf 
<2 <1 
21 5 

(* Analyses by BondarooClegg Inc. Lakewood, Colorado) 

SEDIMENTARY ROCK DESCRIPTIONS 
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Fe203 
<0.2 
4.12 

in ppb 

Ti 
<0.01 

0.31 

Tl 
0.5 

<0.2 

Ta 
<0.5 

0.7 

CUchillo Formation Anhydrite (C.F.A.) from West Camp Drill Hole 
'1813 at 1675' from collar. Clean, white, coarse-grained 
anhydrite. 

CUchillo Formation Shaly Limestone (C.F.L.) from West camp 
Drill Hole '1813 at 1225' from collar Black, fine-qrained, shaly 
limestone, with a strong fetid odor, and locally abundant 
framboidal and euhedral cubic pyrite. 
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Methods of Analysis 

X-Ray Fluorescence: (X-Ray Laboratories) Si, Ti, Al, Fe, Mn, 
ca, Na, X, P, cr, Rb, Sr, Y, zr, Nb, S: (Bondar-Clegg) Ba, Cs, 
Nb, Rb, Se, Sn, Ti, Y, Zr. 

D. C. Plasma: (X-Ray Laboratories) Fe, Mn, Co, Cd, Ni, CU, Zn, 
Mo, Ag, Pb: (Bondar-clegg) Al, B, Be, Ca, X, Li, Mg, Na, Sr, Bi, 
Cd, Co, cr, CU, Fe, Mn, Ni, V, Zn. 

Atomic Absorption: (X-Ray Laboratories) Li: (Bondar-Clegg) Ag, 
Pb, Te, Tl. 

wet Chemistry: (X-Ray laboratories) F, Hg: (Bondar-Clegg) F, 
Hg. 

Emission Mass spec.: (X-Ray Laboratories) Sn. 

Lace Inc1uction FUrnace: (Bondar-cleqq) S. 



APPENDIX B 

MINERALOGY 

MINERALS IDENTIFIED IN INTROSIVE AND VOLCANIC ROCKS IN THE SIERRA 
SANTA EULALiA 

PRIMARY SILICATES AND ACCESSORIES: 

Albite t 
Anorthoclase t 
Apatite t 
Auqite # 
Biotite # 
Hornblende # 
Magnetite # 
Muscovite # 
Olivine *** 
Orthoclase *** 
Plaqioclase *** 
Quartz *** 
Sanidine t 
Zircon *** 

ALTERATION MINERALS 

Alunite + 
Apophyllite it 
calcite *** 
Chlorite *** 
"Iddinqsite" # 
Illite + 
Kaolinite + 
Leucoxene t 
Montmorillonite + 
Muscovite (sericite) *** 

SULFIDES: 

Arsenopyrite *** 
Chalcopyrite *** 
Galena *** 
Pyrite *** 
Pyrrhotite *** 
Sphalerite *** 
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WEST CAMP NORMAL SULFIDES 

SULFIDES, SOLFOSALTS, NATIVE ELEMENTS 

GANGUE: 

Acanthite ps Arqentite + 
Arsenopyrite * 
Bornite + 
Chalcocite + 
Chalcopyrite * 
Cinnabar ++++ 
Fizelyite it 
Freiberqite + 
Galena * 
Gold *** 
Jamesonite + 
Marcasite + 
Plaqionite if 
Polybasite It 
Prouatite + 
Pyrarqyrite + 
Pyrite * 
Pyrrhotite (Hexaqonal) * 
Pyrrhotite (Monoclinic) * 
Pyrrhotite (lIe polymorph) •••• 
Sphalerite * 
Sphalerite (terroan) • 
Stephanite It 
Stibnite + 
Sulfur + 
Tennantite-Tetrahedrite + 

Andradite-Grossularite t 
Anhydrite + 
Ankerite + 
Apatite (Fluorapatite?) + 
~hyllite + 
Bar1te + 
calcite * 
Celestite ++++ 
Dolomite * 
Epidote (manqanoan) t 
Fluorite * 
Gypsum * 
Hematite * 
Ilmenite ++++ 
Maqnesite ++++ 
Maqnetite t 
Pyroxmanqite U 
Quartz * 
Rhodonite It 
Siderite It 

Tremolite i 
Vesuvianite # 
Wollastonite *** 
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OXIDES 
Acanthite * 
Anqlesite * 
Alunite + 
Aluia'bgen ++++ 
Araqonite * 
Arqentojarosite it 
Aurichalcite + 
Azurite + 
Beudantite it 
Brochantite + 
calcite * 
Cerussite * 
Chlorarqyrite * 
Chlorarqyrite (bromian) + 
Copiapite + 
Copper (Native) ++++ 
Corkite it 
cryptomelane # t 
CUprite ++++ 
CUprosklodowskite # t 
Descloizite if 
Dolomite * 
Epsomite + 
Fluorite * 
Goethite * 
Goslarite + 
Graenockite + 
GypSUlll * 
Halite + 
Halotrichite + 
Haciypbane It 
Hematite + 
H8llimo~bite * 
Bolland1te U 
Hydrozincite + 
Iodargyrite + 
Jarosite + 
"Limonite" + 
Malachite + 
Massicot + 
Malanterite + 
Mimetite + 
Minium + 
Kirabilite + 
Montmorillonite + 
~Natrojarosite ++++ 
Nontronite ++++ 
Novacekite ++++ 
Paravauxite ++++ 
Plattnerite + 
Plumbojarosite It 
Pyrolusite it 
Pyromorpbite + 
Quartz * 

Ramsdellite U 
Silver (Native) * 
Sklodowskite it 
Smitbsonite * 
Tbenardi te + 
Tbomsenite + 
Tyuyamunite ++++ 
UranoJ?hane + 
Vanad1nite + 
nWad" + 
Wulfenite + 
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WEST CAMP SILICATE OREBODY MINERALOGY 

SILICATES: 

Apophyllite + 
Caryopilite --
Clinochlore t t 
Chlorite * 
cronstedtite U 
CUJIIIlingtonite t 
Diopside + 
Epidote + 
Fayalite + 
Fayalite (manqanoan) -
Fluoborite it 
Hedenberqite (manqanoan) -
Helvite it 
Hisinqerite + 
HYdroxylapophyllite 
Ilvaite * 
Johanssenite -
Pyrosmalite it 
Quartz * 
Serpentine (manqanoan) -

SULFIDES and ORE ELEMENTS 

Acanthite ~s Arqentite + 
Arqentopyr1te + 
Araenopyri te * 
Bornite + 
Bournonite U 
Chalcocite + 
Chalcopyrite * 
Covellite + 
Galena * 
Gold + 
Marcasite + 
Orpiment + 
Polybasite U 
Proustite-Pyrarqyrite + 
Pyrite * 
Pyrrhotite * 
Realqar + 
Silver * 
Sphalerite * 
Sulfur + 
Tetrahedrite-Tennantite + 

HYPOGENE OXIDES: 

GANGUE: 

Ferberite + 
Franklinite + 
Goethite * 
Hematite * 
Huebnerite + 
Jacobsite it 
Jeanbandyite 
Maqhemi te (?) U 
Hanqanite + 
Natanite -
Scheelite --
wickmani te - - -

Anhydrite + 
Ankerite + 
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Apatite (Fluorapatite?) t 
Barite + 
calcite * 
calcite (manqanoan) it 
Creedeite + 
Dolomite * 
Fluorite * 
Gypsum * 
Kutnahorite it 
Rhodochrosite * 
vlv'lanite + 

SUPERGENE OXIDES 
UNIQUE TO SILICATE BODIES 
(otherwise see overall 
West camp list) 

Kasolite i 
Leqrandite U 
Oranophane • t 



EAST CAMP MINERALOGY (Includes San Antonio Skarns) 

SILICATES: 

Actinolite -
Andradite -
Axinite ++ 
CU1alinqtoni te t 
Epidote + 
Hedenbergite -
Illite + 
Ilvaite + 
Johanssenite -
Montmorillonite it 
Quartz ** 
Rhodonite + 
Scapolite ++ 
Talc ++ 
Tr81lOli te + 
v_uvianite + 
Zircon ++ 

SULFIOES, SULFOSALTS and ELEMENTS 

Acanthite ps Arqentite + 
Arsenopyrite ** 
Bornite +++ 
Chalcocite +++ 
Chalcopyrite ** 
Cinnabar + 
Covellite +++ 
Freibergite ++++ 
Galena ** 
Gold + 
Marcasite + 
Orpiment + 
Proustite-Pyrargyrite + 
Pyrite ** 
Pyrrhotite ** 
Realgar + 
Sphalerite ** 
stibnite + 
sulfur ++++ 

HYPOGENE OXIOES 

Franklini te +++ 
Goethite ** 
Hematite ** 
Magnetite ** 
Manganite + 
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GANGUE 

Anhrdrite + 
Bar1te + 
calcite ** 
Dolomite ** 
Fluorite ** 
Ludlamite + 
Siderite + 
Vivianite + 

OXIDE ZONE MINERALS 

Acanthite ** 
Anqlesite ** 
Alunite + 
Araqonite ** 
Arqentojarosite il 
Aurichalcite + 
Austinite it 
Azurite + 
Brochantite + 
calcite ** 
Cerussite ** 
Chalcanthite + 
Chlorarqyrite ** 
Chlorarqyrite (bromian) + 
Conichalcite U 
Copiapite + 
Descloizite + 
Dolomite ** 
Epsomite + 
Fluorite ** 
Goethite ** 
Goslarite + 
Greenockite U 
Gypsum + 
Hematite ** 
Hemimorphite ** 
Hydrozincite + 
Ioda~ite + 
Jaros1te + 
"Limonite" ** 
Malachite + 
Maasicot + 
Melanterite + 
Himetite + 
Minium + 
Mirabili te + 
Montmorillonite ii 
Plattnerite ii 
Plumbojarosite " 
Pyrolusite U 
Pyromorphite + 
Quartz ** 
Ramsdellite U 

Rosasite U 
Silver (Native) + 
smithsonite + 
Sulfur + 
Thenardite + 
Thomsonite + 
"Wad" + 
Willemite ++++ 
Wulfenite + 
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SAN ANTONIO MINE TIN OREBODY MINERALOGY 

SILICATES: 

Andradite ** 
Hedenberqite ** 
Johanssenite ** 
Muscovite ** 
Orthoclase ** 
Quartz ** 
Topaz ** 
Tourmaline ** 

HYPOGENE OXIDES 
cassiterite ** 
ColUllbite ** 
Hematite ** 
IllIenite ** 
MaC)Deti te ** 
Wolframite ** 
Zircon ** 

SULFIDES: 
Arsenopyrite ** 
Galena ** 
Pyrite ** 
Pyrrhotite ** 
Sphalerite ** 

GANGUE: 

Barite ** 
calcite ** 
Dolomite ** 
Fluorite ** 

SECONDARY OXIDES: 

Anqlesite ** 
Araqonite ** 
Cerussite ** 
Chlorarqyri te + 
CUprite + 
Descloizite + 
Goethite ** 
Gypsum ** 
Hematite ** 
HUlimorphite ** 
Hematite ** 
Jarosite + 
Mimetite + 
Mottramite 1# 
Plattnerite It 
Pyromorphite + 
Vanadinite ** 
"Wad" ** 
Wulfenite '1# 
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SURFACE ALTERATION and AMOM MINERALOGY 

LIMESTONE HOSTED: VOLCANIC HOSTED: 

Araqonite *** 
Arqentojarosite it 
calcite *** 
cryptomelane it 
Dolomite * 
Fluorite i 
Galena * 
Goethite * 
GypSUlll # 
Hematite t 
Hollandite U 
"Limonite" t 
Plumbo~arosite it 
Proustl. te *++ 
Pyrarqyrite *++ 
Pyrolusite ## 
Quartz * 
Ramsdellite it 
Silver (Native) *++ 
"Wad" * 

EXPLANATION FOR APPENDIX B 

* - Reported by Prescott (-1916 

** - Reported by Hewitt (1943) 

*** - Reported by Hewitt (1968) 

Alunite # 
Araqonite # 
calcite * 
Celadonite #t 
Coronadite #t 
Cryptomelane tt 
Fizelyite U 
Fluorl.te # 
Galena * 
Goethite * 
Groutite U 
Gypsum # 
Hematite U 
Hetaerolite U 
Illite U 
"Limonite" * 
Montmorillonite ## 
Nsutite U 
Opal *++ 
Plaqionite it 
Pyrolusite U 
Quartz * 
Ramsdellite ## 
Raspite it 
Tocioroki te ## 

+ - Reported by de la Fuente (1969) 

++ - Reported by Takeda (1977) 

*++ - Reported by Munoz (1978-1983) 

++++ - Reported by Panczner (1986) 
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• - Petrographic or visual identification during this study 

•• - X-Ray verified durinq this study by Peter Megaw 
and/or Arthur Roe 

- - Microprobe analysis by Lawrence D. Meinert (written comm.) 

- Microprobe and X-Ray analysis by Kampf (1983) 

_ Microprobe and X-Ray analysis by Pete Dunn, 
Smithsonian Institution (J. S. White, written ccmm.) 

_ British Museum X-Ray analysis 
(P. Tandy, written cOllDllunl.cation) 



APPENDIX C 

MINERAL ANALYSES 

WEST CAMP SILICATES: Olivines 

Sample t SP-6a** SP-6b** BP-l** BP-2** 

si 30.09 29.32 28.3 29.1 
Al 0.06 0.03 na na 
Fe 44.84 46.02 55.6 49.1 
Kn 24.83 22.91 15.3 19.1 
Mq 0.33 0.37 na na 
ca 0.08 0.07 0 0.1 
Na 0 0.07 na na 
K 0 0 na na 
---------------------------------------------
Total 99.63 98.79 99.20 97.4 

Mole , ---
Fo 0.8 1.0 
Fa 99.2 99.1 
Tp 35.1 33.2 
Ca 0.3 0.3 

SAN ANTONIO MINE SKARNS: Amphiboles 

Sample SA-831* SA-83l* SA-805* SA-806* 

Si02 53.24 52.80 53.51 53.61 
lTi02 0.0 0.0 0.02 0.06 
Al203 0.85 0.81 0.91 1.56 
Feo+ 21.72 21.85 14.45 20.56 
KnO 1.55 1.57 2.38 2.55 
MgO 10.44 10.09 14.73 10.03 
cao 11.91 11.91 11.17 11.51 
Na20 0.10 0.10 0.24 0.40 
K20 0.06 0.04 0.04 0.16 
H2O 

AF-U 

60.42 
0.06 
0.78 

24.51 
2.82 
4.45 
2.82 
0.22 
0.31 
3.38 

-----------------------------------------------------
Total 99.87 99.17 97.47 100.44 99.41 

Mole' 

Tr 44.4 43.4 60.9 43.6 
Fass 51.8 52.8 33.5 50.1 
Ma 3.8 3.8 5.6 6.3 
ca 95.9 96.7 89.4 92.0 
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SAN ANTONIO MINE SKARNS: Pyroxenes 

Saaple SA-2* SA-2* SA-4* AF-4# 

Si02 50.81 51.08 69.64 49.58 
Ti02 0.01 0 0 0.06 
Al203 0.09 0.21 0 0.38 
F80 16.06 16.13 4.82 21.23 
MnO 5.66 5.23 1.04 4.62 
MgO 4.78 5.63 0.24 3.35 
cao 23.58 23.51 15.15 20.46 
Na20 0.18 0.16 0.03 0.3 
K20 0.01 0 0 0.11 
H2O 0.42 
---------------------------------------------
Total 101.18 101.95 92.97 100.55 

Mole% 

Hd 53.0 51.3 76.6 
Oi 28.1 31.9 6.7 
Jo 18.9 16.8 16.7 
Fass 0.4 1.0 0.3 
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SAN ANTONIO MINE SKARNS: Pvroxenes 

Sample* SA-5-1 SA-5-1 SA-5-1 SA-5-1 SA-5-3 
NB Fr NB fr Col Col Gran 

Si02 49.32 49.73 49.33 49.59 4S.60 
Ti02 0 0 0.04 0.03 0.03 
Al203 0.07 0.08 0.29 0.23 0.23 
FeO 20.38 17.35 10.96 11.00 12.14 
MnO 7.96 10.43 16.44 17.10 17.S5 
MgO 0.11 0.51 1.16 0.90 0.97 
cao 22.57 22.86 22.55 22.41 20.09 
Na20 0.17 0.27 0.11 0.05 0 
K20 0 0 0 0 0 
------------------------------------------------------
Total 100.5S 101.23 100.88 101.31 99.92 

Mole' 

Hd 71.2 60.2 36.9 36.8 3S.0 
Oi 0.7 3.1 7.0 5.4 5.4 
Jo 28.2 36.7 56.1 57.9 56.6 
Fass 0.4 0.4 1.4 1.1 1.2 

Sample* SA-5-2 SA-5-2 SA-5-2 SA-5-2 SA-5-2 
Col Col P.C. C.G. C.G. 

Si02 46.68 48.85 48.92 48.91 49.31 
Ti02 0 0 0 0.03 0.02 
Al203 0.13 0.23 0.11 0.13 0.03 
FeO 11.90 11.91 13.74 12.19 17.0S 
MnO 16.75 17.06 14.56 15.77 10.68 
MgO 0.63 0.53 1.50 1.00 0.66 
cao 22.00 22.50 19.72 22.94 23.00 
Na20 0.02 0.08 0.03 0.06 0.11 
K20 0 0 0 0 0 
-----------------------------------------------.-----
Total 98.11 101.16 98.61 101.03 100.S9 

Mole' 

Hd 39.7 39.5 44.1 40.7 5S.S 
Oi 3.8 0.2 8.6 6.0 4.0 
Jo 56.6 57.3 47.3 53.3 37.2 
Fass 0.7 1.1 0.6 0.6 0.1 
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SAN ANTONIO MINE SKARNS: Garnets 

Sample* SA-l SA-l SA-1 SA-5 SA-5 
Core Mid Rim Rim Core Dark Rim 

si02 35.93 35.43 35.72 35.44 35.21 
Ti02 0 0 0.02 0.02 0 
Al203 0.04 4.60 0.41 0.50 0.72 
FeC 30.24 24.89 30.28 30.67 30.17 
MnO 0.33 0.55 1.00 0.67 1.83 
MgO 0.25 0.02 0 0.06 0 
cao 33.29 34.36 32.85 33.34 31.96 
Na20 0.04 0.12 0.05 0.04 0.10 
K20 0.01 0 0.01 0 0 
------------------------------------------------------
Total 100.13 99.97 100.34 100.74 99.99 

Molet 

Gr 0 21.1 0 0.7 0 
Ad 98.5 77.6 97.7 97.5 96 
Py 0.3 0.1 0 0.3 0 
Sc 0 0 0.1 0.1 0 
Sp 0 1.3 2.1 1.6 3.6 
Cd 1.2 0 0.2 0 0.5 

Sample* SA-B31 SA-8ll 
Core Rim 

Si02 35.46 35.98 
Ti02 0 0.01 
Al203 0.13 0.14 
Fee 30.57 30.82 
MnO 0.57 0.48 
MgO 0.17 0.07 
cao 33.31 33.41 
Na20 0 0 
K20 0.06 0 
-----------------------------
Total 100.27 100.89 

Molet 

Gr 0 0 
Ad 98.0 98.7 
Py 0.7 0.3 
Sc 0 0 
Sp 0.6 0.7 
Cd 0.7 0.3 



-----

Notes: All iron as Fe203 
* - Kicropro):)e analyses by Dr. Lawrence Meinert *. - wet Chemical analysis from Prescott (1916) 
t - Wet Chemical analysis ):)y Allen and Fahey (1957) 

Col .. Columnar elongate crystals 
C. G. .. Coarse grained equant 
P.C. - poorly crystalline 
Gran - granular 

SAMPLE DESCRIPTIONS: (Collector in parentheses) 

SP-6: (L. Meinert) El Potosi Mine lOth level Main Silicate 
Body. manganese-rich olivine skarn altered to serpentine 

BP-1: (B. Prescott, 1916) El Potosi Mine lOth level Main 
Silicate Body. 

BP-2: (B. Prescott, 1916) El Potosi Mine lOth level Main 
Silicate Body. [no description availaDle] 

SA-831: (Brian Bond) San Antonio Mine level 14 Zone 5 
(geoloqy unknown) Garnet-rich sample with all pyroxene 
altered to actinolite. 

SA-806: (Brian Bond) San Antonio Mine level 
(geoloqy unknown) Coarse, balded pyroxene 
preserved, but all pyroxene has been 
actinolite+calcite+quartz. 

14 Zone 3 
shapes are 
altered to 

SA-1: (L. Meinert) San Antonio Mine access ramp between 
levels 12 and 13. Garnet skarn a):)out 1 m from felsite 
contact. 

SA-4: (L. Meinert) San Antonio surface discovery outcrop. 
Superqene, extremely oxidized skarn with pyroxene shapes 
clearly vi. iDle ):)ut all altered to 
quartz-calcite-Fe-Kn-oxides. Rare pyroxene crystallites 
preserved in primary quartz. Probe ):)eam overlapped pyroxene 
and quartz, so si02 value is high, but Fe:Mg:Mn ratio is 
pro):)ably representative. 

SA-5: (L. Meinert) Dump sample of presumaDly near-surface 
skarn along West Fault. Convoluted metasomatic banding 
results in variaDle pyroxene grain size and texture. 

AF-1: (Allen and Fahey, 1956) "CUJllminqtonite" from San 
Antonio Mine lOth level. 

AF-4: (Allen and Fahey, 1956) "Hanganoan, 
heden):)erqite- from San Antonio Kine 9th level. 

magnesian 
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APPENDIX 0 

MAMGANESE OXIDE MINERALOGY AND METAL ASSAYS 
FOR LIMESTONE AND VOLCANIC ROCK-HOSTED AMOM 

LIMESTONE-HOSTED AMOK 

Sample t Location Description 

SRMn-Ls*: Santa Rita Kine Area Black AMOK wi Pyrl, Ho, Co, Ca 
Aq:59 Pb:0.57 Zn:O.61 CU:0.02 Fe:2.S 

PC-Rh? Purisima Chimney LV.4 Pink AMOK wI Ca 
** Aq:4 Pb:0.04 Zn:O.07 CU: NO Fe:O.S Mn:1.SS 

WCPC Barrios Flux Pit Pink AMOK wI Pyrl, Ca 
** Aq:9 Pb:O.OS Zn:O.04 CU: NO Fe:0.7 Mn:l.S7 

ECPC East Camp on W. Fault Light pink AMOK wI Pyrl, Ca 
** Aq:4 Pb:0.04 Zn:O.09 CU: NO Fe:O.S Mn:1.26 

VOLCANIC-HOSTED AMOK 

(all samples from surface) 

209-1 N. of R. de Plata Kine 
Aq:59 Pb:0.6 Zn:0.6 

209-2 Above Potosi Trend 
Aq:11 Pb:0.4 Zn:0.4 

209-5 Velardena Dike margin 
Aq:25 Pb:0.6 Zn:0.4 

211-2 Above Purisima Chimney 
Aq:14 Pb:0.3 Zn:O.4 

211-3 Above J-North Trend 
Aq:S2 Pb:1.6 Zn:O.S 

Black AMOK veinlet wI 
CU:O.02 Fe:2.S 

Black AMOK veinlet wI 
CU:O.03 Fe:1S.S 

Black AMOK veinlet wI 
CU: NO Fe:4.S 

Black AMOK vein let wI 
CU: NO Fe:1.6 

Black AMOK veinlet wI 
CU: NO Fe:2.3 

Gr 

Pyrl, Ra 

Ns, Pyrl 

Ho, Co, 

Ho, Ra, 

Qtz 

Co, 

216-1 Cristo Kine Dump 
Aq:310 Pb:2.S Zn:4.3 

Black go.san wI Co, Ho, Ra, Qtz 
CU:O.08 Fe:24.6 

216-4 central Shaft Black AMOK veinlet wI Pyrl 
Aq:8 Pb:0.3 Zn:0.2 CU: NO Fe:1.1 
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Qtz 

216-6 East of Antennas AMOK on fracto wI Pyrl, Het, 
Aq:10 Pb:0.1 Zn:0.1 CU: NO Fe:0.9 

222-11 Above San Antonio Kine AMOK on fracts. wI Tod, Ra, Il, Qtz 
Aq:80 Pb:0.3 Zn:0.1 CU: NO Fe:S.2 



Minerals: ca-Calcite, eo-coronadite, Gr-Groutite, Het-
Hetaerolite, 
Pyrl-Pyrolusite, 
Tocl-Toclorokite 

Ho-Hollandite, II-Illite, NS-Nsutite, 
Qtz-Quartz, Ra-Ramsdellite, Ras-Raspite, 

(All analyzed by XRD at the University of Arizona. 
Identification based on parameters of Frenzel, 1980) 

Assays: Aq in ppm: Pb, Zn, CU, Fe, and Kn in percent 

All surface locations shown on Plate ••• 

* Residue from dissolution in lot Hel. 
(same as sample t analyzed for 0 and e isotopes) 

** Assay data from Bond, 1981: 
all others by IKMSA laboratory at Santa Eulalia. 

397 



APPENDIX E 

CARBON* AND OXYGEN** ISOTOPE VALUES OF 
CARBONATE ROCKS AND GANGUE CALCITE 

Sample i 13 
C 

lS 
o 

Finlay Limestone blanks from 2 km northwest of known 
alteration, Skm from mineralization. 

SE LSB-1 
SE LSB-2 

-0.93 
-0.67 

21.7S 
21.90 

suite taken perpendicular to Chorro Fissure orebody 
on the lSth level of the Buena Tierra Mine. 

BT lSCh: Calcite in ore -1.60 15.42 
BT lSCh: Ls at contact 1.33 14.27 

1.20 14.10 
BT lSCh: O.Sm from ore 2.96 lS.74 
BT lSCh: 1m from ore 2.46 17.97 
BT lSCh: Sm from ore 2.45 17.76 
BT lSCh: 25m from ore 2.96 21.S6 
BT lSCh: 100m from ore 3.04 24.26 
BT lSCh: 230m fro Chorro 2.45 17.76 

(but near Peru Fissure) 

Benigno Limestone sample from west Camp DDH lS13 
at 4S5m depth. 

CP lS13 45Sm -0.56 lS.4S 

Manqanese-altered Finlay Limestone from santa Rita Mine 
area, northern west Camp. 

CPS MM: center of altn. -3.92 
CPS MM: alt'd' side of 

contact wI fresh LS -2.61 
CPS MM: fresh side of 

contact .5m from -1.S4 
sample above 

CPS MM: unalt'd' LS wlin 
altered area -1.S5 

CPS MM: fresh LS 100m 
from alteration 0.20 

16.25 

lS.16 

21.66 

21.32 

21.06 
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Suite taken perpendicular to skarn mineralization in 
San Antonio Kine: Stope i 14K2162 at 2300N. 

SA14K-1: calcite in ore -10.12 12.82 
-10.01 12.72 

SAl4K-13: Limestone at 
skarn contact 

SAl4K-15: 0.5 m from ore 
SA14K-16: 1 m from ore 
SA14K-19: 12 m from ore 
SA14K-28: 50 m from ore 

2.30 
2.44 
2.58 
2.71 
2.33 

13.49 
14.48 
13.55 
14.59 
18.53 

Benigno Limestone from San Antonio DOH #955 198m 

SA 955 198m -0.28 

* carbon relative to POB 

** Oxyqen relative to SKOW 

14.33 
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APPENDIX F 

SULFUR ISOTOPE SAMPLE DESCRIPTIONS AND RESULTS: 
CORRECTED AND RELATIVE TO CANYON DIABLO TROILITE 

Evaporites, Diagenetic Pyrite, and Late Gypsum 

Sample t Min. 

CUch. Fm. Anh 

34S +1-

15.65 .02 

CUch. Fm. Py -28.08.01 

CUch. Fm. Py -27.87 .01 

Description 

Anhydrite from 520m in DOH SO 1813 

CUbic pyrite from black shale at 
207m in DOH SA 953 

CUbic pyrite from black shale at 
420m in DOH SO 1813 

400 

SC Gyp 4.09 .02 Gypsum xal from Cave of the Candles 

SAN ANTONIO MINE SAMPLES 

Sulfide in Intrusive ~ 

SA8 1450N Py 4.00 .01 Pyritohedrons from diabase sill 

~ Sulfides 

SA-O 

SA-4 

Gal 

Gal 

-9.22 .05 

2.84 .02 

SA8 1725N Gal -3.29 .05 
Sph -12.86 .17 

SA8 2350N Gal -10.57 .01 
Sph 1.60 .02 

SA13R 29S Gal 4.20 .05 
Sph 2.54 .03 

SA13R 29M Gal -10.67 .01 
Po -11.09 .03 

SA13R 79S Gal 1.60 .06 
Sph 0.66 .10 

SA14R 1500N Gal -6.00 .04 
Sph -6.30 .02 

Remnant galena from oxide zone 

Remnant galena from oxide zone 

Galena from skarn 
Sphalerite from skarn 

Skarn in Las Quatas Stope 
abun. silicates wI qtz vugs 

Heart of skarn from 13K2229 stope 
wI abun. Cpy and silicates 

Sfd Manto from 13K2229 Stope 
Separated by fault from 29S 

Skarn from l3K2279 Stope at 
transition to mass. sfd pod 

Skarn from extreme southern stope 
near trans. to sulfides 



SA14R 2000N Gal -11.82 .04 
Sph -12.86 .17 

SA14R 2300N Gal -6.10 .02 
Sph -3.39 .03 

Massive sulfide pod in skarn 
about 1m west of dike. 

Sulfides from pod within heart of 
skarn in 14K2162 Stope 
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WEST CAMP SULFIDE SAMPLES 

Sulfides in Intrusive Rocks 

EP22 Fels 

CP Diab-1 

Sph -10.88 .02 
Py -11.71 .01 

Py -4.85 .12 

Sulfides from flow bands within 
major felsite sill at extreme SW 
of Potosi Mine. On Condesa Fract. 

Pyritohedrons from Diabase sill at 
25m in DOH 1813. "Second Sill" 

2n Sulfides 

"0" Zone: aka Matona Chimney 

EP21-U Gal -10.78 .01 
Sph -10.98 .01 

Easternmost and deepest sulfides 
in West camp. Calc-silicates here 

Condesa Fracture Zone and Q-Denis Fissure Zone 

EPCond 18-3 Gal -14.10 .08 
Sph -12.27 .02 

EPCond 19- Gal -14.83 .03 

2EP 19-2 Gal -16.18 .06 
Sph -14.52 .05 

EPCond 19+ Gal -13.62 .01 
Sph -16.50 .03 

EP 16 Gal -15.35 .06 

Inql 2-3 Gal -14.73 .07 
Sph -14.04 .02 

EP19-DS Gal -14.73 .06 

EP20 C/Q Gal -15.25 .05 

Massive stds from repl. body 100m 
W of Condesa Chimney 

Heart of Condesa Breccia Body below 
19 level. Intrusive BX phase. 

Condesa Breccia N-28 Stope above 
19 level. Heart of orebody, collapse 
breccia phase. 

Same as above: late sulfides repl. 
calcite that cements collapse breccia 

Massive sulfides from Condesa Chimney 

Sulfides from Inqlaterra Silicate Body 
in unoxidized zone 

Massive sfds from repl. ore on Condesa 
Fracture. 100m E of Condesa Breccia 

Sfds on Condesa at intersection 
with Q-Denis 



EP20 Q/C 

EP10 C/Q 

Gal -l5.56 .05 

Gal -l4.83 .02 

402 

Sfds on Q at intersection wi Condesa 

Sfds in Silicate Bod1 at intersection 
of Condesa and Q-Den1s on Level lO 

The following are a suite of samples taken directly on the 
Q-Denis Fissure: starting at the Condesa Fissure and moving 

north. All samples are from massive sulfide stopes. 

EP20 Q900S Gal -l5.83 .05 

EP20 Q700S Gal -15.35 .05 

EP20 Q600S Gal -19.62 l.5 

EP20 Q450S Gal -13.17 .06 

EP20 Q200S Gal -12.23 .05 

EP20 Q150S Gal -9.84 .06 

EP20 QO Gal -11.82 .06 

EP20 50N Gal -11.29 .04 

EP20 l50N Gal -11.29 .04 

TA19R 350N Gal -10.57 .05 

Bad analysis: C02 not adequately separ 
eliminated from database. 

Sfds right on basal felsite contact 
between Buena Tierra levels 19 and 20 

Central West Camp Ore Sulfide Samples: includes all major 
ore trends, and silicate body samples 

EP10 CS-2 Gal 
Spb 

EP15 CS--C Gal 

-9.74 .01 
-7.34 .02 

-9.74 .05 

BT16- Ch Gal -8.59 • 06 
Po -9.53 .03 

BT2 Ch Gal -11.02 .08 

BT18R Potv Gal -13.06 .04 
Sph -11.70 .05 

BT21 IN Gal 
Spb 

-9.78 .03 
-9.11 .02 

Sulfides from Main Silicate Body 
of Potosi Mine 

Mass. sfds from chimney directly below 
ana connecting to Main Silicate Body 

Heart of Chorro Chimney: Pillar 
in buge open stope. 

Reanant galena in oxide zone of 
Chorro Chimney 

Stope in tabular repl. body on 
Potosi Fissure. 

Manto on -First Sill" contact on 
J-North Fissure 



BT17 IN-4 Gal -14.10 .05 
Sph -13.90 .04 

Massive sulfide pillar in J-North 
Chimney area. 
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BT20- Pen Gal -11.92 .02 
Sph -11.09 .01 

Slusher stope on upper felsite sill 
contact. Penoles Fissure Trend 

BT14 Pen-2 Gal -14.21 .04 
Po -14.94 .03 

BT16- 90 Gal -10.51 .01 
Sph -9.22 .05 

Small silicate body on Penoles 
Fissure. 

Tabular chimney on "90" Fissure 
in stope below 16 level 

Remnant Sulfide Samples from Oxide Zones 
in Northern Part of the West camp 

CPR Vl-3 Gal -11.20 .04 

2V Roy Gal -10.78 .02 
Sph -8.28 .06 

MVl 3700N Gal -9.50 .03 
Sph -7.31 .05 

BT4 Gal -0.87 .01 
Sph -9.84 .02 

MVl 4100N Gal -8.36 .06 

MV Pur Ch Gal -9.51 .04 
(4200N) 

MVl CdaM Gal -9.34 .05 
(4300N) 

RdeP4 Gal -9.89 .05 

pare BX-l Gal -8.40 .06 

Pare BX Gal -9.42 .06 

Remnant Gal in oxides at edqe 
of larqe manto stope on Tiro 
Alto (1) Fiss. Vel. level 2 

Sulfides from Roy Stopes on 
Velardena Level 2, near Ramp. 

Sulfs. from stope wI abun fluor. 
on Potosi Fiss. Manto (Ojuela?) 
Kina Vieja Level 1 

Sulfides from manto stope north 
of Velardena, S. of Kina Vieja 

Sfd remnant on ma!Vin of manto 
sto~e on J-North F~ssure. Mina 
Vie)a Level 1 

Gal remnant from PUrisima Chim. 
within pillar in main stope 

Gal remnant from Death Stope at 
extrema N end of West Camp 

Raanant Gal from basal Riena de 
Plata stope. Westernmost access. 
mineralization 

Gal from matrix of Parcionera 
Breccia above Goat Cave 

Galena from Pareionera area 
at surface outcrop in Mn-Ls pit 

WCS VV Gal -9.98 .05 Galena in narrow manqanese-rich 
vein cuttinq cappinq volcanics on 
Panoles Fissure outcrop 



APPENDIX G 

FLUID INCLUSION SAMPLE DESCRIPTIONS AND RESULTS 

T (h) - Temperature of Homoqenization 
T (m) - Temperature ot last mel tinq 
{All temperatures in degrees Celsius 
All salinities in weight % HaCl equivalent} 

n - retractive index 

WEST CAMP SAMPLES 

Sample: 2V Roy: west Camp Ramp Roy Manto Stope (equals 
Velardena Mine level 2). Sulfides ~reserved in oxide 

[1] zone FLUORITE (larve Primary Inclus10ns wI 30% vapor 
and cubic, isotrop1c daughter wi n > fluid - Halite) 

T(h) 310 311 310 307 314 315 312 313 311 

T(h): n- 9; Range - 307 to 315; Mean - 311 
Salinity: 26.3% minimum 

decrepitated at 340 cefore daughter mineral homoqenized 

Sample: 

[2] 

T(h) 

'EP-l0CS-2: El Potosi Mine level 10: Main Silicate Body 
FIDORITE (Keclium Primary Inclusions wi 20' vapor and 
isotropic, crudelI cubic dauqhter wi n > fluid - Halite: 
1 inclusion conta ned a Dawsonite (?) spray) 

247 248 250 253 286* 254 249 250 249 252 
* - Inclusion with Dawsonite (?) 

T(h): n- 10; Ranqe - 247 to 286; Mean - 254 
or ••• without single Dawsonite (?) bearinq inclusion 
T (h): n- 9; Ran«1e - 247 to 254; Mean - 250 
Salinity: 26.3' m1nimum 

decrepitated at 320 betore dauqhter minerals homogenized 
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sample: tEP-10CS-3: El Potosi Mine level 11: Main Silicate Body: 
octahedral FLUORITE crystal from vuq with 2 populations of 

[3] inclusions. 
(sparse, larqe Primary Inclusions wI 30t vapor) 

T(h) 308 307 306 309 305 
T(m) -6.8 -7.2 -7.0 -6.9 -5.9 

T(h): n- 5: Ranqe - 305 to 309: Mean - 307 
T(m): n- 5: Ranqe - -5.9 to -7.2: Mean - -6.8 

(Medium-sized, Primary Inclusions wI 20t vapor) 

T(h) 344 343 350 348 347 346 345 341 339 
T(m) -3.0 -2.9 -3.1 -2.8 -3.0 -3.1 -2.7 -2.9 -3.2 

T(h): n- 9: Ranqe - 339 to 350: Mean - 345 
T(m): n- 9: Range - -2.7 to -3.2: Mean - -3.0 

sample: 'BT-14: Buena Tierra Mine level 14: Penoles Fissure 
Silicate orebody. 

[4] FLUORITE (Secondary Inclusions wI 15-20t vapor) 

T(h) 223 224 227 217 227 219 226 228 223 226 
T(m) -0.5 -0.5 -2.2 -0.7 -6.2 -0.9 -0.6 -0.6 -0.7 -0.6 

T(h): n- 10: Ranqe - 217 to 228: Mean - 224 
T(m): n- 10: Ranqe - -0.5 to -6.2: Mean - -1.4 (-0.6*) 

[* without -6.2) 

sample: tEP14 Denis: El Potosi Mine level 14: Denis Fissure 
FLUORITE (Primary Inclusions wI 25t vapor) 

[5] 
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T(h) 320 319 318 320 328 327 323 324 314 321 298 331 
T(m) -2.4 -2.3 -2.4 -2.2 -2.3 -2.3 -2.4 -2.2 -2.3 -2.4 -2.2 -2.5 

T(h): n- 12: Ranqe - 298 to 331: Mean - 320 
T(m): n- 12: Ranqe - -2.2 to -2.4: Mean - -2.3 

Sample: tEP 18 IN S100: E1 Potosi Mine Level 18: J-North Fissure 
at HINAKEX Mine Co-ordinate 100S: 

[6] FLUORITE (Secondary Inclusions wI 15' vapor) 

T(h) 210 210 221 220 222 221 223 223 224 221 
T(m) -1.1 -0.8 -1.1 -1.0 -0.9 -1.2 -1.1 -1.1 -1.0 -1.1 

T(h): n- 10: Ranqe - 210 to 224: Mean - 220 
T(m): n- 10: Ranqe - -0.8 to -1.2: Mean = -1.0 



Sample: tEP 18 Q: El Potosi Mine Level 18: Q-Fissure in 
larqe stope. 

(7] FLUORITE (primary Inclusions wI 20t vapor). 

T(h) 269 261 263 245 256 285 
T(m) -1.5 -1.4 -1.3 -1.4 -1.5 -1.4 

T(h): n- 6; Ranqe - 245 to 285; Mean - 263 
T(m): n- 6; Ranqe - -1.3 to -1.5; Mean ~ -1.4 

Sample: 

(8] 

tEP 18 Q '2: El Potosi Mine Level 18: Q-Fissure in 
larqe stope. 
FLUORITE (Small Primary Inclusions wI 30t vapor and 
2 dauqhters: larqe, cubic, isotropic, n > fluid = halite; 
tabular, elonqate, anisotropic, n > fluid - anhydrite). 

T(h) 361 360 362 360 372 370 368 367 366 

T(h): n- 9; Ranqe - 360 to 372; Mean - 365 
Salinity: 26.3t min1mUm 

decrepitated at 395 before dauqhter minerals homoqenized 

Sample: tEP 19 Chorro 100s: El Potosi Mine Level 19: Chorro 
Fissure at MrNAMEX Mine Co-ordinate 100 South 
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(9] FLUORITE (Primary Inclusions wI 15' vapor and 
irregular, equant isotropic dauqhter wI n > fluid - halite). 

T(h) 411 410 409 405 398 385 398 392 

T(h): n- 8; Ranqe - 385 to 411; Mean - 401 
Salinity: 26.3t minimum 

decrepitated at 450 before dauqhter mineral homoqenized 

Sample: 'EP 19-JN: El Potosi Mine Level 19: J-North Fissure, 
stope above level on J-North Chimney near IHMSA line. 

(10] FLUORITE (secondary Inclusions wI 20' vapor aliqned alonq 
octahedral planes) 

T(h) 194 194 196 198 198 204 204 198 202 201 199 
T(m) -0.4 -0.4 -0.4 -0.4 -0.5 -0.4 -0.5 -0.4 -0.4 -0.4 -0.5 

T(h): n- 11; Ranqe - 194 to 204; Mean - 199 
T(m): n- 11; Ranqe - -0.4 to -0.5; Mean - -0.4 



Sample: tEP 19 2nd Sill: El Potosi Mine Level 19: 30m E of Chorro 
Fissure in second sill manto stope: 
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[11] FLUORITE (Primary Inclusions wI 20% vapor and 
irregular equant isotropic daughter wI n > fluid = halite). 

T(h) 242 224 235 235 238 239 241 225 238 

T(h): n- 9: Range - 224 to 241: Mean - 235 
Salinity: 26.3% minimum 

decrepitated at 260 before daughter mineral homogenized 

Sample: tEP 19 Cond BX: El Potosi Mine Level 19: Heart of 
Condesa Breccia stope: Late, vug-filling, 

[12] FLUORITE (Primary Inclusions wI 20% vapor and irregular, 
equant isotropic daughter wI n > fluid = halite). 

T(h) 191 199 198 210 la9 201 201 215 

T(h): n- a; Range - 189 to 215; Mean - 200 
Salinity: 26.3% minimum 

decrepitated at 250 before daughter mineral homogenized 

Sample: tEP 19 Cond BX: El Potosi Mine Level 19. Heart of the 
Condesa Breccia, ~n stope below 19 level. 

[13] FLUORITE interstitial to massive sulfide ore 
(Primary Inclusions wI 30% vapor and 
irregular, equant isotropic daughter wI n > fluid - halite). 

T(h) 352 351 350 345 339 352 354 365 

T(h): n- 10: Ran~e - 339 to 372: Mean - 354 
Salinity: 26.3' m~nimum 

372 

decrepitated at 405 before daughter homogenized 

356 

Sample: 'EP 19 eond OS: El Potosi Mine Level 19: Condesa Fissure: 
Normal SUlfide stope below level NE of Breccia (Death Stope). 

[14] FLUORITE (Secondary Inclusions wI 20' vapor with planar 
alignment) 

T(h) 268 268 268 267 269 268 292 296 298 299 
T(m) -0.4 -0.4 -0.4 -0.4 -0.5 -0.5 -0.5 -0.4 -0.4 -0.5 

T(h): n- 10; Range - 267 to 299: Mean - 279 
T(m): n- 10; Range - -0.4 to -0.5; Mean - -0.4 



Sample: 

[15] 

tEP 20 Peru: El Potosi Mine Level 2o:Peru Chimney stope 
on level. 
FIDORITE (primary Inclusions wI 25% vapor) 
(* 3 isotropic dau9hters: 2 are cubic 
wI n > fluid - ha11te and sylvite: and 1 irregular, 
equant: one minute anisotropic daughter 
both wi n > fluid, identity of both unknown). 

T(h) 286 338 296 345 325 341 337 294 364 366 354 

T(h): n- 11: Range - 286 to 366: Mean - 331 
Salinity: 26.3% m1nimum 

decrepitated at 400 before daughter minerals homogenized 

Sample: fEP 20 Ch: El Potosi Mine Level 20: Chorro Fissure: 
FIDORITE in open breccia in diabase sill. 

[16] (Secondary Inclusions wi 5% vapor, arranged in 
octahedral planes) 

T(h) 168 161 168 161 163 167 169 170 173 172 170 
T(m) -1.5 -1.6 -1.7 -0.8 -0.5 -1.4 -1.2 -1.4 -1.3 -1.2 -1.4 

T(h): n- 11: Range - 161 to 172: Mean - 167 
T(m): n- 11: Range - -0.8 to -1.7: Mean s -1.3 

sample: 

[17] 

tEP 20 IN: El Potosi Mine Level 20: J-North Fissure: 
below felsite sill. 
FIDORITE (primary Inclusions arranged in 
cubic planes wi 10% vapor and irregular, equant isotropic 
daughter wI n > fluid - halite). 

T(h) 326 328 328 325 333 327 326 390 328 325 

T(h): n- 10: Range - 325 to 390; Mean - 334 (329 wlout 390) 
Salinity: 26.3% m1nimum 

decrepitated at 390 before daughter mineral homogenized 

Sample: fEP 20 IN-800S: El Potosi Mine Level 20: J-North Fissure: 
MINAMEX Mine Co-ordinate 800 meters South. 

[18] 
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FIDORITE, paragenetically late euhedral crystals with 
interstitial sulfides (Primary Inclusions wI 25% vapor 
and minute cubic isotropic daughter wi n > fluid - halite). 

T(h) 203 201 216 196 199 199 185 189 203 232 

T(h): n- 10; Range - 185 to 232: Mean - 202 
Salinity: 26.3% minimum 

decrepitated at 230 before daughter mineral homogenized 

CRUSHING SHOWS THIS SAMPLE CONTAINS ABUNDANT CARBON DIOXIDE 



sample: #EP 20 EXT-S: El Potosi Mine Level 20: J-North Zone, but 
well south of known ore: Kanqano-calcite zone. 

[19] Late, euhedral, vuq-fillinq purple FLOORITE with 
elonqate qalena inclusions in solid fluorite 
(Primary Inclusions wi 20' vapor). 

T(h) 
T (m) 

283 285 295 289 302 300 301 306 D D 
-6.4 -6.3 -6.2 -6.3 -6.4 -6.3 -6.2 -6.7 -6.6 -6.5 
(Numerous inclusions decrepitated at 285 to 310) 

T(h): n- 8: Ranqe - 283 to 306: Mean - 295 
T(m): n- 10: Ranqe - -6.2 to -6.7; Mean - -6.4 

Late, euhedral, vuq-fillinq purple FLUORITE with 
elonqate qalena needle inclusions in solid fluorite 
(Secondary Inclusions wi 10' vapor). 

T(h) 200 197 198 223 225 220 217 218 200 
T(m) -2.0 -2.1 -2.0 -2.2 -1.9 -2.0 -2.1 -2.1 -2.0 -2.2 

T(h): n- 9: Ranqe - 197 to 225: Mean - 211 
T(m): n- 10: Ranqe - -1.9 to -2.2; Mean - -2.1 

Sample: 

[20] 

T(h) 

#EP 21 Peru: El Potosi Mine Level 21: Peru-Fissure, in 
main stope on level. With interstitial qalena and 
sphalerite. 
FLUORITE (Primary Inclusions wi 30' vapor and irreqular, 
equant isotropic dauqhter wi n > fluid - halite). 

369 358 375 372 374 373 365 378 371 

T(h): n- 9: Ranqe - 358 to 378: Mean -370 
salinity: 26.3' minimum 

decrepitated at 400 before dauqhter mineral homoqenized 

CRUSHING SHOWS THIS SAMPLE CONTAINS ABUNDANT CARBON DIOXIDE 

sample: 

[21] 

tEP 21 Cond: El Potosi Mine Level 21: Condesa Fissure: 
in stope above level alonq felsitellimestone contact 
FLUORITE (Primary Inclusions wi 25' vapor and cubic 
isotropic dauqhter wi n > fluid - halite: and tabular, 
elonqate, anisotropic dauqhter wi n > fluid - anhydrite). 

T(h) 285 286 285 293 280 293 308 307 308 294 

T(h): n- 10; RanVe - 280 to 308: Mean - 294 
Salinity: 26.3' m1nimum 

decrepitated at 340 before dauqhter minerals homoqenized 
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Sample: 

[22] 

#EP 21 Cond-2: El Potosi Mine Level 21: Condesa Fissure: 
in stope above level alonq felsite/limestone contact 
FLUORITE (primary Inclusions w/ 25' va~r with cubic, 
isotropic, dauqhter w/ n > fluid - hal1te; and tabular, 
elonqate, anisotropic dauqhter w/ n > fluid - anhydrite). 

T(h) 265 263 261 311 285 312 314 316 324 320 

T(h): n- 10; Ran~e - 261 to 324; Mean - 297 
Salinity: 26.3' m1nimum 

decrepitated at 350 before dauqhter minerals homoqenized 

Sample: #EP 21 Q: El Potosi Mine Level 21: Q-Fissure: 
KIHAHEX co-ordinate 500 South. Late, vuq-fillinq, 
FLUORITE (Primary Inclusions wI 10' vapor) • [23] 

T(h) 
T(m) 

T(h): 
T(m): 

220 235 233 231 237 240 236 228 229 238 
-1.2 -0.9 -0.8 -1.0 -1.3 -1.4 -1.6 -1.5 -0.7 -1.3 

n- 10; 
n- 10; 

Ranqe - 220 to 240; Mean - 231 
Ranqe - -0.7 to -1.6; Mean ~ -1.2 

Sample: #EP 21 0 #7: El Potosi Mine Level 21: O-Zone (aka Matona 
Breccia): From calc-silicate zone in main stope. 

[24] FLUORITE (Primary Inclusions w/ 25' vapor and 
cubic isotropic dauqhter w/ n > fluid - halite). 

T(h) 272 273 272 278 278 275 279 276 278 274 

T(h): n- 10; Ran~e - 272 to 278; Mean - 275 
Salinity: 26.3' m1nimum 

sample: 

[25] 

decrepitated at 325 before dauqhter mineral homoqenized 

iEP 21 O-Sk: El Potosi Mine Level 21: O-Zone (aka Matona 
Breccia): From calc-silicate zone in main stope. 
FLUORITE (Primary Inclusions w/ 25' vapor and 
minute irreqular, equant isotropic dauqhter 
w/ n > fluid - halite). 

T(h) 205 214 210 211 214 219 220 210 213 225 

T(h): n- 10; Ran~e - 210 to 225; Mean - 214 
salinity: 26.3' m1nimum 

decrepitated at 265 before dauqhter mineral homoqenized 
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Sample: 

[26] 

#EP 22 Peru: El Potosi Mine level 22: Peru Fissure 
Normal sulfide orebody. . 
FLUORITE (Primary Inclusions wI 30\ vapor and isotropic, 
cubic dauqhter wI n > fluid = halite: and anisotropic, 
tabular, elonqate daughter wI n > fluid - anhydrite) 

T(h) 348 344 345 346 337 332 347 

T(h): n- 11: Ran~e - 332-356: Mean = 344 
Salinity: 26.3\ m1nimum 

356 346 342 348 

decrepitated at 580 before daughter mineral homogenized 

FLUORITE (Secondary Inclusions wI 10\ vapor) 

T(h) 228 228 227 226 228 226 227 228 228 228 
T(m) -1.4 -1.4 -1.4 -1.3 -1.5 -1.4 -1.4 -1.5 -1.5 -1.3 

T(h): n- 10: Ranqe - 226-228: Mean - 227 
T(m): n- 10: Ranqe - -1.3 to -1.5; Mean - -1.4 

Sample: #EP 22 Rampa: El Potosi Mine Level 22: Condesa Fissure 
orebody below Felsite sill. 

[27] FLUORITE (primary Inclusions wI 25\ vapor) 

T(h) 230 228 227 231 229 
T(m) -1.8 -1.9 -2.0 -1.7 -1.8 

T(h): n- 5: Range - 227 to 231: Mean - 229 
T(m): n- 5: Range - -1.7 to -2.0: Mean - -1.8 

FLUORITE (Secondary inclusions wI 15\ vapor) 

T(h) 206 205 204 205 206 208 210 211 189 207 
T(m) -1.1 -0.9 -1.0 -0.9 -1.0 -1.2 -1.1 -0.9 -0.8 -1.1 

T(h): n- 10; Ranqe - 189 to 208; Mean - 205 
T(m): n- 10; Ranqe - -0.8 to -1.2; Mean = -1.1 

Sample: 

[28] 

tEP 22 Pen: El Potosi Mine Level 22: Penoles Zone 
from manto along N45E fissure along basal felsite contact 
FLUORITE (Primary Inclusions wI 30\ vapor and 
cubic, isotropic daughter wI n > fluid - halite). 

T(h) 340 344 345 343 342 344 343 335 337 338 339 

T(h): n- 11; ~e - 335 to 345; Mean - 341 
Salinity: 26.3\ m1nimum 

decrepitated at 400 before dauqhter mineral homogenized 
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Sample: iEP 22-Q: EI Potosi Mine Level 22 (stope above level: 
Q Fissure near intersection with Condesa Fissure. 

[29] FLUORITE with interstitial sulfides (Primary Inclusions 
wI 25' vapor and irre~lar, elongate anisotropic daughter 
wI n > fluid - anhydrlte ?) 

T(h) 355 355 356 357 356 357 356 355 358 359 356 

T(h): ns 11: Range - 355 to 359: Mean - 356 

Sample: 

[30] 

decrepitated at 390 before daughter mineral homogenized 

iEP 22 QD: EI Potosi Mine Level 22: Q-Denis Fissure in 
stope above level: With interstitial galena and sphalerite 
FLUORITE (Primary Inclusions wI 30t va~or and 
2 isotropic daughters, both wI n > fluld: 
cubic - halite: irregular, equant - sylvite. 

T(h) 370 373 374 373 372 374 371 371 363 363 

T(h): n- 10; ~e - 363 to 374: Mean - 370 
Salinity: 26.3t mlnimum 

decrepitated at 410 before daughter minerals homogenized 

CROSHING SHOWS THIS SAMPLE CONTAINS ABUNDANT CARBON DIOXIDE 
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SAN ANTONIO MINE SAMPLES 

Sample: tSA6-2l00N '2: San Antonio Mine Level 6: relict colorless 
fluorite from oxide orebod~; remote from dike. 

(1] FWORITE (Secondary Inclusl.ons wI 5% vapor) 

T(h) 73 74 74 75 76 76 77 76 
T(m) -1.5 -1.6 -1.7 -1.5 -1.2 -1.3 -1.4 -1.5 

T(h): n- 8; Range - 73 to 77; Mean - 75 
T(m): n- 8; Range - -1.3 to -1.7: Mean m -1.5 

Sample: #SA6 2100N '9: San Antonio Mine Level 6: colorless 
FLtTORITE in oxidized hedenberqite skarn. 

[2] (Larqe primary Inclusions in cubic alignment 
wI 20' vapor) 

T(h) 304 305 312 302 293 293 295 287 316 304 309 
311 305 306 

T(m) -4.6 -4.3 -4.6 -4.5 -4.5 -4.6 -4.6 -4.4 -4.3 -4.5 -4.7 
-4.7 -4.6 -4.5 

T(h): n- 14: Range - 287 to 312: Mean - 303 
T(m): n- 14: Range - -4.3 to -4.7: Mean - -4.5 

Sample: 

[3] 

tSA8 2000N '10: San Antonio Mine Level 8: vug-filling 
colorless FWORITE from vug in garnet-hedenbergite skarn. 
(Small primary Inclusions wI 20' vapor and up to 
4 daughters all with n> fluid: isotropic, cubic = halite: 
isotropic, irregular, equant - sylvite; 
tabular elon9ate anisotropic - anhydrite; 
elongate, anl.sotropic - unknown) 

T(h) 221 224 217 217 223 215 219 245 212 196 

T(h): n- 10; Range - 196 to 245; Mean - 219 
Salinity: 26.3' ml.nimum 

decrepitated at 280 before daughter minerals homogenized 

Sample: 12SA-8 l725N 12: San Antonio Mine Level 8: colorless 
FWORITE in garnet-hedenberqite skarn. 

[4] (Small Secondary Inclusions wI 15' vapor) 

T(h) 
T(m)* 

220 222 236 240 242 221 242 234 238 240 
-1.2 -1.2 -1.2 -1.4 -1.3 -1.3 -1.2 -1.4 -1.1 -1.4 
First melting at -19 

T(h): n- 10: Range - 220 to 242: Mean - 233 
T(m): n- 10: Range - -1.1 to -1.4: Mean = -1.3 

CRUSHING REVEALED VERY LITTLE CARBON DIOXIDE 
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Sample: t2SA8 1725N #5: San Antonio Mine Level 8: colorless 
FLUORITE from vuq in qarnet-hedenberqite skarn with 

[5] 2 populations of inclusions. 

(Larqe Primary Inclusions wI 1St vapor) 

T(h) 311 296 296 308 305 301 311 304 307 305 
T(m) -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.7 -1.6 -1.5 -1.6 

T(h): n- 10; Ranqe - 296 to 311: Mean s 304 
T(m): n- 10; Ranqe - -1.5 to -1.7: Mean a -1.6 

(Small, coplanar Primary Inclusions wI 1St vapor) 

T(h) 256 257 254 256 250 261 256 257 258 259 
T(m) -1.5 -1.5 -1.6 -1.5 -1.6 -1.5 -1.6 -1.7 -1.5 -1.4 

T(h): n- 10; Ranqe - 254 to 261; Mean = 256 
T(m): n- 10; Ranqe - -1.4 to -1.7: Mean a -1.5 

sample: tSA8 1725 112: San Antonio Mine Level 8: Purple 
FLUORITE in qarnet-hedenberqite skarn. 

[6] (small equant Primary {?} Inclusions wI 20t vapor) 
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T(h) 180 191 188 181 186 193 221 196 199 223 183 191 
T(m) -0.6 -0.6 -0.6 -0.6 -0.7 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 

T(h): n- 12; Ranqe 180 to 223; Mean - 194 
T(m): n- 12; Ranqe - -0.6 to -0.7: Mean a -0.6 



Sample: tSA8 1650N #14: San Antonio Mine Level 8: colorless 
FLUORITE interstitial to qalena and sphalerite in 

[7] qarnet-hedenberqite skarn with 3 populations 
of inclusions. 

(Large isolated Primary Inclusions wi 20% vapor) 

T(h) 297 292 296 298 292 293 298 298 295 
T(m) -3.9 -3.8 -3.9 -3.7 -3.7 -3.9 -3.7 -3.8 -3.7 

T(h): n- 9; Ranqe - 292 to 298; Mean - 295 
T(m): n- 9; Ranqe - -3.7 to -3.9; Mean ~ -3.8 

(Small Primary Inclusions wi 15% vapor in cubic 
aliqnment) 

T(h) 266 266 267 265 267 267 266 265 266 267 
T(m) -3.2 -3.1 -3.2 -3.2 -3.1 -3.3 -3.2 -3.2 -3.1 -3.1 

T(h): n- 10; Ranqe - 265 to 267; Mean - 266 
T(m): n- 10; Ranqe - -3.1 to -3.3; Mean = -3.2 

(Secondary Inclusions wi 5% vapor) 

T(h) 172 180 169 168 162 164 158 162 158 160 
T(m) -1.3 -1.3 -1.3 -1.3 -1.3 -1.3 -1.3 -1.3 -1.2 -1.3 

T(h): n- 10; Ranqe - 158 to 180; Mean = 165 
T(m): n- 10; Ranqe - -1.2 to -1.3; Mean = -1.3 

Sample: tSA11 2350N tl0: San Antonio Mine Level 11: 
Coarse, clear scalenohedral CALCITE. 

[8] (Small Primary Inclusions wi 20% vapor) 

T(h) 213 270 214 212 214 267 267 300 
T(m) -2.8 -2.5 -0.9 -1.6 -2.5 -2.8 

T(h): n- 8: Ranqe - 212 to 300: Mean - 245 
T(m): n- 6: Ranqe - -0.9 to -2.8; Mean K -2.2 
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Sample: #SA13R #48: San Antonio Mine stope above Level 13: 
colorless FLUORITE coated with crystalline quartz 

[9] from vuq in qarnet-hedenberqite skarn with 3 populations 
of inclusions. 

(Isolated Primary Inclusions wI 25% vapor 
and isotropic, cubic dauqhter wI n > fluid = halite) 

T(h) 235 240 

T(h): n- 2: Ranqe - 235 to 240: Mean - 238 
salinity: 26.3% minimum 

decrepitated at 245 before dauqhter homoqenized 

(Small co-planar equant Secondary Inclusions wI 15% vapor) 

T(h) 185 190 191 187 188 
T(m) -1.5 -1.6 -1.7 -1.5 -1.8 

T(h): n- 5: Ranqe - 185 to 191; Mean - 188 
T(m): n- 5; Ranqe - -1.5 to -1.8; Mean = -1.6 
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(Small co-planar irreqular Secondary Inclusions wI 15% vapor) 

T(h) 165 158 163 155 160 155 161 162 161 160 163 
T(m) -0.6 -0.7 -0.7 -0.7 -0.7 -0.7 -0.6 -0.8 -0.7 -0.8 -0.7 

T(h): n- 11; Ranqe - 155 to 165: Mean = 160 
T(m): n- 11; Ranqe - -0.6 to -0.8: Mean - -0.7 

Sample: iSA13R-73-1 i8: San Antonio Mine Stope 73-1 above 
level 13: Skarn ore from endoskarn w/in 1m of felsite. 

[10] purple FLUORITE with two populations of inclusions. 

(Larqe Primary Inclusions) 

T(h) sample decrepitated at 365 without homoqenization 
T(m) -7.8 -7.7 -7.6 -7.8 -7.7 -7.6 -7.7 

T(m): n- 7; Ranqe - -7.6 to -7.8: Mean = -7.7 

(Primary Inclusions in cubic 
planar aliqnment wI 10% vapor). 

T(h) 285 325 327 304 308 315 321 319 320 
T(m) -3.2 -3.3 -3.2 -3.7 -4.7 -3.7 -3.5 -3.6 -3.5 -3.2 -3.4 

T(h): n- 9; Ranqe - 285 to 327; Mean - 314 
T(m): n- 11; Ranqe - -3.2 to -3.7; Mean = -3.4 
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Sample: 

[11] 

#SA13R-40 #6: San Antonio Mine in stope 40 above Level 13: 
colorless FLUORITE riqht alonq limestone-sulfide ore contact 
with 2 populations of inclusions. 

T(h) 
T(m) 

T(h): 
T(m): 

T(h) 
T(m) 

T(h): 
T(m): 

(Primary Inclusions wI 5' vapor in cubic aliqnment) 

265 290 254 250 255 292 282 280 276 
-2.2 -2.2 -2.2 -2.3 -2.1 -2.2 -2.3 -2.2 -2.1 -2.4 

n- 9: Ranqe - 250 to 292: Mean • 272 
n- 10: Ranqe - -2.1 to -2.4: Mean - -2.2 

(Secondary Inclusions w/15' vapor) 

182 192 185 192 205 206 183 18" 
-0.9 -1.1 -1.0 -1.1 -0.9 -0.6 -0.5 -0.4 -0.5 -0.9 

n- 8: Ranqe - 182 to 206: Mean - 191 
n- 10; Ranqe - -0.4 to -1.1: Mean - -0.8 

sample: 'SAl3R-29: San Antonio Mine Stope 29 above Level 13: 
colorless FLUORITE from Ludlamite-siderite pocket in 

[12] watercourse in qarnet-hedenberqite skarn. 

(Larqe, equant primary Inclusions wI 15' vapor) 

T(h) 232 225 277 217 256 232 227 214 298 237 302 
229 296 301 231 227 295 

T(m) -1.6 -1.7 -1.4 -1.4 -1.2 -1.3 -1.4 -1.3 -1.4 -1.2 -1.4 
-1.3 -1.4 -1.2 -1.4 -1.3 -1.4 

T(h): n- 17: Ranqe - 214 to 302: Mean - 253 
T(m): n- 17; Ranqe - -1.2 to -1.7; Mean - -1.4 

Sample: '2SA13R-29H '3: San Antonio Mine Level 13: colorless 
FLUORITE interqrown in massive qalena-pyrrhotite ore. 

[13] 

T(h) 
T(m) 

T(h): 
T(m): 

(Small Primary Inclusions wI 10' vapor 
aliqned in cubic planes) 

174 164 169 180 180 170 177 182 175 
-1.3 -1.1 -1.4 -1.3 -1.4 -1.3 -1.3 -1.4 -1.3 

n- 9: Ranqe - 164 to 182: Mean - 175 
n- 9: Ranqe - -1.1 to -1.4: Mean - -1.3 



Sample: tSA13-2300N #34: San Antonio Mine Level 13: purple 
and colorless banded FLUORITE from dike border zone 

(14] (Primary Inclusions wI 15' vapor) 

Purple FLUORITE band (with cubic isotropic daughter, 
wI n > fluid - halite ). 

T(h) 333 327 320 350 350 Sample decrepitated at 350 

T(h): ns 5: Range - 320 to 350: Mean - 336 
Salinity: 26.3' min~mum 

decrepitated at 350 before daughter mineral homogenized 

Clear FLUORITE band (no daughter) 

T(h) 266 295 288 299 286 290 285 314 305 306 298 
T(m) -0.8 -1.3 -1.2 -1.1 -1.2 -1.1 -1.2 -0.9 -0.8 -1.2 -1.2 

T(h): n- 11: Range - 266 to 314: Mean = 293 
T(m): n- 11: Range - -0.8 to -1.3: Mean - -1.1 

SIGNIFICANT CARBON DIOXIDE REVEALED BY CROSHING 

Sample: #SA13-2300N #2: San Antonio Mine Level 13: ~urple 
FLUORITE from dike border zone TWo ~opulat~ons: 

(15] small and irregular: and larqe neqat1ve crystals. 

(Small irre~~lar primary Inclusions wI 20' vapor and 
cubic, isotropic daughter wI n > fluid - halite). 

T(h): n- 10: Decrepitated at 350 before homogenization 
Salinity: 26.3' minimum 

(Larqe negative crystals wI 20' vapor and cubic 
isotropic daughter wI n > fluid - halite) 

T(h) 269 250 269 269 260 269 266 300 300 

T(h): n- 9: Range - 250 to 300: Mean - 272 
Salinity: 26.3' minimum 

decrepitated at 350 before daughter mineral homogenized 

SIGNIFICANT CARBON DIOXIDE REVEALED BY CROSHING 
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sample: 'SAl3 2075N: San Antonio Kine Level 13: colorless 
FLUORITE in qarnet-hedenberqite skarn with 2 

[16] populations of inclusions. 

(Small Primary Inclusions wi 20t vapor and 
isotropic, cubic dauqhter wi n > fluid a halite) 

T(h) 190 191 190 191 192 191 190 189 191 192 193 

T(h): n- 11: Range - 189 to 193; Kean - 191 
salinity: 26.3' minimum 

decrepitated at 320 before dauqhter homogenized 

(Larqe isolated Primary Inclusions wi 1St vapor with 
cubic isotropic·dauqhter wi n > fluid) 

T(h) 164 174 165 162 169 172 171 169 184 169 172 

T(h): n- 11: Ran~e - 164 to 184: Kean - 170 
salinity: 26.3' m1nimum 

decrepitated at 320 before dauqhter minerals homoqenized 

Sample: 'SAl4R EXT S: San Antonio Kine, Stope above level 14 at 
extreme south end of level: colorless 

[17] FLUORITE in qarnet-hedenberqite skarn with 2 populations 
of inclusions: primary and secondary. 

(Small, equant Primary Inclusions wi sot vapor 
and isotropic, cubic dauqhter wi n > fluid - halite) 

T(h) 310 319 319 315 316 316 305 306 307 316 

T(h): n- 10: ~e - 306 to 319: Kean - 313 
Salinity: 26.3' m1nimum 

T(h) 
T(m) 

decrepitated at 350 before daughter homogenized 

(Secondary Inclusions wi 1St vapor aligned in 
octahedral planes) 

218 217 232 228 227 208 216 218 217 218 226 
-3.3 -3.2 -3.1 -3.2 -3.0 -3.1 -3.2 -3.2 -3.2 -3.3 -3.2 
First malting at -18 

T(h): n- 11: Range - 208 to 232: Kean - 220 
T(m): n- 11: Range - -3.1 to -3.3: Kean - -3.2 

CRUSHING REVEALED SMALL AMOUNT OF CARBON DIOXIDE 
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Sample: 'SA14 Sec II: San Antonio Mine Level 14, Section II. PUrple 
FLUORITE tram epidote-chlorite felsite-border zone (endoskarn? 

[18] Inclusions very irre9Ular and many already decrepitated, some 
suitable for homoqen1zation, none useable for meltinq. 

(Small Inclusions wI 20t vapor) 

T(h) 265 266 258 269 265 267 268 264 255 268 267 

Teh): na 11: Ranqe - 255 to 269: Mean - 265 

Sample: #SA14 2200B '4b: San Antonio Mine Level 14: colorless 
FLUORITE overqrowinq euhedral quartz in vuq in 

[19] qarnet-hedenberqite skarn with 2 populations 
of inclusions. 

(Larqe Primary Inclusions wI 25t vapor) 

Teh) 320 319 318 321 319 317 320 321 325 
Tea) -2.6 -2.7 -2.6 -2.5 -2.6 -2.5 -2.6 -2.7 -2.7 

Teh): n- 9: Ranqe - 317 to 325: Mean - 320 
Tea): n- 9: Ranqe - -2.5 to -2.7: Mean - -2.6 

(Small co-planar Secondary Inclusions wI lOt vapor) 

Teh) 223 223 222 223 221 219 220 223 223 222 
Tea) -1.6 -1.6 -1.4 -1.5 -1.6 -1.5 -1.6 -1.5 -1.4 -1.6 

T(h): n- 10: Ranqe - 219 to 223: Mean - 222 
Tea): n- 10: Ranqe - -1.4 to -1.6: Mean - -1.5 



Sample: 'SAl4 2200N '35: San Antonio Mine Level 14: colorless 
FLUORITE in massive, silicate-free sulfides 

[20] with 2 populations of inclusions. 

(Larqe Primary Inclusions wI 25% vapor) 

T(h) 465 465 455 450 462 463 458 459 
T(m) -7.1 -7.0 -6.9 -6.8 -7.0 ~7.1 -6.9 -6.8 

T(h): n~ 8: Ranqe - 450 to 465: Mean - 460 
T(m): n- 8: Ranqe - -6.8 to -7.1: Mean - -7.0 

(small Secondary Inclusions wI 1St vapor) 

T(h) 212 188 192 201 203 204 210 208 185 186 185 
T(m) -0.4 -0.5 -0.6 -0.7 -0.7 -0.7 -0.9 -0.8 -0.6 -0.8 -0.9 

T(h): n- 11: Ranqe - 185 to 212: Mean - 198 
T(m): n- 11: Ranqe - -0.4 to- 0.9: Mean - -0.7 
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Sample: ,SA14 2200N: San Antonio Mine Level 14: purple 
FLUORITE in epidote-chlorite skarn riqht on felsite contact, 

[21] with 3 populations of inclusions in successive zones. 

(Larqe Primary Inclusions wI 30% vapor and 
isotropic, cubic dauqhter wI n > fluid - halite) 

T(h) 315 314 317 318 319 320 318 325 327 322 325 

T(h): n- 11: Range - 314 to 327: Mean - 320 
Salinity: 26.3t m1nimum 

decrepitated at 380 before dauqhter homoqenized 

(Small isolated Primary Inclusions wI lOt vapor) 

T(h) 243 243 240 245 237 238 246 244 245 
T(m) -3.0 -3.0 -3.1 -3.0 -3.1 -2.9 -2.8 -3.0 -2.9 

T(h): n- 9: Ranqe - 237 to 247: Mean - 241 
T(m): n- 9: Ranqe - -2.9 to -3.1; Mean - -3.0 

(Small Primary (?) Inclusions wIst vapor) 

T(h) 194 19~ 195 211 175 186 194 193 223 175 
T(m) -1.2 -1.1 -1.0 -1.1 -1.4 -1.3 -1.2 -1.3 -1.5 -1.4 

T(h): n- 10: Ranqe - 175 to 223; Mean - 197 
T(m): n- 10: Ranqe - -1.0 to -1.5: Mean = -1.2 



Sample: #SA14-20S0N #12: San Antonio Mine Level 14: colorless 
FLUORITE (Primary Inclusions wI 15% vapor with 
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[22] cubic, isotropic dauqhters wI n > fluid - halite; 
acicular, anisotropic dauqhter wI n > fluid - anhydrite ?). 

T(h} 238 244 248 252 238 234 232 238 241 240 242 238 

T(h): n- 12: Ran~e - 232 to 252; Mean - 240 
Salinity: 26.3t m1nimum 

decrepitated at 340 before dauqhter mineral homoqenized 

Sample: #SA14-20S0N #3: San Antonio Mine Level 14: purple 
FLUORITE from dike border zone. Two populations: larqe 

[23] isolated, without dauqhters; and small, co-planar with 
dauqhters. 

(Larqe isolated Primary Inclusions wI 10% vapor) 

T(h) 190 248 230 220 248 245 235 234 230 226 255 
T(m) -0.8 -1.6 -1.6 -1.6 -1.4 -1.1 -1.4 -0.6 -0.9 -1.6 -0.9 

T(h): n- 11: Ranqe - 190 to 255; Mean - 233 
T(m): n- 11: Ranqe - -0.6 to -1.6: Mean s -1.2 

(Minute primarr Inclusions wI 15% va~or with 
cubic, isotrop1c dauqhter wI n > flu1d - halite; 
and acicular anisotropic dauqhter wI n > fluid - anhydrite ?) 

T(h) 168 169 163 159 198 169 169 178 198 174 

T(h): n- 10: Ran~e - 159 to 198; Mean - 175 
Salinity: 26.3% m1nimum 

Sample: 

[24] 

decrepitated at 300 before dauqhter minerals homoqenized 

fSA14-2000N #22: San Antonio Mine Level 14: colorless 
FLUORITE from qarnet skarn with sphalerite. 
(Isolated e9Uant primary Inclusions wI lOt vapor and 
two minute 1sotropic dauqhters wI n > fluid: one cubic 
- halite: one irregular, equant - sylvite) 

T(h) 131 137 141 148 151 143 142 148 155 158 156 

T(h): n- 11: Ran~e - 131 to 158; Mean - 146 
Salinity: 26.3t m1nimum 

decrepitated at 205 before dauqhter minerals homoqenized 



----
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Sample: #SA14 2000N: San Antonio Mine Level 14: Purple 
FLUORITE in epidote from felsite border zone. 

[25] (Small Secondary Inclusions wI 1St vapor) 

T(h) 158 161 164 185 189 165 176 164 171 158 157 158 
T(m) -1.0 -1.0 -1.1 -1.2 -1.1 -1.0 -1.1 -1.0 -1.1 -1.2 -1.3 -1.3 

T(h): n- 12; Ranqe - 157 to 189; Mean - 167 
T(m): n2 12; Ranqe = -1.0 to -1.3; Mean = -1.1 

Sample: tSA14 1: San Antonio Mine Level 14: exact location unknown. 
vuq-fillinq colorless FLUORITE studded with chalcopyrite 

[26] crystals from qarnet-hedenberqite skarn. 
(Larqe isolatea Primary Inclusions wI 15% vapor) 

T(h) 242 243 244 232 
T(m) -5.1 -4.6 -4.8 -4.3 

T(h): n- 4; Ranqe - 232 to 244; Mean - 240 
T(m): n- 4; Ranqe - -4.3 to -5.1; Mean - -4.7 
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APPENDIX H 

MASS BALANCE CALCULATIONS 

ELEMENTAL AMOUNTS 

Data: SO million tons of sulfides in system (massive sulfides 
plus sJearn). 

Averaqe Grades: 8.5% Pb (as PbS): 7% Zn (as ZnS); 51% Fe (as 
Fes) 330 ppm Aq. Other components neqliqible. 

Atomic Weiqht Percents 

PbS: 207 + 32 - 239 - 13.4% S, 86.6% Pb 

znS: 65 + 32 - 97 .. 33% s, 67% Zn 

Fes: 57 + 32 - 89 - 36' S, 64' Fe 

Fes2: 57 + 64 -121 - 53' s, 47% Fe 

cas04: 40 + 32 + 32 - 104 - 30' sulfur 
(CUchillo Fm. anhydrite yielded 24% sulfur: 

Total Alllaunts of Sulfide Minerals: 

PbS - 5 million tons 

znS - 5 million tons 

Fes - 40 million tons 

Total Amounts of Components: 

Pb - 4.33 million tons 

Zn - 3.35 million tons 

Fe - 25.6 million tons 

S - 16.7 million tons 

Aq - 150,000 tons 

See Appendix A) 



ORE DENSITY 

(based en measurements ef era samples by Hubbel, 1936) 

Massive sulfide eres - 0.25 m3/T - 4.0 T/m3 

West Camp Silicates = 0.31 m3/T = 3.2 T/m3 

Oxide Ores - 0.41 m3/T = 2.5 T/m3 

Limestene z 0.5 m3/T = 2.0 T/m3 

Assuminq: 40 millien tens ef sulfide 
10 millien tens ef East Camp skarn (with sulfides) 
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4 millien tens ef West camp silicates (with sulfides) 

Have: A. 40 millien tens at 4.0 T/m3 ,. 10.0 millien cubic meters 

B. 14 millien tens at 3.2 T/m3 :::a 4.4 mil lien cubic meters 

14.4 millien cubic meters 

If all mineralizatien eccurred by replacement then: 

14.4 millien cubic meters ef limestene at 2.2 T/m3 was remeved 

Equal te 31.7 millien tens ef limastene remeved. 
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CONCENTRATIONS OF METALS AND SULFUR IN IGNEOUS AND SEDIMENTARY 
ROCKS 

Zn ppm Pb ppm CU ppm Aq ppm S ppm 

"Unminzd" Felsite' 640 630 22 3 1,000 

Granodiorite* 60 15 25 0.05 400 

Granite* 40 19 8 0.04 250 

Limestone * 20 9 4 O.OX 1,200 

CUchillo Fm (anh)' 100 1 61 0.5 240,000 

CUchillo Fm (bsh)' 230 11 60 0.1 6,000 

Ave. Black Shale** 7000 100 500 20 N.A. 

THOOSANDS OF TONS OF ROCK REQUIRED TO YIELD 1 TON OF AN ELEMENT 
(assuminq lOOt extraction) 

Zn Pb CU Aq S 

"Onminzd" Felsite' 1.6 1.6 45 333 1 

Granodiorite* 16.6 66.7 40 20,000 2.5 

Granite* 25 52.6 125 25,000 4 

Limestone* 50 111 250 100,000 0.83 

CUchillo Fm (anh)t 10 1,000 16.4 2,000 0.0042 

CUchillo Fm (bah)' 4.4 90 16.7 10,000 0.166 

Ave. Black Shale** 0.143 10 2 50 

* - Wedepchl, 1970 

** - Holland, 1979 

• - This study (see Appendix A) 



Zn Pb Aq 

"Unminzd" Felsitet 5,360 6,900 50,000 

Granodiorite* 56,000 289,000 3,000,000 

Granite* 84,000 228,000 38,000,000 

Limestone* 168,000 481,000 15,000,000 

CUchillo Fm (anh)' 33,500 4,300,000 300,000 

CUchillo Fm (bah) I 15,000 390,000 1,900,000 

Ave. Black Shale** 480 43,300 7,500 

NUMBER OF COBIC KILOMETERS OF EACH ROCK TYPE REqUIRED TO 
SUPPLY DISTRiCT TOTAL OF A GIVEN COMPONENT 
(asswung i66i extract10n) 

Gil Zn Pb Aq 

"Unminzd" Felsite' 2.5 2.3 3 22 

Granodiorite* 2.5 24 126 1304 

Granite* 2.5 36 99 1652 

Limestone* 2.3 73 209 6521 

CUchillo Fm (anh). 2.3 15 1870 130 

CUchillo Fm (bsh). 2.3 6.5 170 826 

Ave. Black Shale** 2.3 0.21 19 3.3 

* - Wedepohl, 1970 

** - Holland, 1979 

• - This study (see Appendix A) 

it - specific gravity in tons/cubic meter 
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S 

17,000 

42,000 

67,000 

14,000 

71 

2,822 

S 

7.4 

18 

29 

6 

0.03 

1.2 



ISOTOPIC MASS BALANCE CALCUIATIONS 

If R is the ratio of the t of moles of sulfur in: 

initial magma / assimilated rock + initial magma 
then: 

(del i X R) + (del a X [l-R]) - del f X 1 

where: del i ~ del 34S of initial magma 
del a - del 34S of assimilated rock 
del f - del 34S of final mixture 
del m - del 34S of intermediate mixture 

428 

MODEL 1: MIX'l'ORE OF MAGMATIC, BIACX SHALE, AND EVAPORITE SULFUR 

ASSOKE: Entire sulfur budqet is first lowered to -17 permil, and then 
brouqht back to -8 and +4 permil: Final estimated 
percentaqes of each are: 20' at -17 permil: 60' at -8 permil: 
and 20' at +4 permil. 

Case 1: del i - ° permil (by assumption: see Chap ••• ) 
del a - -28 permil (CUchillo Fm pyrite: see Appendix A) 
del f - -17 permil (lowest del 34S values in the West Camp) 

(0 X R) + -28(1-R) - -17 - (l-R) - (-17/-28) - R - 0.4 

Therefore this mixture includes: 40' magmatic sulfur at ° permil 
60' pyrite sulfur at -27 permil 

Case 2: del m-1 - -17 permil (result of last equation) 
del a - +16 permil (del 34S of CUchillo Fm. anhydrite) 
del f - -8 permil (highest del 34S average for West Camp) 

(-17 X R) + (16[l-R]) - -8 - (-17R + 16 - 16R) ~ -8 -

-33R m -20 - R - 0.606 - 0.6 

Therefore this mixture includes: 60' shifted sulfur from Case 1 
40' evaporite sulfur 

Case 3: del m-2 = -17 permil (result of last equation) 
del a - +16 permil (del 34S of CUchillo Fm. anhydrite) 
del f - +4 permil (hiqhest del 34S values in East camp) 

(-17 X R) + (16[l-R]) - +4 - (-17R + 16 - 16R) - +4 -

-33R - -12 - R - 0.36 - 0.4-

Therefore this mixture includes: 40' shifted sulfur from Case 2 
60' evaporite sulfur 
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Percent of Sulfur from each source 

case 1 8 40' ma~tic + 60' from black shale pyrite 
case 2 - 60' sh1fted (-40' maq + 60' sed py) + 40' anhydrite sulfur 
case 3 - 40' (40' maqmatic + 60' pyrite) + 60' anhydrite sulfur 

With approximately 17 million tons of sulfur in the district, 
and 20' of this total from Case 1, 60' from Case 2, and 20% from 

case 3: 

Total maqmatic sulfur = 
Total pyrite sulfur -
Total evaporite sulfur -

4.2 million tons 
6.8 million tons 
6.0 million tons 

1. If pyrite is 53 wt' S, then 1.9 tons of pyrite yields 1 ton of S 
A. If black shale (bsh) contains 1.13' pyrite (analysis, 

Appendix A), then 166 tons of black shale yields 1 ton of sulfu 
B. If black shale (bsh) contains 2' pyrite, then 95 tons of black 

shale yields 1 ton of sulfur 
c. If black shale contains 5' pyrite, then 38 tons of black 

shale yields 1 ton of sulfur 

2. Analysis (Appendix A) shows that the CUchillo Fm anhydrite is 
is 24 wt' S, then 4 tons of anhydrite yields 1 ton of S 

3a. If the maqma contains 0.1' S ("unmineralized" felsite analysis, 
Appx. A), then 1000 tons of felsite maqma (fm) yields 1 ton of S. 

3b. If the maqma contains 0.04' S (averaqe qranodiorite value from 
Wedepohl, 1970), then 2500 tons of qranodiorite maqma(qdm) 
yields 1 ton of S. 

3c. If the maqma contains 0.025' S (averaqe qranite from Wedepohl, 
1970), then 4000 tons of qranite maqma (qrm) yields 1 ton of S. 

Amount of Sulfur From Each Source 

A. 6.8 million tons of pyrite sulfur at: 
1. 1.13' pyrite: 166T (bsh)/T of S - 1130 million tons (bsh) 
2. 2' pyrite: 95 T (bsh)/T of S - 646 million tons (bsh) 
3. 5' pyrite: 38 T (bsh)/T of S - 258 million tons (bsh) 

B. 6.0 million tons of evaporite sulfur at: 
24 , anhydrite: 4 T (anh)/ T of S - 24.0 million tons (anh) 

C. 4.2 million tons of maqmatic sulfur at: 
1. 1000 T (fm)/T of S - 4,200 million tons (fm) 
2. 2500 T (qdm)/T of S - 10,500 million tons (qdm) 
3. 4000 T (qrm)/T of S - 16,800 million tons (qrm) 
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How many cubic kilometers of these rocks are required 
to create the entire deposit, assumin~ 100 t extraction of sulfur 
and that all sulfur was incorporated 1n ore-grade material? 

A. Black Shale with G - 2.3 q/cc at: 
1. 1.13t pyrite: 1130 million tons'" 0.50 km3 
2. 2t pyrite: 646 million tons ~ 0.28 km3 
3. 5t pyrite: 258 million tons'" 0.11 km3 

B. Evaporites with G - 2.3 q/cc at: 
24 million tons (anh) ,.. 0.01 km3 

C. Intrusive rocks with G - 2.5 at: 
1. 4,200 million tons (fm) - 1.6 km3 
2. 10,500 million tons (qdm) - 4.2 kml 
3. 16,800 million tons (qrm) a 6.7 kml 

startinq with the volumes calculated above from 
the sulfur isotope data and the lowest S concentration for the 
black shale pyrite (0.6 wtt), how much of each ore metal could have 
bean contributed to the system from the sediments via this process? 

A. With 1,300,000,000 tons of black shale: 

Pb (at 11 ppm) ,.. 14,300 tons 

Zn (at 230 ppm) - 300,000 tons 

Aq (at 1 ppm) - 130 tons 

B. With 24,000,000 tons of evaporites: 

Pb (at 1 ppm) - 20 tons 

Zn (at 100 ppm) - 2400 tons 

Aq (at 0.5 ppm) - 12 tons 

C. Combined contributions from black shale and evaporites: 

Pb - 14320 tons -0.33' of deposit total 

Zn - 302400 tons - 9.0t of deposit total 

Aq - 142 tons - 0.1 t of deposit total 

J.. .. . .... 

1 



MODEL 2: MIXTURE OF MAGMATIC AND BtACK SHALE SULFUR 

ASSUME: Entire sulfur budqet is first lowered to -17 permil, and 
then evolves back to -8 and +4 permil. Minor addition of 
anhydrite sulfur is probable, but not figured in. 

431 

Case 4: del i - 0 permil (by assumption: see Cha~ ••• ) 
del f - -17 permil (lowest del 34S values 1n the West Camp) 

(0 X R) + -28(1-R) - -17 - (l-R) - (-17/-28) - R - 0.4 

Therefore this mixture includes: 40' maqmatic sulfur at 0 permil 
60' pyrite sulfur at -27 permil 

Percent of Sulfur from each source 

With approximately 17 million tons of sulfur in the district, 
and 40' magmatic + 60' from black shale pyrite: 

Total magmatic sulfur - 6.8 million tons 
Total pyrite sulfur - 10.2 million tons 

Amount of Sulfur From Each Source 

A. 6.8 million tons of magmatic sulfur at: 

1. 1000T (fm)/T of S -
2. 2S00T (qdm)/T of S -
2. 4000T (qrm)/T of S -

6,800 million tons (fm) 
17,000 million tons (gdm) 
27,200 million tons (qrm) 

B. 10.2 million tons of pyrite sulfur at: 
1. 1.13' pyrite 166T (bsh)/T of S - 1690 million tons (bsh) 
2. 2' pyrite 95 T (bsh)/T of S - 970 million tons (bsh) 
3. 5' pyrite 38 T (bsh)/T of S - 390 million tons (bsh) 



How manf cubic kilometers of these rocks are required to create 
the ent1re deposit, assuminq 100 , extraction of sulfur and 
that all sulfur was incorporated in ore-qrade material? 

A. Black Shale with G - 2.3 q/cc at: 
1. 1.llt pyrite: 1690 million tons = 0.74 km3 
2. 2t pyrite: 970 million tons 0.42 km3 
3. 5t pyrite: 390 million tons = 0.17 km3 

B. Intrusive rocks with G - 2.5 at: 
1. 6,800 million tons (fm) - 2.7 km3 
2. 17,000 million tons (qdm) - 6.8 km3 
3. 27,200 million tons (qrm) - 10.9 km3 

Startinq with the volumes calculated above from the sulfur isotope 
data and the lowest S concentration for the black shale pyrite 
(0.6 wtt), how much of each ore metal could have been contributed 
to the system from the sediments via this process? 

A. With 1,690,000,000 tons of black shale: 

Pb (at 11 ppm) = 18,600 tons - 0.4t of deposit total 

Zn (at 230 ppm) = 388,700 tons - 7.8t of deposit total 

Aq (at 0.1 ppm) a 169 tons - O.lt of deposit total 
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MODEL 3: MIXTURE OF BLACK SHALE, AND EVAPORITE SULFUR 

ASSUME: Entire sulfur budqet is first lowered to -17 permil, and 
then brouqht back to -8 and +4 permil: Final estimated 
percentaqes of each are: 20' at -17 I?ermil: 
60' at -8 permil: and 20' at +4 perm1l. 
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Case 5: del i - -28 permil (del 34S of CUchillo Fm. pyrite) 
del a - +16 permil (del 34S of CUchillo Fm. anhydrite) 
del f - -17 permil (lowest del 34S values in the West Camp) 

(-28 X R) + 16(1-R) - -17 - llR - 33 - R - 0.33 

Therefore this mixture includes: 33' black shale pyrite sulfur 
67' anhydrite sulfur 

case 6: del m-1 - -17 permil (result of last equation) 
del a - +16 permil (del 34S of CUchillo Fm. anhydrite) 
del f - -8 permil (hiqh •• t del 34S averaqe for West Camp) 

(-17 X R) + (16[1-R) - -8 - (-17R + 16 - 16R) = -8 -

-33R - -20 - R - 0.606 - 0.6 

Therefore this mixture includes: 60' shifted sulfur from Case 
40' evaporite sulfur 

Case 7: del m-2 - -17 permil (result of last equation) 
del a - +16 permil (del 34S of CUchillo Fm. anhydrite) 
del f - +4 permil (hiqhest del 34S values in East Camp) 

(-17 X R) + (lG[l-R) - +4 - (-17R + 16 - l6R) - +4 -

-33R - -12 - R - 0.36 - 0.4-

Therefore this mixture includes: 40' shifted sulfur from Case 2 
60' evaporite sulfur 



Percent of Sulfur from each source 

case 5 - 40' black shale pyrite and 60' anhydrite sulfur 
case 6 - 60' shifted (-40' bsp + 60' anh) + 40' anhydrite sulfur 
case 7 - 40' (40' bsp + 60' anh) + 60' anhydrite sulfur 

With approximately 17 million tons of sulfur in the district, 
and 20' of this total from case 5, 60' from Case 6, and 20% from 

Case 7: 

Total pyrite sulfur a 4.0 million tons 
Total evaporite sulfur 8 13.0 million tons 

Amount of Sulfur From Each Source 

A. 4.0 million tons of pyrite sulfur at: 
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1. 1.13' pyrite: 166T (bsh)/T of S -
2. 2' pyrite: 95 T (bsh)/T of S -
3. 5' pyrite: 38 T (bsh)/T of S -

664 million tons (bsh) 
380 million tons (bsh) 
152 million tons (bsh) 

B. 13.0 million tons of anhydrite sulfur at: 
24 , anhydrite: 4 T (anh)/ T of S - 52.0 million tons (anh) 



How manf cubic kilometers of these rocks are required to create 
the ent1re deposit, assuming 100 % extraction of sulfur and that 
all sulfur was incorporated in ore-qrade material? 

A. Black Shale with G = 
1. 1.13% pyrite: 
2. 2% pyrite: 
3. 5% pyrite: 

2.3 glcc at: 
664 million tons = 0.29 km3 
380 million tons = 0.16 kmJ 
152 million tons ... 0.07 km3 

B. Evaporites with G = 2.3 glcc at: 
52 million tons (anh) - 0.02 km3 
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starting with the volumes calculated above from the sulfur isotope 
data and the lowest S concentration for the 
black shale pyrite (0.6 wt'), how much of each ore metal could have 
been contributed to the system from the sediments via this process? 

A. With 664,000,000 tons of black shale: 

Pb (at 11 ppm) ... 7,300 tons 

Zn (at 230 ppm) = 153,000 tons 

Aq (at 1 ppm) - 66 tons 

B. With 52,000,000 tons of evaporites: 

Pb (at 1 ppm) ... 52 tons 

Zn (at 100 ppm) - 5200 tons 

Aq (at 0.5 ppm) ... 26 tons 

C. Combined contributions from assimilation of black shale and 
evaporites: 

Pb - 7352 tons -0.2' of deposit total 

Zn -158000 tons .. 4.7% of deposit total 

Aq - 92 tons -o.on of deposit total 



RADIUS OF AREA OF BLACK SHALE ASSIMILATED OR AFFECTED 
BY HYDROTHERMAL LEACHING 

A. Ranqe of initial black shale volumes (in cubic kilometers) 

1.2 - Volume required for total district sulfur supply 
(1.13t py) 

0.74 - Maximum volume for Model 2 (1.13t py) 
0.50 - Maximum volume for Modell (1.13t py) 
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0.42 - Intermediate volume for Model 2 (2% py) and maximum 
volume for Model 3 (1.13t py) 

0.28 - Intermediate volume for Model 1 (2t py) 
0.17 - Minimum volume for Model 2 (st py) and intermediate 

volume for Model 3 (2t py) 
0.11 - Minimum volume for Modell (st py) 
0.07 - Minimum volume for Model 3 (st py) 

B. Radii of affected black shale areas 

Radl.us 

(assuminq 200m black shale thickness - 120m known from 
drill core, plus 80m for beds within evaporites) 

loot 

lOt 

SULFUR EXTRACTION 

Volume of black shale affected 
(in cubic kilometers) 

1.2 .74 .50 .42 .28 

1.3 1.1 .89 .82 .67 

SULFUR EXTRACTION 

Volume of black shale affected 
(in cubic kilometers) 

.17 

.50 

12 7.4 5.0 4.2 2.8 1.7 

4.4 3.4 2.8 2.6 2.1 1.6 

U SULFUR EXTRACTION 

Volume of black shale affected 
(in cubic kilometers) 

120 74 50 42 28 17 

13.8 10.8 8.9 8.2 6.7 5 

.11 .07 

.42 .33 

1.1 .7 

1.3 1.1 

11 7 

4.2 3.3 



RATXOS OF MELT TO SEDnmNT 

all volumes in cubic kilometers 

MODEL 1 (Mixture ot melt, black shale, and evaporites) 

Volmae Volume of sediments 
of Malt .50 .28 .11 

(n py) (2' py) (S' py) 

1.6 (fm) 3.2 5.7 15 

6.7 (gdJD) 13.4 24 61 

9.2 (grm) 18.4 33 84 

MODEL 2 (Mixture of melt ancl black shale) 

VolWll8 VolWll8 ot sediments 
of Melt .74 .42 .17 

(n py) (2' py) (5' py) 

2.7 (tm) 3.6 6.4 16 

6.8 (gdJD) 9 16 40 

10.9(grm) 15 26 64 

EXTREME CASE COMPARISONS (using "total deposit" values for 
sediments and minimum melt values from Models 1 and 2) 

VolWll8 
of Melt 

Volume ot sediments 

1.23 - 1.2 (bks) + .03 (anh) = total 

1.6 (tm) 1.3 

2.7 (FIll) 2.3 

6.7 (gdJD) 5.6 

9.2 7.7 
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