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PREFACE
The work compiled herein commenced in November of 

1982 and required four years for completion. A total of six 
months were spent at Santa Eulalia doing field work, during 
which the author was fed and housed by Industrial Minera 
Mexico, S. A. (IMMSA). Access to company files was also 
provided, in addition to assistance while sampling. IMMSA 
also performed silver and base metal assays. Minerales 
Nacionales de Mexico (MINAMEX) graciously allowed several 
visits to the Potosi mine and also provided proprietary 
information.

Sample preparation was done at the University of 
Arizona; samples were crushed at the Mining Engineering 
department and pulverized in the geochemical laboratory at 
the Geosciences department. Samples were irradiated in the 
University of Arizona’s TRIGA reactor by the Nuclear Engin
eering department staff. The irradiated samples were sub
sequently counted and stored in the Nuclear Engineering 
building.

Commercial chemical analyses were contracted from 
X-ray Analytical Laboratories (XRAL) and Bondar-Clegg. Thin 
sections were prepared by Quality Thin Sections, Western 
Petrographic Laboratories and the author.
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ABSTRACT
A funnel-shaped leakage anomaly exists around skarn 

and replacement deposits in the East Camp, Santa Eulalia 
mining district. Elevated metal concentrations persist away 
from ore for tens of meters laterally and hundreds of meters 
vertically in fractures, but are limited in whole rocks to 
1-5 meters horizontally and 20 meters vertically. Pathfin
ders include cadmium, arsenic, antimony, tungsten, bismuth, 
indium, tin, fluorine and mercury. Anomalous concentrations 
of silver, lead, zinc, barium, iron and manganese are also 
present.

Within a given deposit, lead, barium, tin, antimony, 
tungsten, cadmium, mercury, vanadium and nickel values 
increase from its center to the outer contact, concomitant 
with decreases in indium, bismuth, copper, cobalt, fluorine, 
silver, arsenic, zinc and molybdenum contents. Indium is 
restricted to the lower 200 m of an 800 m column of 
mineralization.

The observed mineralogical and geochemical zonation 
suggests that the source of the metalliferous fluids was to 
the southwest of the San Antonio Graben, at depth.

xv i



INTRODUCTION

The Santa Eulalia mining district, in Chihuahua, 
Mexico, consists of two main camps, approximately three to 
five kilometers (km) apart. The West Camp is located 23 km 
east of Chihuahua City, at 28 36’ N. Latitude, 105 52’ E. 
Longitude (Figure 1). Roughly eighty per cent of the 
district’s total production has; been from the West Camp.
This part of the district currently has two mines in 
operation, the Buena Tierra and Potosi, which are operated 
by Industrial Minera Mexico, S. A. (IMMSA) and Minerales 
Nacionales de Mexico (MINAMEX), respectively. A graded dirt 
road connects the two camps, which are easily accessible 
from Chihuahua City by a paved thoroughfare. The San Antonio 
mine is the only producing mine in the East Camp; it has 
coordinates of 28 37’ N. Latitude, 105 44’08” B. Longitude 
and is operated by IMMSA.

Physiography
The two main mining camps are located on the eastern 

and western sides of the Sierra Santa Eulalia, while the in
tervening ground is locally referred to as the Middle Camp. 
The Sierra Santa Eulalia belongs to the Basin and Range pro
vince of the North American Cordillera and trends

1



Figure 1. Location of the Study Area



3
approximately north to south. The range rises an average of 
600 meters (m) above the bolsons on either side and up to 
2000 m above sea level, with over 250 m of relief developed 
in canyons. Collar elevations of shafts are 1600 m, 1839 m 
and 1859 m for the San Antonio, Potosi and Buena Tierra 
mines, respectively. The Sierra Santa Eulalia is drained by 
intermittent streams which enter the Dolores and Tabaloapa 
valleys. Both valleys empty into the Chuviscar River, which 
is a tributary of the Conchos.

The arid climate is typical of the high plains, 
with there being an average rainfall of 45 centimeters (cm). 
Temperatures range between -4°C and 37°C. Snow falls 
occasionally in the winter, while summers are pleasantly 
warm. The predominant flora include ocotillo, sotol, 
mesquite, palmetto and lechuguilla.

Historical Record
Outcrops of oxidized skarn deposits were known in 

the vicinity of what is now the San Antonio mine long before 
large-scale mining operations commenced. In 1707, the first 
denouncement was filed for the claim containing what is now 
the San Antonio mine. The construction of a selective 
flotation plant in 1925 enabled the separation of metallic 
elements from hitherto refractory skarn ore bodies. Serious 
development of the San Antonio mine began shortly
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thereafter. It has been worked continuously until the 
present, with short interruptions in 1945 and 1982, owing to 
flooding. More than 25,000 liters of water per minute are 
currently being pumped from the mine.

The cut and fill mining method is used, with waste 
rock and mill tailings as fill. Ore is hauled to the surface 
via the San Antonio shaft and an inclined ramp system, while 
the Ibera shaft provides ventilation, plus an emergency 
manway. The San Antonio shaft has five compartments and 
passes two 58 cubic foot ore bins. Rubber—tired, diesel 
equipment is used for mining; front end loaders scoop 1.4 
tonne loads into haul trucks with a 15 tonne capacity. The 
blasted rock is subsequently dumped down winzes, through jaw 
crushers and into the ore bins. Conveyor belts carry the 
crushed ore directly from the top of the shaft to IMMSA’s 
ball mill at the mine.

Flotation concentrates are sent by truck to be 
smelted at Avalos, on the eastern outskirts of Chihuahua 
City (Figure 1).

Estimated total production is between ten and 
twelve million tonnes, with an equivalent amount of reserves 
remaining (Walter, 1985). Average grades have been 
approximately 110 grams per tonne (g/T) silver, 2.5* lead, 
7.5* zinc and .25* copper (Walter, 1985). East Camp sulfide 
ore currently averages 177 g/T silver, 5* lead, 8* zinc and
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.1X-.2X copper1; silicate ore now averages 71 g/T silver, IX 
lead, 7% zinc and less than .IX copper2 . Cadmium, indium and 
bismuth are produced as byproducts. Traces of gold are also 
present.

More than four million tonnes of ore, averaging one 
and one half per cent tin, were shipped from the San Antonio 
Mine. The San Antonio was the first economic tin mine in 
North America and has the highest recorded tin production of 
any mine on the continent. The upper levels of the mine 
produced 4000 tonnes (T) of tin, with the Cocks Ore Body 
contributing 700 T of vanadium.

Previous Work

Previous Work at Santa Eulalia
Hewitt's 1943 description of the San Antonio Mine 

includes detailed information about the tin ore bodies, 
which are largely inaccessible today. A thesis by Maldonado 
(1979) also describes the San Antonio mine, where Clanton 
(1975) studied paragenesis. The distribution of silver 
sulfosalts in the San Antonio mine was documented by Torres 
(1982). Structural and base metal contouring along the West 
Fault has been carried out by Walter (1985). Lead, zinc,

1 Weighted average of 200 values from IMMSA drillholes 
^Weighted average of 50 values from IMMSA drillholes
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silver and cadmium surface anomalies were outlined as part 
of Morales * 1977 study. Elevated lead, zinc, silver and 
cadmium values were also encountered over the West and 
Middle Camps (Silva and Morales, 1978). The trace element 
contents of sphalerite and chalcopyrite from the East and 
West Mining Camps were measured by Burnham (1959).

Burnham (1959) outlined metallogenic provinces in 
the southwestern United States and Northern Mexico on the 
basis of silver, cobalt, nickel, indium and tin contents of 
chalcopyrite, in addition to the silver, cobalt, gallium, 
germanium and indium contents of sphalerite. The isotopic 
composition of lead in Mexican mineral deposits suggests 
that northern Mexico is underlain by Precambrian crustal 
basement, which contributed much of the lead and other 
metals to the magmas which formed the deposits (Gumming 
et al., 1979) .

Summaries of West Camp geology have been published 
by Prescott (1916) and Hewitt (1968). A thesis by de la 
Fuente (1969) describes the Potosi mine. Clendenin (1933) 
did a detailed lithologic study of carbonate units in the 
West Camp. Two articles about district geology (Maldonado 
and Megaw) and the Potosi mine (Heinrichs) appear in the 
1983 El Paso Geologic Society Guidebook to the Geology of 
Northern Chihuahua. The 1983 Guidebook also contains a paper 
by Pingitore et al. describing limestone stratigraphy in the

*
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Sierra Pena Blanca, directly north of Santa Eulalia. A 
stratigraphic correlation between Santa Eulalia and Haica 
was made by Lofquist (1986). Clarke et al. (1979) give 
potassium-argon age dates for some of the stratigraphic 
units at Santa Eulalia. Updated summaries of district and 
Potosi Mine geology (Megaw, 1986; Miranda and Megaw, 1986) 
appear in Pb-Zn-Ag Carbonate-hosted Deposits of Northern 
Mexico (Clarke et al., 1986), which also contains an 
abbreviated version of this thesis.

Linear mercury anomalies in the West Camp parallel 
the major ore-hosting structures (Pickard 1973), while 
underground sampling in the Potosi mine (Fregoso, 1980), 
showed a definite correlation of lead, zinc, silver, 
cadmium, iron, arsenic, fluorine, iron and mercury anomalies 
with fractures that intersect known ore bodies. .

Aeromagnetic, gravimetric and radiometric surveys 
have been flown over the district at a height of 200 meters 
(Aiken et al., 1981). Regional maps show positive 
aeromagnetic and gamma-ray anomalies centered on the 
district, which correspond to a negative gravity anomaly 
(Aiken et al., 1983).

Geophysical surveys were also conducted on the 
ground. Peaks in the induced potential (IP) readings were 
found to correspond with negative resistivity (R) anomalies, 
particularly in the vicinity of known mineralization (Pena,
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1976, 1977, and Farias, 1980). Such is the case over the San 
Antonio mine and along fault-hosted dikes to the south of 
the Ibera shaft (Ortiz and Pena, 1979). Peak electromagnetic 
field values correspond with maxima in the induced potential 
profiles and minima in resistivity profiles (Pena, 1977, and 
Farias, 1978). Induced polarization maxima and resistivity 
minima over the West fault trace occupy the same area as the 
chimney containing the bulk of known ore reserves (Pena, 
1977).

Previous Work in Other Districts
At the Silver City, New Mexico, mining district, 

Watts et al. (1983) sampled iron and manganese oxides in 
fracture coatings. Trace metals were selectively extracted 
from the oxides, using oxalic acid, in order to concentrate 
them to detectable levels.

In passing, several pertinent studies at Tintic,
Utah deserve mention. In 1951, Almond and Morris encountered 
elevated lead and zinc concentrations in faulted and frac
tured altered volcanic rocks 350 to 500 feet above a buried 
ore body in the Tintic district. The following year, Morris 
and Lovering (1952) determined that dispersion patterns of 
base metals, particularly lead, in the oxide zone are 
similar to those proximal to primary sulfide ore bodies 2600 
feet below the surface. Their work indicated that the metal
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content of unfractured rocks adjacent to ore decreases 
logarithmically, with greater lateral diffusion into igneous 
rocks than carbonates (10 to 80 feet versus less than 20). 
Nevertheless, they were still able to detect ore in dolomite 
20 feet away using detailed chip sampling, coupled with base 
metal analysis.

Anderson (1964) used the geochemistry of manganese 
oxides at Tintic as a guide to sulfide ore deposits.

Purpose of study
A paucity of wall rock alteration, coupled with 

the transport of base metals during oxidation, necessitates 
the use of other guides to unexposed skarn deposits. The 
delineation of a trace element dispersion pattern around the 
San Antonio mine has important applications towards 
exploration for other cassiterite-bearing massive sulfide 
deposits.

The purpose of this study was to determine whether 
selective geochemical sampling, coupled with detailed geo
logic mapping, could facilitate the discovery of blind ore 
bodies. In addition to whole rocks, fractures were selec
tively sampled for exploration purposes and to determine 
possible conduits for tin-bearing fluids. Another goal was 
to determine the elemental zonation patterns which are most 
useful as pathfinders for Fe-Zn-Mn-Pb-Ag skarn and
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cassiterite-bearing massive sulfide deposits.

Theoretical considerations include ore genesis, and 
the relationship of tin mineralization to previously preci
pitated silicates and sulfides. The relationship between 
skarn deposition and the San Antonio dike system was also 
examined.

Method of Study
Sample Collection

Sample traverses were completed across primary 
sulfide ore bodies (Level 14), in the transition zone 
between primary and oxidized ores (Level 8), and at the 
surface. Samples were also taken in the oxide zone (Levels 
1-4). A total of 500 samples were collected. The vertical 
range of sampling is 800 meters.

Sample locations were plotted on 1:250, 1:500 and 
1:10000 scale geologic maps prepared by IMMSA and field- 
checked while sampling. The traverse through the primary ore 
zone was mapped at 1:125 scale as part of this study.

Petrographic descriptions and sketches were made as 
the samples were chipped and as the chips in each sample 
were cleaned.

Underground samples were taken at three meter 
intervals perpendicular to the San Antonio dike, through 
mineralization and into limestone. The sampling interval was 
shortened where geologic conditions warranted. Rock chips



were chiseled every ten centimeters, regardless of sample 
interval. Fracture fillings and veinlets were also sampled. 
Fourteenth Level Sampling. Nonmetal, base metal and trace 
metal profiles were generated from analysis of samples taken 
from along the north face of a stope which drains to the 
fourteenth level (Plates 2-9; Appendix A). Both bulk rock 
(samples *804-#832) and veinlets (samples #180-#185, VF1,
VF2) were sampled. In addition, core from two drillholes, 
plus the corresponding base metal assays, were available for 
study.
Eighth Level Sampling. Two sampling traverses were 
completed on the eighth level, in the manner described 
previously (Sample Collection, Chapter 1). Samples from both 
the 1720 N and 2300 N traverses were analyzed for silver, 
lead, zinc, copper and iron; trace element analysis was 
limited to samples from the shorter traverse (1720 N; Plates 
10-13).

The 2300 N traverse extends from 2360 N, 1650 W to 
2160 N, 1150 W (Plates 1 and 2). Samples were numbered 622 
through 803, with the numerical sequence beginning at the 
western end of the drift. Samples 707 and 738 are from 
opposite sides of the same pillar. Approximately every 
fourth sample was assayed for silver, lead, zinc, copper and 
iron, while sample #691 was analyzed for additional

11

elements.
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Additional samples were taken from the ramp which 

leads away from the 1720 N traverse (samples 175-178 and 
1000, Plate 10). All of the samples from the ramp were 
assayed for silver lead, zinc, copper, iron and sulfur 
(Table 20); only the banded felsite was analyzed for other 
elements.
Surface Sampling. Surface samples were taken every 20 
meters, access and.exposure permitting (Plate 1). A sampling 
traverse was made across the San Antonio Graben, perpendi
cular to the enclosing faults and members of the San Antonio 
dike system (Plate 1). Additional samples were also taken in 
the vicinity of the graben (Plate 1), particularly in areas 
of distinctive alteration or in areas shown by previous 
studies to have unusual geochemical or geophysical proper
ties .

Owing to considerations of grain size and area of 
influence, the average weights were five and ten kilograms 
for underground and surface samples, respectively.

Sample Preparation
Owing to the use of diesel equipment underground, 

the walls of the mine are thinly coated with a mixture of 
rock dust and exhaust fume residue. To remove this coating, 
which has a measurable trace metal content (see Appendix G), 
sample chips were washed with a garden hose and scrubbed
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with a nonmetallic, hard bristle brush.

Thus cleaned, the chips in each sample were grouped 
on the basis of mineralogy and the relative abundances of 
each mineralogic assemblage was recorded. The grouping of 
sample chip populations by distinctive features was 
accompanied by a detailed petrographic description of 
individual chips and the sketching of distinctive features. 
Approximately one chip per ten samples was selected for thin 
section preparation and petrographic study.

The samples were granulated in a roller crusher and 
split by halves until one hundred gram quantities were 
obtained. In order to clean the rollers and reduce contami
nation, quartz gravel was run through the machine between 
sample crushings. Each one hundred gram split was then 
pulverized to rock.flour in a shatterbox. The shatterbox was 
cleaned after each sample by pulverizing Ottawa Sand in it.

Splits from the aforementioned one hundred gram 
quantities were sent to IMMSA for base metal assay and to 
commercial laboratories for trace element and whole rock 
analysis. Samples for neutron activation analysis were 
weighed to six decimal places (one microgram) and doubly 
encapsulated in polyvinyl vials. Prior to encapsulation, 
these vials were washed with concentrated nitric acid and 
rinsed with doubly distilled water.
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Petrographic Studies

A total of 29 thin sections and 14 polished thin 
sections were prepared. These were examined petrographically 
with transmitted and reflected light, in conjunction with 
the macroscopic study of rock exposures, sample chips and 
sawn rock slices. Rock names were assigned on the basis of 
texture, composition and physical appearance.

Analytical Techniques
The elements chosen for study were selected on the 

basis of their chemical similarity to, and documented 
association with, the major elements of cassiterite-bearing 
massive sulfide deposits. However, the large number of 
elements necessitated the use of more than one analytical 
technique. For that reason, instrumental neutron activation 
analysis (INAA), atomic absorbtion spectroscopy (AA), x-ray 
fluorescence (XRF), plasma emission spectrometry (DCP), 
plasma mass spectrometry (ICP), cold vapor absorption (CV), 
emission spectroscopy (EMS) and selective ion electrode 
(SIE) measurements were used for specific groups of elements 
(Appendix F). This was done in order to optimize 
sensitivity, accuracy and reproducibility.

Aphanitic minerals were identified by x-ray 
diffraction. Pyroxene and garnet compositions were 
determined using an electron microprobe.
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Contours from Walter's 1985 base metal study were 

reinterpreted as part of this project. Flow paths were 
redrawn parallel to Ag, Pb, Zn and Cu concentration and 
metal ratio isograds and gradients, whereas those of Walter 
(1985) cut across several opposing trends. Ratios of Ag, Pb, 
Zn and Cd from Morales’ 1977 surface geochemical survey were 
also calculated and contoured.



GENERAL GEOLOGY

The stratigraphic column (Figure 2) consists of a 
thick package of Cretaceous limestone overlain by 
Tertiary volcanic rocks. It is locally offset by normal 
faulting and intruded by dikes and sills of bimodal 
composition (Plates 1 and 2).

Stratigraphy

The Cuchillo Formation
Drillholes from the lowest levels of the San Antonio 

mine have encountered a series of black carbonaceous lime
stones and calcareous shales, thinly intercalated with 
homogenous, white anhydrite layers. This sequence has been 
correlated with the Cuchillo formation, of Aptian age, which 
formed on the margin of the Chihuahua trough (Hewitt, 1943, 
Clendenin, 1933).

Black interbeds contain framboidal pyrite, have a 
fetid odor, and locally contain abundant rudistid fragments. 
The Cuchillo formation grades conformably upward into a 
similar carbonaceous sequence, without anhydrite layers, 
that is locally referred to as the Black Limestone.

16
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The Aurora Formation

The Blue Limestone is conformable with the enclosing 
strata. It is the major ore host in the district, and has 
been assigned to the Aurora Formation, of Albian age 
(Hewitt, 1943). The upper members of the Aurora formation 
are Cenomanian in age (Stone, 1959).

The Blue Limestone is a dark gray, very fine
grained, stylolitic, micritic limestone, which is locally 
recrystallized. Pelecypod fragments and pellets, though 
occasionally numerous, are not ubiquitous and have unbroken, 
slightly flattened, micritic rims. Stylolitic seams are 
crenulated, containing pyrite blebs, in addition to 
insoluble clay and organic material. Organic detritus is 
cross-cut by thin clear calcite veinlets. Elongate pseudo- 
morphs in the matrix provide evidence that anhydrite was 
replaced by micritic calcite.

The Lagrima Formation
Three subdivisions of the Lagrima formation are 

distinguished on the basis of fossil and chert content. The 
Lower Fossiliferous limestone is a light gray, thickly- 
bedded micrite, with abundant chert nodules and caprinid 
fragments. The intermediate beds are gray, thinly-bedded 
cherty micrites, with fewer fossil fragments than the 
adjacent units. The upper fossiliferous limestone is locally



recrystallized and consists of light and dark gray 
biomicrite, with abundant caprinids and chert nodules.
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The Capping Series
Basal Conglomerate. A pronounced erosional surface developed 
on the fossiliferous limestone, prior to the extrusion of 
the Capping Series volcanic units. The resulting unit has 
been labelled the Basal Conglomerate. The Basal Conglomerate 
is composed of subrounded limestone and chert pebbles or 
cobbles, in a light—gray calcareous, locally tuffaceous 
matrix. The volcanic component increases upwards, consisting 
of ash and andesite fragments. The matrix is occasionally 
stained pink, by limonite, or black, by pyrolusite dendrites 
or manganiferous calcite. A few pebbles from preexisting 
conglomerate beds are present, while some pebbles have thin, 
black calcite rims.

A gradational contact exists between the Basal 
Conglomerate and overlying units.
Rhyolite Tuff. In the vicinity of the San Antonio mine, the 
unit above the Basal Conglomerate is a thinly to thickly- 
jointed, flow-banded rhyolite (Table 1). It is rose-pink on 
weathered surfaces, owing to the oxidation of the fine
grained pyrite disseminated along fracture surfaces; 
pyrolusite dendrites also stain weathered surfaces. The 
rhyolite is silicified, argillized and sericitized near the



Table 1. Whole Rock Compositions
Sample Rock Name Location SiOz

%
AlzOa

X
F ez Oa 

X
MnO
X

BS Black
Shale

Drillhole, 
West Camp

31.00 5.33 2.07 .02

828 Blue
Limestone

Level 14, 
East Camp

1.81 .71 .36 .18

829 Felsite
Dike

Level 14, 
East Camp

74.40 12.98 .64 .04

867 Felsite
Dike

Surface, 
East Camp

64.30 11.50 2.31 .68

879 Rhyolite
Tuff

Surface, 
East Camp

77.20 12.82 1.08 .07

874 Quartz
Latite

Surface, 
East Camp

58.50 14.30 3.38 .41

832 Blue
Limestone

Level 14, 
East Camp

1.41 . 65 .16 .17

4133 Diabase
Sill

Drillhole, 
East Camp

38.85 14.00 10.30 .52

GD Grano-
diorite

Drillhole, 
West Camp

58.40 16.22 5.36 .10

FA Andesite Surface, 
West Camp

48.40 5.60 1.33 .20

LOI = Lost On Ignition
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MgO CaO NazO KzO TiOz Pz Ob LOI
X X X X X X X

.98 31.60 .77 .68 .27 .89 25.30

11.90 41.10 <.01 <.01 .02 <.01 44.35

.23 1.04 <.01 8.90 .06 .07 1.45

.50 6.08 <.01 6.21 . 17 .23 6.80

.22 .30 .08 7.46 .05 .02 1.60

1.72 5.87 .05 6.56 .41 .47 7.76

.41 56.00 .01 <.01 <.01 . 19 42.85

4.06 18 .'20 .72 1.00 2.37 . 56 7.15

2.24 3.62 4.72 2.68 1.06 .08 4.30

.11 22.90 1.11 2.22 . 10 .24 18.10

Total
X

98.91

100.43

99.81

98.78 

100.90

99.37

101.85

97.73

98.78

100.31
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San Antonio mine. Sparse euhedral quartz, sanidine and 
hornblende phenocrysts, with a few angular limestone 
fragments, occur in a densely-welded, white, aphanitic 
matrix. Hornblende and pyrite occur in roughly equivalent 
amounts (approximately 1%) and also weather to hematite.

Although the Capping Series volcanics are fluorine- 
rich, it would be erroneous to classify them as "Topaz 
Rhyolites" after the fashion of Burt, et al. (1982). The 
only topaz reported from Santa Eulalia occurs in the tin ore 
bodies (Hewitt; 1943, 1984). However, agglomeratic rhyolite 
from the West Camp does contain geodes with concentric 
layers of quartz, calcite and fluorite.
Quartz Latite. A thinly-bedded porphyritic-aphanitic, 
quartz latite tuff lies conformably above the rhyolite. Two 
to five mm, euhedral sanidine, plagioclase, biotite, 
hornblende and quartz phenocrysts occur in a dark gray, 
densely welded, aphanitic matrix; lapilli are also present. 
This is the most densely welded and least altered of the 
igneous rocks and is also locally agglomeratic.
Upper Conglomerate. The Upper Conglomerate is nonconform- 
able with the underlying quartz latite, although little 
relief is developed on the contact. Both units thin out 
altogether to the north of the San Antonio graben, while the 
two units are locally faulted out or eroded (Plate 1).

The Upper Conglomerate is a crudely bedded, dark
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gray conglomerate containing subrounded limestone, chert and 
volcanic pebbles. The calcareous, tuffaceous matrix is 
medium to coarse-grained and is often colored by limonite, 
hematite and pyrolusite. Cobbles are minor in occurrence, 
while fragments of preexisting conglomerate are present 
locally. Pebbles of conglomerate and limestone occasionally 
have sparite or limonite rims. Bleached andesite and 
rhyolite pebbles are also present.
Andesite Tuff. In the San Antonio graben, the upper unit of 
the Capping Series is andesitic, exhibiting widespread 
manganese alteration. It is highly fractured and black on 
weathered surfaces, as a result of staining by pyrolusite 
dendrites and coatings. The thickness of this unit is 
greater than 280 meters, in places, while the lower members 
of the Capping Series are locally absent. A stratigraphi- 
cally higher ash flow, eroded from the study area, has been 
potassium-argon age dated at 31.7 million years (Megaw and 
McDowell, 1983).

The Capping Series andesite contains minor quartz, 
plagioclase and sanidine phenocrysts, plus lithic frag
ments. Pyrolusite and hematite rim pitted cavities where 
biotite and other ferromagnesian phenocrysts have been 
weathered away. Clay and sericite give the chalky to welded, 
locally silicified groundmass a creamy texture.

The intensity of alteration precludes an accurate
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determination of its original composition, but a similar
appearing, stratigraphically correlative unit from the West 
Camp has the composition of an andesite (Table 1).
Other Units. Flow banded rhyolite tuff is present in the 
northwest portion of the study area (Plate 1) and is part of 
a sequence of ashfalls, rhyolites, andesites and conglomei—  
ates that are exposed in the West and Middle Camps.

To the south of the San Antonio graben is a thick 
volcanic pile, of which a densely welded rhyolite member 
occurs in the study area (Plate 1). This pile is bounded by 
radial and ring dikes and has been mapped as a caldera by 
Megaw (1986).

Intrusive Rocks
Diabase. Sheeted diabase sills are found below the surface, 
throughout the district, and have been potassium-argon dated 
at 37.2 million years (Clarke, et al., 1979). These sills 
have a greenish hue, owing to the chloritization of biotite, 
tremolite and augite, and accessory olivine. Sericite and 
calcite are abundant, as a result of plagioclase destruc
tion, while pyrite and magnetite are also present in 
noticeable quantities (5%). The texture is equigranular and 
holocrystalline.
Diorite. Thin, roughly parallel, diorite dikes are found in 
the southeastern portion of the San Antonio graben and to
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the south of the study area. These mafic dikes are 
discontinuous and volumetrically insignificant. They cut 
both diabase and ore, so that emplacement is inferred to 
have occurred at a later date than ore deposition.
San Antonio Dike System. A series of felsite dikes and 
sills are closely associated spatially with chimneys of ore 
in both main mining camps (Plates 2 and 3; Hewitt, 1943, 
1968). The San Antonio dike system, in particular, was 
instrumental in localizing chimneys in the East Camp. The 
dike system collectively refers to a series of en echelon 
dikes, which pierce and follow faults of the San Antonio 
graben. Members are generally 1—10 meters thick and nearly 
vertical, although they locally flatten and become sub
horizontal. In the eighth and upper levels of the mine, thin 
fingers and stringers of now highly altered felsite were 
injected along bedding planes.

Skarn mineralization envelops the dikes, so that the 
dike margins are highly altered and contain sulfide grains 
disseminated along microfractures. Silicification, sericiti- 
zation and argillization has rendered K-Ar dating difficult, 
but an estimate of 26.8 million years has been made for 
felsite sills from the West Camp (Clarke, et al., 1979). 
Felsite dikes and sills from both camps crosscut the 
preexisting diabase sills, with their intersections forming 
the loci for ore chimneys.

/
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Although a crude banding has been preserved, almost 

all feldspar in the groundmass has been totally silicified, 
with patchy and felty sericite nucleated around quartz and 
sanidine phenocrysts, or present along microfractures. 
Phenocrysts are subangular and sparse, in a dense, white, 
aphanitic groundmass. The amount of visible silicification 
within the central dike member decreases upwards, an 
observation in accordance with chemical analysis (Table 
1). Pyrolusite replaces phenocrysts and rims vesicles, 
forming dendrites on fracture surfaces.
Breccia Dike. Tabular, vertical exposures of breccia dike 
have recently been encountered on the third and thirteenth 
levels of the San Antonio mine (Plate 2, Table 2; Maldonado 
and Megaw, 1983). They contain pebble-sized fragments of 
every sedimentary rock type in the stratigraphic section and 
also include pieces of felsite, granodiorite and skarn ore, 
in a silicified, argillaceous, calcareous groundmass. 
Exposures on the third level lack granodiorite fragments, 
but contain black limestone fragments. Disseminated pyrite 
is common throughout the rock. The degree of rounding 
increases upwards, while contacts with limestone remain 
sharp throughout the mine.
Granodiorite. Several drillholes from the West Camp have 
penetrated a pervasively altered granodiorite intrusion 
(Plate 2, Table 1). Its presence under the entire district
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Table 2. Selected Analyses, Breccia Dike, Level 3, San 

Antonio Mine

Sample Ajf Pb Zn Cu Fe Mn K Nappm % % X % X X X

BD 6 o CO CMCM .01 1.6 oCM 4.56 O 00

Sample As Sb w In Ba Yb La Bu
PPm ppm ppm ppm ppm ppm ppm ppm

BD 137 13 4 — — * — 2225 14 .6
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is inferred from gravimetric and aeromagnetic surveys 
(Aiken, et al., 1981, Aiken, et al., 1983), and from the 
presence of granodiorite fragments in the aforementioned 
breccia dike. The texture is medium-grained and equigranu- 
lar, with pervasive chlorite and calcite alteration of 
plagioclase, orthoclase, quartz and hornblende pheno- 
crysts. Disseminated pyrite is ubiquitous, while calcite 
veinlets, with lesser amounts of pyrite, sphalerite, galena 
and chalcopyrite, are sparsely present.

The contact of Cuchillo formation anhydrite with the 
granodiorite is one half meter wide and has been altered to 
wollastonite.
Other Granitic Rocks. A granitic intrusion is inferred to 
be the progenitor of the felsite dikes and tin mineraliza
tion in the San Antonio graben (Plate 2). Airborne gravime
ter and magnetometer surveys outline an east-west trend 
connecting the East and West Camps, with local highs 
directly to the west of the San Antonio graben. A lengthy 
dike of felsic composition, whose contact with 1imestone is 
intensely argillized and silicified, strikes east-west 
between the two mining camps. This contact locally contains 
fluorite. Hewitt (1943) describes thin, discontinuous 
micropegmatites that might be related to a hitherto un
known granitic intrusion. These graphic intergrowths of 
quartz and orthoclase were encountered by Hewitt (1943)
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on the sixth and adjoining levels of the San Antonio mine, 
in close association with tin mineralization.

Structural Geology
According to Henry, et al. (1983), the change from a 

compressions! to an extensional tectonic regime occurred 
between 32 and 23 million years ago. They estimated an 
similar age for the beginning of Basin and Range volcanism 
in the state of Chihuahua, synchronous with the development 
of the Rio Grande Rift along the eastern edge of the 
Chihuahua trough.

Folding
The Sierra Santa Eulalia is gently folded into a 

broad dome, whose axis trends roughly north-south in the 
East Camp (Plates 1 and 2). Mild warping, with the latter 
trend, occurs on a smaller scale within the San Antonio 
graben, having amplitudes of less than five meters and 
wavelengths of 25 to 50 meters.

Faulting
Formation of the San Antonio graben was controlled 

by three major faults, which trend N10E to N20 E (Plates 1 
and 2). Vertical displacement ranges from 150 to 250 meters 
and varies laterally along the Central fault (Falla Central) 
and East fault (Falla Este). North of the Ibera shaft, the
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East fault forms the eastern wall of the graben and its dip 
slip increases northward. To the south, the Central fault 
forms the eastern wall of the graben, having a corresponding 
increase in vertical displacement southward (Hewitt, 1943).

Dilation occurred where faults change orientation, 
particularly along the West fault, the Dolores fissures and 
the faults directly north of the San Antonio shaft (Plate 
1). The resulting open space channeled dike emplacement. 
Mineral deposition occurred in whatever vacancies existed at 
the time of ore formation.

Structural contouring along the West fault has 
been conducted by Walter (1985). His results show steepen
ing of dip between 2100N and 2200N, which occurs below ttie 
tenth level (Plate 2). Contours of metal values and ratios 
in the plane of the West fault, roughly parallel this 
structural flexure, which hosts an ore chimney (Walter, 
1985).

A series of en echelon faults trend N70 W, 
transverse to the aforementioned faults, and locally acted 
as hinges between scissored blocks of the graben. Oxidized 
mantos outcrop in the scarp of one such transverse fault, 
which intersects the East fault at the Ibera shaft. These 
mantos provide evidence that the transverse faults existed 
at the time of mineralization, so that intersections with 
faults of the San Antonio graben might have existed as
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Brecciation
Shattering and minor brecciation occurred along most 

ore-hosting fractures and faults in the district. Limestone 
at dike contacts is also brecciated, with the long axis of 
fragments oriented vertically, parallel with the contacts. 
Sparite-cemented, angular, limestone breccias are also found 
on the margins of the Tin Chimney and Cocks ore body.

Collapse breccias in the tin-bearing Cocks ore body 
contain pieces of sulfide ore, rhyolite and limestone 
(Hewitt, 1943), indicating recurrent, post-ore movement on 
the West fault. These collapse breccias are cemented with 
calcite, selenite, vanadinite and manganese oxides (Hewitt, 
1943). Other collapse breccias occur along normal faults in 
the vicinity of Tiro Dinamita (Plate 1), as circular 
depressions; the latter breccias have oxidized sulfides as 
matrix and formed before main stage sulfide mineralization.

Breccia dikes in the San Antonio mine have a high 
fluorine content (Table 2).

favorable sites for chimney mineralization.



ECONOMIC GEOLOGY
Economic mineralization consists of limestone-hosted 

skarn ore which envelops a series of felsite dikes, grading 
upward and outward into a stanniferous, sulfide-rich metal 
assemblage. Both the dikes and their enclosing mineraliza
tion are structurally controlled by faults and fractures of 
the San Antonio Graben. Ore-forming fluids appear to have 
risen along the dikes and separated from them near the top 
of the dike system (Plate 2). Ribbons of skarn on the 
underside of diabase sills provide evidence that fluids may 
have ponded against them, before rising along the brecciated 
dike contacts. Ore chimneys in both camps occur above 
intersections where felsite dikes cross-cut diabase sills.

Mineralogy
The skarn mineral assemblage consists of quartz, 

garnet, hedenbergite, diopside, epidote, chlorite and 
act indite, with traces of ilvaite and idocrase. Light- 
colored patches of actinolite within individual hedenbergite 
crystals are perpendicular to the fibers and formed as 
products of retrograde hydrous alteration (Figure 5). The 
garnet is brownish green andradite (Appendix D).

The sulfide mineralogy from both camps is similar, 
consisting of pyrrhotite, pyrite, sphalerite, galena,
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arsenopyrite, chalcopyrite and marcasite. The same sulfide 
assemblage is found with calcite veinlets. Pyrargyrite in 
the San Antonio Mine is found with late quartz veinlets and 
in the interstices of silicate minerals (Torres, 1982). 
Fluorite and calcite are common in both silicate and sulfide 
ore.

Mantos are. silicate-free and locally banded, with 
crude, alternating layers' of galena, pyrrhotite and sphaler
ite. Knots of milky white calcite are found at the tips of 
the mantos and within ore chimneys. Blocks of unmineralized 
limestone are also found suspended in the ore. Chimneys in 
the East Camp are sphalerite-rich, while mantos are enriched 
in galena. The largest manto in the San Antonio mine is on 
the twelfth level (Plate 2), while several thin, stacked 
ribbons of ore have been encountered to the west of the West 
Fault, at sample locations #930, #937 and at El Tiro 
Dinamita. However, these pale in comparison with mantos in 
the West Camp, some of which are more than four kilometers 
long.

Cinnabar and realgar have been reported from both 
camps, as has stibnite (Megaw, 1986); stibnite is associated 
with sulfide ore bodies on the twelfth and thirteen levels 
of the San Antonio mine.

The greatest difference between the East and West 
mining camps is the quantity and form of tin and vanadium in
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the respective deposits (Tables 3 and 4). Although tin 
minerals (natanite and jeanbandyite; Kampf, 1983) and 
vanadium are present in the West Camp, they are restricted 
to a single silicate ore body and no tin or vanadium 
production has been reported.

The major tin mineral in the San Antonio Mine (East 
Camp) was cassiterite, although stannite was reported from 
one sixth level sample (Hewitt, 1943). Accessory minerals to 
tin include: fluorite, hematite, quartz and magnetite, with 
minor wolframite, topaz, ilmenite, columbite, muscovite and 
tourmaline (Hewitt, 1943). The occurrence of tungsten, 
niobium, titanium, and boron-bearing minerals is restricted 
to East Camp tin ore bodies (Table 3).

A rich oxide zone exists above the water table 
(Figure 1), characterized by smithsonite, hemimorphite and 
cerussite, with minor amounts of mimetite, wulfenite and 
pyromorphite; traces of copper carbonates and lead oxides 
also occur. Euhedral, green crystals of ludlamite and 
vivianite sparsely occur in fracture fillings on the 
thirteenth level. Vanadium minerals, in the form of 
vanadinite and descloizite (Table 4), are restricted to the 
Cocks Ore Body of the San Antonio Mine, whereas iron and 
manganese oxides are ubiquitous. Gypsum, jarosite and other 
sulfates are also quite common. Trace quantities of limonite 
occur in fractures as far downward as the fourteenth level;



Table 3. Distinctive Primary Minerals 
West Camp East Camp
Apatite - Cas(P04)3(F.Cl.OH)
Brandisite - Ca(Mg,Al)a(Al3Si)01 o(0H)2 
Fayalite - FegSiO*
Freibergite - (Ag,Cu,Fe)i2 (Sb,As)<Si a 
Helvite - Mn4 Bea(Si04)a S 
Hisingerite — F ezSizOs(OH)4 •2HzO 
Jacobsite - (Mn,Fe,Mg)(Fe,Mn)204 
Jamesonite — Pb4 FeSbe Si 4 
Jeanbandyite - (Fe,Mn)Sn(OH)s 
Knebelite - (Fe,Mg,Mn)2Si04 
Legrandite — Zna(As04)(OH)•Hz 0 
Natanite - FeSn(OH)s 
Rhodochrosite - MnCOa

Cassiterite - Sn02
Columbite - (Fe,Mg,Mn)NbaOe
Idocrase - Cai OMgz AI4 (Si04 )s (SizOv )2 (0H)4
Ilmenite - FeTiOa
Muscovite - KAlz (SiaAl)Oi 0(OH, F)2 
Orthoclase - KAlSiaOa
Scapolite - Na4 AlaSiaOc SO4 )C1 to Ca4 Ale Sis02 4 (COa , SO4 )
Stannite - CuzFeSnSn
Tourmaline - complex borosilicate
Topaz - Al2Si04(F,0H)2
Wolframite - (Mn,Fe)W04

Table 4. Distinctive Secondary Minerals 
West Camp
Creedite - CaaAlz(S04 )(F ,OH)1 o•2H20 
(may be primary)

East Camp
Descloizite - PbZn(VO4 )(OH) 
Ludlamite - (Fe,Mg,Mn)a(PO4 )a • 4HzO 
Vivianite - Fe(P0 4 )•8 H2 O 
Vanadinite - Pbs(VO4 )aCl

Tourmaline = WXaYe(BOaJaSieOia(OF,F)4 ; W = Ca, K, Na; X = Al, Fe, Li, Mg, Mn; Y = Al, Cr, Fe, V



conversely, where encased by silicate minerals, unoxidized 
sulfides persist to the surface.

The Tin Ore Bodies
The bulk of tin production was from the Tin Chimney 

and Dolores fissures, with a significant contribution of tin 
from the upper horizon of the Cocks ore body. Poor access 
and hazardous conditions limited sampling from the tin 
deposits, so that the author relied heavily on the detailed 
descriptions of Hewitt (1943). The Smithsonian Institute, 
through Peter Megaw, provided an ore sample from the Tin 
Chimney, number 92502 (Table 5); this sample was collected 
by Hewitt during major production in the 1940’s.

Although some ore attained grades of four to five 
per cent tin, no macroscopic tin minerals are present. 
However, microscopic examinations have identified 
fine-grained, slightly purplish, crystalline cassiterite 
(Hewitt, 1943). This mineral is erratically distributed in 
chimneys, fissures, mantos and dike contacts in the upper 
levels of the San Antonio mine. Although cassiterite is most 
closely associated with quartz, quartz-magnetite and 
calcite-magnetite veinlets (Hewitt, 1943), the relationship 
is not invariable. Patches of sulfide minerals are scattered 
through silicates in the tin ore bodies. These aggregates 
have base metal and tin contents similar to those of the
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Table 5. Selected Analyses , Tin Chimney High Grade Sample
Oxide Zone, San Antonio Mine

Sample A* Pb Zn Cu Fe Mn K Na
ppm % % X X X X X

92502 >80 >.4 >.4 .14 14.0 .08 .04 .01

Sample As Sb W In Sn V F Hgppm ppm ppm ppm X ppm X ppm
92502 4020 73 102 — 3.1 54 >1.0 .51

Sample Cd Co Ni Bi Ba Ga Tlppm PPm PPm ppm ppm PPm PPm
92502 48 22 74 28 9500 <5 <5
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overlying oxide ores and the same sulfide mineralogy as 
nonstanniferous, unoxidized ores of the lower mine workings. 
Tin Chimney. The Tin Chimney rises for over 300 meters (m) 
along the east side of the San Antonio dike, approximately 
50 m northeast of the San Antonio shaft, with an average 
diameter of 40 m (Plates 1 and 2). The Dolores fissures 
ascend from the top of Tin Chimney at the first level 
(Hewitt, 1943).

Shrinkage, as a result of oxidation, has left an 
elliptical cavity at the top of the Tin Chimney and open 
space along the tops of some mantos and fissures. The Tin 
Chimney is hosted by both limestone and conglomerate, but 
shows no change in mineralogy as a function of its enclosing 
units. It ends just below the lowest rhyolite tuff (Plate 
2).
Dolores Fissures. The Dolores fissures cut the entire 
Capping series, branching roughly 60 m to the south of the 
San Antonio shaft and parallel to the San Antonio dike 
(Plates 1 and 2). The largest fissure is 300 m long and up 
to 10 m wide. Average dimensions range from 40 m to 100 m in 
length and .5 m to 1.5m in economic width. Fissure fillings 
averaged greater than IV tin at the surface and have been 
scabbed out by hand, rendering representative sample 
collection impossible.

Up to 20 m displacement is present along the Dolores
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fissures, with 5 m to 10 m being the average.

Unlike other ore bodies in the East Camp, almost all 
production was from the Basal Conglomerate, with only a 
minor contribution from limestone—hosted ore on the second 
level. Limestone pebbles have been replaced by pyrite, 
sphalerite, galena, chalcopyrite and iron oxides, with 
cassiterite grains disseminated throughout. In places, the 
pebbles have been completely dissolved, leaving hollows 
which have the shape of their outline, set in a siliceous, 
tuffaceous matrix (Hewitt, 1943). Orthoclase was recognized 
in the matrix (Hewitt, 1943) and is the only silicate 
besides quartz to be reported from the fissures.
Cocks Ore Body. The elliptical Cocks ore body is located 
120 m southwest of the San Antonio mine, with its roots on 
the west side of the San Antonio dike, at the seventh 
level. The diameter varies from 20 m to 40 m and the total 
height is almost 250 m. It parts from the dike above the 
seventh level and rises to the southwest along the West 
fault, but without actually touching the fault plane.

Although the silicate and sulfide mineralogy of the 
Cocks ore body is similar to that of the Tin Chimney, an 
important difference is the presence of vanadium minerals in 
the form of vanadinite and descloizite. The bulk of 
production was from intercalated horizons of vanadinite 
sand, fine-grained selenite and manganese oxide mud (Hewitt,
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The Cocks ore body terminates in the Basal 
Conglomerate; its zonation into monomineralic layers of 
oxide minerals is a secondary feature and bears no 
relationship to the host units.

Alteration
In vertical section, a funnel-shaped alteration 

pattern exists around the San Antonio mine. This geometry 
roughly corresponds to the wedge-like orientation of faults 
in the San Antonio graben. Elevated metal concentrations 
persist in fractures for tens of meters laterally and 
hundreds of meters vertically from individual ore bodies, 
but are limited in solid rock to 1-5 m horizontally and 20 m 
vertically away from the same deposits.

Each type of alteration is present in both igneous 
and carbonate rocks, although the extent of the various 
alteration types within individual units differs. Excep
tions to this are argi11ization and sericization, which are 
restricted to igneous rocks, in addition to silication and 
dolomitization, which are restricted to limestone.
Sericitization

Sericite laths of no preferred orientation are 
widespread in the San Antonio dike and diabase sills, as 
well as the rhyolite and andesite members of the Capping

1943).
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Series. Ribbons of sericite cut phenocrysts in the andesite 
and are roughly parallel with flow banding. Patches of 
sericite embay quartz and replace feldspar and mica 
phenocrysts.

Argillization
Argillization is ubiquitous in felsic igneous rocks, 

but absent from diabase. A special type of argillization is 
the '’rhyolitized” limestone mentioned by Hewitt (1943, 1968, 
1984). It is typified by chalky white stringers and clots of 
felsite, containing disseminated pyrite, that occur along 
bedding planes in the eighth and upper levels of the San 
Antonio mine. Similar alteration, in zones of vertical 
orientation, has been observed in the West Camp.

A unique occurrence of "rhyolitized" limestone 
has been observed on the eighth level, San Antonio mine.
This occurrence exhibits banding (Figures 3 and 4, Plate 
10). Thin, bleached white layers alternating with dark 
laminae bend around chert nodules, rounded limestone 
fragments and chalky, clayey blebs of hydrous aluminum 
sulfate (Figures 3 and 4, Table 30). Fine-grained, euhedral 
pyrite is disseminated along the dark (graphitic?) laminae 
and at the margins of the bleached areas and clay blebs. 
Trace amounts of sphalerite were also noted. A thin, 
irregular, 10 to 20 centimeter wide, margin of angular
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Figure 3• Sketch of Banded Felsite, End of Ramp, Southern 
Portion, Level 8, San Antonio Mine



Figure 4. Photograph of Banded Felsite, End of Ramp, 
Southern Portion, Level 8, San Antonio mine
Note bending of felsite layers (f) around unre
placed limestone (1) fragments and chert nodules 
(ch) in upper left-hand portion of photo. Tan 
patches, like that underneath the hammer, repre
sent a mixture of deisel exhaust and rock dust.
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breccia is present at the lower contact of the banded rock.

Chemical analyses show the banded felsite to contain 
elevated concentrations of antimony, arsenic, barium, 
bismuth, boron, cadmium, fluorine, mercury, nickel, tin, 
tungsten, uranium, vanadium and rubidium, relative to 
unaltered felsite, or limestone (Tables 6, see Background 
Levels).

Silicification
Silicification is most prevalent in felsic igneous 

rocks, but is also sporadically encountered in limestone, 
adjacent to fractures, next to dikes, and in close proximity 
to skarn bodies. Dikes in the vicinity of the San Antonio 
mine are silicified and highly resistant to erosion, while 
dikes on the perimeter of the East Camp are argillized, with 
negative topographic relief.

Volcanic units were particularly receptive to 
silicification. The lowest volcanic unit of the Capping 
Series is intensely silicified, so that its rhyolitic 
composition has been augmented by the addition of silica 
(Table 1). Distinct growth zones of hornblende phenocrysts 
have been replaced by aphanitic quartz.

Silication
Silication consists of the replacement of limestone 

by the silicate minerals andradite, diopside and
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Tab le 6. Trace Element Concentrations of Banded Felsite (sample #177) and Black Calcite (Sample #MnCal)
Sample Au Ag Pb Zn Cu Fe S Mn K Na Ca A1 Mg As Sb W In Bappm ppm ppm ppm ppm % % % % % X * X ppm ppm ppm PPm X

177 .002 4 85 265 13 .80 .58 .12 1.32 <.01 9.89 3.75 .22 45 2.2 3.0 .20MnCal .013 3 49 310 5 .40 .16 .72 .02 <.01 30 .00 .18 . 13 9 1.6 3.0 .009

Sample Mo Cd Cr Co Ni Bi Sn V F Se Te Ir Cs Ti Tl Rb Sr Beppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm PPm PPm ppm
177 2 1.5 44 3 21 <2 24 60 710 1 .2 <50 5 1400 <.5 111 83 1MnCal 3 4.0 63 1 12 <2 <1 2 170 1 <.2 <50 1 100 .5 3 215 1

Sample Li Hf Ta Th U Hg B Nb Zr Y Yb
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

177 2 2 .5 3.1 11 .025 25 3 74 3 —
MnCal 1 1 .5 . 2 .2 . 14 10 1 5 5 .3

Table 7. Trace Element Concentration, Pink Limestone
Sample Location Ag Pb Zn Cu Fe Mn K Na As Sb W In La Yb

ppm X X X X X X X ppm PPm ppm PPm ppm ppm
ECPC East Camp, surface 

west of W. Fault
4 .04 .09 —- .5 1.26 . 10 .017 72 3.5 — — .4 --- -

WCPC West Camp, Purisima 
Chimney

4 .04 .07 .6 1.85 . 12 .022 71 5.7 — —

MCMC West Camp, surface 9 .05 .04 — .7 1.87 20 — —  — — .01? — — — —
Bustillos Trend
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hedenbergite. This assemblage was hydrated during retrograde 
silicate alteration.

Retrograde Silicate Alteration
In the San Antonio mine, the retrograde alteration 

assemblage consists of epidote, chlorite, actinolite, fluor
ite and ilvaite. Actinolite is found as light-colored pat
ches within, and perpendicular to, fibers of hedenbergite 
(Figure 5).

Chloritization
Chlorite coats fractures in felsite, diabase and 

limestone, particularly at contacts of dikes and sills with 
carbonate units. It also replaces calcite and quartz at the 
dike contact. Chlorite is particularly prevalent in the 
inner skarn zones, where it embays and has partially 
replaced diopside, hedenbergite and epidote. Chloritization 
also occurs adjacent to roantos (Figure 6).

Dolomitization
Scanty, patchy dolomitization has been observed 

adjacent to the San Antonio dike. However, dolomitization of 
limestone is much more prevalent in other carbonate replace
ment districts. Although Hayward and Triplett (1931) state 
that the percentage of magnesium in any given bed does not 
vary with proximity to ore mineralization, they do report an
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Figure 5. Actinolite replacing hedenbergite
Actinolite (a) is perpendicular to hedenbergite 
(h) fibers, exhibiting maximum birefringence in 
conjunction with the maximum extinction of 
hedenbergite (h)
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Figure 6. Chloritization adjacent to a Manto, Level 16, 
Buena Tierra Mine
Note massive milky calcite (c), pyrrhotite (po), 
sphalerite (si) and galena (gn), plus the con
formity of the manto with the underlying, chlor- 
itized (cl) contact between diabase (d) and the 
limestone (1) which hosts the manto.
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increase in magnesium content to five or six per cent in 
certain horizons underneath chimneys in the Potosi Mine. 
Magnesium has been introduced to limestone above an ore 
chimney on the fourteenth level of the San Antonio Mine 
(Table 1, Plate 2). Where it occurs, dolomite is replaced in 
favor of limestone, owing to its greater porosity.

Bleaching
A thin, light-colored margin is present along 

fractures, in both igneous rocks and limestone, or at the 
contact of skarn mineralization with limestone (Figures 7 
and 8). Bleaching in limestone consists of the recrystal
lization from micritic to fine or medium-grained calcite, 
coupled with the removal of impurities and color (Figure 
6). Bleached, argillized areas in the San Antonio dike 
surround microfractures which connect disseminated sulfide 
grains.

Recrystallization
Recrystallization is locally evident in the im

mediate vicinity of skarn bodies, but no systematic increase 
in grain size is apparent as one passes from unaltered to 
mineralized limestone. Partial remobilization of insoluble 
material causes the limestone to be mottled locally (Figure 
10). Complete recrystallization resulted in the total remo
bilization of impurities, leaving sandy aggregates of
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Figure 7. Bleaching along a Fracture in Limestone, Sample 
#823, Level 14, San Antonio Mine
Note symmetry of bleaching, relative to milky 
white cal cite veinlet. Sparkles are due to 
wetting of sample, prior to being photographed.
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Figure 8. Bleached Ore Contact with limestone, Sample #184, 
Level 14, San Antonio Mine
Note conformity of bleached fringe (b) with 
massive sphalerite (si) and the milky calcite (c) 
it encloses. Sparkles highlight rounded balls of 
hedenbergite fibers (h ).
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Figure 9. Recrystallized Ore Contact with limestone,
Sample #831, Level 14, San Antonio Mine
Note ripped up clast of garnet (g) in recrystal
lized limestone (1) at contact; sphalerite grains 
(si) are flattened parallel with the contact.
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Figure 10. Mottled Limestone, Near End of Ramp, Southern 
Portion, Level 8, San Antonio Mine
Note crude control of bedding on distribution and 
abundance of patchy mixtures of pyrolusite with 
insoluble material.
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coarse-grained calcite rhombohedrons. Another possible 
manifestation of recrystallization is the clots of 
coarse-grained, white calcite that are commonly completely 
enclosed by skarn mineralization or present at the contact 
between ore and bleached limestone (Figures 8 and 9, Plate 
4). Clots of similar calcite are found at the tips of mantos 
(Figure 6).

Calcite Veinlets
Veinlets of brown to black, manganiferous calcite 

have brecciated, hematitic walls and may be found along 
faults and fractures in and around the San Antonio 
Graben. These veinlets extend, in diminishing quantities, 
out of the study area and are the most wide-spread indicator 
of nearby mineralization. Manganiferous calcite from the 
vicinity of the San Antonio Graben has anomalous contents of 
arsenic, antimony, tungsten, mercury, fluorine, gold, 
silver, lead and zinc (Table 6, Plate 1).

Manganese and Iron Oxide Alteration
Thin selvages of pyrolusite on fractures and calcite 

veinlets are the most common form of alteration and often 
have an outer margin of hematite (Figures 11 and 12). The 
zoning of these selvages, with respect to the inner calcite 
filling and outer bleached halo, enables them to be 
distinguished from oxides which have been precipitated from
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Figure 11. Pyrolusite Selvages along Fractures in
Limestone, Sample #904, Surface, San Antonio 
Graben
Note bleaching and recrystallization adjacent to 
fractures, plus clots of pyrolusite (p) in chert 
nodules (ch)
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Figure 12. Pyrolusite Selvages along Fractures in Andesite, 
Sample #857, Surface, San Antonio Graben
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water that percolated downward. No correlation was noticed 
between selvage width and metal content. Above the ninth 
level of the San Antonio mine, manganese oxide selvages 
occur on fractures in both limestone and volcanic rocks; 
calcite veinlets below this level have bleached halos, but 
contain sulfide minerals, instead of primary oxides.

Fractures in chert nodules are also surrounded by 
bleaching and oxide selvages, but lack a calcite filling. 
Unlike replacement deposits in other districts, no 
wollastonite is noted around chert nodules in the vicinity 
of ore bodies.

Argentiferous pyrolusite coatings and dendrites 
are ubiquitous in volcanic-hosted fractures above the San 
Antonio mine. This causes andesite in the elliptical expo
sure that extends from west of Picacho Oriental to the East 
fault to be brownish-black on weathered surfaces (Plate 1, 
Figure 11). Phenocrysts in the andesite have been corroded, 
and the resulting voids are rimmed or filled with pyrolusite 
and hematite. Disseminated pyrite is also common along frac
tures in the same oval exposure of volcanics, particularly 
in rhyolite. The weathering of pyrite to hematite gives the 
rhyolite a pinkish hue (Figure 13).

Clots of pyrolusite, hematite and black calcite are 
often associated with fractures at the surface and commonly 
contain quartz. The amount of quartz and silicification
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Figure 13. Hematite and Pyrolusite Staining in Rhyolite, 
Sample 889, Surface, San Antonio Graben
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Figure 14. Manganese Flooding in Limestone, Sample #906, 
Surface, San Antonio Graben
Note conformity between calcite veinlet (c), 
pyrolusite margin (p ), pink limestone selvage 
(pi) and unaltered limestone (1). Note also 
the curved, recrystallized pelecypod at the 
lower righthand portion of selvage.
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associated with such fractures increases towards the 
perimeter of both the East and West Camps, with barite and 
fluorite as accessory minerals in the Middle Camp and to the 
west of the West Camp, near San Guillermo (Morales, 1977).

The massive introduction of manganese is most 
strikingly exhibited by pink limestone which is veined with 
pyrolusite dendrites (Figure 14). Calcite was the only 
mineral identified with x-ray diffraction (see Appendix C), 
although the manganese content approaches two per cent 
(Table 7). Pinkish limestone is mined as flux ore in the 
West Camp and contains up to 800 g/T silver in the form of 
disseminated native silver and pyrargyrite (Munoz, 1981). It 
also has elevated contents of antimony, arsenic, lead and 
zinc (Table 7). The chemical composition and physical 
appearance of pink limestone from both mining camps is 
almost identical (Table 6, Figure 14), suggesting 
precipitation from similar fluids.

Paragenesis
Six main stages of hydrothermal activity were iden

tified (Figure 14) on the basis of cross-cutting relation
ships and mineral zoning. Stages one through six have been 
labeled The Initial Stage of Mineralization, Silication, 
Retrograde Silicate Alteration, Main Stage Sulfide 
Mineralization, Tin Mineralization and The Waning Stage of
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Quartz I
SericiteIllite
BleachingReplacement
Dolomite
Grossularite
Quartz IIMilky Calcite
Cal vnlts
DiopsideHedenbergite
Chlorite
Epidote
Cal-sulf vnlts
Arsenopyrite
Pyrrhotite
Pyrite
Sphalerite
Chalcopyrite
Fluorite
Galena
Cummingtonite 
Ilvaite 
Mn-flooding 
Pyrolusite 
Mn-cal vnlts 
Hematite 
Pyrargyrite 
Stannite 
Marcasite 
Magnetite Cassiterite 
Wolframite Micropegmatite 
Cal-mt vnlts 
Qtz-mt vnlts 
Qtz vnlts 
Clear Calcite 
Weathering 
Stage I 
Stage II 
Stage III 
Stage IV 
Stage V 
Stage VI 
Stage VII

Time

Figure 15. Paragenetic Sequence (Cal=calcite, vt=veinlets, 
qtz=quartz, sulf=sulfide, Mn=oanganiferous or manganese, mt=magnetite)
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Mineralization, respectively. With the exception of tin 
mineralization, which sharply cuts the preceding four 
stages, transitions between the six main stages were 
gradational.

On the whole, sulfide minerals formed later than 
silicates, cutting and embaying previously precipitated cry
stals. However, silication continued during sulfide deposi
tion, so that silicates locally cut and embay sulfides.

Cassiterite-bearing veinlets cut silicate and 
sulfide assemblages and formed later. The micropegmatite 
described by Hewitt (1943) from the Tin Chimney replaces 
sphalerite, galena and iron sulfides, in addition to skarn 
silicates. The occurrence of micropegmatite in the tin ore 
bodies brackets mineralization between felsite emplacement 
and an intrusive event represented by the micropegmatite.

The waning stage of mineralization was uneconomic, 
consisting of white calcite and black manganiferous calcite 
veinlets, in addition to pyrolusite and hematite.

The final stage of mineralization consists of 
oxidation and secondary enrichment by meteoric water, which 
has continued from the cessation of primary mineralization 
until the present.

Initial Stage of Mineralization
Silicification, sericitization and argillation of
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the San Antonio dike was accompanied by the bleaching and 
recrystallization of limestone. Bleached selvages also exist 
on microfractures which connect sulfide grains and veinlets 
in the dike. Recrystallization occurred at the same time as 
bleaching and continued as long as unmineralized limestone 
was encountered by the hydrothermal fluids (Figure 14).

Silication
Limestone silication immediately followed the ini

tial stage of mineralization, being characterized by the 
assemblage andradite, diopside and hedenbergite. Diopside 
precipitation began at the same time as that of andradite, 
but was of shorter duration. Manganoan hedenbergite embays 
diopside, in partial replacement.

Epidote precipitation began slightly later, as a 
precursor to retrograde alteration. Aphanitic quartz (Quartz 
I) irregularly fills fractures and twin planes in garnet 
crystals, perhaps as a result of pressure solution or 
retrograde alteration.

Retrograde Alteration
Retrograde alteration of anhydrous to hydrous miner

als was a transitional event, roughly synchronous with the 
beginning of sulfide deposition. The substitution of iron 
and manganese for the magnesium in clinopyroxene apparently 
released magnesium that was subsequently incorporated into
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actinolite and chlorite (Figure 14). A similar progression 
of magnesian to ferrous to manganiferous composition has 
been noted by Meinert (1987) in calc-silicates from a zinc- 
lead-silver skarn deposit in the Groundhog Mine, Central 
Mining District, New Mexico.

Sulfide Mineralization
Arsenopyrite was the first sulfide mineral to 

precipitate, being most prevalent at the dike contact and 
lower levels of the San Antonio mine. Pyrrhotite began 
precipitating slightly later than arsenopyrite; one magne
tic, pseudo-orthorhombic, pseudomorph of pyrrhotite after 
arsenopyrite was observed. Massive pyrrhotite is occasion
ally veined by chalcopyrite.

Pyrite is the most widespread sulfide mineral, 
having formed throughout skarn mineralization. It occurs at 
the San Antonio dike contact, in sulfide ore bodies, in the 
bleached margins of skarn and in patches of recrystallized 
limestone which are isolated from ore. Pyrite is ubiquitous 
in argillized igneous rocks, and rims blebs of clay in the 
San Antonio dike. Pyrite commonly is found as pseudomorphs 
after pyrrhotite and was subsequently pseudomorphed to 
marcasite. It also occurs as porphyroblasts in ribbony, 
strained pyrrhotite (Figures 15 and 16).

Ferruginous sphalerite is the most abundant ore



64
mineral, containing widely disseminated blebs of 
chalcopyrite. Sphalerite, chalcopyrite and galena generally 
have mutual boundaries, although some galena and chalcopy
rite embay, or were nucleated on sphalerite grains (Figure
16). Massive sphalerite is usually associated with pyrrho- 
tite, pyrite and galena, with which it is roughly contem
poraneous . These masses are superimposed on preexisting 
hedenbergite, chlorite. Quartz I and epidote. Some early- 
formed sphalerite grains are embayed by Quartz I. Quartz II 
occurs as euhedral crystals in sulfide-enclosed vugs, as do 
scalenohedral calcite crystals. Unlike Quartz II, however, 
surfaces of the calcite dogtooths are embedded with tiny 
pyrite, sphalerite and galena crystals. Nevertheless, the 
bulk of sulfide mineralization was contemporaneous with 
milky white calcite formation, as evidenced by their 
occurrence together in fractures and thin veinlets. The 
sulfide paragenesis in calcite veinlets is the same as it is 
in massive ore, although later monomineralic calcite 
veinlets cut sulfide ore. Clear calcite was precipitated 
slightly later, forming veinlets in the upper levels of the 
mine and grains at the outer ore margin.

Although some of the galena is associated with 
silver sulfosalts, most of the pyrargyrite occurs with 
quartz veinlets, which slightly predate the formation of 
galena, fluorite and calcite (Torres, 1982).
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Figure 16. Euhedral Pyrite Cutting Pyrrhotite and Calcite 
Ribbons, Sample VFlf, North Face, Level 14, San 
Antonio Mine

py=pyrite, po=pyrrhotite, sl=sphalerite, 
c=calcite
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Figure 17. Galena Replacing Sphalerite, Sample VFlf, North 
Face, Level 14, San Antonio Mine
gn=galena, sl=sphalerite, py=pyrite, po=pyrrho- 
tite, c=calcite
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Fluorite is evenly distributed in sulfides at the 

dike contact and crosscuts calc-silicates. In the lower 
levels of the mine, the surfaces of fluorite crystals are 
occasionally imbedded by marcasite crystals, which roughly 
bracket fluorite formation. Fluorite in the Capping Series 
andesite occasionally contains inclusions of hematite.

The generalized paragenetic sequence in 
cassiterite-sulfide deposits for the assemblage containing 
bismuth is: bismuth minerals, containing up to .5% arsenic; 
pyrrhotite, sphalerite and chalcopyrite, siderite, mangnan- 
iferous calcite, ferrous carbonates (Minster, 1969). Angino 
(1977) reports that most large deposits containing bismuth 
have a late sulfide paragenesis of pyrrhotite, chalcopyrite, 
arsenopyrite, sphalerite and galena.

Tin Ore Body Paragenesis
A distinct spatial relationship exists between tin 

ore bodies and preexisting skarn mineralization, the San 
Antonio dike and faults of the San Antonio graben. Skarn, 
sulfide and tin ore bodies were formed by fluids that were 
localized by the same structures (Plate 2).

Sulfide precipitation ceased at the onset of tin 
mineralization, as evidenced by the fixation of iron as 
hematite and magnetite, instead of pyrite. Magnetite cross
cuts sulfide mineralization, while wolframite has quartz and
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magnetite as accessory minerals and is inferred to have 
formed contemporaneously with them. As a transitional event, 
graphic quartz and feldspar intergrowths graded upward into 
quartz veinlets (Hewitt, 1943), at roughly the same time as 
quartz superseded calcite in veinlets containing magnetite. 
Cassiterite has a tendency to replace potassium feldspar 
(Taylor, 1979) and impregnated orthoclase in the Dolores 
fissures (Hewitt, 1943).

The formation of primary hematite and pyrolusite 
slightly preceded cassiterite in the paragenetic sequence 
(Figure 14). Both minerals occur as impurities in cassi
terite, while hematite in the tin ore bodies is commonly 
stanniferous (Hewitt, 1943).

The Waning Stage of Mineralization
Cessation of cassiterite precipitation marked the 

end of ore deposition. Pyrolusite continued to form selvages 
on veinlets of white calcite, with or without an intervening 
layer of hematite. Pyrolusite also replaced phenocrysts at 
this time and was being deposited as dendrites on fracture 
surfaces.

After the filling of north-south trending structures 
by economic mineralization, black, manganiferous calcite 
began precipitating in faults transverse to the San Antonio 
Graben (sample MnCal, Plate I). Clear calcite was the last



mineral to fill fractures and, where present, forms the 
inner core of milky or colored calcite veinlets.

Final Stage of Mineralization
The oxidation of preexisting primary minerals by 

meteoric water has continued from the final stage of 
mineralization until the present. Metals were leached, 
transported and then redeposited as the descending oxidized 
fluids neared the water table and reducing conditions of the 
primary sulfide zone.
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Mineralogic Zoning
Horizontal and vertical zoning show a similar 

progression from silicate-rich to sulfide-rich mineral 
assemblages as one passes upwards in the San Antonio graben 
and outwards from the San Antonio dike. Silicate and sulfide 
minerals are intimately intermixed, while transitions 
between zones are gradational. Horizontal and vertical 
zoning are almost identical, important differences being the 
presence of tin ore in the upper mine workings and the 
greater distance over which vertical zonation occurs.

Five mineralogical zones were defined by the 
presence or absence of a few characteristic minerals (Figure
17), as observed in hand specimens or petrographic sections, 
and supported by chemical analysis (Plates 5-9). Transitions 
between zones 2-5 are gradational, while the contact between
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zone five and limestone is sharp. In general, mineral zona- 
tion correlates with the paragenetic sequence (Figure 14), 
for example; zone one formed during stage one, zones two and 
three correspond with stages two and three, respectively, 
while zone five was being precipitated during stage five and 
the beginning of stage six.

Zones two through five have economic importance and 
are restricted to limestone, although zone two epidote endo- 
skarn locally replaces the dike margin (Figure 17) and the 
upper tin ore bodies are hosted by the Basal Conglomerate 
(Plate 2).

Horizontal Zoning
Unlike vertical zoning, which spans hundreds of me

ters, horizontal zoning is restricted to a distance of one 
to ten meters. Skarn silicates are roughly banded vertical
ly, while zonal boundaries are commonly parallel with the 
outer, bleached contact with limestone (Figures 8 and 9). 
Minerals in mantos are also banded parallel to contacts with 
the enclosing limestone and represent zone four, main stage 
sulfide deposition. Both silicate and sulfide mineral 
assemblages are zoned, relative to the same structures.

In the event that a certain zone is missing, it is 
invariably either Zone 1 or Zone 5 and does not interrupt 
the zonal sequence which exists at that level of the mine.



72
General Description of Zoning. The general zoning of 
silicate minerals is dike, epidote, diopside, chlorite, 
hedenbergite, andradite, limestone. Unlike epidote, andra- 
dite is restricted to the limestone side of the dike 
contact. Both minerals are banded vertically; banding in 
epidote is parallel to the dike contact, while andradite 
grains are aligned parallel to the outer bleached limestone 
fringe (Figure 7). Sulfides reach their greatest abundance 
in association with hedenbergite and grossularite (Figure 
17). The general zoning of sulfide minerals is dike, arseno- 
pyrite, pyrrhotite, chalcopyrite, sphalerite, galena, 
pyrite, limestone. Minerals characterizing each zone are 
listed below in order of decreasing abundance and their 
lateral positions with respect to the San Antonio dike.

Zone one and the contact zone are restricted to the 
San Antonio dike and marked by argillization, sericitization 
and silicification (Figure 3). The boundary between zone one 
and the contact zone is very noticeable in hand specimen; 
sulfide content changes from 1% to 15% by volume over a 
distance of one centimeter. The dike contact is locally 
corroded and embayed by zone two endoskarn. Retrograde 
alteration is superimposed on the silicates of zones two 
through five.

Zone One is defined by the silicification of 
feldspar phenocrysts and groundmass of felsite dikes and
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sills. Sericite occurs as laths in the groundmass and as 
patches centered upon what were once feldspar phenocrysts. 
Illite is also present as a product of feldspar destruc
tion. lesser amounts of chlorite coat fractures and par
tially replace secondary quartz. Sulfide grains are sparsely 
disseminated along those microfractures which have bleached 
margins; approximately 1% to 29$ total sulfides are present.

The Contact Zone consists of abundant disseminated 
sulfide grains and veinlets in the dike margin, with 
increasing frequency towards the limestone contact and 
roughly 109$ to 15% total volume sulfides. A distinct 
boundary exists with Zone One, although both zones are 
characterized by intense silicification, sericitization and 
argillization of the San Antonio dike. The Contact Zone 
marks the overlapping of Zone Two upon the dike contact.

Zone Two is one of massive replacement by epidote 
and quartz. The epidote is roughly banded vertically, being 
interlayered with calcite or aphanitic quartz. Sphalerite, 
with lesser pyrrhotite, galena and chalcopyrite commonly 
replaces the quartz, or corrodes and embays the dike 
contact. Zone Two is dominantly hosted by limestone, 
although the dike margin is locally replaced by epidote 
endoskarn. Almost all fluorite occurs in zone two, along the 
wall rock side of the dike contact. Arsenopyrite is locally 
abundant, particularly in association with coarse-grained,
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massive white calcite. Zone two averages 1 5 % to 25* total 
sulfides by volume.

Zone Three is predominantly hedenbergite, in partial 
replacement of diopside. Epidote is present, but rare. 
Coarse-grained, concentrically zoned, green garnet replaces 
limestone in zones two through five, exhibiting "pie-cut” 
twinning. Individual garnet crystals are shattered, with 
aphanitic quartz filling radial fractures and twin planes. 
Sulfide minerals embay and are themselves embayed by 
silicates, particularly quartz. Sulfide minerals also fill 
open spaces between silicate grains, with which they are 
roughly contemporaneous. The highest zinc and copper con
tents are in zone three, which contains 15* to 40* total 
sulfides by volume.

Zone Four is the major ore zone, containing 40*-90* 
total sulfides. Sulfide minerals are intimately intermixed, 
having even, interlocking boundaries. Sphalerite and galena 
are the major constituents, with blebs of chalcopyrite 
enclosed in massive brownish black sphalerite. Galena 
becomes more abundant near the outer margin of the zone. 
Pyrite and pyrrhotite become the predominant constituents 
adjacent to Zone Five, concomitant with an increase in the 
amount of garnet. Hedenbergite is more common near Zone 
Three.

Clots of massive white calcite rhombohedrons are



most abundant in zone four; vugs lined with scalenohedral 
calcite are commonly lightly coated with euhedral pyrite, 
pyrrhotite, sphalerite, galena, arsenopyrite and fluorite.

Zone Five consists primarily of crudely banded, 
coarse-grained garnet exoskarn. Minor amounts of sphalerite, 
galena and manganoan hedenbergite, with lesser pyrite, 
arsenopyrite, pyrrhotite and chalcopyrite are intergrown 
with the garnet. The entire zone averages 10* to 25* total 
sulfides. Disseminated sphalerite, pyrite and arsenopyrite 
extend for four to five centimeters into the bleached 
limestone contact, with pyrite increasing in relative 
abundance outward. Zone five increases in width upward, from 
one half meter, at level 14, to approximately 20 meters at 
the surface.

Outcrops of garnet and hedenbergite occur to the 
west of the West Fault, but not east of the East Fault.

Vertical Zoning
Silicate Mineral Zoning. Epidote decreases in abundance 
upwards, although it may also have been obliterated by 
oxidation. On the fourteenth level, the dike contact has 
been epidotized, but by the eighth level, 250 meters higher, 
only traces of epidote are present; none was observed at 
greater elevations. Minor amounts of diopside remain on the 
eighth level of the mine, but it is largely absent from the
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surface.

In the sixty meters from the eighth to sixth levels, 
hedenbergite becomes the predominant silicate mineral (He
witt, 1943; the upper mine levels are spaced 30 m apart).
The predominance of hedenbergite, over garnet, in the in
termediate levels of the mine reflects the upward 
progression of epidote-rich to hedenbergite-rich to garnet- 
rich skarn assemblages. However, hedenbergite is also the 
only silicate whose texture is preserved after oxidation, as 
fibrous masses of limonite. Silicification accompanied 
silication at all levels of the mine. At the surface, 400 m 
above the eighth level, garnet is more abundant than either 
hedenbergite or quartz.
Sulfide Mineral Zoning. Skarn mineralization is zoned from 
silicate-rich to sulfide-rich mineral assemblages as one 
ascends through individual ore bodies. Chimneys generally 
contain more sphalerite than mantos, while mantos are 
relatively enriched in galena. Sulfide-rich areas of chimney 
mineralization consist of massive, coarse-grained mixtures 
of sphalerite and galena, with lesser amounts of pyrite, 
pyrrhotite, chalcopyrite and calcite. Mantos contain 
monomineralic layers of galena, pyrrhotite and sphalerite.

Only occurrences which are completely encased by 
calcareous rocks lack silicates, such as; the Dolores 
fissures, the tops of tin-bearing chimneys and mantos at all
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levels of the mine. Ore bodies which are separated from dike 
members are sulfide-rich and homogenous, exhibiting less 
zoning than those adjacent to dikes, because they themselves 
represent the outermost zone of mineralization.

The abundance of individual sulfide minerals is also 
zoned vertically, the most notable examples being arsenopy- 
rite, chalcopyrite, pyrrhotite and galena. The abundances of 
arsenopyrite and chalcopyrite increase downward and to the 
south. Pyrrhotite also increases downward, relative to py- 
rite; pseudomorphs of pyrite after pyrrhotite are common in 
the upper levels of the mine, reflecting their paragenesis. 
Galena abundance increases in the opposite directions from 
pyrrhotite.

Although argentiferous galena increases in quantity 
outwards, Torres (1982) noted an increase in the abundance 
of silver sulfosalts downwards and to the south.
Tin Ore Body Zoning. The following information is mostly 
taken from Hewitt (1943).

Chimneys consist of calc-silicate root zones, which 
become sulfide-rich with distance from the dike contact. The 
Cocks ore body separates from the San Antonio dike at the 
seventh level, while the Tin Chimney does so at the second 
level.

Cassiterite is uniformly distributed throughout the Tin 
Chimney and Dolores fissures, but only is found in the upper
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horizon of the Cocks ore body. It occurs with both silicate 
and sulfide minerals. The tin content of silicates at the 
base of the Tin Chimney is less than .1%, while overlying 
sulfide-rich mineralization averages 1.5% to 2% tin (Hewitt, 
1943). Stannite has been tentatively identified from the 
root zone of the Tin Chimney, while topaz, ilmenite, 
columbite, muscovite, tourmaline and wolframite have been 
observed in petrographic sections from the lower portions of 
the Tin Chimney and Cocks ore body (Hewitt, 1943). Tin was 
precipitated as cassiterite above the sixth level of the 
mine and as stannite in the lower workings.

The effects of oxidation are superimposed on the 
primary mineral zoning, causing a distinct layering of the 
secondary oxide minerals.

The Tin Chimney has a central core of garnet and 
hedenbergite at its bottom (level 6), which encloses a 
branch of the San Antonio dike. These silicates contain 
disseminated grains and patches of sphalerite, but are 
notably deficient in lead (Hewitt, 1943). The quantity of 
calc-silicate minerals diminishes vertically upwards, as the 
amount of galena increases. The mineralogy is constant, with 
respect to host rock; no difference in composition is no
ticeable between limestone-hosted and conglomerate—enclosed 
portions of the chimney.
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The Dolores fissures rise from the east wall of the 

Tin Chimney at its top (Plate 2) and consist entirely of 
oxidized massive sulfide ore. Calc-silicate minerals are 
totally absent, as is fluorite (Hewitt, 1943). Sulfides 
which fill the fissures contain disseminated grains of 
cassiterite and exhibit no vertical zoning; they represent a 
zone in themselves, the uppermost zone of economic 
mineralization.

Primary mineral zoning in the Cocks ore body is 
shown by the ascending progression from calc-silicates to 
massive sulfide ores, which contain tin in their topmost 
horizon. These original variations in mineralogy are accen
tuated by oxidation, resulting in the separation of the 
Cocks ore body into three main zones. The vertical zoning of 
oxide minerals is influenced by source mineral zonation and 
by the solubilities of metal ions in meteoric water. In 
general, zinc oxide minerals occur below lead oxide mineral 
horizons, presumably owing to the upward increase of galena, 
relative to sphalerite.

At the eighth level, garnet, with trace amounts of 
epidote, forms the lowermost zone, giving way to an 
assemblage of garnet and hedenbergite, 30 meters higher, at 
the seventh level (Hewitt, 1943). On the sixth level, 
hedenbergite is the predominant silicate. Silicification
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predominates between silicate-rich zones on the fourth and 
sixth levels. On the fourth level, garnet, with minor 
hedenbergite, is hosted by silicified limestone (Hewitt, 
1943). Above this level, the intensity of silicification and 
silication dwindles.

As mentioned earlier, the Cocks ore body is the only 
place in the mine that concentrations of vanadium minerals 
occur (Hewitt, 1943). Vanadinite and descloizite occupy a 
medial lead and vanadium-rich zone. This medial zone is 
situated above a silver and lead-rich zone and below the 
silver, lead and tin-rich zone at the top of the Cocks ore 
body (Hewitt, 1943). The silver-lead-tin zone is 130 meters 
thick and extends from the first level downwards. Like the 
Tin Chimney and Dolores fissures, it contains cassiterite 
scattered through iron oxides which encrust lead and zinc 
minerals (Hewitt, 1943). The lead and vanadium-rich zone 
occurs between the third and sixth levels, consisting of 65 
meters of interstratified layers of cerussite sand, micro
crystalline vanadinite and manganiferous mud, with or with
out fine-grained selenite horizons (Hewitt, 1943). Rubble 
ore at the bottom of this zone is cemented by calcite and 
gypsum. The lowermost sixty meters of the Cocks ore body 
contains patches of cerussite within masses of partially 
oxidized skarn ore.
Accessory Mineral Zoning. Minor amounts of purple fluorite
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cubes are ubiquitous at mineralized dike contacts (zone 2), 
particularly in the Capping Series volcanics. Fluorite in j

zones 3-5 is clear and colorless.
The major occurrence of magnetite is with tin ore

!
bodies between the second and eighth levels, but it has been 
found at all levels of the San Antonio mine; magnetite is 
also sparsely disseminated within altered diabase. Below the 
sixth level, magnetite occurs with calcite veinlets, while 
above that level, it occurs with quartz stringers (Hewitt,
1943). At the sixth level, graphic quartz-feldspar 
intergrowths grade upward into quartz veinlets (Hewitt,
1943).

Calcite veinlets which do not contain magnetite are 
also zoned vertically. Veinlets of white calcite with 
pyrolusite and hematite selvages are most common higher in 
the system, as are also black calcite veinlets.

Alteration Zoning
Although the potassium and aluminum contents of the 

San Antonio dike decrease in the 700 meters between the 
fourteenth level and the surface (Table 1), a vertical 
increase in sericitization and argillization has been 
observed.

The intensity of silicification decreases upwards, 
both within individual units and overall. Clots of quartz
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and silica, plus pyrolusite, hematite and traces of barite, 
form an additional outer alteration zone proximal to calcite 
veining and manganese flooding in both limestone and 
volcanic rocks. The Basal and Upper Conglomerates were 
little affected by silicification, sericitization and 
argillization.

A vertical increase in iron and manganese contents 
is noticeable in both limestone and volcanic rocks. Above 
the phreatic zone, iron and manganese were precipitated as 
magnetite, hematite and pyrolusite, instead of pyrite or in 
sphalerite. However, disseminated pyrite occurs extensively 
along fractures in the volcanic units, particularly the 
lower units, having been subsequently weathered to hematite. 
Hematite of a primary origin is also present, with pyrolu
site, as selvages on calcite veinlets. Like hematite; black, 
manganiferous calcite veinlets and pink limestone occur with 
increasing frequency from the eighth level upwards.



GEOCHEMISTRY

Santa Eulalia lies in a north-south trending, 
■etallogenic province, which extends from San Martin, 
Zacatecas to Santa Eulalia, Chihuahua, with discontinuous 
extensions in New Mexico and Colorado. In Northern Mexico, 
the belt is defined by indium, tin and silver, with cobalt 
and nickel being nearly absent (Burnham, 1959). The trace 
element contents of appropriate minerals are used to outline 
metallogenic provinces. Among those of interest are cadmium 
id sphalerite; antimony, bismuth and silver in galena; 
indium, and tin in sphalerite, chalcopyrite and cassiterite; 
plus arsenic, cobalt and nickel in iron pyrites.

Owing to similarities in their physical properties, 
certain elements commonly occur together. This study focus
es on the suite of elements which are documented to occur 
with argentiferous lead-zinc skarn deposits and stanniferous 
massive sulfides, in particular; Cd, In, Sn, Bi, Sb, As, W, 
V, B, F, Ga, Ge, Co, Ni and Mn. Indium is a ubiquitous rare 
element in these deposits, in which it generally occurs at 
levels between one thousand and ten thousand times the 
clarke (Ivanov et al., 1969).
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Diadochy

By far, the majority of trace elements in mineral 
deposits occur in substitution for the major cations of ore 
and gangue minerals. The most important properties governing 
this substitution are valence and ionic radius. Character
istic trace element contents of the common sulfide minerals 
of deposits like those at Santa Eulalia are summarized in 
Table 8.

Trace Element Content of Minerals at the San Antonio Mine
Typical trace element constituents of the mineral 

assemblage at the San Antonio Mine are presented in Table 
9). The observed quantity of a particular element is a 
function of its original concentration in solution, coupled 
with the abundance of its host mineral.

Silicate Minerals
Gallium, germanium, thallium, tin and vanadium have 

an affinity for silicate minerals (Table 8; Vlasov, 1968). 
Stanniferous green andradite has been documented from tin
bearing massive sulfide deposits (Taylor, 1979; Dobson,
1982), while the garnet in magnetite skarns is also a common 
host for gallium (Vlasov, 1968).

At the San Antonio mine, Hewitt (1943) determined 
that the bulk of vanadium was present in the crystal lat
tices of silicate minerals, particularly hedenbergite.
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Vanadium was absent from only a few specimens of the 
silicates in Hewitt’s study, but is almost never found in 
sulfides; most silicates contain measurable amounts, while 
the maximum value obtained by Hewitt (1943) was from a 
hedenbergite-rich sample (Table 8). Hedenbergite is also a 
major host for manganese and germanium.

Manganese has an index of ionic replacement similar 
to that of iron (Green, 1959), for which it readily 
substitutes in the crystal lattices of both hedenbergite and 
andradite from the San Antonio Mine (Appendix D).

Ore and Gangue Minerals
Massive sulfide deposits whose principal ore 

minerals are cassiterite, galena, sphalerite, chalcopyrite 
and pyrrhotite typically are enriched in indium, cadmium, 
bismuth, thallium, gallium, germanium, silver, selenium and 
tellurium (Vlasov, 1968; Ivanov et al. 1969). Cadmium, 
indium, arsenic and bismuth are all produced as byproducts 
from the San Antonio mine.

There is commonly less gallium in sulfide minerals 
than occurs in the surrounding country rocks (Weber, 1973); 
that is also true at the San Antonio Mine (Tables 14 and 
15). Neither gallium nor germanium was detected by Burnham 
(1959), in either sphalerite or chalcopyrite from the San 
Antonio mine, although one specimen of sphalerite from the
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Potosi mine did contain 20 ppm gallium (Burnham, 1959).

No gold, selenium, tellurium or thallium were en
countered in either sphalerite or chalcopyrite from the San 
Antonio Mine (Burnham 1959). Where present, the bulk of the 
thallium in sulfide minerals occurs in galena and pyrrhotite 
(Weber, 1973); such is the case at the San Antonio Mine, 
where the only whole rock sample with measurable thallium 
was a galena-rich and pyrrhotite-rich manto (sample 179). 
Sphalerite. Zinc concentrates from the San Antonio mine 
have elevated concentrations of cadmium, indium, cobalt, 
gallium and manganese, relative to lead concentrates, 
suggesting that sphalerite is a host for these elements 
(Table 11).

Tin and indium behave similarly in sphalerite 
(Taylor, 1979). Early-formed sphalerite is somewhat richer 
in indium than later varieties (Vlasov, 1968). According to 
Vlasov (1968), the indium in indiferous cassiterite-sulfide 
districts is restricted to deposits in the centers of the 
districts. Steveson and Taylor (1973) noted a preferential 
uptake of indium by sulfides, relative to coexisting 
cassiterite. The absence of indium in cassiterite-rich ore 
from the upper workings of the San Antonio Mine (Sample 
#92502, Table 5), coupled with its restriction to sulfide- 
rich ore from the lower levels of the mine, supports these 
contentions.



Anti*oniferous sphalerite is generally argentifer
ous , while the arsenic and bismuth contents of sphalerite 
are erratic (Burnham, 1959). Only traces of bismuth were 
detected in sphalerite from the San Antonio mine (Table 10; 
Burnham, 1959).
Galena. Galena is the predominant host mineral for silver, 
antimony and bismuth (Table 12), which occur either in 
substitution for lead, or as inclusions of silver-bismuth 
sulfosalts (Angino, 1979). There is an extremely widespread 
association of bismuth with tungsten and tin (Angino, 1977). 
Samples in which galena predominates are enriched in 
bismuth, molybdenum, vanadium, arsenic, mercury, thallium 
and fluorine. Lead concentrates from the San Antonio mine 
are enriched in silver, copper, antimony, arsenic, bismuth, 
tin, vanadium and mercury (Table 11), suggesting that galena 
may be a major host for some of these elements. The only 
bulk samples from this study which contained more than 1 ppm 
thallium were a from galena-rich manto (sample #179, see 
Zoning) and the lead concentrates (sample 851, Table 11).

The propensity of bismuth and antimony to enter the 
crystal lattice of galena is a function of temperature, 
pressure and the chemical composition of the ore solution 
(Malakhov, 1969). Antimony and bismuth contents in galena do 
not appear to vary with host rock composition, but do 
increase with temperature and depth (pressure), relative to
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antimony (Malakhov, 1969).
Pvrite. Pyrite is compositionally zoned. For example, the

88

quantity of cobalt incorporated by pyrite increases with 
depth (Hawley, 1951), while the arsenic content of pyrite 
increases upward.
Pvrrhotite. A pyrrhotite-rich manto on the twelfth level of 
the San Antonio Mine has elevated concentrations of arsenic, 
indium, thallium and tin (see Vertical Zoning); however, 
sphalerite and galena are present in the same sample 
(#179).
Chalcopyrite♦ The association of indium with tin is well 
known; both elements are present in chalcopyrite from the• 
San Antonio mine (Table 12, Burnham, 1959). Like indium, the 
tin content of chalcopyrite is highly consistent, as opposed 
to concentrations of these elements in sphalerite (Burnham, 
1959). According to Vlasov (1968), the diadochy of indium in 
chalcopyrite is greater than, or equal to, that of indium in 
sphalerite. However, two samples from the San Antonio mine 
that were analyzed by Burnham (1959), contained more indium 
in sphalerite than chalcopyrite (Tables 10 and 12). Further
more, copper is preferentially concentrated in lead concen
trates from the San Antonio Mine, relative to zinc concen
trates, whereas the indium content is an order of magnitude 
higher in the zinc concentrates (Table 11). Thus, in this 
instance, it would appear as if indium has a greater



affinity for zinc than copper and that sphalerite is its 
major host.

Molybdenum at the San Antonio Mine shows a corres
pondence with lead and copper, rather than zinc (Table 11; 
Burnham, 1959).

No antimony, arsenic, bismuth, gallium, germanium, 
molybdenum, gold, selenium or thallium were detected in 
chalcopyrite from the San Antonio mine (Table 12).
Iron and Manganese Oxides. Elevated metal contents in 
volcanic rocks above the San Antonio Mine are associated 
with manganese oxides (Table 9). Vanadium, cadmium, 
fluorine, cobalt, nickel, barium and bismuth concentrations 
are highest where limonite is also present. Tungsten is 
restricted to occurrences which contain both manganese and 
iron oxides.
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Bulk Rock Characteristics

Background Levels
Background values for selected rock types, both 

worldwide and in the San Antonio Graben, are listed in 
Tables 13 and 14. Where sufficient data exist, the upper 
limit for background values in a particular host rock was 
calculated as the median value of the data, while the upper 
threshold level was graphically determined to be the value 
at 97.5% of the sample population for a specific element.



The upper 2.5* of the data for a particular element in a 
specific host rock was defined to be anomalous.

Limestone
Elevated metal contents in the Upper Fossiliferous 

limestone are associated with pyrolusite and hematite 
selvages on manganiferous calcite veinlets. Although the 
surface sampling traverse was extended at both extremes in 
an attempt to find unaltered rocks (Plate 1), limestone at 
both ends of the traverse continued to have metal concentra
tions which are slightly elevated above background levels 
(Table 14, see Surface Geochemistry). Manganiferous calcite 
veinlets and fractures with hematite and manganese oxide 
fillings continue out of the study area to the east and 
west. The only limestone sample which was devoid of silver, 
lead, zinc, copper and iron was taken 8 km north of the San 
Antonio mine.

Metal concentrations in the Blue Limestone are asso
ciated with calcite veinlets or nearby sulfide mineraliza
tion.

Conglomerate
Base and trace metal values in the Basal 

Conglomerate are less than or equal to background values, 
except where it is pierced by mineralized structures. The 
Basal conglomerate is relatively unmineralized, although the
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matrix has a high iron content. However, at the East fault, 
major and trace metal contents are higher for conglomerate 
than for limestone-hosted manganiferous calcite veinlets 
(see Surface Geochemistry).

Volcanic Rocks
Metal concentrations in the Capping Series volcanics 

are proportional to the intensity of alteration, with the 
highest values being recorded from the center of the graben. 
Manganese staining is pervasive in fractures along the 
sampling traverse; hematite also coats fractures in the 
volcanics, particularly in rhyolite, having formed by the 
oxidation of disseminated pyrite.

In the Middle Camp, the greatest metal concentra
tions are found in calcite veinlets containing iron and 
manganese oxides; values of up to 85 ppm Cd, .17% Pb and 
.37% Zn were measured by Silva and Morales, (1978).

Geochemistry of Skarn Ore
Skarn ore from the San Antonio Graben is enriched in 

antimony, arsenic, tin, tungsten, fluorine, bismuth, cadmi
um, cobalt and indium, while gallium, germanium and thallium 
are depleted relative to limestone (Tables 14-20). Negligi
ble amounts of gallium, germanium and thallium in ore from 
the San Antonio Mine contrast sharply with the enrichment of 
these elements which occur in syngenetic, sediment-hosted,
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lead-zinc deposits. The absence of germanium is especially 
surprising, as it is commonly associated with tin-silver and 
quartz-topaz mineralization (Weber, 1973).

As a general rule, horizontal mineral zoning and 
elemental distributions were similar on levels 14 and 8. 
Differences in trace element content reflect the effects of 
vertical zonation, with minor contamination by oxidation 
products.
Manganese, Potassium and Sodium. The zoning of sphalerite 
and manganohedenbergite relative to the sericitized, 
silicified San Antonio dike is shown by the position of 
manganese maxima, relative to peaks in the sodium and 
potassium profiles (Plate 5).

A noticeable contrast between results of analyses of 
samples on the eighth and fourteenth levels is the absence 
of potassium from the center of a dike on level 8 (Plates 5 
and 11). Silicification of its core has resulted in the 
destruction of orthoclase, with increasing content of 
potassium towards the outer dike margin. Plagioclase feld
spar appears to have been less affected than potassium feld
spar by silicification, as shown in thin section and by a 
sodium peak over the center of the dike (Plate 11). The 
potassium content of sample 839 stems from a 1-2 cm stringer 
of felsite which occupies a bedding plane.
Base Metals. The distribution of base metals on the eighth
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and fourteenth levels corresponds to the presence and zoning 
of skarn mineralization (Plates 4, 6, 10 and 12). The 
troughs in the center of the base metal profiles (Plates 6 
and 12) correspond with the felsite dike and its surrounding 
zones of calc-silicate minerals.

The right hand (eastern) portion of the section in 
Plate 6 shows a distinct separation between the profiles of 
silver, lead, and iron on one hand and those of zinc and 
copper on the other. This is ascribed to the zonation of 
pyrite and galena relative to sphalerite and chalcopyrite. 
Arsenic. Antimony. Tungsten. Indium and Bismuth. Little 
correspondence was noted between the distributions of these 
elements in skarn and those of the base metals (Plates 6, 7, 
11 and 12). However, like lead, silver and iron within the 
ore, arsenic, antimony and tungsten show an overall increase 
away from the dike.

Slight offsets of arsenic and antimony maxima and 
minima reflect differences in the zoning of their host 
minerals; for example, arsenopyrite and iron sulfides 
generally occur nearer to the dike than galena, the primary 
host mineral for antimony. Troughs in the antimony and 
arsenic profiles over the ore body correspond with zones 
where silicates predominate. Tungsten shows an outward 
increase, away from the dike, and has a higher average 
concentration on the Eighth Level than on the Fourteenth
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Indium is absent from the eighth and higher levels 
of the mine. The number of samples which were analyzed for 
indium (98) precludes the possibility that this absence 
results from statistical variation, rather than metal 
zonation.

Indium and bismuth contents within the ore body 
decrease outwards, away from the San Antonio dike. Also like 
indium, bismuth concentrations are highest for skarn ore on 
the west side of the San Antonio dike. Bismuth reaches its 
greatest abundance in zone two (samples 830 and 808, table 
16), on the innermost side of the most lead-rich sample 
intervals (Tables 15 and 16).

Although bismuth has a close affinity for lead, 
concentrations of the two elements are not directly 
proportional: antimony values are more a function of lead 
contentration than bismuth. However, bismuth content is 
roughly proportional to tungsten and arsenic abundance 
(Tables 15 and 16).
Cadmium. Cobalt and Nickel. Cobalt concentrations decrease 
away from the San Antonio Dike (Plate 8). Cadmium exhibits a 
marked affinity for the zinc in sphalerite (Plates 4, 6 and 
8). The nickel profile is most similar in outline to those 
of arsenic and iron.
Tin, Vanadium and Fluorine. Tin values from the ore chimney

level.
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are highest in silicate-rich skarn zones and lowest in 
sphalerite-rich zones (Plates 4 and 9, Table 16). Vanadium 
within the ore body shows an affinity for sphalerite-rich 
zones. The distribution of fluorine reflects the zoning of 
fluorite within the ore body (Plate 9, Figure 11).
Other Elements. Elements which reach their highest 
concentrations in the San Antonio dike include: rubidium, 
strontium, chromium, hafnium, lanthanum, niobium, titanium, 
yttrium and zirconium. Strontium values are highest in the 
center of the dike, while rubidium attains its greatest 
concentrations in the highly altered dike margin. Cesium and 
gold values are highest in zone 2, immediately adjacent to 
the dike. Thorium, uranium and aluminum also reach their 
peaks in and around the San Antonio dike.

Calcium concentrations are highest in the skarn 
body, being roughly proportional to those of magnesium. 
Barium and ytterbium maxima exist in the skarn interval with 
the most fluorine.

The most consistent variation is shown by gallium, 
which has concentrations of 30 ppm to 40 ppm in limestone, 
but less than that in skarn mineralization (Table 16).

The elements beryllium, lithium, selenium, 
tellurium, boron and molybdenum, are present in trace 
amounts on the Fourteenth Level and show little variation 
with changes in mineralogy. Germanium, thallium, europium
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and iridium are essentially absent.

Geochemistry of Fracture Fillings and Veinlets
Trace metal values in bulk rock and fracture filling 

samples, adjacent to skarn ore, reveal the existence of both 
diffusion aureoles and leakage anomalies around the 
deposits. Nevertheless, a sharp contrast in metal content 
exists between fracture fillings and solid rock.

On the Fourteenth Level, fractures and veinlets with 
anomalous manganese, arsenic, antimony, indium, cadmium, tin 
and fluorine concentrations have the proper orientations to 
connect with underlying, unexposed skarn ore, intersected 16 
m below by underground drilling (Tables 21-23, Plates 2-9). 
Although the total percent sulfide minerals in fractures 
decreases laterally away from the exposed ore body, the 
trace element content of fractures increases exponentially 
towards the unexposed ore chimney, with which some of the 
fractures connect (Plates 3, 4 and 7).
Manganese, Potassium and Sodium. The concentrations of 
these elements in fractures on the Fourteenth Level are 
highly variable; those of potassium show a general decrease 
away from Known ore.
Base Metals. With the exceptions of zinc and iron, values 
for the major base metal contents in calcite-sulfide 
veinlets on the Fourteenth Level are lower away from ore
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than they are immediately adjacent to it (Table 21).

On the Eighth Level, metal values in the western end 
of the drift at 2300 N are derived from secondary oxides in 
fractures, while those in the eastern end of the drift 
result from primary mineralization. Fracture density 
increases towards the center of the drift, at the West Fault 
(Sample 691), as does the abundance of skarn. Silver, lead, 
zinc and iron concentrations increase slightly towards the 
east end of the drift, in conjunction with occurrences of 
pink, manganiferous limestone or pyrite and sphalerite blebs 
in fractures (Table 18).

While all of the fracture fillings that were sampled 
on the 1720 N traverse (Eighth Level) have anomalous metal 
contents, number 995 was the only sample in which sulfide 
minerals were observed. Sample 995 consists of a 1 cm 
sphalerite-chalcopyrite veinlet, with pink limestone 
selvages, minor pyrolusite dendrites and trace hematite; in 
mottled, very fine-grained recrystallized limestone. Samples 
996-998 are composed of fractures with pyrolusite selvages 
that have bleached margins; these fractures contain white or 
black calcite, in addition to minor hematite.

Unlike silver and lead, which occur in both calcite 
veinlets and limestone breccia in the ramp accessing the 
Eighth Level (Plate 10, Tables 17 and 19), copper and zinc 
are largely restricted to sulfide-bearing samples in ore
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adjacent to the dike. It is noteworthy that the silver and 
lead contents of calcite veinlets and limestone breccia in 
the ramp are of the same magnitude as clots of sulfides 
adjacent to fractures on the ore perimeter. Plumbiferous and 
argentiferous fluids appear to have infiltrated for at least 
20-40 m laterally along structures proximal to skarn bodies 
(Plate 10).
Antimony. Arsenic. Tungsten. Indium and Bismuth. Although 
tungsten is absent, a good correlation exists between 
antimony, arsenic and indium in fractures on the Fourteenth 
Level and their base metal fillings (Table 21). It is note
worthy that the antimony and arsenic contents of veinlet 
samples VFlf and VF2f are higher than those of the exposed 
skarn ore.

The bismuth content of calcite-sulfide veinlets 
decreases away from the San Antonio dike. Variations in the 
bismuth concentration of fracture and veinlet minerals are 
directly proportional to arsenic content, but show no strict 
correla-tion with tungsten, antimony, silver or lead (Tables 
21 and 22).
Cadmium. Cobalt and Nickel. Cadmium is only present in the 
sphalerite of veinlets, while the cobalt content of minerals 
in fractures and veinlets is uniformly low (Table 22).
Little contrast was noted between cobalt, nickel, tungsten
or vanadium values of minerals in fractures versus
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concentrations in limestone. For example, the cobalt and 
nickel content of limestone in sample 818 is greater than or 
equal to those of any fracture filling, except the fracture 
represented by sample #182. Nevertheless, the nickel content 
in the fillings are still greater than or equal to values 
for the exposed ore body. Slightly higher cobalt and nickel 
values in sample #182 could be due to the presence of 
pyrite, or contamina-tion by metal tools.
Tin. Vanadium and Fluorine. Sulfide-bearing veinlets are 
the only ones with appreciable fluorine (Table 22). A 
noticeable increase occurs in sample VFlf. Like fluorine in 
veinlets, the highest tin values are in veinlets containing 
sphalerite and other sulfides, particularly in the veinlet 
nearest the unexposed chimney (sample VFlf).

Vanadium within the ore body shows an affinity for 
sphalerite-rich zones, but that is not the case for sphaler
ite of fractures. Vanadium attains its greatest concentra
tion in a calcite-sulfide veinlet which also contains 
anomalous quantities of nickel (sample #182, Table 22;
Plates 3, 4, 8 and 9). Nevertheless, vanadium concentrations 
in fractures and veinlets are only slightly greater than 
that of the limestone in sample 818 (Plate 9).
Other Elements. Gallium, lanthanum, nickel and europium 
concentrations in calcite fracture fillings are higher than 
values in sulfide veinlets (Table 22). On the other hand, no
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variation in germanium, thallium, and iridium concentrations 
was seen, because these elements are essentially absent. 
However, there does seem to be a correspondence between 
molybdenum concentrations in fractures and their cobalt and 
nickel contents.

Surface Geochemistry
A pronounced geochemical leakage anomaly exists at 

the surface of the San Antonio graben and in the surrounding 
area. Pathfinders include F, As, Cd, Sb, W, Bi, In, Sn and 
Hg, listed here in approximate order of decreasing concen
tration above background levels (Tables 13 and 14).
Anomalous amounts of Fe, Mn, Ba, Pb, Zn and Ag are also 
measurable (Tables 24-26).

Outcrops of lead-rich skarn ore persist west of the 
West fault from sample #853 through sample #916 (Plate 1). 
Cadmium, zinc and lead anomalies extend from the West Fault 
to outcrops of oxidized mantos in the vicinity of sample 
numbers 930 and 937 (Plate 6, Tables 24 and 26). Fissures of 
skarn ore were encountered at sample locations 853, 906,
909, 910, 913 and 914, while trace quantities of unoxidized 
sulfides were observed in samples 904, 905, 911, 921 and 
922.
Base Metal Assays. Base metal and silver values in lime
stone are associated with manganiferous calcite veinlets, in



101
addition to clots of pyrolusite, hematite and calcite (with 
or without quartz). Fractures with calcite fillings and 
pyrolusite or hematite selvages also have elevated base 
metal contents.

Owing to the outcropping of skarn and manto mineral
ization, metal values are greatest in the western footwall 
of the San Antonio Graben. Pink manganiferous limestone to 
the west of the West Fault also has elevated metal contents 
(sample ECPC, Table 7). It is noteworthy that silver and 
copper concentrations greater than 16 ppm and .01 %, 
respectively, were not encountered to the east of sample 906 
(Plate 1, Table 24), not even in oxidized skarn ore along 
the West Fault. The abundances of both copper and silver 
gradually decrease towards the eastern portion of the San 
Antonio Graben.

The concentrations of both lead and zinc remain at 
or above threshold levels, even though they diminish towards 
the east of the graben. Lead:zinc ratios are greater than 
those from the lower workings.

Iron distribution is more erratic than the other 
metals, owing to its greater mobility in the surface envi
ronment. Nevertheless, there exists a rough correlation 
between iron concentrations and those of the other metals. 
Iron exhibits a general decrease away from the West Fault, 
towards both the east and west.
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Other Elements. Samples from the surface traverse were 
analyzed for elements other than the base metals (Table 26). 
As one might expect, there is a rough correlation between 
trace element distribution and base metal content. However, 
trace metal values persist where major elements have been 
removed by meteoric waters, particularly along the East and 
West Faults (samples 853, 895 and 896; Tables 24 and 26). 
Trace elements have also been concentrated in manganese 
oxides, so that a correlation exists with manganese content. 
Antimony, arsenic, tin, tungsten, vanadium and fluorine have 
a wider distribution than do silver, lead, zinc and copper, 
particularly in manganiferous calcite veinlets.

A systematic decrease in arsenic and antimony 
abundance from west to east is evident. Tungsten concen
tration is highest in a sample from the West Fault (Table 
26). In contrast, barium and gallium levels are both 
greatest to the east of the graben.

Tin was detected only in the center of the graben 
(sample #857, Table 26), where lanthanum, ytterbium and 
europium also attain their greatest concentrations. Although 
sample #879 was not analyzed for tin, fillings from else
where along the Dolores fissures averaged greater than 1% Sn 
at the surface and have been completely removed. Fluorine is 
primarily concentrated in faults, fractures and dike 
contacts of both north-south and east-west orientations.



Outcrops of fluorite occur to the south of the study area 
along the East, West and Central Faults (Plate 1).

Vanadium and nickel show a slight increase towards 
the perimeters of the graben, as does fluorine. Little 
variation in cobalt concentrations was apparent (<6 ppm). 
Cadmium contents were proportional to those of zinc. The 
distribution of potassium, sodium, calcium and aluminum is 
largely a function of lithology.

No indium or germanium was detected, while thallium 
was only encountered in one surface sample (#853, Table 26). 
Measurable amounts of Mo, Ag, Hg, Ti, Li, Cr, Th, U and Zr 
were detected in oxidized skarn ore; the same sample (#853) 
was devoid of Te, Be, Nb, Ta, Rb, Cs, Hf, Ir and Y. 
Ultraviolet Survey. The surface traverse was scanned at 
night, with high and low frequency ultraviolet light; the 
eighth and fourteenth level sampling traverses were also 
scanned. No scheelite was observed, although two hues of 
luminescent calcite are present. Certain growth zones of 
coarse-grained calcite rhombohedrons and scalenohedrons 
fluoresce pink, while acicular and bladed calcite 
phosphoresces a pale bluish-green. Pinkish fluorescence is 
ascribed to the presence of manganese in recrystallized 
limestone, while bluish phosphorescence is ascribed to the 
presence of strontium.

The fluorescent calcite was found to occur within
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several hundred meters of ore occurrences
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DISCUSSION

Alteration
Although host rock lithology influenced the extent 

of each alteration type within individual units, the general 
control on alteration appears to have been fluid composi
tion, as evidenced by the occurrence of most alteration 
types in both igneous and carbonate rocks. Exceptions to 
this are argillization and sericization, which are 
restricted to igneous rocks, as well as dolomitization, 
which required the calcite in limestone as a source of 
calcium carbonate.

Fractures in both carbonate and volcanic rocks that 
were infiltrated by ore fluids have bleached envelopes and 
pyrolusite or hematite selvages. Fractures in chert nodules 
are also surrounded by bleached areas and oxide selvages, 
but, unlike those in limestone, do not have a calcite 
filling.

Paragenesis
An initially magnesian silicate assemblage apparent

ly evolved into a sulfide-rich, ferruginous, manganiferous, 
calcic skarn.

Although the mineralizing event post-dated dike
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emplacement, injection of the San Antonio dike system is 
interpreted to have been instrumental in preparing passage
ways for the rising hydrothermal fluids. The shattering and 
brecciation of carbonate and volcanic host rocks at contacts 
with dikes of all compositions created open space for 
mineral deposition and increased the surface area with which 
fluids could react. Evidence for the relative timing of ore 
mineralization to dike emplacement is provided by the 
fracturing and offset of dike members, prior to filling of 
the fractures with sulfides (Plate 4). This offset shows 
that the felsite had solidified enough to undergo brittle 
deformation before the hydrothermal fluids were introduced. 
That the ore fluids were injected into, and not out of, the 
San Antonio dike is suggested from the low total sulfide 
content of the dike interiors (l%-2%, by volume), relative 
to mineralized dike margins (10X-15X) and by the inward 
decrease in abundance of sulfide grains and veinlets towards 
the dikes' centers. Some dikes are relatively unaltered, 
lacking mineralization at their margins, and have no 
physical connection with ore.

Dispersion
The spreading and dispersion of elements during 

hydrothermal ore formation, into wall rocks surrounding a 
mineral deposit, is referred to as primary dispersion.
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Secondary dispersion after primary deposition is the 
remobilization of soluble metals after by meteoric water; it 
is generally restricted to the vadose zone.

Infiltration of hydrothermal fluids through faults, 
fractures and dike contacts appears to have been the 
predominant flow mechanism. Relative distances from ore that 
elements in the hydrothermal fluids infiltrated structural 
openings and diffused along intergranular boundaries are 
listed in Table 27. Numerical values for adjacent samples 
may be scaled from Plates 5, 6, 7, 8, 9, 11, 12, and 13, or 
read from Tables 15 through 23.

Primary Dispersion
Leakage anomalies of base and trace metals are 

present along faults and fractures, in and around the San 
Antonio Graben. Unmineralized, unfractured limestone was 
generally devoid of detectable metal values, so that 
measurable levels of most metals were usually only found 
near ore.

Evidence for the relative effectiveness of infiltra
tion and diffusion as fluid transport mechanisms is shown by 
their respective values in Table 27, those for infiltration 
are an order of magnitude greater. Diffusion of hydrothermal 
fluids into the walls of fractures and veinlets was negligi
ble, as shown by the low metal contents of the bleached
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selvage on the veinlet in sample VF1 (Table 28) and of the 
enclosing limestone (sample #826).

Primary lead occurs as galena and is generally 
restricted to ore bodies or calcite veinlets within a few 
tens of meters of ore (Plates 3, 4 and 6). As with the other 
metals, lead values decrease logarithmically with distance 
into wall rock adjacent to economic mineralization (Plates 6 
and 12). Primary silver dispersion was similar to that of 
lead.

As is also the case with manganese and iron, 
antimony and arsenic are widely dispersed in the volcanics 
and along fractures above the San Antonio mine. Lateral 
dispersion is limited, however.

Although only two samples from the east end of the 
1720 N traverse were analyzed for antimony, arsenic and 
tungsten, both the whole rock and fracture samples (#619 and 
#999, respectively) contained measurable quantities of 
arsenic (Tables 17 and 23). Because lateral diffusion is 
restricted to within several meters of the known ore body, 
the aforementioned arsenic concentrations are ascribed to 
infiltration during the formation of adjacent, unexposed 
mineralization. Tungsten contents of a few ppm are present 
in limestone-hosted fractures above the San Antonio mine, at 
the surface, showing that considerable upward infiltration 
took place.
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Secondary Dispersion

Trace elements which substitute into the crystal 
lattices of primary minerals are released upon solution of 
the host minerals. The mobility of elements following 
solution is largely a function of their solubility in 
meteoric water; solubility determines which elements remain 
at the surface and which are transported downward, to be 
concentrated in lower levels of the system. Solubility, in 
turn, is a function of pH and Eh.

For some elements, primary zonation is more 
important in determining an element's distribution at the 
surface than secondary dispersion; such is the case with 
barium, bismuth, indium and vanadium. Bismuth and indium are 
relatively immobile under surface conditions, but are mostly 
absent at the surface, owing to their upward zonal decrease 
(see Surface Geochemistry, Metal Zoning). In contrast, 
barium and vanadium are slightly to moderately mobile at the 
surface, but remain in anomalous amounts, because of their 
upward increase in primary concentration.

Lead is restricted to within less than ten meters of 
source outcrops in the San Antonio Graben (Morales, 1977). 
The lead oxide minerals cerussite, mimetite, pyromorphite 
and wulfenite commonly have cores of galena, showing that 
the remobilization of lead during oxidation was incom
plete. Morris and Lovering (1952) observed that lead in
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efflorescences from meteoric water at Tintic, Utah failed to 
move perceptibly in 25 years.

Silver is only slightly more dispersed than lead at 
the surface of the San Antonio Graben (Morales, 1977). It is 
a good indicator of underlying mineralization, particularly 
when used in conjunction with lead. However, considerable 
amounts of lead and silver are removed during weathering, 
approximately one and two orders of magnitude less than the 
original concentrations, respectively (compare samples #853 
and #691, Tables 18 and 24). Silver percolating downward in 
oxidizing solutions is immediately precipitated at the 
sulfide/oxide interface (Morris and Lovering, 1952).

Manganese and iron are the most widely dispersed 
elements in the vicinity of the San Antonio Mine. Manganese 
and iron staining persist along fractures for up to 2 km 
into the footwalls of the San Antonio Graben.

Following manganese and iron, zinc is the most wide
spread metal at the surface of the San Antonio Graben. Ele
vated zinc values extend for more than, a hundred meters from 
outcrops with lead and silver anomalies, while cadmium en
richment is noted tens to hundreds of meters from the same 
outcrops (Morales, 1977). Owing to the greater mobility of 
zinc in meteoric water, secondary zinc minerals are found at 
lower elevations in the mine than secondary lead minerals.

Cadmium is slightly less mobile than zinc in oxy-
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genated water. Approximately one tenth of the original 
concentrations of each metal is left in oxidized ore at the 
surface. The mercury content of ore mineralization is 
relatively unchanged with oxidation.

Although copper is moderately mobile in arid, 
near-surface environments, its paucity in the primary ores 
precludes the occurrence of widespread copper staining. 
Traces of malachite, azurite, aurichalcite and rosasite are 
observed in the oxide zone, however.

Cobalt and nickel are less mobile than iron and 
manganese, leaving a clue to the former presence of cobalt 
and nickel-bearing iron pyrite (Rose et al., 1979). Nickel 
is more mobile than copper in meteoric water, but less so 
than cobalt (Camney et al., 1964). Outcrops of skarn ore at 
the surface of the San Antonio graben have one hundredth to 
one thousandth the copper content of ore at depth, while the 
cobalt and nickel contents of ore are relatively unchanged 
as a result of oxidation (compare samples 853, 691 and 831; 
Tables 17, 20, 24 and 26).

While Rose et al. (1975) report that antimony and
arsenic are moderately mobile in oxidized surface environ
ments, concentrations of these elements have the same order 
of magnitude at the surface of the San Antonio graben as at 
depth (samples 853, 857, 691; Tables 15, 16 and 26). As at 
Tintic, Utah (Anderson, 1964), arsenic and antimony are
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concentrated in secondary manganese oxides, rather than in 
primary manganese carbonates.

Although fluorine remains at the surface, in the 
form of fluorite, the remainder of the halides are highly 
mobile under surficial conditions and have been removed 
during weathering, to be precipitated with silver. Boron, 
molybdenum, selenium and tellurium are also highly mobile 
under oxidizing, surficial conditions and have been removed 
by weathering.

In decreasing order of effect: Zn, Cd, Cu, Ag, Pb 
and Mo are dispersed during oxidation and weathering, while 
As, Sb, Sn, W, Co, Ni, Bi, Hg and F remain at the outcrops 
of origin. Although vanadium is removed from sulfides 
during oxidation, it persists in measurable quantities at 
the surface, because hedenbergite and other silicates are 
the principal hosts (Hewitt, 1943).

Zoning
Mineral Zoning *

Skarn ore is zoned, relative to the San Antonio dike 
system and the enclosing graben. Ore fluids flowed along the 
dike margin for hundreds of meters vertically without signi
ficantly changing composition. However, once the fluids 
began moving laterally into limestone, rapid changes in 
solution chemistry occurred, changes that were recorded by
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the eineralogic zoning. Banding in the skarn ore is parallel 
with its altered outer fringe (Figures 6 and 7), as are 
zonal boundaries (Plate 4). This evidence appears to 
indicate that fluids which flowed perpendicular to conduit 
walls followed as a front behind the bleaching and 
recrystallization of limestone.

Increasing oxygen fugacity, coupled with a decreas
ing fugacity of sulfur, is inferred to have resulted in the 
upward zonation of stannite to cassiterite in addition to 
the fixation of iron as magnetite and specularite, rather 
than as pyrite or pyrrhotite.

Metal Zoning
Although major element distribution reflects mineral 

zonation, various trace elements exhibit significant varia
tions from mineralogic trends, particularly Bi, In, Cd and 
As (Tables 29 and 30, Figure 17, Plates 5-9). No systematic 
variation in Au, U, Li, Be, Te or Ge was noted.

Chimney mineralization is almost invariably zinc- 
rich (Table 15), in contrast with mantos, which are enriched 
in lead (Table 31). Mantos contain both indium and bismuth, 
albeit in lower levels than do chimneys. The highest 
thallium concentration (10 ppm) was obtained for a manto 
sample (#179, Table 31), whereas only one sample of chimney 
ore contained detectable levels (1 ppm, sample 853; Table



Horizontal Zoning. Horizontal zoning on the fourteenth
26).
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level of the San Antonio mine exhibits a pattern similar to 
that of the deposit in general (Tables 29 and 30, Plates 5- 
9). The affinity of Ag for Pb and Cu for Zn is shown by the 
separation of the respective profiles at the eastern end of 
Plate 6. Peaks in the Pb profile are usually offset towards 
limestone from those of zinc. The highest tin values occur 
in silicate-rich zones. A comparison of analyses from the 
East and West Faults (Table 32) indicates that concentra
tions of most metals decrease towards the east of the San 
Antonio Graben.

Zonation of metals in fractures and veinlets gener
ally corresponds with that of the ore bodies (Table 30), 
with some important exceptions, the most noteworthy of which 
are shown by Cu and In on the fourteenth level (see Test of 
Method; Plates 5-9, Tables 21, 22 and 30).
Vertical Zoning. Vertical and horizontal metal zoning are 
similar (Tables 29-33). The vertical zoning of metals in 
skarn ore in the West fault at 2300 N is shown in Table 34 
(Plate 1).

In the San Antonio Graben, indium is restricted to 
the lowermost 200 m of an 800 m column of skarn 
mineralization. The indium content of mantos decreases 
dramatically between levels 14 and 12 of the San Antonio



Mine, as does that of manganese (Table 31). Mantos from 
similar horizons in both the East and West mining camps are 
indiferous (Table 31).

Above the groundwater table, the effects of exogenic 
processes are superimposed upon endogenous elemental distri
bution. Meteoric water has scavenged and reconcentrated 
metals as a function of their solubilities. In decreasing 
order of magnitude: Zn, Cd, Cu, Ag and Pb are dispersed 
during oxidation and weathering, while As, Sb, Sn, W, Co,
Ni, Bi, Hg and F remain near the outcrops of origin.

Although vanadium is removed from sulfides during 
oxidation, it persists in measureable quantites at the sur
face, because silicates are the primary hosts, particularly 
hedenbergite (Hewitt, 1943). As a result of the varying 
solubilities of their constituents, vanadinite and 
descloizite occur between the third and sixth levels of the 
mine, 200-300 m below the surface, while cadmian smithsonite 
is prevalent on levels six through eight, 300-350 m below 
the collar of the San Antonio shaft. Levels six through 
eight are also marked by the predominance of the secondary 
zinc minerals, smithsonite and hemimorphite, over the lead 
oxidation products angle—site, cerussite, massicot and 
plattnerite. The latter assemblage is most common in the 
overlying levels.
Metal Ratios. Metal ratios emphasize the trends exhibited
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by individual elements; Cd/Zn, Ag/Zn, Pb/Zn, Pb/Cu, Pb/Bi 
and Sb/Bi ratios increase laterally and towards the surface, 
relative to Ag/Pb, Cu/Ag, Co/Ni and Rb/Sr ratios, which are 
zoned inwards, towards the center of mineralization (Table 
35). Sn/V ratios increase laterally and vertically within 
the ore system, with depressed values in the Cocks ore 
bodies resulting from the secondary enrichment of vanadium. 
Co/Ni and Rb/Sr ratios decrease outwards, attaining wall 
rock values at the margins of ore bodies.

Source of Heat
The restriction of skarn outcrops to the western * 

footwall of the San Antonio Graben provides evidence that, 
from hot to cold, the temperature gradient during ore 
deposition was from west to east. Apparently, the source of 
both hydrothermal fluids and heat was slightly to the west 
of the graben, an inference in accordance with the observed 
metal zoning. Although related both spatially and genetical
ly to skarn formation, the San Antonio dike appears to have 
been too thin and discontinuous to have provided the neces
sary volume of fluids or to have acted as a heat source.

Source of Metals
The ultimate origin of the metals is inferred to be 

magmatic. Supporting evidence for this conjecture includes 
negative sulfur isotope values for ore (Megaw, 1986) and the
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occurrence of ore mineralization with felsite and micropeg
matite dikes. A comparison of Tables 13, 14 and 36 shows 
that concentrations of elements in the ore bodies are 
elevated 100’s to 1000’s of times the Clarke for most of the 
elements. The relative paucity of hydrothermal alteration, 
coupled with its restriction to a few major structures, is 
inconsistent with the amount of fluid circulation which 
would have been necessary to leach the metals forming the 
ore bodies from the enclosing rocks at the elevations 
observed and concentrate them to the values that are 
present.

The intrusion which furnished the metals is inferred 
to be to the southwest of the San Antonio graben, at depth. 
As supporting evidence, concentrations of Cu, Zn, Bi, Ag,
As, Fe, F and W increase downwards and to the southwest, in 
addition to Ag/Pb, Cu/Ag, Co/Ni and Rb/Sr ratios; Pb, Ba, V, 
Hi, Ga and la values increase in the opposite direction, as 
do ratios of Cd/Zn, Ag/Zn, Pb/Zn, Pb/Cu, Pb/Bi and Sb/Bi 
(Table 35). Contours of Ag, Pb, Zn and Cu prepared by Walter 
(1985) parallel ore chimneys, raking approximately 30° from 
vertical, northwards along the West fault.

Test of Exploration Method
The premise of this study is that the presence and 

conation of certain trace elements in fractures and veinlets
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surrounding Fe-Zn-Mn-Pb-Ag skarn and cassiterite-bearing 
massive sulfide deposits can be used as a guide to these 
deposits. A test of this exploration method is provided by 
the results of sampling on the Fourteenth and Eighth Levels 
of the San Antonio Mine.

On the Fourteenth Level, concentrations of Mn, Ag,
Pb, Cu, In, Sn, F, Ni, Ga, Yb and Bu in fractures and vein- 
lets increase away from known mineralization, even though 
there is an exponential decrease in whole rock total sulfide 
and metal contents adjacent to exposed ore. Indeed, the 
highest As, Sb, Mn, Ni and V values are found in calcite- 
sulfide veinlets, rather than the exposed ore body (Plates 
5-9, Tables 15, 16, 21 and 22). Clearly, there was another 
source for metals in the veinlets than the ore body being 
mined, shown by underground drilling to be an underlying 
chimney of skarn mineralization (Plate 2).

On the Eighth level, at 1720 N, the absence of 
sulfide grains from sample 610, coupled with the proximity 
of a sphalerite-pyrite veinlet in sample 995, argue against 
the exposed skarn body as a source for disseminated sulfide 
mineralization in sample 611 (Tables 17 and 23, Plates 10 
and 11). Elevated base metal concentrations from fractures 
and limestone exposed in the workings might be evidence for 
the presence of nearby sulfide mineralization which has been 
encountered by core drilling (Plates 10 and 11).



At 2300 N, silver, lead, zinc and iron concentra
tions increase slightly towards the east end of a drift, in 
conjunction with occurrences of pink, aanganiferous lime
stone or pyrite and sphalerite blebs in fractures (Table
18). Underground angle holes have drilled into skarn 
mineralization which envelopes dikes directly east of the 
drift’s termination at 1150 E (Plate 2).
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CONCLUSIONS

Genetic Considerations
Foremost among genetic considerations is the 

relationship of mineralization to the San Antonio dike 
system and structures in the San Antonio Graben.

Paragenesis
Although closely related, both spatially and gene

tically, to skarn formation, emplacement of the San Antonio 
dike system predates skarn formation. Nevertheless, shatter
ing and brecciation of wall rocks during dike emplacement 
was instrumental in preparing conduits for subsequent ore 
fluids.

Structural Controls on Mineralization
Steeply-dipping faults of the San Antonio Graben 

strongly influenced ore body geometry and zoning. The 
zonation of massive sulfide and tin ore mineral assemblages, 
relative to structures hosting earlier-formed skarn mineral
ization, indicates that the same plumbing system remained 
open for the duration of economic mineralization.

Dilation at changes in fault orientation, particu
larly along the West Fault, the Dolores Fissures and direc
tly north of the San Antonio shaft (Plate 1), produced open
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space for chimney mineralization; intersections with faults 
transverse to the San Antonio Graben also host ore chimneys.

Dispersion of Metals
The distance from ore that measureable metal concen

trations extend into fractures is an order of magnitude 
greater than the corresponding distance into solid lime
stone. For example, values above threshold levels persist in 
fractures for tens of meters laterally and hundreds of 
meters vertically away from ore hosted by the West Fault, 
but are limited to 1-5 m horizontally and 20 m vertically 
into wallrocks adjacent to the same deposits. This drastic 
contrast in metal dispersion provides proof that infiltra
tion was the predominant mechanism of fluid transport and 
that diffusion was limited.

Metal Zonation
Lead, barium, tin, antimony, tungsten, cadmium, mer

cury, vanadium, nickel and gallium measurements within a 
representative ore chimney at 2300 N increase from its 
center to the outer contact, concomitant with decreasing 
indium, bismuth, copper, cobalt, fluorine, silver, arsenic, 
zinc and molybdenum concentrations. Indium is restricted to 
the lower 200 m of an 800 m column of mineralization.

The effects of exogenic processes are superimposed 
upon endogenous metal zonation above the groundwater table.
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In decreasing order of magnitude: Zn, Cd, Cu, Ag and Pb are 
dispersed during oxidation and weathering, while As, Sb, Sn, 
W, Co, Ni, Bi, Hg and F remain near the outcrops of origin.

Source of Metals
Mineralogical and geochemical zoning suggests that 

the source of metalliferous fluids was to the southwest of 
the San Antonio Graben, at depth. Concentrations of copper, 
zinc, bismuth, silver, arsenic, indium, iron, fluorine and 
tungsten, in addition to silver:lead, copper:silver, 
cobalt:nickel and rubidium:strontium ratios, increase 
downwards and to the southwest over a distance of 3-5 km. In 
contrast; lead, barium, vanadium, nickel, gallium and 
lanthanum values increase upwards, to the north, as do 
ratios of cadmium:zinc, silver:zinc, lead:zinc, lead:copper, 
lead:bismuth and antimony:bismuth.

Exploration Significance
The assemblage of elements at a particular level in 

the mine, coupled with their relative abundances, indicates 
which horizon of the ore system has been encountered. For a 
given horizon, the lateral zonation of elements and their 
ratios can be used as a guide to the center of mineraliza
tion at that elevation.

A pronounced geochemical leakage anomaly exists 
around skarn and replacement deposits in the East Camp,
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Santa Eulalia mining district. Although metal concentrations 
decrease logarithmically into solid rock adjacent to the 
deposits, it is possible to detect nearby mineralization by 
selectively sampling fracture fillings and calcite veinlets. 
Lateral increases in the Cu, In, Mn, Ag, Pb, Sn, F, Hi, Ga, 
Yb and Eu contents of fractures and veinlets, away from 
exposed ore, were found to be related to underlying mineral
ization intersected by underground drilling.

Elevated metal concentrations in fractures are mea
surable without selectively extracting the metals chemical
ly. By the same token, metal values above background levels 
for limestone can be detected without analyzing insoluble 
residues.

Types of alteration with distinctive trace metal 
signatures are black calcite veinlets, pink limestone and 
banded felsite, as well as pyrolusite and hematite selvages 
on fractures. Silicification, sericitization and argilliza- 
tion of igneous rocks was distinctive, as was also the 
bleaching, mottling and recrystallization of limestone. 
Pathfinder elements include cadmium, arsenic, antimony, 
tungsten, bismuth, indium, tin, fluorine and mercury. Con
centrations of silver, lead, zinc, barium, iron and man
ganese have also been elevated above threshold levels.
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Table 8. Trace Element Content of Various Minerals from Cassiterite1-Sulfide and Related Deposit Types
Source* Mineral Location Cd In Sn Sb As Bi Ho W Ga Ge Tl Co Hi Hn

ppa ppa PPi ppa ppa ppa ppa PP» ppa ppa PPa ppa ppa %Santa Eulalia, Chih.
San Antonio Mine

1 Actinolite 1.2-1.9
1,2 Andradite 3.51 1 .4
3 Arsenopyrite 5 ;4 Hanganocalcite 4 — (1 1.6 9 (2 3 3 .5; i 12 .72

Hanganocalcite Tintic, Utah
5 Burgin Mine 1-10 — — - 0-4 0-30 — - 0-40 — — 0-1 — - 20-400 3-70 2-15
6 White Pine, HV — — 15-150 — (7o -— 15-150 3-4
5 Manganosiderite Tintic, Utah, 100 10 — — -- — — — — —» - 60 17.6

Burgin Mine
7,8 Cassiterite Worldwide 2500 22-210 <1600 (1600 (160 30 (5600 20 (3 <109 Australia 80 1520 1150
10 Drustalnoe. USSR 20-47
11 Chalcopyrite World wide 20 i
2 Epidote ditto. 62 !
2 Forsterite ditto. 12 ;
2,4 Galena ditto. 5-10 0S-.2Z (6 1: 5-10
1 Hedenbergite San Antonio Mine i 6-14
2 Idocrase Worldwide 87 f
2 Pyroxene 37 i2,13 Pyrite 3 122,3,13 Pyrrhotite 1-50 (1000 25 !14,15,13 Sphalerite Worldwide .2-.35I 15-20 ; (2501 (500
11 Stannite USSR 800-900 1

Source Mineral Location Ag Pb Zn Cu Fe Hg V Ba Rb Sr Ti P Be Yb Zr Ta
ppa % I 1 I I ppa ppa ppa PPa ppa ppa PPa ppa ppa ppa

1 Actinolite San Antonio Mine 6-9 <360 j1 Andradite San Antonio Mine .04-.1 (607,8 Cassiterite Worldwide 660 .6 .12 10-120 1700 (io 30 —
9 Cassiterite Australia .3 131 .36 1150 i 40 100
4 Hanganocalcite San Antonio Mine 3 .0049 .031 .0005 .40 .13 2 9 3 215 100 ■ 1 1 .3 5 .5
5 Hanganocalcite Tintic, Utah (2 .0070 .02 .0020 .30 4.0 30 - - - 2000 200 — ! (9 - ---
6 Hanganocalcite White Pine, Hv <70001 - <1 (.07 .1-.2 3 50-100 .1-1% (1500 2-50 : —

12,1 Hedenbergite San Antonio Mine .1-.9 (.50% (.024 |
Source Mineral Location Al Cr Hb F Sc Se Te Ir Cs Li Hf Hg Th U B Y

% ppa PPi ppa PP» PP> PPa PPa PPa ppa ppa ppa ppa ppa ppa ppa
7,8 Cassiterite Worldwide 1500 20 4 ■1
9 Cassiterite Australia 20 6b4 Hanganocalcite San Antonio .18 63 1 170 1 (.2 (50 1 1 1 .14 ;.2 .2 10 55 Hanganocalcite Tintic, Utah — — — -  — — — —

6 Hanganocalcite White Pine. NV (.15 15-20 —

♦hHeinert, 1987; 2=Taylor, 1979; 3=Vlasov, 1968; 4= Bond, 1986; 5=Anderson, 1966; 6=Hewett and Radtke, 1966; 7:Itanov, et al., 1967;
SiDudykina, 1959; 9:Steveson and Taylor, 1973; 10:Vertskovskaya, 1979; Ihlvanov and Rozbianskaya, 1961; 12=Hewi 
1973; 14:Groves and Loftus-Hills, 1968; 15=Ivanov, 1963 It, 1943; 13--Heber,
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Table 9. Elements substituting into Minerals at the San Antonio Mine

Silicates Sn, V, Ga, <3e, Rb
Mineral
Garnet
Hedenbergite
Epidote

Predominant
Sn, Ga 
Mn, V

Elements Accessory Elements 

Sn

Sulfides Ag, As, Bi, Cd, Co, Ni, In, Sbi, Se, Te, Tl, Hg, t4n, Mo
Mineral Predominant Elements Accessory Elements
Sphalerite Fe, Mn, Cd, Cu, In Ag, Sn, Co, Ga, Ge
Galena
Chalcopyrite 
Pyrrhotite

Ag, Sb, Bi, 
In, Se 
Co, Ni, Ge

Tl, Mo, Hg, Ba V, F
Ag, Sn, Mo 
As, Bi, Sn, Tl

Pyrite
Arsenopyrite

Oxides

Co, Ni, As, 
Co, Ni

La, Nb, Sr,

Au

Ti, W, Yt

Sn, V, Hg, Mo, Bi, 
In

Se

Mineral Predominant Elements Accessory Elements
Cassiterite 
Magnetite 
Fe Oxides 
Mn Oxides

W, Ti 
V

Cd, In, Pb, As, Sb 
Ti
Ba, Bi, Cd, Co, Ni 
Pb, Zn, Cu, As, Sb

, Mo, Ag,
, W, V, F 
, Sn, Ga,

Calcite Ba, Mn, Sr, Yt Pb, Zn, Ag, Ba, As , Sb, Ag,

Bi, V,

La
W, Mo,

Be, Ga

V, Ni, Cd, Cr, Rb, Al,

!
Mg, I



Table 10. Trace Element Content of Sphalerite
Source Location Cd In Sn Sb As

Santa Eulalia. Chih. ppm ppm ppm ppm ppm
Burnham (1959) San Antonio Mine 40004000

— 420
— —

Potosi Mine Santa Domingo Mine 90005000 810 mm. —* ■ . **
Naica, Chih.

7000 5 10
8000 9 — — — — —

Tintic. Utah 
East Tintic, Utah 
West Tintic, Utah

6000
8000

5
80

3 40
2000

600
200

Gilman, Colorado 4000 50 1000 — — -—
Lovering et. Chimney, Level 17 600 110 20
al. (1978) Chimney, Level 20 2600 170 180

Chimney, Level 20 3800 5600 820
Manto, Level 15 2600 280 70
Leadvi1le, Colorado

Burnham (1959) 5000 200 10 --  — ——
4000 40 8 --  -

Thompson et. Leadville type 3060 265
al. (1982) deposit 3769

Sherman type deposit 4050 13
Source Location Ag Pb Cu Fe

PPm PPm PPm %Santa Eulalia, Chih. :
Burnham (1959) San Antonio Mine 10

60
Potosi Mine 10
Santa Domingo Mine 20 r
Naica, Chih. 1200

200
Tintic, Utah f
East Tintic, Utah 20
West Tintic, Utah 60
Gilman. Colorado

40Lovering et. Chimney, Level 17 42 640al. (1978) Chimney, Level 20 680 1900
Chimney, Level 20 300 1300Manto, Level 15 140 2400
Leadville, ColoradoThompson, et. Leadville type 70 3718 5.24al., 1982 deposit 80 4000 8.92Sherman type deposit 95 263 .13

12?

Bi
ppm

Mo
ppm

Ga
ppm

Ge
ppm

Co
PPm

Ni
PPm

T1
PPm

Mn
ppm

8 — 2020 — — —
2010
10

— —
2000300040003000

30 10
—-- — 50

70 — — — — — —
60005000

2
— 1

>400
6
30 8

—- 10 80
90

» mmm 80 -- —  mm mm mm mm mm —  —  — 500
<40 10 66 1400
50 80 <4 3300
120 160 - <4 800
60 120 <4 2000

20 8 --- 2000
——— _. ——— — ■ * 1 0 0 0

1500
300
200



Table 11. Analyses of lead and Zinc Concentrates

Sample Concentrate Date Ag
ppm

Pb
%

Zn
%

Cu
%

851 lead 6/84 1655 37.8 3.2 1.63
852 zinc 6/84 91 .2 39.5 .22
IMMSA zinc 3/77 55 .55 54.2 .41

Sample Description Date Ga
ppm

Ge
ppm

Hg
ppm

Tl
ppm

851 lead cons. 6/84 <5 <10 .14 5
852
IMMSA

zinc cons, 
zinc cons.

6/84
3/77

30 <10
70

.05 <5

* 
#

128

San Antonio Mine

Fe S As Sb W
* % ppm ppm ppm

14.7 1900 198
9.7 264 — — — —

9.9 32.6 400 190

Cd In Sn F V
ppm ppm ppm PPm PPm
370 3.5 200 530 43500

3500 30.0 50
300 470210 <2

.06

.40

Na Bi Co Ni
% ppm ppm ppm
37 >1000 29 8
38 32 120 2

140 10
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Table 12. Trace Element Content of Galena, Chalcopyrit 
Galena
Source Location Ag Sb As

ppm ppm ppm
Leadville, Colorado

Thompson et. Leadville type 1182 1070 40
al, 1982 deposit 617 617 —

Sherman type deposit 442 375

Lovering et.
Gilman. Colorado 
Manto, Level 15 530 75

al., 1978 Chimney, Level 18 40000 250

Chalcopyrite1
Source Location Ag Sb As

ppm ppm ppm
Santa Eulalia. Chih.

Burnham (1959) San Antonio Mine, 200 —

East Camp 50 — — — ———
Magistral Mine, 
West Camp

20

Pyrite
Source Location Ag Pb As

ppm ppm ppm

Thompson et.
Leadville. Colorado 
Leadville type 27 7048 790al. (1982) deposit 18 2143 644
Sherman type deposit 10- 4175 2595

1990

and Pyrite

Bi Cu Cd In Ga Ge Mnppm ppm PPm ppm ppm ppm ppm

24 9825 308
— 879

200 <200 <20 <10 <20 155500 <200 <20 <10 <20 13

Bi Mo Cd In Sn Ge Mn Co Ni
ppm ppm ppm ppm ppm ppm ppm ppm ppm

' -- 40 1 5000 -- 400 1 —
— —— — 30 1 5000 -- 300 1 5
— — — — — — — 9 — — — — <1 90 60

Cu Mo Hg V Au Se Co Nippm ppm ppm ppm ppm ppm ppm ppm

290 8 .11 40 9 40 95 95
1582 36 10 6 5
108-
6950

8 .12 30 4 40 73 75

1 Gallium, gold, selenium and thallium not detected



Table 13. Approximate Average Background Levels For Certain Rock Types Worldwide
Rock TypeElement1 Crustal Limestone

ppm ppm
Boron 10 10Tin 2 4Lead 12.5 8Zinc 75 25Thai1ium .45 —

Gallium 15 1Germanium 2 —  —  —

Cadmium .2 .1Indium .1 .02
Arsenic 1.8 1-2
Antimony .2 —

Tungsten 1.5 .5Bismuth .2 ■ --------

Molybdenum 1.5 1Mercury .08 .05
Fluorine 625 330
Vanadium 135 15-20
Cobalt 25 4
Nickel 75 12
Manganese 950 1100
Rubidium 90 5
Strontium 375 500
Niobium 20 —  —  —  '

Tantalum 2 —  —  —

Lanthanum 30 6Iron
Copper 55 15
Silver .07 1

Shale Evaporites Pegmatites 
ppm ppm ppm
100
4

20
100

.3
20 1 602 ---

.2

.1
15
1
2
.18

3
.5

740
130

20
70
850
140
300
20

2
20
50

.05

Granodiorite Ultramafic Rocks
ppm ppm ppm
15 20 5
3 2 .5

20 15 .1- 1
40 60 50

.75 .5 .05
18 18 1
1.5 1 1
.2 .2 — — ~
.1 . 1 .01

1.5 2 1
.2 .2 . 1
2 2 .5
. 1 .02

2 1 .3CDO CDO

— —
735 — 10020 100 50-13

1 150
.5 20 2000

500 500 1300
150 120 —
285 450 1
20 20 15
3.5 2 1

25 36 3.3
10 30 10
.04 .07 .06

1Data compiled from Levinson (1975), (Rose, et al., 1977) and Weber (1979), plus Angino and

Long (1977)



Table 14. Background and Threshold Levels, San Antonio Graben
Element1 Limestone Conglomerate Rhyolite Andesite Felsite

ppm ppm ppm ppm ppm
Silver

Background <2 <2 <1.9 <2 0-2
Threshold

Lead
2-4 2-3.4 H CD 1 ft 2-4 2-3

Background <60 <64 <30 <270 <300
Threshold

Zinc
60-80 64 30-270 270 300-500

Background <20 <20 <70 <390 0-19
Threshold

Cadmium
20-270 20-180 70 390 19-20

Background <1 <1 <1.8 <8.6 <1
Threshold

Copper'
1-18 1-17 1.8 8.6 1-2

<100Background <100 <100
Threshold

Iron
100-200 100-300 100

Background <100 <100
Threshold

Manganese
100-5000

Background <100 <300 <?
Threshold Antimony

100-300 300-500 7-500
Background <1 <2
Threshold

Arsenic
1-2 2—5

Background <2 <?
Threshold

Tungsten
2-3 7-10

Background 0 <? <.2
Threshold

Indium
>0 ?—. 5 >.2

Background <.01 <.01
Threshold

Mercury

O M 1 O CO .01—.1
Background <? <.025Threshold

Bismuth
?-. 14 .025-.(

Background <.2 <7Threshold .2-.3 ?-. 4

1 Compiled from Morales (1977), Fregoso (1980), Pickard (1973) and Bond (1986)



Element Limestone Conglomerate RhyolitePPm ppm ppm
Cobalt

Background <7Threshold 8-18
Nickel

Background <17 <17
Threshold 17-18 17-20

Tin
Background <1 <1 <1Threshold

Vanadium
Background <8
Threshold 8-10

Fluorine
Background <180 <140
Threshold 180-1500 140-1600

Gallium
Background 30-40 15
Threshold <30 <15Barium
Background <15 <?Threshold 15 ?-36Lanthanum
Background <1 <?Threshold 1-2 ?-13Ytterbium
Background <.03
Threshold .03-.1

Europium
Background <. 1Threshold . 1-.3' Niobium
Background <2Threshold 2-3

Rubidium
Background <1Threshold 1-2

Strontium
Background <?Threshold 7-205

Yttrium
Background <1Threshold 1-2

Background
Threshold

Zirconium
<1
1-10

I32

Table 14— Continued 
Andesite Felsite

ppm ppm

<? <3?-6 3-21
<? <?
?-ll ?-8
<1 <3

3-5
<2
2

<710
710
20
<20
<53?
53-398
<?
?-20

<?
?-27
<?
?-81
<?
?-81



Element Limestone Felsite
ppm ppm

Molybdenum
Background <1
Threshold Selenium

1-8?
Background <1
Threshold

Tellurium
1-2

Background <. 1 <.l
Threshold

Lithium
. 1-. 2 . 1—.

Background <1 <1
Threshold

Beryllium
1-2 1-3

Background <1
Threshold 1

Table 14— Continued
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Table 15. Selected Gangue Metal, Base Metal and Trace Element Analyses of Bulk Rock Samples, North Face

Level 14, San Antonio Mine

Sample Description Gangue Metals Base Metals Trace ElementsNumber Mn K Na Ag Pb Zn Cu Fe In As Sb w% X X ppm X X X X ppm ppm ppm ppm
804 py-gn-s1-po-qz-cp .04 .019 .012 242 11.00 4.50 . 12 13.00 2.5 216 107805 hd-s1—py-gn—po-cp 1.43 .047 .018 45 .68 7.73 . 14 4.4 4. 1 262806 hed-sl-po-ct-qz-gn 1.96 .07 .07 18 .60 10.60 .00 7.4 19.0 16 84 _______807 sl-hd-po-ct-gn-gt .79 .90 .033 350 14.40 20.50 .17 16.60 8. 1 60 18 20.0808 ep-s1-qz-gt—cl—f1 .63 1.01 .03 70 .55 8.40 . 10 8.10 18.4 31 31 13.4809 sil—ser—arg dike, si .32 3.26 . 15 40 1.07 3.47 .03 5.70 9.0 353 22 5.0829 si1-ser-arg dike, si .05 7.39 .53 3 .05 .67 .01 2.20 .1 10 8 2.6830 ep-gt-qz-sl-cl-f1 .50 2.88 .15 335 2.72 6.78 1.08 9.70 22.6 857 89 37.0811 hd-s1-gn-gt-qz-po .49 3.44 1.00 175 7.00 3.70 .12 11.50 3.5 141 80 6.7812 hd-sl-ep—gt-gn-cp .69 2.15 38 .63 16.00 .11 9.20 2.6831 gt-ct-s1-hd-gn-py .92 .09 . 17 128 1.10 9.40 .37 16.90 1.6 171 13 170.0832 vfg—rxtl Is, ct-py .91 .001 .011 —  —— . 03 —  — — — — — —  mm mm 25 9 —

814 vfg-rxtl Is . 17 — — — .014 —  — .05 —  —  «— “  — . 10 mmm mm ^m

815 vfg-rxtl Is .03 —  —  — .06 —  — —  — mm —  mm —  —  — mmm mm mmm —  — — — —  — —
816 vfg-rxtl Is . 16 -— * .01 12 . 11 . 12 • — — .50 — — —• —  —  — — —
817 vfg-rxtl Is . 04 —- — —- .04 — —• mmm — —
818 vfg-rxtl Is . 11 . — — — .04 mmm mm mm --:819 vfg-rxtl Is .09 .008 — — — — — — mmmmmmm ■ —* —* — .1 — ——' -— —
820 vfg-rxtl Is .09 ■-- .01 2 .03 .20 mmm mmm mm .70 — — — —- —
821 vfg-rxtl Is .07 —- .07 mmm .01 mm mmm .10822 vfg-rxtl Is .09 — — — .06 .20823 vfg-rxtl Is .05 —  —  — .06 —

824 vfg-rxtl Is .08 —  —  — .01 8 . 16 .32 .60 ** e* — —  mmm —■

825 vfg-rxtl Is .05 —  — .06 mmm
. 10826 vfg-rxtl Is .13 —  —  — .07 *■ ** , 30827 vfg-rxtl Is .08 —  —  — .06 _______
. 40828 vfg-rxtl Is . 14 .04 . 11 4 .09 .15 — 4.10 i 10 10 1.6

PY-pyrite, gn=galena, sl=sphalerite, po=pyrrhotite 
ep-epidote, cl=chlorite, fl= fluorite, ct =calcite, 
fine-grained, r x t 1=recrystallized, ar= arsenopyrite

, qz-quartz, c p = c h a l c o p y r i t e , h d = h e d e n b e r g i t e , gt 
sil=silicified, ser=sericitized, arg=argillized,

= g a r n e t , 
vfg=very
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Table 16. Additional Analyses of Bulk Rock Samples, North Face,

Sample Description Sn V F Cd Coi Ni
ppm ppm ppm ppm ppm ppm

804 py-gn-sl-po-qz-cp 50 10 640 88 281 12
805 hd-sl-py-gn-po-cp 40 10 2500 550 55 15
807 sl-hd-po-ct-gn-gt <1 1 4700 1050 170l 10
808 ep-sl-qz-gt-cl-f1 70 8 4000 820 31 7
809 sil-ser-arg dike, si 34 2 4500 350 21 8
829 sil-ser-arg dike, si 5
830 ep-gt-qz-s1-cl-fl 156 <1 2.0% 425 51 16
811 hd-s1—gn—gt—qz—po 100 4 6400 92 17 11
812 hd-sl-ep-gt-gn-cp 7 6 3500 1300 94[ 10
831 gt-ct-sl-hd-gn-py 109 <1 6600 480 41 11
832 vfg-rxtl Is, ct-py 90
818 vfg-rxtl Is <3 8 180 <1 8 17
828 vfg-rxtl Is

Sample Ca Mg A1 Au S Se Te Be Li
%  5 % ppm % ppm ppm ppm PPm

804
805
807 8.28 .600 2.22 .01 16. 18 18 <.2 <1 3
808
809 5.85 .160 5.54 .008 4.35 2 .2 <1 2
829
830 7.91 .370 4.26 .038 9.71 22 .2 1 3
811
812
831 17.90 .900 .62 .130 5.68 25 .4 <1 3
832
818
828

Level 14, San Antonio Mine

Bi Hg Mo Ga Ge Tl Ba Rb Srppm ppm ppm ppm ppm ppm ppm ppm ppm
11 <5 <10 <515 <10 <5 —  —  —

27 .205 8 <.5 39 13 4754 .06 15 <10 <5 — -----

23 .09 21 .5 418 81 262.4 398 321 151
665 .22 13 1 296 <1 114
44 .05 15 10 <5 11215
72 35 <10 <5
174 .10 15 .5 27 <1 29
32 15 3 297

. 3 40 <10 <5

.2 15 2 205

Ta Ti Nb B Cr Cs Ir U Hf
ppm ppm ppm ppm ppm ppm ppm ppm ppm

.70 100 3 10 87 5 <50 4.6 1

3.20 200 27 20 210 4 <50 00 6
53

3.00 100 16 20 86 9 <50 9.2 5

<.50 <100 3 <10 118 4 <50 1.1 <1
3
3



Table 16— Continued

Sample Y Yb La Bu Th Zr
ppm ppm ppm ppm ppm ppm

804 — —— —  —- — —- —  —
805 — — • —  —  —

807 1 — <2 — 4.3 .1
808 .4 22 —

809 17 —  — — — — 23.2 57
829 35 —- — — — — 107
830 1 — — — 25.2 39
811 17 14 .6
812 -— —  —  — —

831 1 <2 — .2 1
832 <1 — 3 — 13
818 . 1 2 — 15

136

N



Table 17. Selected Gangue Metal, Base Metal and Trace Element Analyses of Bulk Rock Samples, Southern Portion
Level 8, San Antonio Mine '

Sample Description Gangue Metals Base Metals Trace ElementsMn K Na Ag Pb Zn Cu Fe In As Sb W
% % % ppm % X % X ppm ppm ppm ppm

601 hd—si—ct—qz—as-gn .88 .03 103 3.27 12.20 .07 12.10 ——— 8.1%
602 ct-sl-po-py-gt-gn-hd 1.10 .03 .01 70 1.42 5.39 . 10 13.20 — 960 63 134
603 ct—s1—hd—gt-py-po-gn 1.47 -— .01 35 .45 5.01 .02 7.70 — 1.71%
604 gt—hd— ct— s 1—py-po-gn 1.00 — -— 17 .32 .60 .07 6.80 —
605 gt-ct-sl-py-po-gn-sil .27 — — — .05 28 . 18 1.11 .02 3.30 —
833 sl-py-ct-hd-qz-gn .58 — — — .01 138 3.85 7.12 .14 11.20 — . 16% 114 22
834 hd—gt—cl—ct—sl-py-gn .98 . 10 .01 39 .36 .73 . 14 5.0 —— .76% 49 4
835 arg-sil-ser dike, sl-py .05 .94 .02 2 .08 . 19 — 1.80 —— . 13% 66
607 ser-sil-arg dike, sl-py .08 — .04 21 1.15 .28 — 3.40 — .14%
836 ser-sil-arg dike, sl-py . 10 1.28 .02 18 .51 .67 .04 5.00 — .12% 93 . 2
837 ct—s1-py-cl- ep-gn . 39 — — — .01 50 .44 8.39 . 15 9.30 ——— .37% 127
838 sl-py-po-ct-qz-gn .09 .02 .01 39 .46 5.36 .07 2.50 — — .12 55
839 vfg-rxtl Is, ct-lim fr .09 .06 .05 10 .13 .48 — 1.70 — 565 92 8
610 vfg-rxtl Is, ct-hem fr .07 — .04 — — — — .07 — .10 —
611 vfg-rxtl Is, Mn-cal v . 19 — — — — 12 .11 .26 -— .60 ___
612 vfg-rxtl Is, hm-cal v .05 -— .004 —- — — — — — — —- — —
613 vfg-rxtl Is, hm-cal v .03 — — — .04 — — — — — — — — —
614 vfg-rxtl Is, hm f r .09 — .02 2 .02 .03 — .20 —
615 vfg-rxtl Is, hm-Mn-cal v . 12 — — — — — 3 .05 .02 — — — .20 ———
616 vfg-rxtl Is, hm-cal v — — — -— — — .10 —
617 vfg-rxtl Is, hm-Mn-cal v .05 — — — .03 — — — .01 .03 — — — .10 —
618 vfg-rxtl Is, hm-Mn-cal v .08 —*- .03 — — — — —— — — — — — — -— ——
619 vfg-rxtl Is, hm-Mn-cal v .06 — — — .05 4 .07 .05 .01 . 10 —
620 vfg-rxtl Is, hem-Mn-cal v . 10 .008 .003 — —— — — — — ■— — — —— — — — ——— 3 — — — — — —
621 vfg-rxtl Is, lim-Mn-cal v .17 — — — — — — — — — — — — — — — —

Hd=hedenbergite, sl=sphalerite, ct=calcite, qz=quartz, as=arsenopyrite, gn=galena, po=pyrrhotite, py=pyrite, 
gt=garnet, sil=silicified, cl=chlorite, arg=argillized, ser=sericitized, ep=epidote, vfg=very fine-grained, 
rxtl=recrystallized, ls=limestone, lim=1imonite, fr=fracture, hem=hematite, Mn=manganese, v=veinlet



Table 18. Base Metal Assays, 2300 N Sampling Traverse, Level 8, San Antonio Mine

Sample Description

622 Kbl, vfg, min ct mv627 Kbl, vfg, ct v, tr lim
628 Kbl, vfg, min hm-ct v, tr bx w/Mnct and hm635 Kbl, vfg, hm-ct mv; tr py, Mn, bx636 Kbl, vfg, hm-ct mv644 Kbl, vfg, Mn-hm-ct mv, tr Mnct v646 Kbl, vfg, hem-Mn-cal v, lim aft dis slfs653 Kbl, vfg, hem-cal v, min lim aft dis slfs666 Kbl, vfg, hm-ct mv; min Mn-hm fr, stckwk672 Kbl, vfg, hm-Mn v675 Kbl, vfg, hm v, min bx676 Kbl, vfg, hm-ct bx, tr ox aft slfs, Mnct682 Kbl, fg-cg-rxtl, gt-py-po-sl-gn-hd, qt-ct v, part, ox687 Kbl, vfg-rxtl, ct-lim-hm-gtt-gn-qz-hd-Mn,689 Kbl, vfg-rxtl, hm-gtt mv, min Mn-lim-hm-jar691 Kbl, cg-rxtl, gn-hd-gt-py-ct-sl,703 Dike at con, sil-ser, dis s1-po-py, min ox704 Dike, ser-sil, dis sl-py, lim-Mn fr707 Kll at con, vfg, min hm-ct v738 Kll at con, jar-hm-gtt, clay gauge, min bx737 Kll, vfg-rxtl, lim-hm-hemi-Mn aft si, py, gn, cp735 con; fg-rxtl Is, chl-arg dike, bl mv, Mn aft si, hm aft734 Dike , s i 1-ser, 1im-Mn-hm, min dis sl-py733 Dike , sil-ser-arg, gtt-lim-jar aft dis slfs, tr mal, az732 Kll at ct , cg-rxtl, lim-hm-hemi, min s1-qt-ct-mal, tr az728 Kll sur dike, ser-arg, cg-rxtl, lim-hm-jar, hemi-cer. bx723 Kll, vfg-rxtl, lim-hm-Mn, bx, s1-gn-py, min hd-cp721 Kll, hm-lim-gtt-Mn aft slfs, min gn-sl, tr qz-po-py720 Kll, vfg, hm fr, sl-py-ct v717 Kll, vfg, gtt fr, tr Mn-sl-ct v, Mn aft si713 Kll, vfg, ct v w/py-po-gn-sl-cp, tr qz710 Kll, vfg, ct mv w/tr gn709 Kll, vfg, tr pink py-ct v, lim aft py740 Kll, vfg, cal v747 Kll, vfg, min cal v w/hem aft py750 Kll, fg-rxtl, mfr753 Kll, vfg, stylolites757 Kll, vfg, pele, tr ct-hm fr

Ag Pb Zn Cu Fe Sppm % X X X X

0 .00 .00 .00 .0
0 .00 .05 .00 .0
4 .04 .06 .00 .2 . 15
2 .00 .47 .00 .0
0 .00 .00 .00 . 0
4 .04 .08 . 00 .2 . 16
4 .12 . 12 .00 .4
3 .03 .01 .00 .2 . 14
5 .05 .10 .00 .2 . 16
2 .02 .02 .00 . 1 . 13
5 .05 .08 .00 .4 .22
2 .01 .02 . 00 .7 . 16
93 3.00 4.28 .08 10.4 11.60
42 .75 8.13 .06 14.6 27.00
25 .20 2.21 .01 2.6 2.60

210 2.55 9.24 . 76 12.7
29 .42 6.89 .01 8. 1 17.60
10 .31 1.20 .02 4.4 1.29
4 .02 . 14 .00 .2 . 15

103 2.25 6.15 .22 26.9
18 .52 7.00 .07 14.4 .19
29 .18 1.61 .02 4.8
25 .36 1.95 .08 7.3 .44
40 .28 1.21 .62 3.5 .44
128 1.72 10.00 .54 28.5 .3298 4.60 9.00 .47 24.0
142 4.39 4.86 .09 10.742 1.30 1.71 .08 4.8

8 .07 .07 .00 .3
4 .06 .04 .00 .240 .75 .60 .04 4.43 .05 .08 .00 .24 .07 . 19 .00 .4 .224 .03 .03 .00 .25 .07 .05 .02 .15 .08 .06 .01 .32 .04 .02 .01 .24 .06 .06 .00 .2

CaO
* Ins

X

1.1

2.8
1.4
2.4

88.4

9.6
79.8
87.4
29.0

5.0



Table 18— Continued 139

Sample Description Ag Pb Zn Cu Fe
ppm X X X %

758 Kll, vfg, pele, tr ct-hm fr, tr carb 3 .02 .05 .00 . 1761 Kll, vfg, bx, hm-ct vt, min Mn, carb 4 .08 .09 .01 .4
764 Kll, vfg, min Mn-hm mfr, ct-hm mfr 9 . 14 . 10 .00 .3
768 Kll, eg, rxt1, ct, carb, hm-Mn fr 3 .12 .16 .01 .4
773 Kll, vfg, hm-Mn-ct vt, min pink Is 8 . 10 .08 .00 .3
785 Kll, vfg, tr gn-sl-ct vt, min fr 5 .08 . 18 .00 .9
788 Kll, vfg-cg, rxt1, ct blebs, min Mnct, mot, Mn, tr dis si 10 .13 .09 .01 .4
793 Kll, fg-cg, rxt1, ct blebs, min mot, Mnct, tr py-sl-po 6 . 13 . 10 .00 1.8
798 Kll, vfg, pink Is, Mn-hm vt, ox. si? 9 . 12 . 11 .00 .4

S Cao
* X

Ins
X

.33

'£
>a

}'
£>

tO
CO

£»
CO

£»
t-

i



Table 19. Additional Sampling, Level 8, San Antonio Mine
Sample Description Location Ag Pb Zn Cu Fe S

ppm % X X X X

691 gn-hd-gt-sl-py-ct, partly ox. 2300 N 210 2.55 9.24 .08 6.4
175 hm-ct v, vfg-ds slf Ramp, S. Portion 10 .08 . 14 --— .40 .24
176 bk and wt ct v Ramp, S. Portion 8 .12 . 10 — 1.6 .21
177 banded felsite dike Ramp, S. Portion 4 .05 . 08 — . 80 .23
178 hm bx, hm-Mn fr Ramp, S. Portion 8 .40 .04 —- 1.3 .84

Table 20 . Additional Analyses, Level 8, San Antonio Mine
Sample Description Location As Sb w Sn V F Cd Co Ni Bi

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
177 banded felsite dike Ramp 45 2 3 24 60 710 2 3 21 2.0
602 ct-s1-po-py-gt-gn-hd 1720 N 960 63 134 240 12 >1.0% 300 30 15 77.0
691 gn-hd-gt-sl-py-ct, partly ox 2300 N 39 — ---- 90 12 28 5200 380 27 11 99.0
610 ; <3 3 • 1
Sample Ga Ge T1 K Mn Na Hgppm ppm ppm % % % ppm
177 .5 1.320 . 12 .01 .025602 20 <10 <5 .026 1.10 .01 .170691 30 <10 <5 — 1.06 .02 .180

gn=galena, hd=hedenbergite, sl=sphalerite, py=pyrite, gt=garnetct=calcite, ox=oxidized, hm=hematite, vfg=very 
fine grained, rxtl=recrystallized, ls=limestone, Mn=manganese oxides, v=veinlet, S=southern, fr=fracture, ds=dis- 
seminated, slf=sulfides, bk=black, bn=brown, bx=breccia, po=pyrrhotite
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Table 21. Selected Gangue Metal, Base Metal and Trace Element Analyses, Fracture Samples North Face, Level 14,

San Antonio Mine
Sample
Number

Description

180 calVFlf cal-sl-py-gn-cpy-pyr
181 cal-pyr-s1-py-gn
182 cal-py
183 cal-sl-gn-pyr-py
VF2f cal-sl-py-gn
185 cal-py-cpy-gn-sl

Gangue Metals Base Metals Trace Elements
Mn K Na Ag Pb Zn Cu Fe In As Sb
% % % ppm % X % X ppm PPm ppm

. 12 .06 .015 3 .04 . 05 —  —  — .20 —  —  — 7 1
2.80 .09 .007 66 2.57 1.42 .21 2.70 9.3 243 200
.23 .09 .022 8 .20 .17 — .90 — —— 14 2
.21 .07 .010 4 . 12 .26 — .90 — 164 23
1.37 —  —  — .006 43 2.10 .94 .02 5.40 2.5 1291 63
1.24 .04 . 139 42 1.31 3.62 .07 6.90 .4 2000 213
.60 —  —  — . 003 5 .21 . 14 — 1. 10 ----- — 32 25

W
ppm

7.5



x k z
Table 22. Additional Analyses of Fracture Sampl es, 1North

Sample Description Sn V F Cd Co
ppm PPm PPm PPm PPm

180 ct <3 8 230 <1 6VFlf ct-sl-py-gn-cp-po 100 8 2200 200 8181 ct-po-s1-py-gn <3 12 180 1 7182 ct-py <3 14 820 <1 11183 ct-sl-gn-po-py 18 10 570 3 8VF2f ct-sl-py-gn 60 8 300 320 12185 ct-py-cp-gn-sl <3 12 6500 70 6

Face, Level 14, San Antonio Mine

Ni Bi Ga Ge T1 Ba L a Yb Bu
PPm ppm PPm ppm PPm P P m p p m P P m P P m

15 30 <10 <5 —  —  —

19 1.0 <5 <10 <5 ----- —  • — — — .2 .6
14 10 <10 <5 — — — — - — - —

29 30 <10 <5 — .3 .1 —  — •

16 2.2 20 <10 <5 — ----- .1 — —  —  —

13 12.0 <5 <10 <5 — — —  —  — —  — *

13 .3 30 <10 <5 588 0 1.6 .03 .24

Sample Mo
180  
VFlf --
181  
182 52
183 1
VF2f — —
185 --
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Table 23. Selected Gangue Metal, Base Metal and Trace Element Analyses of Fracture Samples, Southern Portion 

Level 8, San Antionio Mine ’
Sample Description Gangue Metals Base Metals Trace ElementsMn K Na Ag Pb Zn Cu Fe S In As

X % X ppm X X X X X ppm ppm
995 hm-Mn-s1-cp-ct v 10 .20 . 19 .01 .90 .78996 Mn-hm-ct v 3 .07 .05 — — — .20 .17997 hm-Mn-cal v 8 . 38 .26 .01 .90 .57998 hm-Mn-cal v .10 3 .09 .08 — — — .50 .16 —
999 hm-Mn-c t v .32 — .01 6 .08 .05 — .20 . 16 — 20

Sb
ppm

Sample W
ppm

995
996
997
998
999



Table 24. Base Metal Analyses, Surface Sampling Traverse, San Antonio
Sample Description

946
945
940
938
937
930
929
926
925
923
922
921
920
919
918
917
916
915
914
913
912
911
910
909
908
907
906
905
904
903
902
901
853
854 
857 
865 
867
870
871
872 
874
878
879
889
890 
894

Tcb, 
Kul, 
Tcb, 
Tcb, 
Kul, 
Kul, 
Kul, 
Tcb, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul, 
Kul,

vfg Is, pink hem matrix 
clayey maroon caliche 
vfg Is, hem-cal matrix 

Is, gray matrix 
Is, Mn-hem-Mncal, minor bx 
Is, Mncal-hem-Mn 

lim fr
gray-lim matrix 

Is, Mncal-cal v
Is, Mncal, bx with lim—hem—cal matrix

vfg 
vfg 
vfg 
vfg 
vf g 
vfg 
vfg

Is,
Is,

vfg Is, hem-Mncal v, ds
Mn and hem after si

gtt after ds si

vfg Is, Mncal-hem-cal v 
vfg Is, hem-Mn-cal mv 
vfg Is,
vfg Is, hem-Mn and Mncal v 
vfg Is, Mncal mv, Mn 
cg-rxtl Is, ds py, hem after py, 
cg-rxtl Is, gtt-hem-cal mv
vfg Is, gt-qtz-cal, lim-hem-Mn after sulfides 
cg-rxtl Is, gt-cal-sl-py-gn, Mn after hed, lim 
vfg Is, Mn-Mncal-cal-qtz 
cg-"sanded”-ls, hem after py, Mncal, Mn 
cg-rxtl Is, Mn-cal-sl-gt-hera-py-mal-1im-gtt 
cg-rxtl Is, Mn-hem after sl-py, cal-gt-1im-gtt 
vfg and cg-rxtl Is, hem-Mn mv 
vfg Is, hem-Mn v 
gt-gtt-cal-s1-gn-py-lim-hed 
vfg-cg-rxtl Is, hem-Mn v, ds py 
vfg-cg-rxtl Is, hem-Mn-s1 
vfg—cg-rxtl Is, Mncal-hem-lim fr 
vfg-cg-rxtl Is, hem-Mn-Mncal v, lim 
fg-rxtl Is, Mn-hem 

W. Fault, lim-Mn-hem—gtt-cal-hed-qtz-py, 1im after hed, 
Tva, sheared, Mncal-hem-cal
Tva, ser-arg, Mn-Mncal
Tva, ser-arg-chl, Mn-hem v, lim 
Felsite dike, ser-arg, Mn fr, lim after py 
Tva, ser-arg-sil, Mn fr, hem-lim after py 
Felsite dike, sei— arg-sil, Mn-lira fr 
Tea, vfg Is, mg-cg-lim-hem-Mn matrix,
Tql, unalt, tr Mn, hem after py on fr 
Tfr, sil-ser, hem-Mn fr, hem after py,
Tfr, sil-ser, hem-Mn fr, hem after py,
Tfr, si1-ser, hem-Mn-1im fr, hem after
Tcb, vfg Is, hem matrix 
Tcb, vfg-fg Is, minor Mncal in matrix

tr py
flow banding 
flow banding 
py, flow banding

Agppm

Graben

2
13
15
2
2
3

10
8
2
2
5
6 
3 
5
40

12
32
28
2

37
95
1
1

2
16
10
6
8
5
5
4
4
5
6
3

144

Pb Zn
%  X

.01 ---

.04 .08

.02 .03

. 05 --

.94 1.49
1.17 .73
.03 .13
--- .02
.01 .02
.67 .10
.34 .29
.02 .03
.03 .07
.15 .26
.16 .20
.06 .06
.11 .04

1.74 .49

.47 .66
3.10 2.48
.72 .29
.03 .03

2.34 2.17
4.16 7.02
. 06 --
.04 .03
.04 .04
. 05 --
.03 1.19
.65 .29
.13 .31
--  . 17
.12 .08 
.11 .13
.06 .10 
.03 .09
.05 .09
.03 .05
.05 .32
.42 .45
.04 .03

Cu Fe
* %

.6— 1.8oo .40— .7
.02 1.7
.01 3.6
.00 .5— .7— . 1
— 2.3
.00 .6
.00 .5
.00 .4
.00 .8
.02 .5
.00 .4
.00 .6
.07 5.4

— 1.1
.38 9.3
.04 1.1
.00 .3
.42 5.4
. 10 17.4
— .7
--- . .5
— .3

.3
.01 16.5
.01 2.9.01 2.2—— — 1.6
— 1.9
— 1.5
.01 2.0
— 3.0
— .7
— 1.4
.00 .9
.03 2.0— —— .4
— .6

S
X

5.80 
. 35

1.00
.23
.40



Table 24— Continued

895 Tcb, vfg Is, hem-jar, cal v 2 . 05 . 03 .01 1. 1896 E. Fault, Mncal-hem-Mn — — . 07 .01 . 4898 Kul, vfg Is, tr hem — — — — — — .04 .9900 Kul, vfg Is, qtz-Mn-Mncal v, tr hem 2 . 10 .07 — — — .3UAC Kul, vfg Is, cal mv, tr hem
Tcb=basal conglomerate, vfg=very fine-grained, ls=1imestone, hem=hematitic, Kul=upper fossiliferous limestone, 
cal-calcite, Mn=manganese oxides, Mncal=manganiferous calcite, bx=brecciation, liia=limonitic, fr=fracture, 
v=veinlet, ds=disseminated, py=pyrite, sl=sphalerite, mv=microveinlet, gtt=goethite, cg=coarse-grained, gt=garnet, 
gn=galena, hed=hedenbergite, mal=malachite, fg=fine-grained, mg=medium-grained, rxtl=recrystallized, W=west, 
qtz=quartz, Tva=andesite, ser=sericite, arg=argillized, sil = silicified, chl = chloritized, Tea =upper conglomerate, 
Tql=quartz latite, unalt=unaltered, jar=jarosite 
tr--trace



Table 25. Additional Base Metal Analyses, Surface, San Antonio Graben 
Sample Description

Mncal Mncal v, hm-bx margin
977 Tva (?), bleached hem-1im zone, Mn fr, ser matrix

146

Agppm
3

15

Pb Zn Cu Fe* * * *
.05 .02 --  .2
. 44 . 16 --  6.3



Table 26. Additional Analyses, Surface Sampling Traverse, San Antonio Graben

Sample Description Mn
%

K
%

Na
%

As
ppm

Sbppm
W
ppm

Sn
ppm

V
ppm

F
ppm

Cd
ppm

Co
ppm

Ni
ppm

937 Kul, vfg Is, Mn-hm-Mncal, bx <3 20 >1.0% 210 8 19

926 Tcb, vfg Is, tr lim in mx <3 26 140 <1 8 17

925 Kul, vfg Is, Mncal-ct v <3 12 240 3 7 18
906 Kul, gt-gtt-ct-sl-gn-py-lira-hd 6.69
904 Kul, vf g-cg-rxt1 Is, hm—Mn-sl <3 10 160 <1 7 17
853 W. Fault, 1im-Mn-hm-gtt-ct-hd 2.64 . 17 .01 >300 149 7.0 <1 19 8500 73 12 13
857 Tva, ser-arg, Mn fr, tr Mncal .80 4.55 .04 900 18 — — — 35 14 730 9 6 11
867 dike , ser-arg, Mn fr, lim-py .53 5.16 .06 536 23 — — —
879 Tfr, sil-ser, hm-Mn fr, hm-py .05 6.19 .08 158 27 .5
895 Tcb, vfg Is, hm-jar mx, ct .85 .48 .02 136 7 3.0 <3 28 1600 <1 9 20
896 E. Fault, Mncal-hm-Mn .53 .03 .01 78 5 — <3 14 >1.0% <1 11 20
UAC Kul, vfg Is, cal mv, tr hm .05 .09 .01 2 — '--

Sample In Ga Ge T1 Bi Ba La Yb Eu Mo Au Hg Ca Mg A1 Se Te
PPm ppm ppm ppm ppm PPm ppm ppm ppm ppm ppb ppb % % % ppm ppm

937 <5 <10 <5
926 — — — <5 <10 <5
925 — <5 <10 <5
906 .5?
904 — — — 15 <10 <5 .2 -
853 — — — 1 10.0 967 <2 4 110 140 7.70 .11 .59 2 <.2
857 — — — 20 <10 <5 5.7 — 20 .2 .3
867 — — — 53 28 .8 900
879 36 13 — —

895 — 15 <10 <5 .9 2333 7 .6 .7
896 — 15 <10 <5 .4 — — .09 .3
UAC — — — .09 --—

Sample Rb Sr B Be Li Ti Nb Ta Cr Cs Hf Ir Th U Zr Y
ppm PPm PPm ppm ppm PPm PPm ppm PPm ppm ppm ppm PPm ppm ppm ppm

853 <1 218 15 <1 3 200 <1 <.5 212 <1 <1 <54 1.10 5.80 8 <1
Kul=upper fossiliferous limestone, vfg=very fine- grained, ls=limestone, Mn=manganese oxides , hm=hematite,Mncal=manganese oxides, ct=calcite, v=veinlet, bx=breccia, Tcb=Basal Conglomerate, tr=trace, lim=limonite, 
gt=garnet, gtt=goethite, si=sphalerite, gn=galena, py=pyrite, hd=hedenbergite, rxtl=recrystallized, W=west, 
fr=fracture, Tva=andesite, ser=sericitized, arg=argillized, Tfr=rhyolite, sil=silicified, jar=jarosite, 
mx=matr ix, E=east, mn=microveinlet



Table 27 Primary Dispersion adjacent to Ore Deposits at Santa Eulalia

Source Element K1 pH1 2 Primary Dispersion
Horizontal Vertical

Diffusion Infiltration Diffusion Infiltration
(meters) (meters) (meters) (meters)

1 Mn 1-10 <4 10-15 15-80 >110 >220
1 Fe <. 1 <8 5 10-80 >110 >220
1 As <. 1 <4 3-5 50-75 >75 >220
1,2,3 Zn 1-10 5-8 1-10 40-60 >75 >220
1,2,3 Cd . 1-1 5—8 3-10 30-50 >20 75
1 Sb 1-10 5-8 3-5 30-50 20 220
1 W . 1-1 5-8 2 30-50 16 110-220
1 Ag 1-10 <4 1-5 25-50 20 75-220
1 Pb <. 1 <8 3 20-40 16 30-220
1 Bi <. 1 <14 3 2-10 16 110
1 Sn <. 1 <8 2-4 10 75
1 Ba . 1-1 <8 2 2 220
1 F 1-10 <14 15 >220
1 Rb . 1-1 <8 2
1 La <. 1 <8 2 2-10 >110
1 Cu 1-10 <4 1 <2 <16 110
1 Co . 1-1 <4 1 10 <16 110
1 Ni 1-10 <4 1 15 20 110
1 V 1-10 <8 1 15 25 110
1 K . 1-1 <8 1 15 16 25
1 Mo <. 1 <4 10 25
1 In <.l <14 0 <2 0 25
1 Ga <. 1 <14 0 0 0 0
1 Ge . 1-1 <8 0 0 0 0
1,4 Hg 1-10 5-8 0 70 10’s >70
1 Mb <.l 5-8 0
1 Y (.1 <8 0
1 Yb <. 1 <8 0 110
1 Eu <. 1 <8 0 2-10 110

1 = Bond, this study ; 2 = Fregoso , 1980; 3 = Morales, 1977; 4 = Pickard, 1973

1K - solubility constant in the surficial Environment; from Rose, et al., 1974

2Rose, et al., 1974
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Table 28. Primary Dispersion adjacent to a calcite-sulfide 
veinlet, Level 14, San Antonio Mine

Sample Description Ag Pb Zn Cu
ppm X X X

VF2f calcite-sulfide veinlet 42 1.31 3.62 .07
VF2w bleached limestone wallrock 5 --— . 13

Sample Description Fe As Sb Mn
X ppm ppm X

VF2f calcite-sulfide veinlet 6.9 1700 213 1.24
VF2w bleached limestone wallrock <.l 81 .41

Sample Description K Na
X X

VF2f calcite-sulfide veinlet .04 .14
VF2W bleached limestone wallrock — .03
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Table 29. Correlation of Horizontal Mineralogical Zoning, Level 14, San Antonio Mine, with Maximum AbunrfIndividual Elements nuances of

Host Rock
Characteristic
Mineralization1
Total Sulfides 
(percent)
Elements

Gangue

Ore
Other

Zone 1
Felsite dike 
ser-arg-sil

1-2

Contact Zone
Felsite dike
si1-arg—ser- 
chl
5-15

Zone 2 
limestone
ep—f1—qz—cl—dp—as—cp—po

Zone 3
limestone
hd—gt—s1—po—gn

Zone 4
limestone
gn—s1—ct—po—py

15-25 15-40 40-90

Zone 5
limestone
gt-qz-py- gn-s 1
10-25

Al, Ti, Cr Si, K, Rb F, Mg Mn Ba

B, Mo, Hf, Ta Nb
Cu, As, Bi, Ag, Sn, In Zn, Cd, Co Pb, Sb, V
Se, U, Cs, Be, Hg, Au Li, Ge

Ca, Fe, 
Sr
Hi, W 
Ga, Te

ser=sericitization, arg=argillization, sil=silicification, chl=chloritization, ep=epidote, fl=fluorite, qz=quartz, 
cl=chlorite, dp=diopside, as=arsenopyrite, cp=chalcopyrite, hd=hedenbergite, gt=garnet, sl=sphalerite, po-pyrrhotite, 
gn=galena, py=pyrite

1 Listed in order of decreasing abundance
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Table 30, Generalized Horizontal Zoning with respect to the
San Antonio Dike , Level 14, San Antonio Mine

Outward Increase
Skarn Deposit Fe, 

S n,
Mn, W, Pb, Ba, Sb, Zn, 
V, Hg, Sr, Ga, T1

Cd, Ni,

Fractures, Veinlets Mn,
Yb,

Ag, Pb, Cu, In, Sn, F, 
Eu

Ni, Ga,

Outward Decrease
Skarn Deposit

o 
a 

o -

Hb, Na, Al, Ag, Cu, In, 
F, Au, Cs, Yt

As, Bi,

Fractures, Veinlets Zn, Fe, Cd, As, Bi, Co, Ba , La



Table 31. Comparison of Manto Ore, Buena Tierra and San Antonio Mines

Sample Location Description Ag Pb Zn Cu Fe In Mn
ppm % X X X ppm X

179 San Antonio, bdd po—gn—py—ct—s1—hd-cp 170 6.30 1.30 .21 22.6 .2 .49Level 12184 Level 14 hd—!si—po—as—cp 14.9 1.82
BTM Buena Tierra, bdd po-gn-sl-py-ct—cp 155 6.48 8.92 . 15 33.2 1.1 . 10Level 16 Is, eom, highly fr, bl 3 .12 . 12 —  —  — .6BTEM Level 16

Sample As Sb W Sn F V Cd Bi Co Hi Ga Ge T1
ppm ppm ppm ppm ppm ppm ppm PPm ppm ppm PPm PPm PPm

179 2100 119 — 180 1800 8 80 8.3 15 1 <5 <10 10

bdd=banded, po=pyrrhotite, gn=galena, py=pyrite, ct=calcite, sl=sphalerite, cp=chalcopyrite, 
ls=limestone, eom=end of manto, fr=fractured, bl=bleached, hd=hedenbergite, as=arsenopyrite
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Table 32. Comparison of Samples along the East and West Faults, San Antonio Graben

Sample Location Mn K Na As
853 West Fault 2.64 . 17 .01 >300895 East Fault .85 .48 .02 136896 East Fault .53 .03 .01 78

Sample Location Ag Pb Zn Cu

Sb W Sn V F Cd Co Ni
149 7.0 <1 19 8500 73 12 137 3.0 <3 28 1600 <1 9 205 — <3 14 >1.0% <1 11 20
Fe Ba La

Bi
10

853 West Fault 2 .03 1.19 .01 16.5 967 <2 :895 East Fault 2 .05 .03 .01 1.1 2333 7 j896 East Fault — — — — .07 .01 .4 <900

In T1
1CD
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Table 33. Generalized Vertical Zoning within Ore Deposits 
hosted by the San Antonio Graben

Zoning Elements
Upward Increase Pb, Ba, Sb, Cd, Ni, Fe, Mn, Sr, Ga
Upward Increase, 
Concentration in 
Intermediate Levels

Sn, V, W, Hg, B, Nb, Ti, Ta, P

Upward Decrease In, Bi, Cu, Co, Zn, Ag, As, Mo, F,
Si, Mg, K, Rb, Al, Na, Ta, Cs, Hf, Y, 
Yb, Th, Se
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Table 34. Vertical Zonation of Skarn Ore along the West Fault, San Antonio Graben

Sample Level Description Ag Pb Zn Cu Fe Cd In Bi Sn V F
ppm % % % % ppm PPm ppm ppm PPm ppm

830 Fourteen, 1000m ep-gt-qz-sl-cl-f1 335 2.72 6.78 1.08 9.7 425 22.6 665 156 <1 2.0%691 Eight, 1225m gn-hd-gt-sl-py-ct, sy ox 210 2.55 9.24 .08 6.4 380 — — —- 99 12 28 5200978 Two, 1428m Mn-hm-jar-ct-qz, com ox 260 —  —  — 37 15 66 >1.0%853 Surface, 1645m 1im-Mn-hm-gtt-ct-hd-qz-py sl-gn, com ox - 2 .03 1.19 .01 16.5 73 10 <1 19 8500

Sample As Sb W Hg Ga Ge T1 Mn Na K Ba Co Nippm ppm ppm ppm ppm PPm PPm % % % ppm ppm PPm
830 857 89 37.0 .22 3 .50 .15 2.88 296 51 16691 194 39 89.5 . 18 30 <10 <5 1.06 .02 27 11978 10 <10 <5 .39 .06 25 30853 >300 149 7.0 . 14 1 2.64 .01 . 17 967 12 13

ep=epidote gt =garnet , qz=quartz, sl=sphalerite, cl=chlorite, fl=fluorite, gn=galena, hd=hedenbergite,
py=pyrite, ct=calcite, sy=slightly, ox=oxidized, Mn=manganese oxides, hm=hematite, jar=jarosite, 
com=completely, lim=limonite, gtt=goethite
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Table 35. Metal Ratio Zoning with respect to the Center of 
Mineralization in the San Antonio Qraben

Zoning Elements
Downwards to the Southwest Cu, Zn, Ag, Co, As, Bi, Fe, 

F, Rb
Upwards to the Northeast Pb, Cd, Ba, Ni, Sb, V, Ga, 

La, Sr
Zoning Ratios

Downwards to the Southwest Cu/Ag, Co/Ni, Rb/Sr
Upwards to the Northeast Cd/Zn, Ag/Zn, Pb/Zn, Pb/Cu, 

Pb/Ag, Pb/Bi, Sb/Bi



Table 36. Elemental Additions to Limestone-hosted Ore Bodies, San Antonio Mine

>10%i 5%-10% 1%-5% .!%-!% .01%-.!% .001%-.01% .0001-.001% <.0001% Depleted
Fe Pb Mn Cu Ag Bi In Tl GaZn Ca A1 Sn As Sb Mo Au SrS Si F Cd W V HgMg Ba Rb Se Te

K Ti Cr Ni Be
P B Nb Yb
Na Zr La Ge

Ta Ir
Th Eu
Hf
Cs
Y

1 Reported as weight percentage



APPENDIX B

NEUTRON ACTIVATION ANALYSIS

Neutron Activation Analysis consists of measuring 
the daughter products of atomic decay by gamma radiation 
resulting from neutron bombardment in a nuclear reactor. The 
susceptibility of a certain element to neutron activation 
analysis is dependent upon its effective neutron-capture 
cross-section, its thermal decay by gamma radiation and the 
half-life of its daughter isotope. The advantage to using 
this analytical method is that extremely small quantities of 
sample may be analyzed, without matrix interferences during 
neutron bombardment or the risk of contamination during wet 
chemical extraction - which is unnecessary. Disadvantages 
include the requirements that samples and standards be 
homogeneous and of similar geometry, that compositions of 
standards be representative and accurately known, and that 
neutron flux during bombardment be constant.

Procedure
Following their encapsulation as .100000 gram (g) 

and 1.000000 g quantities, the samples of rock flour were 
lowered into the reactor and irradiated at maximum intensity 
(100 kilowatts) for 10 minutes and 60 minutes for the two
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respective weights of sample. The resultant gamma radiation 
was counted with a Nal(Tl) scintillometer after approximate
ly one half-life of thermal decay. The .100000 g samples 
were counted (for 300 seconds) as soon as they had cooled 
enough to safely handle (approximately 20-25 minutes), in 
order to quickly measure the gamma radiation from elements 
having half-lives of less than or equal to 12 hours (In, Mn, 
K, Na, Au and Eu). The 1.000000 g samples were counted (for 
500 seconds) after 20-24 hours, in order to measure gamma 
radiation from elements having half-lives of greater than 16 
hours (Sb, As, W, Fe, Zn, Cu, Ag, Ba, La, Yb and Te). 
Elements having half-lives measured in years were not 
analyzed, nor were those present in concentrations below 
detection levels. Adjacent peaks at similar energies, such 
as; the 1091 Kev Mn56 and 1097 Kev In116, as well as the 559 
Kev Sb122 and 563 Kev As76 peaks, were scanned by hand.

Splits from T. S. Lovering's samples GXR-1, GXR-3 
and GXR-4 were used as standards, using internationally 
accepted compositions listed in Abbey (1983). A standard 
for indium was prepared by mixing .002771 g of indium metal 
with 100 g of pure quartz sand and pulverizing it to the 
same grain size as the samples to be analyzed.

Calculations
The mass of a radioactive isotope after a given time
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interval is related to its original mass by the equation 
mi(t)=mo ext, where mi(t> is the mass after an interval of 
decay of duration t. The time factor (X) is constant for a 
given isotope and can be calculated from the relationship 
X< i) = In2/Ti/2 , Ti/ 2 being the half-life for that isotope. 
The number of counts that are detected by the scintillometer 
at a particular level of gamma radiation is directly 
proportional to the mass of the decaying isotope, 
so that Ai'̂ = Cs< t > • mi , with Ai < t > being the number of counts 
detected by the counter at a particular energy, mi being the 
mass of the emitter and Cs< t > being constant for a particu
lar element at a given level of gamma radiation. Cs< t) was 
calculated form the equation Cs< t > - As<t>e^t/ms, with As( t) 
being measured by the counter, Xi remaining constant for 
each element, and the time (t) being measured from the end 
of radiation; ms is the mass of the element being analyzed 
that is present in the standard. The mass of unknown was 
determined from the relationship mi< t) = Ai<t>e * /Cs<t>.



APPENDIX C

X-RAY DIFFRACTION

The d spacings for the unit cells of unknown 
minerals were determined using the powder method. Bragg’s 
equation was used to calculate d spacings. Bragg’s law 
states that n X = 2dsin28, with n being an integer, X being 
the wavelength of incident radiation, d being the spacing 
between planes of crystallographic symmetry in the unknown 
mineral, and 0 being the angle of incident radiation. To 
simplify calculations, n was arbitrarily chosen to be unity.

The results of continuous scanning over a range of 
diffraction angle (20) from 5° to 70° are presented in Table 
37.
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Sample 807 - Manganoan Hedenbergite
Peaks

1 2 3
20 30.05 35.48 35.05
d 2.97 2.53 2.56
100 I/I» 100 50 30
Sample 807 - Diopside

Peaks 
1 2

20 29.88 35.48
d 2.99 2.53
100 I/I» 100 40
Sample 809 - Illite

Peaks
1 2  3 4

20 27.70 23.65 25.85 30.00
d 3.22 3.76 3.45
100 1/Id 100 70 60 59
Sample 177 - AI2 (SO4 )a.8 H2 0

Peaks
1 2  3

20 24.75 18.99 30.55
d 3.60 4.67 2.96
100 I/Ia 100 25 18

Table 37. X-Ray Diffraction Data

3
30.94
2.89

30

Sample BCPC — Manganoan Calcite

2 0
1

30.29
Peaks

2
49.25

3
50.41

d 2.95 1.85 1.81
1 0 0  I/Im 1 0 0 80 70
Smithsonite pseudomorphed after Calcite

Peaks
1 2 3 4

32.70 53.85 25.15 68.20 
2.74 1.70 3.54 1.38
100 90 75 64

20
d
100 I/Ib



APPENDIX D

ELECTRON MICROPROBE ANALYSIS

Electron microprobe analysis of samples 806 and 831 
was performed at Washington State University by Dr. Lawrence 
D. Meinert (Table 38); samples of skarn from stopes on the 
eleventh and twelfth levels of the San Antonio mine were 
also probed, as well as skarn from the surface.

Pyroxene from the San Antonio mine and the surface 
had compositions which ranged in iron and manganese content 
from hdae.sJos?.9 dis.4 to hd7 6.sjoie.7die.7; variations in 
magnesium content caused the percentage of diopsidic pyro
xene to range from .2 to 31.9 (Meinert, in progress). Im
purities, such as; titanium, aluminum, calcium, sodium and 
potassium, account for the remaining .1% to 1.4%.

With the exception of one reading from sample 806, 
which yielded a calculation of 60.9% tremolite (tr), amphi- 
bole from Level 14 of the San Antonio Mine ranged from 43.4 
to 44.4 mole % tremolite (tr) and was identified as actino- 
lite. Nevertheless, an optic normal figure from the polished 
section of sample 806 that was microprobed appeared to be 
that of cummingtonite (eg. optically positive, with a z<c 
between 62° and 86°). As documented by Heinrichs (1965), the
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substitution of Mn2* for Fe2* has decreased birefringence, 
so that the anphibole is colorless to pale yellow in thin 
section.

Garnet from the San Antonio Mine and surface was 
identified as andradite. The composition of garnet from 
sample 831 ranges from Adgs.opyo.7 spo.6 at the core, with .7 
mole* impurities, to Adga.7 pyo.3 spo. 7 at the rim, with .3 
mole* impurities (Meinert, in progress).
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Table 38. Results of Microprobe Analysis

Sample S iOa TiOa Ala Oa
Amphiboles 

, FeO MnO MgO CaO Naa 0 KaO Total
% % % ' * % X % X X X

831 53.24 0.00 0.85 21.72 1.55 10.44 11.91 0.10 0.06 99.87
831 52.80 0.00 0.81 21.85 1.57 10.09 11.91 0.10 0.04 99. 17
806 53.51 0.02 0.91 14.45 2.38 14.73 11.17 0.24 0.04 97.45
806 53.61 0.06 1.56 20.56 2.55 10.03 11.51 0.40 0.16 100.44
Cations1 Si Ti A1 Fe Mn Mg Ca Na K Sum
831 7.8535 0.0000 0.1477 2.6793 0.1936 2.2956 1.8821 0.0281 0.0107 15.0906
831 7.8560 0.0000 0.1426 2.7188 0.1974 2.2384 1.8991 0.0294 0.0083 15.0900
806 7.8418 0.0020 0.1566 1.7707 0.2954 3.2179 1.7536 0.0693 0.0081 15.1152
806 7.8433 0.0063 0.2683 2.5161 0.3162 2.1878 1.8048 0.1134 0.0306 15.0868

Sample SiOa TiOa Ala Oa
Garnets
FeaOa MnO MgO CaO Naa 0 KaO Total

X X X X X X X X X X831
(core) 35.46 0.00 0.13 30.57 0.57 0.17 33.31 0.00 0.06 100.27(rim) 35.96 0.01 0.14 30.82 0.48 0.07 33.41 0.00 0.00 100.89
Cations1 2 Si Ti A1 Fe Mn Mg Ca Na K Sum
831
(core) 2.9941 0.0000 0.0129 1.9423 0.0405 0.0213 3.0134 0.0000 0.0064 8.0309(rim) 3.0116 0.0004 0.0136 1.9425 0.0340 0.0091 2.9979 0.0000 0.0000 8.0091

1 Based on 24 oxygens

2Based on 8 oxygens



APPENDIX E

INSOLUBLE RESIDUE ANALYSIS
A 598.36 g sample of dark brown, manganiferous 

calcite (MnCal; Plate 1, Table 6) was dissolved in 16 m 
hydrochloric acid for 36 hours. A black leachate was then 
decanted, leaving a muddy brown residue that dried to .24023 
g. The leachate was subsequently allowed to stand undis
turbed for several weeks, during which time it became clear, 
owing to the settling of suspended particles, and assumed a 
yellow color. Further decanting and filtering of the 
leachate yielded .51666 g of additional dried material, for 
a total of .75689 g of insoluble residue. This insoluble 
residue was then encapsulated in polyvinyl capsules, both as 
.100000 g samples of each generation of residue and as a 
.500000 g composite.

Contrary to expectations, Neutron Activation 
Analysis of the insoluble residue failed to detect any 
increase in trace element content, exceptions being barium 
and sodium (Table 39). An explanation for the low concentra
tions of trace elements in the insoluble residue is that the 
strength of acid used for dissolution was too great. For 
this reason, analysis of the leachate was attempted.
However, attempts to analyze the leachate that remained
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after the last filtering were unsuccessful, although the 
leachate was precipitated onto Ottawa Sand prior to 
irradiation, as well as being encapsulated as a liquid and 
then irradiated.
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Table 39. Insoluble Residue Analysis

Sample Description Mn Na As Sb
% X PPm ppm

MnCal Brown Calcite Veinlet .72 .01 2100 1.6Insol Insoluble Residue .04 .11 9 —

W Ba Yb Eu
ppm ppm ppm ppm

MnCal Brown Calcite Veinlet CDCM 6 .3 .2Insol Insoluble Residue —  —  — 4800 —  —  — —  —  —



APPENDIX F

SENSITIVITY, REPEATABILITY AND PRECISION 
The sensitivities of each element to measurement by 

several methods is given in Table 40. The sensitivity (s) of 
an element to Neutron Activation Analysis at the University 
of Arizona was empirically arrived at by Dr. George Nelson 
of the Nuclear Engineering Department and is calculated as 
s=*VT0x, with x being the number of background counts at a 
given channel.

An indication of the precision at a particular 
laboratory is given by repeatability, or how repeatable 
a specific measurement is at that particular laboratory. The 
repeatabilities of Neutron Activation Analyses performed for 
the current study are listed in Table 41.
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Table 40. Sensitivity of Analytical Methods

Laboratory Element Method
Bondar-Clegg1 SiOz DCP1 2

AI2 O3 DCP
Fez O3 3 DCP
MnO DCP
MgO DCP
CaO DCP
NazO DCP
KzO DCP
TiOz DCP
P2 O5 DCP
Nb XRF
Rb XRF
Sr XRF
Zr XRF
Y XRF
Ba XRF

Bondar-Clegg4 Se XRF
Ti XRF
Ba XRF
Nb XRF
Rb XRF
Zr XRF
Y XRF
Sn XRF
Cs XRF
Te AA

1 Whole Rock samples BS, 
874, 879, 4133

Detection Limit (ppm)
100100
100
100
100
100
100
100
100
100

1
1
1
1
1
1
1

10
15
1
1
1
1
1
5
0.2

FA, CD, CF, 828, 829, 832, 867,

2DCP=plasma emission spectrometry, XRF=X-Ray Fluores
cence, SIE=selective ion electrode, CV=cold vapor 
atomic absorption, AA=atomic absorption, NA=neutron 
activation, ICP=plasma mass spectrometry, EMS=emission 
spectroscopy, FAA=flameless atomic absorbtion
3Total iron, reported as oxide
4 Trace Element Package, samples Mncal, 177, 807, 809, 
830, 831, 853
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Laboratory Element Method Detection Limit (ppm)
Table 40— continued

T1
S
Pb
Zn
AgF
Hg
B
Bi
Cu
Mo
Co
Ni
Cr
Mn
Cd
Fe
V
Be
Li
Sr
A1
Mg
Ca
Na
K
As
Sb
W
La
Hf
Ir
Au
Ta
Th
U

X-RAL5 * F
V
Co

AA 0.5
AA 0.02
AA 2
AA ' 1
AA 0.2
SIE 20
CV 0.005
DCP 10
DCP 2
DCP 1
DCP 1
DCP 1
DCP 1
DCP 1
DCP 1
DCP 0.5
DCP 1000
DCP 1
DCP 1
DCP 1
DCP 1
DCP 10
DCP 10
DCP 10
DCP 10
DCP 10
NA 0.5
NA 0.01
NA 1
NA 1
NA 1
NA 100
NA 0.002
NA 0.5
NA 0.2
NA 0.2
SIE 20
DCP 2
DCP 1

5XRAL=X-Ray Analytical Laboratories, samples 179, 180, 
181, 182, 183, 185, VFlf, VF2f, 602, 691, 804, 805,
808, 811, 812, 818, 851, 852, 857, 895, 904, 925, 926, 
937, 978 and 92502



Table 40— continued
Laboratory Element Method Detection Limit (ppm)

Ni DCP 1
Ge DCP 10
Ga DCP 5
Ho DCP 1
Cd DCP 1
In6 DCP 0.5
As NA 1
Sb NA 0.2
W NA 1
Hg7 CV 0.005
Sn XRF 100
Sn BMS 3
Bi FAA 0.1

IMMSA8 Ag AA 1
Pb AA 100
Zn AA 100
Cu AA 100
Fe AA 100

NE9 Mn NA 50
Na NA 50
K NA 100
As NA 01
Sb NA 0.2
W NA 0.2
In NA 0.1
Zn NA 200
Cu NA 200
Ag NA 200
Fe NA 1000
Ba NA 2000
La NA 0.1
Yb NA 0.1

■ Eu NA 0.5

6 Sample 808 only
7 samples 602, 691, 808, 811, 851, 852, 857, 92502
8IMMSA=Industrial Minera de Mexico, S. A.
sThe University of Arizona, Nuclear Engineering 

Department



Table 41. Repeatability

Sample1 Delay Time1 2 Dead

602 23.717 h + 4247 s 2
602p 23.717 h + 12492 s 3
832 23.717 h + 2425 s 0
832p 23.717 h + 15211 s 0

Time Mn Na As Sb W
ppm ppm ppm ppm Ppm

s 7130 113 269 32 117
s 9980 78 270 18 71
s 1098 92 5.1
s 1077 109 2.5

1 . 100000 g samples were irradiated for 15 minutes at 100 kw and counted for 5 minutes

2h=hours, m=minutes, s=seconds



APPENDIX G

REPRODUCEABILITY, ACCURACY AND ERROR 
Reproduceability is an index of accuracy, or how 

repeatable a specific measurement is at different labora
tories. The accuracy of a specific measurement is a 
comparison of its measured value with the true value, or 
that accepted by the scientific community. The reproduce- 
abilities of measurements from various laboratories are 
shown in Tables 42 and 43, while the accuracy of X-Ray 
Analytical Laboratory's measurement of standard GXR-4 is 
shown in Table 44. An indication of how representative the 
indium standards are of the prepared material is given in 
Table 45.

Sources of Error
Contamination

Perhaps the greatest source of inaccuracy, other 
than measurement errors, is contamination during sample 
collection and preparation. Sources of error during sample 
collection include metal from hand tools and contamination 
by dust and grease on the mine walls (Table 46). Additional 
contamination occurred during crushing and pulverization of 
the samples, as well as during their weighing and encapsu
lation . The effects of contamination by salt from human
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Table 42• Base Metal Assay Comparison

Sample1 Laboratory Ag
ppm

Mncal IMMSA1 2 3
B-C3 .9

177 IMMSA 4B-C <2807 IMMSA 350
B-C 770

809 IMMSA 40
B-C 24

830 IMMSA 335
B-C 515

831 IMMSA 128
B-C 140

853 IMMSA 2
B-C 18

Pb Zn Cu Fe S
X X % X %

.05 .02 .2 .2

.02 .02 <.01 .4 CMOV

.05 .08 .8 .8

.02 .02 .001 .9 .6
14.4 20.5 . 17 16.6

.25 23.6 . 16 13.6
1.07 3.47 .03 5.7
.21 6.80 .05 6.3

2.72 6.78 1.08 9.7
2.80 7.85 1.05 111.5
1.10 9.40 .37 16.9
.71 8.65 .32 18.7
.03 1.19 .01 16.5
. 19 .96 .003 17.0

1 Assayed by atomic absorbtion spectroscopy
2 IMMSA=Industrial Minera Mexico
3B-C = Bondar-Clegg Laboratories

CO CO



Table 43. Comparison of Other Analyses

Sample Laboratory K
%

Mncal B-C1 .02
NE1 2 —  —  —

177 B-C 1.32
NE 1.55807 B-C 1.05NE .89809 B-C 3.26
NE 3.71809 XRAL3
B-C808 XRAL
NE

602 NE
XRAL830 B-C 2.88
NE 3.59831 B-C
NE

853 B-C . 17
NE —  —  —

828 B-C <.01
NE .04829 B-C 7.39
NE 7.38832 B-C <.01
NE .04867 B-C 5.15
NE 5.16

Na Mn Sb As W
X % ppm PPm PPm

<.01 .717 .9 4.2 3.0.03 . 660 1.6 9.3 2.6.04 . 116 2.2 42.0 3.0. 03 .09 1.5 45.0 1.3.05 .785 17.5 60.4 29.0
.05 .592 13.0 60.0 20.0
.09 .427 21.4 222.0 5.0
.05 .324 21.9 353.- —

62.9 757.0 145.0
63.0 960.0 170.0

.06 .50 89. 1 946.0 37.0

. 09 .41 .2 857.0 —

.92

.56
.04 2.00 149.0 <300.0 7.0
.17 2.64 .3 5.2 --

<.01 .14
.01 .12

<.01 .03
.09 .05

<.01 .13
.01 .11

<.01 .53
.06 .53

In Bi 
ppm ppm

11.0
18.4

20
23

1B-C=Bondar-Clegg

2NE-Nuclear Engineering Department, The University of Arizona

3 XRAL=X-Ray Analytical Laboratories
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Sn
ppm

25
34
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hands may be seen by examining the erratic sodium profile of 
Plate 5.

Efforts to combat contamination during sample col
lection and preparation are described in the Introduction; 
the most important of these was the comminution of Ottawa 
Sand in the equipment after each sample was crushed and 
pulverized. Up to 80 ppm manganese and 5 ppm arsenic re
mained after the first cleaning (Table 47), while successive 
crushing of Ottawa Sand removed any remaining material left 
on the machinery by the proceeding sample.

Representativity of Samples
To insure that samples were representative of the 

sites from whence they came, five kg of rock per sample were 
collected underground and 10 kg at the surface. Following 
pulverization, samples were successively divided by halves 
until the weight required for analysis was obtained.

Representativity of Standards
The degree to which the standards represented their 

parent material was largely a function of the parent 
sample’s homogeneity. For this reason, the material from 
which the standards were selected was thoroughly mixed, 
prior to splitting out the desired quantity of standard.
An indication of the degree to which splits of Lovering’s 
GXR-4 standard represent the original material may be
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As a check on the representativity of the indium 
standard and the repeatability of the indium analyses, the 
two .100000 g samples of the prepared standard that had been 
used during Neutron Activation Analysis were irradiated 
together and successively used as standards for calculating 
the respective concentrations of indium which were present 
in each other (Table 45).

Weighing Errors
The discrepancy between successive weighings of the 

same sample was generally less than .000006 g and had a 
negligible effect on the accuracy of the analyses.
Counting Errors
Dead Time. The period when pulses of gamma radiation are 
actually being processed by the counter is referred to as 
the dead time. The percentage of the counting interval taken 
up by dead time was considered acceptable if it was less 
than 10X-12*. According to empirical data from the Univer
sity of Arizona's Nuclear Engineering Department (George 
Nelson, personal communication), the error caused by dead 
time is approximately one tenth of its fraction of the 
counting interval; for example, an error of approximately 
1% results from a dead time that is 10* of the counting

inferred from the data in Table 44.

interval.
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Table 44. Standard Comparison

Sample Source As
ppm

Sb
ppm

W
ppm

Sn
ppm

V
ppm

Co
ppm

Ni
ppm

GXR-4 Abbey, 1983 - 98 4.4 28 — — 92 6 38
XRAL1 100 4.8 34 <3 100 22 49

Table 45. Representativity of the Indium Standards

Sample Standard Calculated Value (ppm)
413Kev 817Kev 1097Kev 1507Kev

Indium Indi 21.1 21.7 20.9 25.4
Indi Indium 36.1 35.2 36.5 30.1

1XRAL=X-Ray Analytical Laboratories



Table 46. Trace Element Content, Mine Wall coating, Level 14

Sample Element
Number

Ag Pb
ppm ppm

Zn Cu
ppm ppm

Fe As
ppm ppm

Sb
ppm

Mn
ppm

Mo
ppm

Ms 9 1000 2200 0 600 43 16 900 <1

Table 47. Analysis for possible sample contamination during pulverization

Sample Description Cleaning Mn Na K
ppm ppm ppm

Fe
ppm

Zn
ppm

Cu
ppm Ag

ppm
As
ppm

Sb
ppm

W In
ppm ppm

Os
OSP

Ottawa Sand 
Ottawa Sand

none
first 231 47 4.7

Ag, Pb, Zn, Cu and Fe by atomic absorption spectroscopy, IMMSA; As, Sb, Mn, W, In, 
Mo, Na, and K by neutron activation analysis, the University of Arizona
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High Background Levels. In the event that background levels 
were unacceptably high, it was necessary to wait until the 
dead time decreased to 20% of the counting interval before 
the smaller peaks could be distinguished and measured by 
hand.

Geometrical Differences
As a result of fluctuations in density of the sample 

material, the volume of sample in the polyvinyl vials va
ried. Differences in sample volume caused slight variations 
in neutron flux at the sample, which imperceptibly affected 
the measurements.
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