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Electrum (brightest) intergrown with chalcopyrite, silver sulfides
and bladed calcite from the San Nicolas vein (Sn-6).



ABSTRACT

The bonanza-gold San Nicolas vein is located in the Guanajuato, Mexico silver
mining district. With an average grade of 6.8 g/ton Au and 141 g/ton Ag, this vein is
unique because it has gold/silver ratios five times greater than most other veins in the
district. This research uses paragenetic relationships, trace element geochemistry, fluid
inclusion microthermometry, and fluid inclusion gas analyses to study the San Nicolas
vein and determine the cause of its anomalously high gold concentrations.

The San Nicolas vein developed in three paragenetic stages: an early vein opening
event involving wallrock silicification and brecciation (Stage I), an ore mineralization
stage associated with brecciation, amorphous silica and bladed calcite (Stage II), and the
collapse of the hydrothermal system as evidenced by the presence of amethyst and blocky
calcite (Stage III).

Gold oceurs as electrum intergrown with polybasite, aguilarite, chalcopyrite,
bladed calcite and amorphous silica and is associated with brecciation. Zones of
alteration in the wallrock of the San Nicolas vein consist of a lowermost propylitic zone
of green wallrock and abundant pyrite, a middle zone of grey, white and yellow clay, and
an uppermost zone of reddish-orange clay. Two XRD analyses reveal that the clays in the

middle and uppermost zones are respectively illite and smectite.




Trace element geochemistry shows that Au, Ag, Cu, Pb, Zn, As, and Sb are

coﬁcentrated in the northeast and in the southwest ends of the San Nicolas vein. Gold
concentrations correlate well with Ag and moderately with Cu, Pb, Zn and Sb.

Fluid inclusion homogenization temperatures Th and salinities range from 172-
282 °C and 0-2.95 wt % NaCl eq. Bladed calcite associated with ore mineralizatién was
deposited from ~225 °C fluids containing 0.5 Wt % NaCl eq. Late stage amethyst
crystallized from ~238 °C fluids containing 0.8 wt % NaCl eq., and blocky calcite
crystallized from ~221 °C fluids with 1 wt % NaCl eq. The coexistence of both liquid-
dominated and vapor-dominated fluid inclusions in the San Nicolas vein, along with the
occurrence of bladed calcite and electrum intergrowths, indicates that ore mineralization
occurred from boiling fluids. Salinity and Th analyses show both boiling and mixing
trends when plotted together which suggests both processes were operating during San
Nicolas Mineralization.

Fluid inclusion gas analyses indicate that San Nicolas fluids were dominantly
meteoric in origin with possibly a minor input of magmatic fluids. Hydrogen sulfide
concentrations were sufficient to transport Au complexed with HS and deposit the San
Nicolas ores. Most gas analyses show a boiling trend when plotted on a CO,/N , vs. total
gas discrimination diagrams.

Intergrown gold, bladed calcite and amorphous silica associated with breccia
fragments indicate that gold mineralization occurred in response to catastrophic
depressurization and extreme boiling. Homogenization temperatures indicate fluids and
wallrock temperatures are 220-238 °C. Amorphous silica can only be precipitated if

temperatures decreased to 180 °C or if about 40% water was removed by boiling. Bladed



calcite is deposited in response to CO, loss caused by boiling. The most reasonable
explanation for the presence of Au in association with minerals deposited in an extreme
boiling environment is that Au was deposited as a result of this environment as well.
Intense boiling coupled with sufficient H,S to transport >10 ppm Au were crucial
to creating the bonanza-Au San Nicolas vein. This mechanism of ore mineralization was
absent or not preserved during the development of other vein systems in this mining

district such as the Veta Madre and La Luz system.



ACKNOWLEDGEMENTS

I would like to dedicate this thesis to my mom and dad. Thank you for all your
love and ceaseless support throughout the years. I love you. I would also like to thank
you, my dearest Scott, for sharing your positive energy and wisdom with me. Iam going
to miss you dearly.

Much thanks to my advisor Dave Norman and my committee members
Andy Campbell, Bill Chavez and honorary committee member Virgil Lueth.

Gracias a mis amigos a la mina El Cubo!! Pienso mucho de uds. ©
Many thanks to the Compania Mineral del Cubo for funding this project and providing me

with a dream vacation in Guanajuato.

ii



TABLE OF CONTENTS

ii Acknowledgments
iii List of Tables
iv List of Figures

1.0 Introduction

2.0 Guanajuato District Background Geology and History
2.1 Geography
2.2 Mining History
2.3 Regional Geology
2.4 Stratigraphy
2.5 Structure and Vein Systems
2.6 Caldera.
2.7 Mineralization
2.8 Metal Sources
2.9 Wallrock Alteration
2.10 Temperature and Salinity of Fluids
2.11 Source of Fluids
2.12 El Cubo Mine

3.0 Methods of Investigation
3.1 Petrography
3.2 Trace Element Geochemical Analysis
3.3 Fluid Inclusion Microthermometry
3.4 Fluid Inclusion Gas Analysis

4.0 Results

4.1 Vein Geology

4.2 Mineralogy and Petrology

4.3 Vein Paragenesis

4.4 Alteration

4.5 Geochemistry
4.5.1 Element Distributions (Image Maps)
4.5.2 Element Correlations

4.6 Fluid Inclusion Microthermometry
4.6.1 Nature of Inclusions

iii

Page
ii

vi

20
22
27
34
34
37
37
47
47



4.6.2 Highest Temperature Fluid Inclusion Assemblages
4.6.3 Temperature of Homogenization

4.6.4 Temperatures of Melting

4.6.5 Pressure and Depth to Boiling

4.7 Fluid Inclusion Gas Analysis

4.7.1 CO,/CH, vs. N,/Ar

4.7.2 Ar/He vs. N,/Ar

4.7.3 CO,/CH, vs. H,S

4.7.4 CO,/N, vs. Total Gas (100-H,0)
4.7.5 Fluid Evolution

5.0 Discussion

5.1 Boiling

5.2 Fluid Mixing

5.3 Temperatures and Salinities of Fluids

5.4 Fluid Source

5.5 Paragenesis and Fluid Processes

5.6 Gold Complexation and Precipitation

5.7 Fluid Flow Direction

5.8 Why are there higher gold grades in the San Nicolas vein
than in other veins in the Guanajuato district?

5.9 Model of San Nicolas Vein Ore Genesis

6.0 Conclusions

References Cited

Appendix 1
Appendix 2
Appendix 3
Appendix 4

Handsample Descriptions
Geochemical Data

Fluid Inclusion Data

Gas Data

iv

49
54
56
62

62
65
65
67
70
70

75
77
77
78
78
81
82
82

83

85

86



LIST OF TABLES

Table

1. Number and type of analyses performed on each El Cubo vein.
2. Analyses performed on each San Nicolas vein samples.

3. San Nicolas vein average, high temperature Fluid Inlcusion Assemblage
(FIA) data.

Page

15
16
53




LIST OF FIGURES

Figures

1. Map of Mexico showing the location of Guanajuato district.
2. Location of major northwest-striking vein systems and caldera
structure of the Guanajuato mining district. ‘
3. Guanajuato District stratigraphic column.
4. Cross-section of geology in and around the proposed Guanajuato caldera
margins.
5. Principal veins of the El1 Cubo Mine.
6. Sample location map along longitudinal section of the San Nicolas vein.
7. Longitudinal section of San Nicolas vein showing topographic
surface, intersecting veins and host-rock lithologies.
8. Reflected light petrogrphic photo showing:
9. Backscatter electron image of showing electrum, polybasite, aguilarite and
chalcopyrite.
10. Reflected light petrographic photos showing intergrowth of chalcopyrite
and silver sulfides.
11. Reflected light petrographic photos showing intergrowth of electrum
and silver sulfides.
12. Paragenetic sequence of the San Nicolas and Villalpando veins showing
mineral relationships.
13. Sample (Sn-15) showing two stages of vein paragenesis.
14. Handsample (Vil-28) showing all three stages of vein paragenesis.
15. Paragenesis representing Stages I, II and III from samples
16. Photomicrograph of ethched quartz
17. Photomicrographs of sulfides intergrown with mosaic quartz and
bladed calcite.
18. Chalcedony grading into amethyst.
19. Longitudinal section of the San Nicolas vein showing wallrock alteration.
zones and results of XRD clay analyses on samples
20. Geochemical sample locations and distribution of gold on San Nicolas vein
longitudinal section.
21. Geochemical sample locations and distribution of silver on San Nicolas
vein longitudinal section.
22. Geochemical sample locations and distribution of copper on San Nicolas
vein longitudinal section.
23. Geochemical sample locations and distribution of lead on San Nicolas vein
longitudinal section.

vi

Page

=]

13
17
21

23
24

25
26
28
29
30
31
32
33

35
36

38

39

40

41



- 24.

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

Geochemical sample locations and distribution of zinc on San Nicolas vein
longitudinal section.

Geochemical sample locations and distribution of arsenic on San Nicolas
vein longitudinal section.

Geochemical sample locations and distribution of antimony on San Nicolas
vein longitudinal section.

Geochemical sample locations and the ratio distributionof precious metals
(Au + Ag) over base metals (Cu +Pb + 7n) plotted on San Nicolas vein
longitudinal section.

Geochemical element correlations including linear graphs for elements
showing strong correlations.

Quartz growth planes filled with vapor-rich (Type II) primary inclusions
from Stage Il amethyst.

Photomicrograph of liquid-rich (Type I) pseudosecondary

inclusion plane from Stage III amethyst.

Photomicrograph of vapor-rich (Type II) secondary inclusion plane

from Stage Il amethyst.

Photomicrograph of liquid-rich (Type I) fluid inclusions coexisting with
vapor -rich (Type II) secondary inclusions suggesting boiling.
Histograms of Th measured in Stages Il and III minerals

Average temperature contours from San Nicolas vein highest temperature
Fluid Inclusion Assemblages (FIA’s). ,
Histograms of salinities from different minerals within paragenetic Stages
I and IIL.

Average salinity contours from San Nicolas vein highest temperature
Fluid Inclusion Assemblages (FIA’s).

Temperature versus salinity plot for primary fluid inclusions from three
paragenetic stages and for comparison

Temperature vs. salinity plots for paragenetically banded samples (Sn-8)
and (Sn-15).

Boiling point to debth curves for hydrostatic pressures and lithostatic
pressures calculated assuming

San Nicolas gas analyses plotted on Log N,/Ar vs. Log CO,/Ch,
discrimination diagram showing magmatic and crustal fluid ranges.

San Nicolas gas analyses plotted on Ar/He vs. N/Ar discrimination
diagram showing Calc-alkaline Magmatic field.

San Nicolas gas analyses plotted on Log CO,/CH, vs. Log H,S
discrimination diagram showing the stability fields for magnetite

San Nicolas gas analyses for all samples plotted on a

CO,/N, vs. Total Gas (100-H,0) discrimination diagram showing

boiling and condensation trends.

San Nicolas gas analyses from paragenetic banding (Sn-8a-f)

plotted on four different discrimination diagrams show evolution of

fluid inclusion gas content.

vii

45

46

48

50

51

52

55
57

58

60

61

63

64

66

68

68

69
71

72



45. San Nicolas gas analyses from paragenetic banding (Sn-15-a-c) 73
plotted on four different gas discrimination diagrams showing the
~ progression of fluid inclusion gas content through time.
46. Longitudinal section showing total gas distribution.
47. Solubility curves or amorphous silica, chalcedony and quartz.

76
80

Vviii




1.0 INTRODUCTION

The Guanajuato mining district is located 475 kilometers northwest of Mexico
City in central Mexico (Fig. 1). Guanajuato is best known for its' abﬁndant veins and
stockwork silver mineralization. Mining commenced at Guanajuato in the mid 1500's and
continues to today. Most of the mineralized veins in the Guanajuato district are northwest
striking structures. The San Nicolas vein, which was discovered in 1983, is a northeast-
striking vein. This vein is unique in the district because it is perpendicular to the major
vein systems in the district and it has significantly higher gold concentrations than other
Guanajuato district veins. Gold to silver ratios are (1/20) where Au/Ag ratios of (1/100)
are common elsewhere in the district. Also, San Nicolas gold mineralization is located
both stratigraphically and topographically above the silver-rich veins. The uniqueness of
the San Nicolas vein to the Guanajuato district, proposes the question: Why is there
higher gold grades in the San Nicolas vein than in other veins in the Guanajuato district?

This study uses vein paragenesis, trace element geochemistry, fluid inclusion
microthermometry, fluid inclusion gas analyses, qualitative microprobe analyses and XRD
clay analysis and to determine why San Nicolas Au grades are higher than elsewhere in the
district and to characterize the vein mineralization. Understanding the genesis of the San
Nicolas vein, will help in future exploration for gold rich veins of this type in the

Guanajuato district, and elsewhere.
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Figure 1. Map of Mexico showing the location of the Guanajuato district.




2.0 GUANAJUATO DISTRICT BACKGROUND GEOLOGY AND HISTORY

2.1 Geography

The Guahajuato Mining district is centrally located in Mexico (Fig 1). It lies
within mountainous terrain about 2,000 meters above sea level. Ore deposits of this
region are found within the Sierra de Guanajuato mountain range which is a 100 km long
and 20 km wide anticlinal structure with a northwest trend that parallels the Zacatecas,
Fresnillo, Velardena and Santa Eulalia Ag-Pb-Zn district.
2.2 Mining History

Ore was discovered in the Guanajuato northwest region in 1548 when Spanish
packers found an ore-bearing vein. It wasn’t until 1550, however, that outcroping
mineralization was found that would eventually be named the Veta Madre. The Veta
Madre discovery resulted in a local population explosion and Guanajuato was founded
(Wandke and Martinez, 1928). The Spaniards continued to explore and mine the area
until 1810 when exploration and mining slowed down. In 1868 the Valenciana mine was
reopened by English capital and continued until 1888. In the 20" century American
mining companies invested in reworking old mine dumps and tailings but only a small
amount of exploration was done at this time. In 1968 the Compafiia Fresnillo discovered a
new ore shoot along the Veta Madre (Querol and Navarro, 1990). After this time,
numerous companies began exploring and developing mines throughout the district

making it one of the richest silver producers in the country.
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2.3 Regional Geology

The Guanajuato mining district is located in the Mesa Central physiographic
province on the southern margin of the Eocene-Oligocene Sierra Madre Occidental
volcanic province. The Sierra Madre Occidental province is bound to the east by the
Sierra Madre Oriental and to the south by the Trans-Mexican volcanic axis. Subduction-
related overthrusting of Mesozoic basic and ultrabasic rocks onto Cretaceous volcanic and
sedimentary sequences occurred between the Cretaceous and the Mesozoic time periods
(Martinez et al., 1991). This sequence was later intruded by a Tertiary granitoid batholith.
Deposition and preservation of the Guanajuato Conglomerate occurred after this time and
was subsequently covered by a series of Oligocene caldera related volcanic rocks
including: ignimbrites, megabreccias and rhyolitic and andesitic domes. These volcanic
sequences were then crosscut by northwest-trending silver-rich fissure vein systems that
now comprises the district (Fig. 2) (Randall, et al., 1994).
2.4 Stratigraphy

The stratigraphic record of the Guanajuato district shows a long history of
volcanism and tectonism (Fig. 3). The Jurassic Esperanza Slate is comprised of a
sequence of shale limestone and basic lava flows and is overlain by the Cretaceous La Luz
Andesite, which is a weakly metamorphosed sequence of clastic sedimentary rocks,
massive tholeiitic lavas and pillow lavas. Both formations are intruded by basaltic dikes
and plagiogranites (Cavila and Martinez, 1987; Randall, 1982). This sequence was

overthrust by the Cerro Pelon Tonalite oceanic crustal complex (Sedlock et al., 1983).

This is overlain by the Eocene continental Guanajuato Conglomerate that is covered by
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Figure 2. Location of major northwest-striking vein systems and caldera struc-
ture of the Guanajuato mining district.
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Figure 3. Guanajuato District stratigraphic column.
(Modified from CIA MINERAL DEL CUBO SA DE C.V.,1999: Randall, Saldana
and Clark, 1994).




intermediate-felsic volcanic rocks in order: Loseros Formation (green volcanic arenite),
' Bufa rhyolite tuff (ignimbrite), Caldedrones (volcaniclastics, lahars and megabreccias),
Cedros Andesite (andesitic lava flows), and Peregrina intrusive (domes and lava flows
interbedded with volcanic breccias and tuffs (Saldana, 1990; Martinez, 1991).
Quarternary sands, gravels, the Cubilete basalt and alluvium top the sequence (Randall et
al., 1994).

2.5 Structure and Vein Systems

The Guanajuato district is located in a Laramide, northwest-trending anticlinal
structure (Saldafia, 1990). This anticlinal structure is locally crosscut by Eocene normal
faulting (Martinez, 1987). Normal faults form perpendicular northwest and northeast
fault sets (Aranda et al., 1989). Most of the silver mineralization is located in veins within
these northwest-trending fault sets. North-south trending faults crosscut the Ag-bearing
faults in many locations. Intersections of east-west trending fault sets and northeast
trending veins have elevated gold grades (Randall, et al., 1994).

Northwest-trending mineralized veins in the district are divided into three major
vein systems: the La Luz, the Veta Madre and the Sierra (Fig. 2). The El Cubo mine and
the San Nicolas vein are located in the easternmost Sierra vein system (Fig. 2)

2.6 Caldera

Epithermal mineralization postdates caldera formation. This caldera structure,
(Fig. 4) was originally proposed by Randall (1987). He suggested that the caldera is up to
16 kmin diameter and that Oligocene intermediate and felsic volcanic units found in the

area are all related to caldera formation due to their proximity to the proposed caldera
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margins. Work conducted by Davis, personal comm., (2002) reaffirms this idea and adds
“to it by suggesting that this caldera is hinged to the east because the caldera floor and the
caldera wall are located topographically higher. This partial collapse is thought to have
occurred due to an asymmetrical magma chamber (Davis, personal comm., 2002). He
. also suggests thét many of the northeast-trending faults in the eastern part of the district
may have formed during collapse when the northeastern portion of the caldera wall was
formed.
2.7 Mineralization
Ore shoots within the Guanajuato district have been subdivided into three
categories based on elevation. The “Upper” ore is located above 2,100-meter level; the
“ Lower” ore occurs between 1,700 and 2,200 meter level and the “Deep” ore occurs
below the 1,700-meter level (Gross, 1975). The San Nicolas vein is located within the
“Upper” ore horizon. These horizons are generally separated by barren zones. The upper
and lower ore assemblages are distinguished by acanthite, pyrite, calcite, adularia, sericite,
and quartz (Gross, 1975). Deep ore assemblages have chalcopyrite, galena, sphalerite,
acanthite along with quartz and adularia (Gross, 1975).
Potassium/argon (K/Ar) dates of hydrothermal adularia from several silver-rich
northwest-trending vein systems, indicate mineralization occurred between 31 and 26 Ma.

(Randall, et al., 1994). Age dating has not been performed on any veins of the El Cubo

mine.




2.8 Metal Sources
Randall, (1987, 1989) suggested that the source of gold may be the La Luz formation.
He stated that gold is generally found where the La Luz formation is the thickest (Fig. 4).
Much of the gold in the district is found at the El Cubo mine where the La Luz formation
is found to be very thick (350 meters) and of basaltic composition (Randall, 1987, 1989).
In other areas where the La Luz formation is thin, gold is not presént (Randall, 1987,
1989).
2.9 Wallrock Alteration

A detailed study of wallrock alteration by Buchanan (1980) along 16 miles of the
Veta Madre describes alteration that is typical to most of the Veins in the district. District-
wide vein alteration is strongest at the vein selvage and progressing into a zone of potassic
alteration followed by strong to weak propylitic alteration. Superimposed on this vein
alteration assemblage is croscutting fracture-controlled phyllic and argillic alteration.
Argillic and phyllic alteration zones are believed to‘be genetically related to one another
and are commonly associated with ore.
2.10 Temperature and Salinity of Fluids

Several fluid inclusion studies are reported on Guanajuato from the Veta Madre.
Gross (1975) reports homogenization temperatures Th range from 260-320 ° C in vein
minerals from elevations of 1,700 meters to 2400 meters. Mango and others (1991)
report Th ranges 230-305 °C in lower ore quartz, calcite and sphalerite with an average Th
of 268 °C and average salinitiy of 1.18 wt % NaCl eq. These fluid inclusion studies

disclose no evidence for fluid boiling in the lower Veta Madre mineralization. Girnius
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(1993) reports Th values between 220°- 235° C for San Nicolas minerals that have no
evidence of fluid boiling. He reports an average Th of 245° for t;zvo samples that exhibit
boiling and salinities <1 wt % NaCl eq.
2.11 Source of Fluids

There aré limited stable isotope analyses on sulfur, lead, carbon and oxygen from
the Veta Madre. Gross (1975) reports sulfur isotopic values (§**S -3.4 to -19.5 per mil)
from vein sulfide minerals, which are similar to sulfur isotopic composition in the
Mesozoic sedimentary rock sulfides (8**S -12.6 to -16.6 per mil). Mango and others
(1991) measured oxygen, carbon and lead isotopes. They concluded that carbon (8"
Cppg values -12.2 to -9.2 per mil) were derived from an organic-rich rock similar to the
Esperanza Formation. They interpreted oxygen isotope values (8"*Ogy;on= 9.7 to 18.3 per
mil) to be the result of either equilibration of meteoric water, with isotopically heavy
country rocks, or mixing of fluids from different sources. Mango and others (1991)
conclude that lead isotopic ratios closely resemble values measured in Oligocene
volcanic rocks and their intrusive counterparts.
2.12 El Cubo Mine

The Mexican company, Compania Mineral Del Cubo owns and operates the El
Cubo Mine. This mine is one of the largest gold and silver producers located on the Sierra
de Guanajauto vein system (Fig. 2). Yearly production is about 1,050,000 oz. of Ag and
51,750 oz. of Au at an average grade of 140 g/ton Ag and 6.9 g/ton Au respectively
(Martinez, personal comm., 2000). The San Nicolas vein was discovered in 1983. This

bonanza vein had local grades of 100g/ton Au and gold/silver ratios of (1/20). An

11




N

estimation of total San Nicolas vein production to date is ~500,000 oz. Prior production
at the El Cubo mine was predominately from the northwest-striking, silver-rich
Villalpando Vein. Other smaller, but important producing veins in the El Cubo mine are
the Los Panchos, Villalpando del Alto, 750 vein, Soledad, San Juan de Dios, San

Francisco, Reina Isabel, La Loca and La Immaculada. (Fig. 5).
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Figure 5. Principal veins of the El Cubo Mine.
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3. METHODS OF INVESTIGATION

Samples were collected between June and August 2000 at the E1 Cubo mine in
Guanajuato, Mexico. Ninety underground samples were collected from the San Nicolas,
Villalpando, Los Panchos and San Juan de Dios veins (Appendi;; 1). At each of the 90
sample locations, two samples of vein material were collected for paragenesis and
geochemical studies and one sample of host rock was taken for clay mineral analysis.
Samples were collected along the length of the veins on most underground levels to obtain
a widespread distribution. The initial goal of this thesis was to perform whole rock
geochemistry, clay analyses, fluid inclusion microthermometry and gas analyses on all
samples. Due to time constraints, the primary focus of this study was narrowed to the San
Nicolas vein. Geochemical analyses, however, were performed on all samples from all
veins (Appendix 2). Table 1 is a summary of analyses performed on each vein, Table 2
indicates analyses performed on individual samples from the San Nicolas vein. San
Nicolas vein sample locations are shown in (Fig. 6).
3.1 Petrography

Petrographic descriptions on thick sections and hand samples with clearly defined
mineral banding from both the San Nicolas and Villalpando veins were used to determine
vein paragenesis.. Qualitative backscatter images of samples Sn-6 and Sn-11were created
by Electron Microprobe Analysis (EMPA) at the New Mexico Bureau of Mines and

Mineral Resources (NMBMMR), microprobe lab, Socorro, New Mexico, to aid in the
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Table 1. Number and type of analyses performed on each El Cubo vein.

Whole Rock Fluid Inclusion Fluid Inclusion | (XRD) Microprobe Paragenesis
Geochemistry | Microthermometr | Gas Clay Analyses
y
San Nicolas 42 samples 23 samples 17 2 samples 2 samples 10 samples
Villalpando 19 samples 1 sample
Los Panchos 11 samples
San Juan de Dios | 14 samples

15




Table 2. Analyses performed on each San Nicolas vein samples.

Sample # Geochemistry Fluid Inclusion Gas Analyses

1 Sn-1 X X X
2 Sn-2 X X X
3 Sn-3 X X X
4 Sn-4 X X X
5 Sn-5 X X X
6 Sn-6 X X X
7 Sn-7 X

8 Sn-8 X X X
9 Sn-9 X X

10 Sn-10 X X X
11 Sn-11 X

12 Sn-12 X

13 Sn-13 X X X
14 Sn-14 X X X
15 Sn-15 X X X
16 Sn-16 X

17 Sn-17 X

18 Sn-18 X

19 Sn-19 X X X

20 Sn-20 X

21 Sn-21 X

22 Sn-22 X X X

23 Sn-23 X

24 Sn-49 X X X

25 Sn-50 X

26 Sn-58 X X

27 Sn-59 X

28 Sn-60 X X X

29 Sn-61 X X

30 Sn-66 X X X

31 Sn-69 X X X

32 Sn-73 X

33 : Sn-74 X X

34 Sn-76 X

35 Sn-77 X

36 Sn-78 X

37 Sn-79 X

38 Sn-80 X

39 Sn-81 X

40 Sn-82 X X

41 Sn-200 X

42 Sn-299 X
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: identification of sulfides. Two samples of clay (Sn-74) and (Sn-3) from a clay-rich
‘hvo‘rizons in the San Nicolas vein were analyzed by X-Ray Diffraction (XRD) also at the
NMBMMR to determine clay mineralogy.

3.2 Trace element geochemical analyses

A thirty élement geochemical analysis to determine trace element metal

distributions was performed on 82 samples from the San Nicolas, Villalpando, Los
Panchos and San Juan de Dios veins. Geochemical Inductively Coupled Plasma (ICP)
analyses were made on whole rock samples by Bondar Clegg Geochemical Company in
Toronto Canada. Inductively Coupled Plasma (ICP) digestion using a HCL:HNO, ratio
of (3:1) was performed on 32 elements (Ag, Cu, Pb, Zn, Mo, Ni, Co, Cd, Bi, As, Sb, Fe,
Mn, Te, Ba, Cr, V, Sn, W, La, Al, Mg, Ca, Na, K, Sr, Y, Ga, Li, Nb, Sc and Ta). Gold
was analyzed by Fire Assay-Atomic Absorption (AA) and Gravimetric methods. The
maximum values for gold obtained by this method are 10000 ppb (10 ppm or 10g/ton).
Element distribution plots or “image maps” by the Kriging statistical method were created
by the “Golden Software Surfer 7" program. Image maps helped visually understand the
distribution of elements at each sample location along the length of the San Nicolas vein.

3.3 Fluid inclusion microthermometry

Fluid inclusion heating and freezing measurements were conducted on 186 fluid

inclusions from 23 San Nicolas vein samples. Microthermometry measurements were
performed at New Mexico Tech on a Linkham THMSG 600 heating and freezing stage.
Final melting temperatures of ice Tm and final vapor bubble homogenization temperatures

Th were obtained to understand the temperature and salinity conditions of mineralizing
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fluids. A H,O calibration was made before each measurement session to reduce analytical
error. The precision of temperature measurements is = 0.2 °C. The temperature rate was
slowed to 0.2 °C/min as melting and homogenization temperatures in order to reduce error
resulting from thermal gradients.
- 3.4 Fluid inclusion gas analysis

Gas analyses were performed at New Mexico Tech by crushing samples and
measuring the released gas in single and dual Quadrupole Mass Spectrometers. In
February 2002 a single Pfeiffer Mass Spectrometer analyses of volatile species H,0, CO,,
CH,, H,S, H,, N, and Ar and was performed on 7 quartz and calcite samples from the San
Nicolas vein. In June of 2002 a dual Balzers and Pfeiffer Mass Spectrometer analyses of
and H,0, CO,, CH,, H,S, H,, N, and Ar and organics were performed on 9 samples of
quartz and caléite from the San Nicolas vein. Under normal circumstances samples are
analyzed by dual Mass Spectrometers Balzers and Pfeiffer. Due to technical problems in
February 2002, samples were run only on the Pfeiffer Mass Spectrometer. The data were
plotted on template discrimination diagrams using the “Igpet99" program and as Image

Maps in Surfer 7.
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4. RESULTS

4.1 Vein Geology

The San bNicolas vein has a general strike of N70-75E and fills an original tension
fauIt. Vein splays along the length of the vein have varying strikes. The longitudinal
section center of the vein constitutes a change in strike from N73W to N72E. This area
also represents a decrease in vein width from almost two meters in the northeast and in the
southwest to almost half a meter in the longitudinal section center. The vein is composed
of alternating bands of quartz and sulfides near the vein margin grading to massive quartz
and caicite in the middle vein. Locally, several generations of barren amethyst and calcite
veins and Veiniets crosscut the primary vein feature. The large Au-rich and Ag-rich veins
Soledad, San Miguel, Villalpando, Villalpando del Alto and Contra veins crosscut the San
Nicolas vein (Fig. 7). The intersection of the Villalpando, Villalpando del Alto and
Contra veins enrich the San Nicolas vein in gold. Massive calcite veining up to two
meters wide is found at the deepest levels of the vein particularly in the southwestern part
below 2300 meters.

High grade ore zones occur in the northeastern and southwestern sections of the
San Nicolas vein, where most of the mining occurs. Some of the highest grade ore occurs
in the southwest section where the Villalpando vein crosscuts the San Nicolas (Fig. 7)

The San Nicolas vein transects the Guanajuato Conglomerate, Bufa Rhyolite, Caldedrones
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: LOERIC : : :.San Miguel Vein
Villalpando del Alto Vein o Soledad Vein

‘Contra Vein

Meters
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Vein intersections

Host-rock lithologies

Figure 7. Longitudinal section of San Nicolas vein showing topographic
surface, intersecting veins and host-rock lithologies (no vertical exageration).
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Formation and the Peregrina Intrusive (Fig. 7) Mineralization is not associated with any
" one rock type.
4.2 Mineralogy and Petrology

Mineralization occurs in the San Nicolas vein as crustiform bands. Fine-grained
sulfide minerals. along with electrum occur in dark bands intergrown with fine-grained
moéaic quartz and bladed calcite. Gangue minerals include quartz, chalcedony,
amorphous silica, amethyst, bladed and blocky calcite. Amorphous silica (mosaic quartz)
is discerned from chalcedony by its fine-grained <20 xm interpenetrating jigsaw, granular
texture (Guoyi, Morrison, Jaireth, 1995). Chalcedony generally retains its characteristic
botryoidal, flamboyant and feathery textures (Guoyi, Morrison, Jaireth, 1995). Quartz is
subhedral, clear and has crystals >20 um. Pyrite is the most abundant sulfide mineral. It
is found early in the paragenesis in association with chlorite and calcite as propylitic
alteration within the wallrock lithologies. Euhedral pyrite is associated with chalcopyrite,
aguilarite (Ag,SeS), polybasite (Ag,Cu),,Sb,S,;, and electrum (Au,Ag) which is
considered the mineralizing stage (Figs. 8 and 9) The silver sulfides aguilarite and
polybasite are fine-grained (<50 «m) and occur in stringers and as wispy intergrowths
with chalcopyrite and electrum (Figs. 10 and 11). Electrum grains are sub-rounded,
very bright in reflected light and tend to have the straw-yellow color of pyrite (Fig. 11)
Electrum Was discerned from pyrite by microscope because it is very bright in reflected
light, soft and scratches easily, unpitted and is associated with silver sulfides and

chalcopyrite.
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04/04/2003

04/2003

Figure 8. Reflected light petrogrpahic photo showing: A. Scratched silver
sulfide surface (Sn-6; Stage 2 ore; X:-1124, Y:-330) B. Silver sulfides within
the pyrite crystal and on grain boundaries (Sn-6; Stage 2 ore; X:-1124,Y:-330).
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3

Electrum

Polybasite

Electrum
Au,Ag

S0um BSE2 15KV 20nA

“ «
S0um BS 15KV 20nA
Figure 9. Backscatter electron image (15 kV, 20 nA) of (Sn-6; Stage 2 ore;

X:-1124, Y: -330) and (Sn-11; Stage 2 ore; X: -272, Y: -281) showing electrum,
polybasite, aguilarite and chalcopyrite.
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"Chélcopyrite

Silver Sulfides

04/04/2003

Chalcopyrite

Silver Sulfides

04/04/2003

Figure 10. Reflected light petrographic photos showing intergrowth of
chalcopyrite and silver sulfides (Sn-6; Stage 2 ore; X:-1124, Y: -330).
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Electrum

Silver Sulfides

20um

Sn-6

Silver Sulfides
: 04/04/2003

Figure 11. Reflected light petrographic photos showing intergrowth of electrum
and silver sulfides (Sn-6; Stage 2 ore; X:-1124,Y: -330).
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4.3 Vein Paragenesis
Observations made on hand samples and polished thick sections from the San
Nicolas and Villalpando vein were used to determine paragenesis (Fig. 12). The hand
- samples and thick sections that most completely define the entire vein paragenesis are -
shown in (Fig. 13 -15). Not all stages can be seen everywhere in the veins, and Stage Il is
repetitive locally.

Stage 1

The first stage of the San Nicolas vein paragenesis begins with the
initial vein opening event that is less commonly accompanied by wallrock
brecciation(Fig. 15A). Pyrite is the only sulfide present in this stage and
occupies from 1-10% of the wallrock. Propylitic alteration is best
developed in the Guanajuato Conglomerate and Caldedrones formations.
Fractured wallrock is cemented by fine-grained quartz. Quartz veinlets
commonly crosscut cementation but are terminated by banding from Stage
I banded mineralization.

Stage I1

Stage II is the most economically important stage of the San Nicolas
vein because it is the sulfide-bearing or ore stage. Stage I commences
with a preore event which consists of a bands of mosaic quartz crystallizing
from amorphous silica and chalcedony grading to quartz and blocky
calcite. Etching of euhedral quartz grains is visible in areas that contain
blocky calcite (Fig. 16). A dark band containing sulfides, mosaic quartz
and infrequently bladed calcite forms a sharp boundary with the milky
white band (Fig. 17A and B). In hand sample, this band is milky white
and can either massive (2-3 cm) or finely banded (~1 mm). Brecciated
fragments of wallrock and vein material are commonly found within milky
white quartz and sulfides (Figs. 14 and 15A) This band is abundant in
vapor-rich fluid inclusions and therefore is not translucent in some patches.
The milky white quartz and sulfide band are commonly repetitive. The
mosaic quartz-sulfide- bladed calcite band is followed by chalcedony that
has partially recrystallized to quartz (Fig. 17A).
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Stage | Stage li Stage llI

Preore Ore Postore

Brecciation -

—

Iteration
Chlorite —
R

Sulfides
Pyrite
Chalcopyrite
Sphalerite
Polybasite
Aguilarite
Electrum

Gangue Minerals
Quartz
Chalcedony
Amorphous silica e
Bladed calcite
Amethyst
Blocky calcite

Figure 12. Paragenetic sequence of the San Nicolas and Villalpando veins showing
mineral relationships.
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Sn-15

-

Stage 3
Amethyst

Figure 13. Sample (Sn-15; X:-1212, Y:-434) showing two stages of vein
paragenesis.
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“Pajarito”

Stage 2
Ribbon banding of quartz
and sulfides

Figure 14. Handsample (Vil-28; X:406, Y:637) showing all three stages of vein
paragenesis.
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Sulfide band

Breccia fragment

Sulfide band

Figure 15. Paragenesis representing Stages I, II and III from samples
(Sn-4, Sn-8 and Sn-15). Stages are separated by black lines.
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Quartz

Figure 16. Photomicrograph of etched quartz (Sn-11; Stage 1 & preore Stage
2; X: -272, Y:-281) (20x magnification on polished thick section).
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\ 04/04/2003

Suifides

B
04/04/2003

Figure 17. Photomicrographs of (Sn-6; Stage 2 ore and postore; X:-1124,

Y: -330) sulfides intergrown with mosaic quartz and bladed calcite. Photo A
(crossed polars) shows mosaic quartz, sulfides and bladed calcite grading

to chalcedony followed by euhedral quartz. Photo B (plane polarized light)
shows sulfides intergrown with bladed calcite. (10x magnification on polished

thick section). 33




Stage 111
Amethyst followed by blocky calcite are the last vein stages present

in EI Cubo veins (Fig. 18). They are either present as open-space filling, or

crosscutting veins and veinlets (Figs13 and 14).
4.4 Alteration

A vertical zonation pattern is apparent in San Nicolas vein (Fig. 19). The vein is
topographically positive due to silicification that is most abundant near the vein margins.
Propylitic alteration that includes chlorite, pyrite and calcite is predominant below depths
of 2400 m. At depths above 2400 meters green propylitic wallrock alteration grades into
white, grey, yellow and sometimes green clay alteration. The clay alteration becomes
stronger and clays become more intense and reddish-orange towards the topographic vein
surface. The zonation pattern suggests a tranéition from a deep reduced (green Fe *)
assemblage to an oxidized (orange-red Fe **) assemblage towards the vein surface. X-ray
diffraction analyses of a sample from the lower grey-white clay (Sn-3) and a sample of the
upper orange-red clay (Sn-74), indicate they are respectively illite and smectite (Fig. 19).
4.5 Geochemistry

Image maps were constructed to help visually understand the distribution of these
elements along the length of these veins. Image maps of Au, Ag, Cu, Pb, Zn, As and Sb
metal distributions from the Villalpando, Los Panchos and San Juan de Dios veins are

included in this document for reference (Appendix 2). Tabulated geochemical data from

these veins is included with San Nicolas geochemical data also in (Appendix 2).
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Figure 18. Chalcedony grading into amethyst (Sn-15; Stage 2 postore & early
Stage 3; X:-1212, Y:-434) (plane polarized light).
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A correlation matrix was calculated for all samples from all veins to evaluate the behavior
ofjndividual elements relative to one another. The data presented here is for the San
Nicolas vein only.
4.5.1 Element Distributions (Image Maps)

The distribution of the precious metals (Au,Ag) (Figs . 20 and 21), base metals
(Cu, Pb and Zn) (Figs. 22-24), pathfinder elements (As, Sl;) and the element ratios
(Au+Ag/Cu+Pb+Zn) (Figs. 25-27 ) are plotted. Gold and silver are most abundant in the
northeast and southwest portions of the San Nicolas vein within the El Cubo property
boundaries. Elevated trace element concentrations of Au and Ag are found proximal to
the Villalpando, Contra and Alto de Villalpando vein intersections that are shown as red
lines (Figs. 20 and 21). Elevated distribution patterns of (Cu, Pb, Zn, As and Sb)
coincide with that of gold and silver (Figs. 22-26). Zinc shows a greater concentrations
than both copper and lead. (Figs. 22-25). Values for arsenic and antimony are also
elevated in the northeast and southwest parts of the vein (Figs. 25 and 26). The ratio plot
of precious metals to base metals (Au and Ag/Cu+Pb+Zn) shows a very distinct horizon
where precious metals dominate over base metals (Fig. 27)
4.5.2 Element Correlations

An element correlation matrix created by the “StatMost™ statistics software for the
elements Au, Ag, As, Sb, Cu, Pb and Zn, numerically demonstrates how specific elements

behave relative to one another (Fig. 28). In addition to determining a correlation factor,
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Figure 28. Geochemical element correlations including linear graphs for
elements showing strong correlations. Linear graphs reveal that

Cu and Sb only have a one point correlation and that Au and Ag are
correlative.
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the program also reports the sample size and probability. A perfect linear correlation
between two elements will yield a value of “1.00”. The poorer the correlation, the smaller
their correlation coefficient. Elements that do not correlate will have a coefficient of zero.
Elements that behave inversely to one another, will have a negative correlation.

The results of the correlation matrix calculation reveal four moderate correlations:
Cu and Sb (.97), Au and Ag (.90), Pb and Zn (.74) and Cu and Zn (.70). Scatter plots of
Auvs. Ag and Cu vs. Sb were made té determine the linearity of strongest correlations.
They reveal that Cu and Sb only have a one point correlation. Without this point, the
elements would have a correlation of (.4). The plots also show that gold and silver are
linear and do correlate. The negative correlation values that exist between arsenic and
gold, silver, and lead indicates that there is an inverse relationship between these
elements. The correlation of Au and Ag and to a lesser extent Pb and Zn are evident in
the in the image plots. Arsenic shows a halo of elevated arsenic values around elevated
gold values.
4.6 Fluid Inclusions Microthermometry
4.6.1 Nature of Inclusions

Primary, secondary and pseudosecondary inclusions were observed in quartz, clear
euhedral quartz, amethyst and calcite. Inclusion size ranges between 2 and 10 microns.
Measurements were mostly made in clear euhedral quartz, amethyst and mosaic quartz.
Small, irregular-shaped primary inclusions were generally found within quartz growth

planes (Fig. 29). Rounded secondary inclusions were dominately found in healed
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Figure 29. Quartz growth planes filled with vapor-rich (Type II) primary
inclusions from Stage III amethyst (Sn-11; X:-272,Y:-281).
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microfractures. Subrounded pseudosecondary inclusions were found in planes within
3, c;ystal boundaries.
Fluid inclusions are either liquid-rich or vapor-rich at room temperature. No
. daughter minerals, were observed and no /CO2 clatherates were observed when inclusions
- were cooled. Based on these observations, fluid inclusions were classified into Type I and
Type Il inclusions. Type I inclusions are defined by the presence of a liquid and vapor
with a ~.90 degree fill (Fig. 30). Tyi)e IT inclusions are vapor-dominated with a degree
of fill from 0.0-0.3 (Fig. 31). Coexisting Type I and Type II inclusions in a crystal
growth plane or healed microfracture is the strongest evidence for fluid boiling (Bodnar et
al, 1985) (Fig. 32). Type II inclusions were observed in all the samples studied (Table 3).
Samples with both Type I and Type II fluid inclusions, that lack the coexistence of these
two types of inclusions within the same plane are assumed to represent boiling at time
during crystal growth.
4.6.2 Highest Temperature Fluid Inclusion Assemblages

The fluid inclusion study presented here is not a conventional fluid inclusion study
in that fluid inclusions chosen for measurement were biased. Fluid inclusion populations
chosen for measurement were chosen because they displayed characteristics of being the
highest temperature fluid inclusions within the sample being analyzed. These highest
temperature fluid inclusion assemblages were chosen to determine the maximum
temperature in time and space. By determining maximum temperature, it is possible to
determine the ore-fluid flow direction by plotting averages of fluid inclusion Th

information on mine longitudinal sections (Albinson, pers. comm., 2000). These fluid
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i Figure 32. Photomicrograph of liquid-rich (Type I) fluid inclusions
[ coexisting with vapor-rich (Type II) secondary inclusions suggesting boiling.
. (Sn-11; Stage Il amethyst; X: -272,Y: -281).
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inclusions are known as the highest temperature Fluid Inclusion Assemblages (FIA’s).
Fluid Inclusion Assemblages were chosen based on the criteria defined by Bodner and
others (1985). Inclusions that met this criteria have consistent liquid/vapor ratios, large |
vapor bubbles and negative crystal shapes. They number greater than two in a field of
“view and have small Th ranges. Lower temperature inclusions have variable liquid to
vapor ratios, smaller vapor bubbles, irregular shapes and wide ranges in Th (Bodner et al.,
1985). Inclusion assemblages with iﬁcoﬁsistent liquid to vapor ratios were avoided as
much as possible because these inclusions might have necked and would yield false high
or low (Th’s) (Bodner et al.,1985). Measurements are summarized in Table 3.
4.6.3 Temperatures of Homogenization
Temperatures of homogenization (Th) range from 103-282 °C with an average Th
of 235 °C for all inclusions measured (Appendix 3). Histograms of primary, secondary
and pseudosecondary fluid inclusion Th from mosaic quartz, clear quartz, blocky calcite
and bladed calcite (Stage II) are shown in (Fig. 33). Histograms of Th from amethyst and
blocky calcite (Stage IIT) are also shown in (Fig. 33). Stage I fluid inclusions were not
plotted on histograms due to lack of data.
The majority of the fluid inclusions measured in Stage II were measured in clear
quartz. The Th values range from 180-290 °C. Mosaic quartz recrystallized from
amorphous silica has an average Th of 228 °C £ 16 . Fluid inclusions measured in mosaic
quartz may have formed during dewatering of amorphous silica as it crystallized to mosaic
quartz. Therefore, fluid inclusion Th measured in mosaic quartz does not represent the

primary deposition temperature of amorphous silica.. Stage II blocky calcite average Th is
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Figure 33. Histograms of Th measured in Stages Il and III minerals.
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245 °C + 1o. Fluid inclusion Th measured in bladed calcite average 225 °C + lo.
Stage III blocky calcite and amethyst average 221 °C + 16 and 238 °C + lo.

A fluid inclusion assemblage with the highest average Th values was chosen for
each sample studied to represent the makimum temperature in time or space. The
~ averages for each sample were listed in (Table 3). They were plotted on the San Nicolas
vein longitudinal section and hand contoured at twenty ° C intervals (Fig. 34).
4.6.4 Temperatures of Melting

Temperatures of melting Tm range from 0 — 0.8 °C with an average of 0.6
(Appendix 3) Melting temperatures were converted to salinities using the equation by
Bodnar (1985). Salinities range from 0- 3 wt % NaCl eq. with an average of 1.0 wt %
NaCl eq. (Appendix 3). Histograms of salinities from primary, secondary and
pseudosecondary fluid inclusions measured in amorphous silica, clear quartz, blocky
calcite, bladed calcite (Stage II), and amethyst and blocky calcite (Stage III) are presented
in (Fig. 35). The majority of fluid inclusion Tm measurements were made in clear quartz.
The calculated salinities range from 0.4 - 3 wt % NaCl eq. Amorphous silica salinities
range from 0.4-2.4 wt % NaCl eq. Stage II blocky calcite ranges from 0-2.4 wt % NaCl
eq. Bladed calcite ranges from 0-1.6 wt % NaCl eq.  Stage III amethyst ranges from 1.4-
1.2 wt % NaCl with the majority of the analyses within the 1.2 wt % NaCl eq. bin. Stage
IIT blocky calcite salinities range from 0.4-1.6 wt%f NaCl eq.

Salinity values are plotted on the San Nicolas longitudinal section show that

salinities generally increase downwards with the highest values in the northeast section of
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"’the vein. Generally higher salinities are coincident with highest Th values (Figs. 35 and
36).

A Th versus salinity scatter plot was made for all primary fluid inclusions (Fig.
37). On this diagram are plotted four trends of fluid inclusion salinity and temperatures
reported in studies from active geothermal system fluids. San Nicolas vein fluid inclusion
data can be bound by two major trends (Trend 1 and Trend 2) determined by observations
made on the Broadlands-Ohaaki geothermal system (Hedenquist an, 1985a; Simmons and
Christenson, 1994). Trend 1 represents gas loss during boiling (Hedenquist and Henley,
1985). Trend 2 represents the dilution of a saline Cl- rich parent solution (composition A)
with a CO, rich steam heated water (composition B) (Hedenquist and Henley, 1985).
Intermediate compositions (Trend 3) may reflect mixing, gas loss, gas addition coupled
with conductive cooling (Moore et al., 2000). Trend 4 represents boiling and evaporative
steam loss of a gas-poor parent liquid (Simeone and Simmons, 1999 and Simmons et al.,
2000).

The intersection of several trends may (Fig. 37 point A) provide the possible
temperature and salinity of the parent water. However, trend 4 and trend 1 cannot occur
from the same fluid. Although elements of the data appear to lie along a trend, analyses
for no sample entirely lies along a single trend.  Temperature verses salinity analyses
from the Broadlands-Ohaaki geothermal system were plotted for comparison with San
Nicolas analyses. Broadlands-Ohaaki fluid inclusion analyses show the same spread in

salinity and temperature.
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Microthermometry measurements made on fluid inclusions from paragenetic
'bénds in samples (Sn-8) and (Sn-15) (Fig. 38) are plotted on temperature verses salinity
diagrams (Fig. 38). Data trends for (Sn-8) are boiling and mixing. Data trends for (Sn-
15) are gas loss due to boiling and mixing.
4.6.5 Pressure and Depth to Boiling

The presence of bladed calcite and the coexistence of Type I and Type II fluid
inclusions indicates that fluids San Nicolas fluids were boiling. Hence, they must have
been trapped at or near conditions where liquid and vapor coexist therefore Th is
considered equal to the trapping temperature (Th=Tt) and no presssure corrections were
made.

A paleodepth reconstruction was created for hydrostatic and lithostatic pressures
by plotting the averages and ranges of individual samples against present depth (Fig. 39).
The depth scale and attendant depth to boiling curves were moved to best match the data.
San Nicolas fluid inclusion pressures range from lithostatic to hydrostatic. The wide
range in pressures is recorded in Stage I-III fluid inclusions. The data indicate
mineralization depth was less than 600 meters below the water table, and that present
depths are about the same as during mineralization.
4.7 Fluid Inclusion Gas Analyses

Tabulated gas values for H, He CH, H,0, N, H,S Ar, CO, , Total Gas and

organics are included in (Appendix 4).
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Figure 38. Temperature vs. salinity plots for paragenetically banded samples (Sn-8)
and (Sn-15). Thick section photographs show fluid inclusion measurement locations
(circled letters) and paragenetic stages from which fluid inclusions were measured.
Fluid inclusion trends for for (Sn-8) are boiling and mixing trends. Trends for (Sn-15)
are gas loss due to boiling and mixing Cooke and Simmons, 2000; Hedenquist and
Henley, 1985a: Simmons and Christenson, 1994; Simeone and Simmons, 1999 and

Simmons et al.,2000).
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4.7.1 COyCH,vs. N/Ar Diagram

This diagram is used to help determine whether fluids are magmatic, crustal or
ome evolution of these fluid types (Norman and Moore, 1999) Magmatic fluids have
high N,/Ar ratios (100 - >1000). Shallow meteoric fluids have lower N,/Ar ratios (25-
105). Both magfnatic and meteoric fluids initially have CO,/CH, ratios ~ 1000 (Blamey
and Norman, 2002). Upon circulation and interaction of these fluids with the crust and
 anaerobic crustal conditions, these fluids will equilibrate and produce CH,, thus reducing
CO,/CH, ratios. (Blamey and Norman, 2002 ) Most of the San Nicolas gas analyses fall
within the “Shallow Meteoric” field characterized by high CO,/CH, values and low
N,/Ar values (Fig. 40). A minor number of these analyses plot within the “Evolved
Crustal” field . Overall, the data suggest variable meteoric and crustal sources for
geothermal gaseous species and that Stage IIT fluids, show a slightly greater crustal
component than Stage II fluids.

4.7.2 Ar/He vs. Ny/Ar Diagram

Blamey and Norman (2002), described this diagram as better suited than the
CO,/CH, vs. N,/Ar diagram in determining the origin of gasses due to the less reactive
nature of Ar/He compared to CO,/CH,. For the CO,/CH, vs. N,/Ar diagram, certain
assumptions must be made about CO, and CH, that may not be geologically plausible in
all situations. Argon will partition into the vapor phase much more readily that He and N,
(Blamey and Norman, 2002) Upon degassing of a magmatic fluid, N,/Ar and Ar/He
ratios will decrease thus giving a negative slope to an evolving fluid as outlined by the box

the “Calc-alkaline Magmatic” box (Fig. 40) All ’but five San Nicolas vein gas analyses
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Figure 40. San Nicolas gas analyses plotted on Log N,/Ar vs. Log CO,/Chy

discrimination diagram showing magmatic and crustal fluid ranges (Norman
and Moore, 1999).
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| fall outside the “Calc-alkaline Magmatic” box within an area of high Ar/He and low N,/Ar
ratios. Both (Figs. 40 and 41) indicate that gaseous species have a meteoric and crustal
components with a possible weak addition of magmatic volatiles.
4.7.3 CO/CH, vs. H,S Diagram

Equilibrium calculations made on geothermal fluids by Norman and others (1998)
indicate that as temperature increases, hydrogen sulfide will also increase in fluids that are
in equilibrium with pyrite and magnetife. l;he CO,/CH, vs. H,S diagram shows magnetite,
pyrite and pyrrhotite stability fields for temperatures: 200, 250, 300, and 350 °C with 0 wt
9% NaCl eq. (Fig. 42). San Nicolas gas analyses plotted on this diagram have been divided
into their respective paragenetic stages. All analyses plotted on this diagram have a small
positive slope (.15 + .1) that suggests that H,S concentrations were controlled by
interaction with wallrocks. There is little difference between the samples with high gold
content verses those with lower gold content. Samples that have less than 5 ppm Au and
samples that have greater than 5 ppm gold have a wide range in H,S values (.000001- <.1).
There is also no major distinction between Stage II and Stage III fluid inclusion H,S,
however the highest H,S concentrations were measured in Stage II fluid inclusions.
Equilibrium calculations indicate that fluid measurements from San Nicolas Stage II and
I1I fluids were generally >250 °C. Elevated H,S will react with magnetite in the host-rock
to form pyrite and CH,. The reaction is:
2 Fe,0, + 12 H,S + CO,= 6 FeS,+10 H,0 +CH,
Conversely, fluids with minor H,S and bearing Ch, may react with pyrite thus

acquiring H,S. If this reaction controls H,S in solution a log plot of H,S vs. CO,/CH,
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Figure 41. San Nicolas gas analyses plotted on Ar/He vs. N/Ar discrimination
diagram showing Calc-alkaline Magmatic field (Blamey and Norman, 2002)
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Figure 42. San Nicolas gas analyses plotted on Log CO,/CH,vs. Log H,S

discrimination diagram showing the stability fields for magnetite, pyrite and
pyrrhotite at 200, 250, 300 and 350 degrees Celcius (Norman et al.,1998).
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" should have a positive slope. San Nicolas vgin fluid inclusions show this slope as do
inclisions analyzed from the Geysers and Broadlands geothermal system (Norman et al.,
11998). |
4.7.4 COyN,vs. Total Gas (100-H,0) Diagram |
This diagfam discriminates between fluids that are boiling or condensing
(Norman, et al., 2002). Analyses that are boiling will plot on a negative slope. As the
amount of total gas decreases due to volatile loss in the vapor phase, the CO,
concentration increases as N, more readily partitions into the vapor phase. A
condensation trend will behave conversely to the boiling trend and form a positive slope.
Total gas content will increase in areas that have undergone condensation due gasses
dissolving in the fluid phase. An increase in CO, will occur in the liquid due its’ greater
solubility than N, Analysis from all but two samples (Sn-8 and Sn-15) plot along a
negative slope (Fig. 43) ( Norman, Blamey and Moore, 2002).
4.7.5 Fluid Evolution
Mineralogic banding sequences from samples (Sn-8) and (Sn-15) were analyzed to
evaluate the evolution of fluid inclusion gas content through time. Analysis of inclusions
from six mineralogic bands from (Sn-8) and three mineralogic bands from (Sn-15) are
plotted in (Figures 44 and 45).
Gas analyses from (Sn-8) (Figure 44A and 44C) do not show that early Stage II
fluids differ from later stage fluids. Figure (44 A and 44B) shows a decrease in CO,/CH,
and Ar/He ratios from preore to postore. Diagram (D) shows an early preore condensation

trend (Sn-8a) followed by boiling trends (Sn-8b-f). Since quartz that once was amorphous
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Figure 44. San Nicolas gas analyses from paragenetic banding (Sn-8a-f) plotted on four different
discrimination diagrams show evolution of fluid inclusion gas content. Gas analyses sample locations
are shown on thick section photograph. A. CO,/CH,vs. N,/Ar diagram showing a general progression

from shallow meteoric to evolved crustal water signatures. B. Ar/He vs. N /Ar diagram showing the
progression from high Ar/He ratios to low Ar/He ratios. C. CO,/CH,4 vs.H,S showing a little change
in H,S with time. D. CO,/N, diagram showing a condensation trend in early Stage II banding with
boiling trends during the rest of Stage Il and Stage IIl paragenetic banding.
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Figure 45. San Nicolas gas analyses from paragenetic banding (Sn-15-a-¢) plotted on four different
gas discrimination diagrams showing the progression of fluid inclusion gas content through time.
Gas analyses sample locations are shown in thick section photograph. A. CO,/CH, vs. N,/Ar dia-

gram showing progression from Stage Il magmatic to Stage HI shallow meteoric signatures. B.
Ar/He vs. N,/Ar diagram showing the progression away from “calc-alkaline magmatic” signatures.

C. CO,/CH, vs H,S diagram showing the decrease in H,S content from ore Stage Il to barren Stage

Il D. CO,/N, diagram showing Stage 2 boiling and Stage 3 condensation trends.
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silica and chalcedony, has only secondary inclusions, it is suggested that fluids in these
stages are similar to fluids measured in Stage III minerals. Gas analyses from (Sn-15)
(Figure 45) show a decrease in N,/Ar ratios in diagrams (A) and (B) and a trend that
moves away from magmatic fluid signatures. Figure (45C) shows a decrease in H,S with
‘time. Figure (45D) shows boiling in Stage II ore (Sn-15a) and in early Stage III bladed

calcite (Sn-15b). Stage III amethyst (Sn-15 ¢) (Figure 45D) shows a condensing trend.
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5.0 DISCUSSION
- 5.1 Boiling

San Nicolas vein fluids were bpiling. The most important physical evidence is the
coexistence of Type I (liquid dominated) with Type II (vapor dominated) fluid inclusions
within mineral growth planes or healed microfractures throughout Stages I to III. The
presence of excess gas > 1mol %, predominately in northeastern San Nicolas, suggests that
gas analyses were made on populations of gas-rich, vapor dominated fluid inclusions that
were formed in a boiling environment (Norman et al., 1996) (Fig. 46). Further evidence
for boiling is the presence of Stage Il bladed calcite intergrown with ore mineralization
(Fig. 17). Bladed calcite is very common in modern boiling geothermal systems and
forms at the onset of boiling as CO, is rele?tsed (Simmons and Browne, 2000)

Additional evidence for fluid boiling is shown on temperature verses salinity
diagrams (Stages II and IIT) (Figs. 37 and 38). Open-system boiling results in gas loss
without significant temperature decrease (Hedenquist and Henley, 1985a; Simmons and
Christenson 1994). The CO,/N, vs. Total Gas discrimination diagram shows boiling
trends for all but two analyses (Sn-8a; Sn-15¢) (Figs. 43, 44D and 45D). Loss of gas that
is principally CO, will lower the apparent salinity of trapped fluids. Salinity values
generally increase upward along the San Nicolas vein as would be expected in an open-

system fluid boiling with continual gas loss. The highest salinities are measured in
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samples from the upper northeast section of the vein that also exhibits the highest total gas
values (Fig. 46).
5.2 Fluid Mixing

Mineralogic and fluid inclusion evidence for fluid mixing exists in San Nicolas
vein samples. Mineralogic evidence is found in the presence of blocky calcite in early
Stage II and late Stage IIl paragenetic banding (Fig. 12). Blocky calcite precipitates upon
heating as CO,-rich steam-heated waters mix with hot, Cl-rich ascending solutions
(Fournier, 1985b). The CO,-rich steam heated waters are located on the periphery of the
geothermal system and form as gas and steam from boiled solutions condense (Reed and
Spycher, 1985). Condensation trends are apparent in samples (Sn-8a and Sn-15c¢) on
CO,/N, vs. Total Gas discrimination diaéfams (Figs 43-45). Stage III blocky calcite and
massive calcite veins found on the deepest levels of the vein, signifies the collapse of a
mixing geothermal system (Fournier, 1985b). Fluid inclusion Th vs. salinity diagrams
reveal that the bulk of the fluid inclusion analyses plot between boiling and mixing trends
(Figs. 37 and 38) Gas loss due to boiling, and temperature loss due to mixing are
believed to be the dominant fluid processes for analyses that plot between these two trends
(Hedenquist and Henley, 1985a; Simons and Christenson, 1994). Mixing is a common
process and occurs in many active geothermal systems like the Broadlands-Ohaaki
geothermal system (Simmons and Browne, 2000).
5.3. Temperatures and Salinities of Fluids

Fluid inclusion measurements made in bladed calcite associated with ore

mineralization indicate San Nicolas vein ore was deposited from ~ 225 °C boiling
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solutions. The few temperatures of homogenization <150 °C and >280 °C may represent
temperatures from necked fluid inclusions or fluid inclusions with a significant amount
of dissolved gasses (Bodnar et al., 1985; Cooke and Simmons, 2000).

San Nicolas vein apparent salinities range 0-2.95 wt % NaCl eq. Hedenquist and
Henley (2000) shdwed that most apparent salinity between 0-2.5 wt % NaCl eq., could be
entirely attributed to the presence dissolved CO, rather than dissolved salts. True San
Nicolas vein salinities are likely between 0-.2 wt % NaCl eq. Samples with elevated
salinities (Sn-3 and Sn-8) (Figure 39 Trend 4) > 1.5 wt % NaCl, may be explained by
evaporative concentration of NaCl under open-system conditions (Cooke and Simmons,
2000).

5.4 Fluid Source

Fluid inclusion gas analyses suggest that San Nicolas vein fluids are dominantly
meteoric with a very minor magmatic component (Figs 40 ,41, 42A and 43A). Analyses
from (Sn-8) suggest a more evolved fluid signature for this sample, as some analyses plot
in the “Evolved Crustal” and “Organic Crustal” fields. Oxygen isotopic analysis of the
Veta Madre mineralization agrees with the interpretation (Mango, 1991).

5.5 Paragenesis and Fluid Processes

The San Nicolas vein has three major stages of vein paragenesis with the major
ore- bearing stage residing in Stage II. The ore-bearing stage is preceded by initial
brecciation of the wallrock and possible propylitic alteration and silicification of the vein
selvages. Late Stage I into Stage II is dominated by repetitive sequences of quartz,

chalcedony and amorphous silica with minor variations in this sequence occurring after
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ore deposition when chalcedony grades to quartz and back to chalcedony again. Fluid

inclusion analysis suggests |
ore fluid temperature increased through paragenesis. Chalcedony is a product of
amorphous silica recrystallization (Fournier, 1985 and Bogie and Lawless, 2001)
Chalcedony from Stage II grades into amethystine quartz and onto blocky calcite from
Stage I1I (Fig. 18). The order of these forms of silica, quartz, chalcedony and amorphous
sequences suggests that catastrophic processes influencing silica solubility affected San
Nicolas mineralization. Two mechanisms for depositing amorphous silica from an initial
solution in equilibrium with quartz are extreme fluid cooling by either boiling or mixing
(Simmons and Browne, 2000) or by catastrophic boiling (flashing) caused by rapid
depressurization and with minimal to no heat loss because wallrocks remain hot (Moore,
pers. comm., 2003) (Fig. 47).

Cooling by boiling would not produce enough heat loss to decrease the temperature
by ~80° C to produce amorphous silica, because the dominant heat source is in the
wallrock and not in the fluid itself (Moore, pers. comm., 2003). Fluid inclusion Th
measurements, especially those performed on bladed calcite do not indicate that fluid
temperatures were below 180 °C.  Cooling by mixing would produce condensate
minerals such as blocky calcite and/or anhydrite from the heating of CO, rich steam
descending water (Fournier, 1985). These minerals were not precipitéted together with
amorphous silica and bladed calcite. Evidence for fluid mixing is present in San Nicolas

vein fluids (Figs. 37 and 38), however it is not genetically linked to gold mineralization.

Hence, the presence of gold intergrown with bladed calcite and amorphous silica along
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Temperature degrees Celsius

Figure 47. Solubility curves of amorphous silica, chalcedony

and quartz (maximum steam loss) (Fournier, 1985). Reaction

path A shows the change in fluid silica concentration resulting

from rapid depressurization (flashing) and boiling of with minimal

to no heat loss. Reaction path B is boiling with accompanied heat loss.
Reaction path C is mixing and cooling while maintaining equilibrium.
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indicates that gold deposition occurred in response to catastrophic depressurization and
extreme boiling.
5.6 Gold Complexation and Precipitation

The hydrosulfide ligands are the most common gold complexes in reduced sulfur,

- low-temperature énvironments (<350°C) (Seward, 1973). Gold chloride complexes are
generally not stable at temperatures belpw (300°C) unless fluids are oxidized, acidic and/or
saline (Henley, 1973). The Au(HS), complex dominates in dilute, reduced, near-neutral
pH waters present in most low sulfidation epithermal deposits, similar to the San Nicolas
vein (Cooke and Simmons, 2000). Gold deposition due to boiling in the epithermal
environment is a complex process dominated by the following reaction (Reed and Spycher,
1985):

Au(HS), + H" + 0.5 H, (o) = Au (, + 2H,S ()

At the initiation of boiling, the immediate loss of CO, causes an abrupt increase in

pH according to the following equation (Reed and Spycher, 1985):

HCO; (aq) + H =>H,0 (aq) + CO, (g)
This pH increase causes the disassociation of H,S to HS and drives reaction (1) to the left,
thus increasing the solubility of gold as a Au(HS), complex. The CO, loss during boiling
acts in opposition to H,S loss in controlling Au solubility. The gas partitioning constant for
CO, is greater than for H,S, hence initially CO, loss is greater than H,S loss (Henley and
Brown, 1985). Hydrogen sulfide gas loss as a continued consequence of boiling will
dominate, driving the reaction to the right causing Au deposition (Reed and Spycher,

1985). Hence, gold deposition due to open-system boiling is predominately a function of
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H,S loss rather than pH increase and to be effective requires extreme or a long period of
boiling.

Fluids from the San Nicolas vein were compared to those of the Broadlands-Ohaaki
geothermal system. San Nicolas fluids arerremarkably similar in H,S (max ~100 ppm) “
(Fig. 42) and in salinity 0-.2 wt % NaCl (considering the effects of dissolved CO,) to those .
fluids of Broadlands-Ohaaki (100 ppm _HZS and 10000 ppm Cl1 (0.2 wt % NaCl eq.).

Calculations by Henley (1985) indicate that Broadlands fluids with the given H,S and Cl
compositions are capable of creating a 1.3 Moz Au deposit in 10,000 years at a discharge
rate 10 kg/s. By comparison, the data shows that the San Nicolas vein with > 0.5 Moz Au
has ore fluids of low salinity and sufficient H,S capacity to create a similar type to that
calculated by Henley (1985).

5.7 Fluid Flow Direction

San Nicolas vein fluids never reached the vein surface because there is no
outcropping of vein material on the surface. Hence, they must have flowed laterally. The
presence of vertical alteration zones (Fig. 19) suggest lateral fluid flow as well.

Temperature contours and the enrichment of gold suggest the fluids may have originated
from the Villalpando vein intersection and flowed laterally to the northeast (Fig. 34).

5.8 Why is there higher gold grades in the San Nicolas vein than in other veins in the
Guanajuato district?

1) San Nicolas vein fluids underwent catastrophic boiling (flashing) which
ultimately led to gold deposition. In well BR22 at Broadlands-Ohaaki geothermal
site, all precious metal mineralization occurs within the first few seconds of flashing
(Browne, 1985). Fluid inclusion studies of the deeper veins found no evidence of
fluid boiling. Hence, boiling essential to the deposition of a significant amount of
Au, did not occur in deeper fluids.
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2) There is a sufficient amount of H,S in San Nicolas fluids to complex gold as a |
Au(HSY, complex (Fig. 42). The immediate loss of H,S after the initiation of
boiling will quickly destroy the HS- complex and deposit Au and sulfides. !
3) San Nicolas fluids are lower in salinity (0-3 wt % verses 3-5 wt %) than
Guanajuato Ag veins. Albinson and others (2001) demonstrate empirically the
inverse relationship between salinity and Au mineralization. Henley and Brown
(1985) show by calculations that Au transport is favored in low Cl thermal fluids.
4) San Nicolas vein was preserved. The El Cubo mine is located stratigraphically
above the top of the major silver ore veins, and survived erosion since
mineralization. '
If upper gold-rich (possibly boiling) horizons from the La Luz and Veta Madre vein
systems existed , it is possible that they were eroded away.
5.9 Model of San Nicolas Vein Ore Genesis
Convection of near neutral pH, low salinity chloride rich- fluids leached Au and S
from the organic-rich and sulfide-rich La Luz Formation (Randall et al., 1984). Hydrogen
sulfide disassociated to form a HS™ ion that complexed Au. Lateral-flowing gold-bearing
solutions began to boil. A near surface pH decrease caused by the condensation of CO,-
rich steam heated waters and formation of carbonic acid, altered the wallrock to form a
clay-mineral alteration blanket. An abrupt change in pressure caused fluids to flash. This
abrupt change in pressure was either caused by a switch from lithostatic to hydrostatic
pressures, a landslide, faulting, hydrothermal eruption or drop in the water table. Flashing
caused the immediate loss of CO, gas and a pH increase which ultimately led to the
increase in gold solubility. Continued boiling and loss of H,S destabilized the Au(HS)’,
complex and ultimately deposited gold, amorphous silica and bladed calcite. Boiled steam

and gas (dominantly CO, and H,S) condensed to form CO, rich waters, that accumulated

on the periphery of the system. Carbon-dioxide rich steam heated waters mixed with
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- ascending near neutral pH, chloride waters and deposited blocky calcite. This process

* continued to cycle until the hydrothermal system began to loose heat towards the
termination its’ geothermal life span. At this stage, oxidized CO,-rich descending
’meteoric waters dominated fluid flow . The incursion of these oxidized waters led to the

deposition of amethyst and massive calcite as the hydrothermal system collapsed.
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6.0 CONCLUSIONS Yi

The following conclusions are made from this study:

1

Catastrophic decompression and extreme fluid boiling (flashing) caused gold
deposition. '

Low salinity fluids and sufficient H,S enabled San Nicolas fluids to carry gold in
solution as a (HS)  complex.

There are three major paragenetic stages to San Nicolas vein formation. All stages
are boiling.

Mixing of CO, -rich steam- heated waters with hot ascending waters played a role in
San Nicolas vein formation, but it did not cause gold deposition.

San Nicolas vein temperatures range 172-282 °C and average 229° C. Ore
mineralization occurred at ~225 °C. Apparent salinities range from 0-.2.95 wt %
NaCl eq. and average 1 wt % NaCl eq. True salinites are likely between 0-.2 wt %
NacCl.

Correlation calculations indicate that gold correlates strongly with Ag and weakly
with Pb, Cu, Zn and Sb.

Gas analyses reveal that San Nicolas fluids are dominantly meteoric with possible
small magmatic component.
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Appendix 2-9. Sample location map along longitudinal section of the )
! of the San Juan de Dios vein.
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Appendix 2-10. Geochemical sample locations and distribution of
gold and silver on San Juan de Dios vein longitudinal section.
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Appendix 2-11. Geochemical sample locations and distribution of
gold and silver on San Juan de Dios vein longitudinal section.
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Appendix 2-12. Geocheimical sample locations and distribution of

arsenic and antimony on San Juan de Dios vein longitudinal section.
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