INFORMATION TO USERS

While the most advanced technology has been used to
photograph and reproduce this manuscript, the quality of
the reproduction is heavily dependent upon the quality of
the material submitted. For example:

© Manuscript pages may have indistinct print. In such
cases, the best available copy has been filmed.

o Manuscripts may not always be complete. In such
cases, a note will indicate that it is not possible to
obtain missing pages.

® Copyrighted material may have been removed from
the manuscript. In such cases, a note will indicate the
deletion.,

Oversize materials (e.g., maps, drawings, and charts) are
photographed by sectioning the original, beginning at the
upper left-hand corner and continuing from left to right in
equal sections with small overlaps. Each oversize page is
also filmed as one exposure and is available, for an
additional charge, as a standard 35mm slide or as a 17"x 23"
black and white photographic print.

Most photographs reproduce acceptably on positive
microfilm or microfiche but lack the clarity on xerographic
copies made from the microfilm. For an additional charge,
36mm slides of 6”x 9” black and white photographic prints
are available for any photographs or illustrations that
cannot be reproduced satisfactorily by xerography.







8704759

Clarke, Michael

HYDROTHERMAL GEOCHEMISTRY OF SILVER-GOLD VEIN FORMATION IN

THE TAYOLTITA MINE AND SAN DIMAS MINING DISTRICT, DURANGO AND
SINALOA, MEXICO

The University of Arizona ‘ PH.D. 1986

University
Microfilms
International aoon. zeeb Road, Ann Arbor, Mi4s10s






PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the avaiiable copy.
Problems encountered with this document have been identified here with a check mark _ v,

N o o

© ®

10.

11,

12,
13.
14,
1.

16,

v’

Glossy photographs or pages __~
Colored illustrations, paper or print
Photographs with dark background _‘C
lllustrations are poorcopy____
Pages with black marks, not original copy

Print shows through as there is text on both sides of page
Indistinct, broken or small print on several pages

Print exceeds margin requirements

Tightly bound copy with print lost in spine

Computer printout pages with indistinct print

Page(s) lacking when material received, and not available from school or
author.

Page(s) seem to be missing in numbering only as text follows.

Two pages numbered . Text follows.

Curling and wrinkled pages
Dissertation contains pages with print at a slant, filmed as received

Other

University
Microfilms
International






HYDROTHERMAL GEOCHEMISTRY OF SILVER-GOLD VEIN FORMATION
IN THE TAYOLTITA MINE AND SAN DIMAS MINING DISTRICT,

DURANGO AND SINALOA, MEXICO

by

Michael Clarke

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF GEOSCIENCES

In Partial Fulfillment of the Requirements
For the Degree of

DOCTOR OF PHILOSOPHY
In the Graduate College

THE UNIVERSITY OF ARIZONA

1986









ACKNOWLEDGMENTS

I thank Drs. S. R. Titley, D. L. Norton, J. M. Guilbert, C. J.
Bastoe, and J. Ruiz for their advice and guidance during the work.
Kathleen Clarke assisted greatly in proofreading this manuscript.

This work would not have been possible without the assistance
of Luismin, S.A. de C.V., first through Mr. Robert C. Morel and later
through Ing. Carlos Madrazo. To both of these gentlemen I am most

grateful.

iii



2.

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS . .
LIST OF TABLES . . . .
ABSTRACT . . « . . . « .
INTRODUCTION .

Location and Access .
Production .

Purpose and Methods of Study .
Selection of Veins for Study .

Mineralogical Studies

Silver:gold Ratio Zonation .

Fluid Inclusion Study
Epithermal Vein Deposits .

Host Rocks and Ages .

Valuable metals

Vein Mineralogy

Ore Horizon .

Wall-rock Alteratlon .

Fluid Inclusion Data .

Epithermal Vein Deposits and Geothermal Systems

Mining History . . . . .

GEOLOGY . . v v ¢« ¢ ¢ v o o &
Physiography .

.

Pre-batholithic Complex Rocks

Lower Volcanic Group . .
Socavon Rhyolite . . .

Buelna Bedded Andesite .

Portal Rhyolite .
Productive Andesite
Las Palmas Red Beds
Intrusive Andesite .
Batholithic Complex .
Piaxtla Granite
Arana Diorite . .
Upper Volcanic Group .

Dike Rocks of the San Dimas D15tr1ct .
Santa Rita Feldspar Porphyry Dacite D1kes

San Luis Andesite Dikes

iv

.

e o o

.

Page

vii

ot



TABLE OF CONTENTS--Continued

Rebo Latite Dikes . . . . . « « ¢« . .« .
Wall-rock Alteration . . . .

Alteration in Productive and Intru31ve Andesxte

Alteration in Portal and Socavon Rhyolite
Alteration in Piaxtla Granite . . . . .
Alteration in Capping Rhyolite .
Alteration-mineral Zoning . . . . .

Comparison with alteration in Modern Geothermal

Systems . . . « e e . . e
Relative Ages of M1nerallzat1on and Rocks

Structural Geology . . . . . . . e
Structure of the San D1mas Dlstrlct .
Postmineral Faulting . . . . . . . . . .

Vein Textures . . .« « . ¢« ¢ ¢« « ¢« « &

Vein Mineralogy and Paragenesis . . . . .
Pre-ore Mineralization . . . . . . . .
Chlorite-calcite Stage . . . . . . .. .
Rhodonite Stage . . . . . . . « « . .
Adularia Stage . . . . . . . . . . e
Post-mineralization Vein Dep051t10n
Summary of Ore Deposition . . . . .

Ore Controls . . . . . . . « . .
Secondary Enrichment . . . .
Structural Controls . . .
Wall-rock Control
Ore Horizon . .

Mineralogical and Ag: Au Ratlo Zonlng
Gangue Mineral Zoning . . . . . . . . .
Metal Zoning . . . . e e
Silver:gold Ratio Zonlng .

o« & o o
-
.

3. FLUID INCLUSION STUDY .+ ¢ « ¢ « o « o o « &
Fluid Inclusion Types . . . . . . .

Type 1. Two—-phase Gas-liquid Inclu51ons .

Type 2. Vapor-rich Inclusions . . . .
Type 3. Liquid~rich Inclusions

.

. o

.

Selection of Fluid Inclusions for Mlcrothermometrlc

Study . . . . e e e e e e e e e e e
Geothermometry . . . e e e e .

Estimation of Pressure Dur1ng Ore Dep051t10n .

Summary of Results of Fluid Inclusion Heating

Determination of Ice-melting Temperatures
Summary of Results of Freezing . . .
Composition of Fluid Inclusions . . . .

4. INTERPRETATION OF VEIN AND WALL-ROCK ALTERATION MINERALOGY,

Ag:Au RATIOS, AND FLUID INCLUSION DATA . . .
Wall-rock Alterat1on et e e e e . « . .






LIST OF ILLUSTRATIONS

Figure Page
1. Location map of Tayoltita . . . « « . ¢ ¢« ¢ ¢ ¢« ¢ ¢« ¢ o ¢ o & 2
2. Generalized geologic plan map of the San Dimas district . . . 6
3. Vertical longitudinal sections of the Guadalupe vein . . . . 7
4. Generalized plan view of veins and major intrusions of the

Tayoltitamine . . . ¢ ¢ & ¢ ¢ ¢ ¢ ¢ ¢ o o ¢ o ¢ o o o & « 8

5. Geology of the Cinco Senores vein in vertical longitudinal
section, looking north-west . . . . . ¢« ¢« ¢ ¢« « ¢ ¢ « ¢« . 9

6. Ag:Au ratio zoning on the Cinco Senores vein . . . . . . . . 10

7. Comparison of silver—-gold and silver-base metal epithermal
vein deposits . . . . . . 4 4 b e i e e e e e e e e e e e 16

8. Physiographic provinces of the region between Mazatlan and
Tayoltita . . . . . ¢« ¢« ¢« ¢ ¢ ¢ ¢ ¢« ¢ & & e e e e e e e e 24

9. Stratigraphic column of the San Dimas district . . . . . . . 25

10. Generalized geology of the region between Tayoltita and
Mazatlan, MexXiCo . . .« v ¢ ¢ v o o ¢ o o o o ¢ o o ¢ o o 26

11. Idealized distribution of major Fe-bearing minerals of the
San Dimas district in and around veins in andesite . . . . 43

12. 1Idealized distribution of K-, Na-, and Mg~ aluminosilicate
minerals of the San Dimas district in and around veins in
andesite . . . . i i 4 4 e e e e e e e e s e e e e e e 45

13. Generalized paragenesis of ore-stage and post-ore stage vein
mineralogy of the Cinco Senores vein . . . . . . . . . .. 52

14. Gangue mineral zoning on the Cinco Senores vein illustrated
in vertical longitudinal section . . . . . . . . . . . .. 61

156, Silver and gold grades (ppm) of ore blocks on the Cinco
Senores vein . . . . . e+ e s e 4 e e e e e e s 64

16. Silver:gold ratios of the Cinco Senores vein plotted in
vertical longitudinal section . . . . . . . . . . . . .. . 68

vii



viii

LIST OF ILLUSTRATIONS——Continued
Figure Page

17. lLocations of samples used in fluid inclusion study . . . . . 70
18. Photomicrographs of sample 14-1 . . . . . . . . . . . . « .« . 74
19. Photomicrographs of sample 6-11 . . . . . . . « « ¢« « « . . . 75
20. Photomicrographs of sample 3-4 . . . . . . « « . + + . .+ . . 76

21. Histograms of homogenization temperatures (Th) for fluid
inclusions . . . . . « + ¢ . . & e e e e s s e e e e e e 80

22. Effect of temperature on activity of $iOz¢aq> in equilibrium
withquartz . . . . . ¢ & ¢ ¢t ot e e e e e h e e e e e e 83

23. Histograms comparing ice-melting temperatures (Tm) for
inclusions in quartz from the three stages of ore
depoSition « ¢ ¢ 4 4 ¢ 4 4 e e 0 e e bt e e e e e e e e e 85

24. Histograms of ice-melting temperatures (Tm) for fluid
inclusions in quartz from individual sample sites . . . . . 86

25. Histograms of ice~-melting temperatures (Tm) for check study . 87

26. Activity diagram tracing cooling fluid conditions from the
batholith into overlying andesites . . . . . . . . . « . . 98

27. Contours of log aa1***/a3u* . . &« « ¢ ¢ v ¢ 4 e e e e e e . 99

28. K-feldspar, clinochlore, and muscovite (sericite)
relationships at 260°C . . . . & ¢« ¢ ¢ ¢ ¢« ¢+ + + + « « » o 102

29. Activity diagram describing Fe—-chlorite, pyrite, magnetite,
and hematite relations at 260°C . . . . . . . . . . . . . . 104

30. Contours of log a@soa .82 . . . . « ¢ ¢« 4« 4« « o o« 4 o s« . 105

31l. Activity diagram tracing local equlibrium constraints by Fe-
mineral assemblages on fluid conditions during cooling . . 107

32, Effect of aca**/a2u* on epidote and anhydrite stability at
260°C . . . . it e e e e e e e e e e e e e e e e e e e .. 109

33. Activity diagram tracing evolution of the chlorite-calcite
stage of ore deposition at 260°C . . . . . . . .. .. . . 113

34. Evolution of acut/an* in the chlorite-calcite stage of ore
deposition . . . . . s 4t s e e e e e e e e e e e e e . . 115



ix
LIST OF ILLUSTRATIONS--Continued
Figure : Page

35. Evolution of aau*/an* in the chlorite-calcite stage of ore
deposition . . . . . e e e 4 e e e s e e e e e e e e e 116

36. Evolution of aag*/as* in the chlorite-calcite stage of ore
deposition . . . & & ¢ ¢ 4 4 d 4 d 4 e e e e e e e e e e . 117

37. Plot comparing silver:gold ratios with average ice-melting
temperatures . . . ¢ 4 4 ¢ 0 4 b 4 4 4 4 4 e e e e e e e 126

38. Plot comparing homogenization (Th) and ice-melting (Tm)
temperatures in all inclusions for which both were
MEAasSUred .« « ¢ ¢ o .« 4 o« . e 6 e s e e 4 s e e e e e« « . 129

39. 1Idealized characteristics of ore occurence in the San Dimas
district related to the interpreted hydrothermal flow . . . 136



Table

IIO

III.

Iv.

LIST OF TABLES

Production from ep{thermal Ag—-Au vein deposits . .
Statistics for ice-melting temperatures . .

Summary of fluid compositions in the ore horizon at
2600 C L . - - - . . L] . L L] L . . L] Ll .

Factors influencing silver and gold precipitation

Page

88

111

131



ABSTRACT

The San Dimas mining district, including the Tayoltita mine, is
a Tertiary silver—gold epithermal vein system deposited in a calc-
alkaline volcanic pile. Hydrothermal alteration and vein formation is
temporally related to a granite batholith intruded into the volcanics.
Alteration mineralogy in andesites is compatible with a hydrothermal
Tlow model in which heated water rises through the batholith, cools to
260°C, and flows out into the volcanics. In the process, ana‘t/aut,
axt/ant, acatt/a?ut, asosa~.a?y*, and ayzs increase; aai1t+t /a3yt de-
creases; and are*t/a’y* remains constant, all relative to original
fluid conditions in the andesites. Lateral elongation of Ag:Au ratio
zoning plotted on vertical projections of veins is interpreted to
reflect hydrothermal fluid flow principally in a horizontal direction
during ore deposition.

. Quartz vein-filling, accompanied by chlorite, calcite,
rhodonite, and adularia, is widest in a vertical interval approximately
500 to 1,000 meters below the original surface. Pyrite is widely
distributed, but silver minerals, electrum, and base-metal sulfides are
restricted to the upper portion of the vertical interval of veining in
a zone termed the ore horizon. Paragenetic relationships among vein
minerals of the Cinco Senores vein in the Tayoltita mine indicate that
anzs decreased; acu*/an*, aag*/an*, and aau*/ayt increased; and

are**/a?u* and asoq”.a2y* remained nearly constant during the initial

xi



xii
stage of ore deposition.

Fluid inclusion studies of quartz from the Cinco Senores vein
indicate that ore deposited at an average temperature of 260°C from
boiling fluids of apparent salinities ranging from 0.15 to 0.3 mnac)
equivalent. The greater apparent salinities probably reflect dissolved
gases as well as chloride salts. Correlation of Ag:Au ratios in de-
posited vein with ice-melting temperatures in fluid inclusions suggests
that evolution of ore fluids in space was accompanied by both increase
in deposited Ag:Au ratios and decline in fluid solute concentration.
Correlation of ice-melting temperatures with paragenetic age of asso-
ciated quartz suggests that vein-depositing hydrothermal fluids evolved
in both space and time from relatively concentrated to dilute condi-
tions. Both boiling and mixing could have caused this decline in

solute concentration.



INTRODUCTION

Location and Access

The Tayoltita mine is located in the state of Durango, Mexico,
almost midway between the cities of Durango and Mazatlan, Sinaloa (Fig.
1). Tayoltita is most conveniently reached by taking a regularly
scheduled flight from Durango on the company—owned airline, TATSA.

This 45 minute flight provides a comfortable opportunity to enjoy the
spectacular scenery marking the transition between the Sierra Madre
Occidental and Barranca Provinces of western Mexico. Alternatively,
terrestrial access is possible via a recently completed dirt road
connected toc the paved highway to Durango. Travel time by this route
is 15 to 24 hours, depending on the condition of the road. The
Tayoltita townsite occupies one of the few flat areas in the bottom of
the deep Piaxtla River canyon. With 3,000 inhabitants, this town is
the most important population center in the area.

Above the townsite, a system of tunnels driven into the north
wall of the canyon develops the Tayoltita mine. From the southernmost
portal an intricate network of underground workings of at least 200 km
in total length extends for a distance of 7 km north into the mountain.
These workings exploit silver—-gold ores from steeply dipping veins
using a combination of shrinkage and cut-and-fill stoping methods. The
ore is processed in a counter-current cyanidization plant that recovers

over 95% of both silver and gold.
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Figure 1. Location mep of Tayoltita.
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The Tayoltita mine is located in the Tayoltita mining district
which, together with the adjacent Contra Estaca district, forms part of
the larger San Dimas mining district. The composite district encom-

passes an area measuring approximately 14 km by 10 km.

Production

Production is currently at the rate of 700 metric tons per day
of ore averaging approximately 450 grams of silver and 6 grams of gold
per metric ton. Historical production from the Tayoltita mine, updating
the estimate by Smith et al. (1982), is approximately 321 million
ounces of silver and 6.37 million ounces of gold. Henshaw (1953)
estimated that production from the remaining mines of the San Dimas
district totals more than 140 million ounces of silver and 2.80 million
ounces of gold. The total tons of ore mined from the district may be
obtained from these production figures by assuming a historical grade of
30 ounces of silver per ton of ore mined, or a total of over 15 million
tons of ore. The total gold and silver produced from the San Dimas
district would have a modern value of nearly 6 billion dollars (assuming
gold at $350 per ounce and silver at $6.00 per ounce). These estimates
establish Tayoltita as one of the major epithermal silver—gold deposits

of the world (Table I).

Purpose and Method of Study

The purpose of this study was to identify and characterize the
principal physical and chemical changes that occurred in the hydro-
thermal fluid during wall-rock alteration and ore deposition in the San

Dimas district. The study was undertaken by investigation of the



Table I. Production from epithermal Ag—Au vein deposits.
Deposits are listed in order of modern values of historical

production. The value of gold production was calculated at $350.00 per
ounce and that of silver at $6.00 per ounce.

Deposit Tong ore 10° Oz Ag 105 0z Au 105 Value, $10%

Pachucal 100 1,500 6.20 11,170
Guana juato? 70 1,000 4.00 7,400
San Dimas? 15 461 9.17 5,975
Comstocks 19 200 8.30 4,105
El Oro® 20 77 7.72 3,164
Tonopah® 9 174 1.86 1,695
Oatman? 4 1 2.20 776
Republics 3 6 0.86 337
Mogollon® 1 13 0.28 176

1Dreier, 1976. 2Gross, 1974. 3Inciudes production from the
Tayoltita mine (Henshaw, 1953; Smith et al., 1982). 4Buchanan, 1981.
SAlbinson, 198B3. &.7:8:9Buchanan, 19Bl.



constraints imposed on the system by assumption of local equilibrium
among members of the various mineral assemblages and the hydrothermal
fluids, by examination of the paragenesis of vein minerals, by compari-
son with active hydrothermal systems, by study of Ag:Au ratio zonation,
and by determination of fluid inclusion homogenization and ice-melting
temperatures and their distribution in time and space during vein
formation. The correlation of Ag:Au ratios and fluid inclusion micro-
thermometric data was an especially important objective of the study.
The present study benefited from advances in knowledge of the
deposit made in previous studies which are described in a later section.
Another important aid ig carrying out the present study was the famil-
iarity with the San Dimas district that I gained during employment at
the Tayoltita mine from 1976 to 1983 and by my continued association

with the mine from 1983 to the present.

Selection of Veins for Study

This study focused on two veins even though over twenty major
veins, and a far greater number of minor veins, have been discovered in
the district; the magnitude of a detailed study of all of the major
veins of the district is beyond the scope of the present study. The
most extensive example of an uneroded deposit is the Guadalupe vein,
for which reason that vein provides probably the most complete pattern
of Ag:Au ratio zonation and orebody distribution available in the
district (Figs. 2 and 3). Unfortunately, workings on the Guadalupe
vein are largely inaccessible, preventing sample collection for a fluid
inclusion and vein mineral paragenetic study. The Cinco Senores vein of

the main Tayoltita mine (Figs. 2,4,5, and 6) provides another particu-






Figure 3. Vertical longitudinal sections of the Guadalupe
vein.

Top: Geology of the Guadalupe vein looking north. Orebodies
are shown in black. Hangingwall lithology is shown in patterns.

Bottom: Same view of the Guadalupe vein showing Ag:Au ratio
zoning. Note the central horizon of lowest Ag:Au ratios and the mush-
room-shape of the Ag:Au contours.















11
larly clear example of Ag:Au ratio zonation even though much more of
the vein is eroded than is the Guadalupe vein. Fortunately, most of
the workings on the Cinco Senores vein are accessible, permitting
sampling for study of fluid inclusions and vein-mineral paragenesis.
This accessibility provides an excellent opportunity to study the
relationships between vein-mineral paragenesis, fluid inclusion micro-
thermometry, and Ag:Au ratio zoning.

Conclusions gained from study of these veins are probably
applicable to most other veins of the district on the basis of similar
mineralogy, texture, and temperatures of formation. Prior fluid in-
clusion studies of ‘hirteen veins showed that temperatures of formation
of veins thrcughout the district are very similar (Albinson, 1978;
Smith et al., 1982; Albinson, 1980). Vein textures have also been
described as essentially identical for all veins in the district
(Henshaw, 1953). No obvious differences in ore mineralogy are seen, but
there are some differences in gangue minerals between individual veins
(Henshaw, 1953). Quartz, calcite, and chlorite are described in all of
the veins, but rhodonite and adularia, although wide-spread, are not
present in all veins (Henshaw, 1953). As will be discussed in more
detail later, these last two minerals are important constituents of the
Cinco Senores and Guadalupe veins. Hence the results of this study,
although probably widely applicable to other veins of the San Dimas
district, may be pertinent only to those veins that also include

rhodonite and adularia as gangue minerals.

Mineralogical Studies
A wealth of studies of the mineralogy of both Qall—rock alter-
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ation and veins in the Tayoltita deposit has already been completed.
Davidson (1932) studied the vein mineralogy, paragenesis, and wall-rock
alteration of the Tayoltita mine as a major portion of a Ph.D. disser-
tation. Henshaw (1953) summarized Davidson’s work and added his own
observations in a major report on the San Dimas district. Brocoum
(1971) included a study of vein mineralogy in her M.A. thesis. Smith
and Hall (1974) and Smith et al. (1982) published their detailed study
of the vein and wall-rock alteration mineralogy of the Tayoltita de-
posit. Keller (1974) conducted a major study of both vein and wall-rock
alteration mineralogy of the Tayoltita ore deposit for a M.A. thesis.
Nemeth (1976) studied wall-rock alteration mineralogy as a part of
another M.A. thesis. Churchill included an examination of wall-rock
alteration mineralogy in his Ph.D. dissertation.

Rather than undertake a new study, I took advantage of these
prior reports, and, apart from using sodium cobaltinitrate staining of
a few rock slabs to clarify the alteration-mineral relationships re-
ported in some of the earlier accounts, drew entirely from these prior
reports to characterize the mineralogy and distribution of wall-rock
alteration. 1 then applied the results of this compilation in an
interpretation of the chemistry of the hydrothermal system during wall-
rock alteration.

I studied vein-mineral paragenetic relationships by examining
sawed slabs of vein material from the Cinco Senores vein of the
Tayoltita mine and identified the vein minerals on the basis of identi-
fications and descriptions made in prior studies and on my familiarity

with the deposit. A limited number of thin sections aided in the
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mineral identification.

Silver:gold Ratio Zonation

Smith (1979) and Smith et al. (1982) have already documented a

mine-wide zonal pattern in silver:gold ratios, but did not discern

zonation within individual veins. While employed at the Tayoltita
mine, I established the presence of clear and predictable Ag:Au zonal
patterns in most of the major veins in both the Tayoltita mine and the
surrounding district. The present report incorporates the results of

that study.

Fluid Inclusion Study

A number of fluid inclusion studies have already been completed
at the Tayoltita mine. Brocoum (1971) studied fluid inclusions in
quartz vein samples as part of a M.A. thesis but her study was hampered
by the miners’ superstitious fear of women underground that denied her
entrance to the mine. Consequently, her underground samples had to be
collected for her by male geologists working at the mine. Albinson
{1978) conducted a study of homogenization and freezing temperatures of
fluid inclusions in quartz from veins in the Tayoltita mine as part of
a M.S. thesis. Smith et al.'(1982) published a synthesis of the earlier
work of Albinson (1978) but Hedenquist and Henley (1985) showed that
the fluid salinities in Smith et al. (198B2) are erroneously high.
Jacobson (1986) studied fluid inclusions in quartz from the Culebra
vein and veinlets in the surrounding wall-rock for a B.A. thesis. The
results of her study are discussed in a later section of the present

work. In the present study, quartz samples containing fluid inclusions
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were selected during the paragenetic study. Homogenization and ice-
melting temperatures for these fluid inclusions were determined with a

heating and freezing microscope stage.

Epithermal Vein Deposits

The San Dimas district has been typified as an epithermal vein
system (Henshaw, 1953; Smith et al., 1982). Lindgren (1928) developed
the epithermal category to accommodate those deposits that he believed
had formed at depths less than 1,000 meters below the earth’s surface
and at temperatures less than 200°C. Subsequent work has confirmed
Lindgren’s estimate of depth but has revised his estimate of temperature
of formation somewhat upward to the range 150°-300°C (Nash, 1972;
Dreier, 1976; Barton et al., 1977; Kamilli and Ohmoto, 1977; Albinson,

1978; Buchanan, 1979).

Host Rocks and Ages

Lindgren (1928) pointed out that volcanic rocks in the composi-
tional range of andesite to rhyolite are almost without exception
either the major host rock or at least an important component of the
hosting stratigraphic column in most epithermal systems. Considerable
topographic relief and erosion are to be expected in such calc~alkaline
volcanic terrains. In combination with the shallow depths at which
these deposits form, this relief and erosion help to explain the appar-
ently poor preservation of epithermal deposits; few survivors older

than Tertiary are known.

Valuable Metals

Silver, gold, lead, zinc, copper, and mercury may all contribute
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to the value of ore in epithermal vein deposits. Mercury deposits are
apparently formed in an environment distinct from that in which silver-
gold-base metal epithermal veins are deposited (White, 1981); for that
reason, mercury deposits are not considered here. In response to the
variable proportion of metals from deposit to deposit, Lindgren (1928)
disfinguished between gold—quartz veins, argentite—-gold—quartz veins,
argentite veins, and base-metal veins. Nolan (1933) followed this
reasoning in separating gold—-silver veins from silver—-gold veins. 1In a
broader View, Graybeal (1981) found a natural division between silver-
rich and gold-rich ores in a wide variety of deposit types including
epithermal veins. In a further attempt to demonstrate a natural divi-
sion based on relative metal abundances in epithermal veins, I have
compared silver, gold, and total base metal (lead + zinc + copper)
contents of ore from a number of deposits (Fig. 7).

In Figure 7 it is apparent that two broad divisions exist:
silver—gold and silver-base metql deposits. Silver-base metal deposits
as Creede, Colorado; Fresnillo, Mexico; and Topia, Mexico, are appar-
ently distinct from the group of silver—gold deposits represented by
Pachuca-Real del Monte, Mexico; Guanajuato, Mexico; Tonopah, Nevada;
and the San Dimas district. These two groups are referred to in this
report as epithermal silver—base metal vein deposits and epithermal

silver—gold vein deposits.

Vein Mineralogy

In addition to metal ratios (Fig. 7), previous studies have
established that the San Dimas district shares a number of other simi-

larities with members of the class of epithermal silver-gold vein



types.

Figure 7. Comparison of silver-gold and silver—base metal

epithermal vein deposits. —— Comparison of relative abundance of silver,
gold, and total base metals (Cu + Pb + Zn) for epithermal vein deposits
showing the division of deposits into silver-base metal and silver-gold

are compared in Table I.

Deposit

VWO NHWN -

17 Pachuca-Real del Monte, Mex.

18

Tui, New Zealand
Toyoha, Japan
Finlandia, Peru

" Topia, Mexico

Fresnillo, Mexico
Zacualpan, Mexico
Creede, Colorado
Escalante, Utah
Oatman, Arizona

Round Mountain, Nevada
Republic, Washington
El Oro, Mexico
Guadalupe y Calvo, Mexico
Comstock Lode, Nevada
Mogollon, New Mexico
San Dimas, Mexico!
Tonopah, Nevada

Guanajuato, Mexico
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Wodzicki and Weissberg, 1970
Shikazono, 1975

Kamilli and Ohmoto, 1970
Loucks, 1981

Koch and Link, 1967

Buchanan,
Buchanan,
Fitch and
Buchanan,
Buchanan,
Buchanan,
Albinson,
Buchanan,
Buchanan,
Buchanan,
Smith and
Buchanan,

1981

1981
Brady, 1982
1981

1981

1981

1983

1981

1981

1981

Hall, 1974
1981

Geyne et al., 1963
Gross, 1974
1Inclu_des production from the Tayoltita mine.
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Figure 7. Comparison of silver-gold and silver-base metal
epithermal vein deposits.
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deposits. Many silver—-gold epithermal veins contain quartz? calcite,
adularia, rhodonite, chlorite, pyrite, galena, sphalerite, chalcopyrite,
argentite (acanthite), electrum, pearcite-polybasite, and jalpaite
(Spurr, 1905; Locke, 1913; Ferguson, 1921, 1927; Lindgren, 1928; Geyne
et al., 1963; Dreier, 1976; Buchanan, 1979). Studies by Davidson
(1932), Brocoum (1971), Keller (1974), and Smith et al. (1982) have
established that the mineralogies of the San Dimas district veins are

identical to the list above.

Ore Horizon

A narrow vertical interval, generally 150 to 600 meters in
height, limits ore-body ‘distribution to within a well defined ore
horizon in epithermal silver—gold vein deposits (Spurr, 1905; Locke,
1913; Ferguson, 1921; Lindgren, 1928; Geyne et al., 1963; Gross, 1975).
Henshaw (1953) and Smith et al. (1982) both documented such a phenomenon

in the San Dimas district.

Wall-rock Alteration

District-wide propylitic alteration with increasing silicifi-
cation, sericitization—argillization, and K—-feldspar alteration at vein-
wall rock contacts is typical of these deposits (Becker, 1882; Spurr,
1905; Ferguson, 1927; Lindgren, 1928; Geyne et al., 1963; Dreier, 1976;
Buchanan, 1979; Hayba et al., 1985; Silberman and Berger, 19B5).
Davidson (1932), Henshaw (1953), Smith and Hall (1974), Nemeth (1976),
and Smith et al. (198B2) reported this same style and mineralogy of

alteration at Tayoltita and in the surrounding San Dimas district.
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Fluid Inclusion Data

Fluid inclusion studies have shown low salinities with petro-
graphic evidence for boiling in most members of this class of deposits
(Nash, 1972; Dreier, 1976; Buchanan, 1979; Clifton et al., 1980).
Because the indicated conditions of pressure and temperature during ore
deposition have been found to have been close to the liquid-vapor
boundary for water, the idea that ore precipitation was caused by
boiling in the hydrothermal fluids has gained much popularity (Kamilli
and Ohmoto, 1977; Buchanan, 1979, 1981; Clifton et al., 1980; Drummond
and Ohmoto, 1985). Hedenquist and Henley (1985) showed that the hydro-
thermal fluids that deposited the Tayoltita veins were probably of a

salinity similar to that found in other deposits of this class.

Epithermal Vein Deposits and Geothermal Systems

A fundamental belief in the principle of uniformitarianism and
acceptance of the notion that hydrothermal ore deposits form in rocks
during circulation of heated waters leads many geologists to correlate
epithermal ore deposits with present-day active geothermal systems.
Consequently, it has become widely accepted that many hydrothermal ore
deposits are examples of extinct geothermal systems (Ellis, 1969;
Weissberg, 1969; Skinner and Barton, 1973; Dreier, 1976; Buchanan, 1979;
White, 1979; Henley and Ellis, 1983; Hedenquist and Henley, 1985). The
converse, that orebodies are forming today in modern geothermal systems,
has never been satisfactorily demonstrated because no economically
interesting volumes of ore-grade material have ever been drilled in
these systems (Henley, 1985). But perhaps this is because in these

systems drilling and geologic efforts are normally oriented toward
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exploiting geothermal energy rather than discovery of orebodies (White,
1981; Henley, 1985). Nor are the drilling methods employed in geo-
thermal fields optimal for detection of narrow, high-grade values
characteristic, of vein deposits (White, 198l). In spite of these ob-
stacles, a few examples of economically interesting intercepts have been
reported from drilling the Broadlands, New Zealand, field (Browne,
1969; Weissberg, 1969), and as precipitates in geothermal well casings
at Matsao, Taiwan (Ellis, 1969), and the Salton Sea, California (Skinner
et al., 1967).

Regardless of whether or not modern geothermal systems may be
found that are demonstrably ore deposits in formation, the potential
gain in understanding the physical processes involved in formation of
ore deposits that may be won from study of active hydrothermal systems
is obvious and the literature is replete with comparisons of tempera-
tures, salinities, ,isotopic compositions, and wall rock—alteration of
geothermal fields with ore deposits. In reviewing these comparisons,
White (1981), Henley and Ellis (1985), and Hedenquist and Henley (1985)
cited the Broadlands and Wairakei, New Zealand, geothermal areas as
modern geothermal systems of the type likely to have formed or to be
forming epithermal silver—gold vein deposits. Fortunately, these are
particularly well-studied systems from which a wealth of data is avail-
able for comparison with results of this investigation. Of particular
value to this study are the results of recent studies of fluid in-
clusions from quartz in the deep portions of these systems (Hedenquist

and Henley, 1985).
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Henshaw (1953) synthesized a brief history of the San Dimas
district from reports by Laveaga (1933), Gamiz (?), and Lares (1937).
Unfortunately, these records have disappeared from the Tayoltita mine
files, and the following, unless otherwise noted, is condensed from
the account by Henshaw.

Production apparently began in the 1700s with a group of indig-
enous families known as the Queleles clan whose principal activity was
said to have been to burn rocks in order to win the contained silver
and gold. By 1757 sales of silver and gold in Ciudad de la Victoria,
now the city of Durango, attracted considerable attention, but the
Queleles clan refused to reveal the source of their wealth. Following
the established pattern of Spanish entrepreneurship, Don Desiderio
Carrera financed an expedition to locate these mines. 1In 1779 the
expedition set out under the leadership of Friar Jose de la Luz Angeles
Ollera, and succeeded in trailing the local miners to a site a few
kilometers removed from the center of the Queleles operations. Here
they set up headquarters and the site eventually became the town of
Guarisamey.

But the invaders were not prepared for the tenacious defense by
the Queleles clan, and were driven back to Durango within a few days of
their arrival at Guarisamey. The respite was short, though, as the
Spaniards soon returned under the protection of a small group of the
King’s soldiers and the Queleles clan was then forced to retire to more
remote areas of mining. Even so, the Queleles clan was never able to

live peaceably with the newcomers, and kept up a campaign of banditry
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and harassment. In response, the Father Superior of the parish of
Guarisamey obtained from the High Tribunal of the Holy Inquisition a
decree naming the region of the Queleles, San Dimas, after the thief of
the Bible who was crucified with Christ. This same decree "... damned
and excommunicated every man, woman and child, the animals, the seeds,
and the soil that inhabited, lived in, grew in, or occupied that region
as being possessed and dominated by Satan and Rabessa." (Henshaw, 1953,
p. 101).

Accompanying this new group of invaders was a shrewd merchant,
Juan Jose Zambrano, who put economic reality before fear for his immor-
tal soul and prospered greatly from trade with the Queleles clan.
Through his dealings, Zambrano was able to parlay his merchandising
venture into a mining empire centered in a fort in San Dimas where he
milled the cursed ores. The principal source of ore was the Candelaria
mine, which he reportedly worked with prison labor imported from
Durango. The prisoners were said to have been tortured and starved
even as they extracted for Zambrano a wealth reported by Laveaga to have
totaled some $71,500,000 (dollars, their value at the time of mining).

The War of Independence in 1810 and its disruptions coincided
with the exhaustion of easily-exploited surficial orebodies, and the
district declined into a period of relative inactivity. Activity
resumed in 1883 when Colonel Daniel M. Burns took over direction of the
Candelaria mine, by then under the ownership of capital from the U.S.A.,
and initiated exploration that discovered several large, bonanza-grade
orebodies. After installation of a 45 tpd mill in San Dimas and,

later, a similar mill in the Contra Estaca area, the Mexican



Candelaria Company dominated the San Dimas district.

In the 18B80s Lloyd Rawlings, an agent for the Hearst-Haggin-
Tevis syndicate, began acquisition of the Cinco Senores, San Luis, and
Arana mines, and joined them together as the Tayoltita mine (Smith and
Hall, 1974). Shortly after 1913, the resulting San Luis Mining Company
carfied out a successful program of deep exploration, installed the
cyanide mill in Tayoltita, and began profitable operation. By 1940, ore
in the Candelaria mine was exhausted and the Contra Estaca mine was
paralyzed by labor prdblems, prompting sale of all the Mexican Candela-
ria Company property to the San Luis Mining Company.

Passage of a new mining law in 1959 forced the sale of 51% of
the San Luis Mining Company to Mexican interests, and in 1961 operation
of the mine was assumed by the newly formed Minas de San Luis, S.A. By
1978 the remaining 49% interest of the San Luis Mining Company was
acquired by a group now known as Industrias Luismin, S.A. de C.V., and
operation of the Tayoltita mine continued under the now subsidiary

company, Minas de San Luis, S.A. de C.V.



GEOLOGY
The previous geologic studies of rocks in the San Dimas district

and surrounding area noted in the introduction to the present report

are sumarized below conforming to the lithostratigraphic names used by
Fredrikson (1974) and Henshaw (1953). Because~the exposed geology is
closely related to topographic features, a review of the regional
physiography helps to introduce the geology of both the region and the

San Dimas district.

Physiography

Henshaw (1953) described four distinct physiographic provinces
traversed by the Piaxtla River during its westerly flow to the Pacific
Ocean: 1) Mexican Plateau, 2) Barranca, 3) Valley and Ridge, and 4)
Coastal Plain (Fig. 8).

The western edge of the Mexican Plateau Province is composed
primarily of a thick accumulation of ignimbrites and their erosional
derivatives. These comprise the Upper volcanic group of Fredrikson
(1974), Henry (1975), and McDowell and Keizer (1977) (Figs. 9 and 10).
Elevation on the plateau is relatively high, between 2,400 and 2,700 m
above sea level, and beautiful, cool pine forests are common. Erosional
patterns are poorly established on this relatively flat surface result-
ing in a gently rolling topography. The Piaxtla River originates in
this area as a number of small streams occupying shallow valleys.

As these streams consolidate and the Piaxtla River takes form,
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the increased erosional power scours down into the Upper volcanic group
to form a deep, high-walled canyon characteristic of the Barranca
Province. Relief averaging 1,500 to 1,800 m contributes to formation
of the cliffs and waterfalls of the spectacular scenery that dominates
this stretch of barranca. Continuing to the west, the deepening valley
drops first through the Upper volcanic group, then reaches down into
the andesites and rhyolites of the Lower volcanic group and finally
bottoms in the underlying batholithic complex. In contrast to the
younger volcanics, the deeper, older formations erode to slopes and the
canyon topography becomes somewhat less precipitous. Tayoltita is
situated in this transition between cliffs and slopes. Downstream,
widening of the canyon into a relatively broad valley with a trellised
drainage pattern produces the local Valley and Ridge Province (Henshaw,
1953).

Similar canyons typify the western portion of central Mexico.
Fingers of the Mexican Plateau survive between these canyons but are
finally destroyed toward the coast as erosion coalesces between rivers
to form the Coastal Plain Province. Broad meanders in flat valleys,
broken only by a few surviving hills, characterize this province. A
hot, humid climate and thick vegetation populated by parrots and iguanas

lend a tropical flavor to this area.

Pre-batholithic Complex Rocks

Exposures of metasedimentary metamorphic rocks were mapped by
Fredrikson (1974) and Henry (1975) within 80 km of the Pacific Coast
(Fig. 10). No fossils were found during the mapping by these two

workers and, other than that they are older than the batholithic comp-
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lex, no age was determined for these rocks.

Pre-batholithic complex igneous rocks are scarce. Fredrikson
(1974) and Henry (1975) mappéd two small amphibolite complexes, one
located approximately 75 km southwest and the other approximately 90 km
west—southwest of Tayoltita. Both are associated with the metamorphic
rocks.

Fredrikson (1974) mapped a number of limestone and marble
outcrops situated some 75 km northwest of Tayoltita. A small, unmapped
outcrop of similar marble located 12 km northeast of Tayoltita was
found to contain deformed gastropods, rudistids, and foraminifera,
which Fredrikson (1974) interpreted to suggest a possible middle
Cretaceous age for the rocks. It is not known if this small outcrop
may be correlated with the larger marble outcrops to the west.

None of these pre-batholithic complex rocks have been found in

the San Dimas district.

Lower Volcanic Group

Beginning approximately 50 km to the east of the Pacific Coast,
andesite to rhyolite flows, tuffs, and intrusives of the Lower volcanic
group (Fredrikson, 1974; Henry, 1975; McDowell and Keizer, 1977) outcrop
in all of the major drainages along a northerly-trending belt corre-
sponding roughly to the Barranca Province (Henshaw, 1953). To the east
of this belt these rocks are as yet unexposed by erosion, and presumably
continue in that direction for some distance below younger rocks of the
Upper volcanic group (Fig. 10).

Henry (1975) cited field relationships indicating that some

members of the Lower volcanic group are older than some intrusions of
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the batholithic complex and vice versa. The temporal overlap implied
by these field relationships led Henry (1975) to suggest that the Lower
volcanic group is possibly the eruptive equivalent of some of the
intrusions of the batholithic complex. Smith et al. (1982) reviewed
circumstantial evidence that they interpreted to suggest. a late
Cretaceous to early Tertiary age for the Lower volcanic group. Field
relationships between the batholithic complex and the Lower volcanic
group seen in the San Dimas district show that the Lower volcanic group
is intruded by and older than the batholithic complex (Henshaw, 1953).

The Lower volcanic group hosts a number of epithermal silver-
gold vein districts, most notably, the Guadalupe de Los Reyes, Panuco-
Copala, and San Dimas districts (Figs. 2 and 10). Prompted by the
local mining activity, study of the Lower volcanic group has continued
in the San Dimas district since the early beginnings of the current
century. As a result of these studies, the Lower volcanic group there

has been divided into the units described below (Henshaw, 1953).

Socavon Rhyolite

The Socavon rhyolite is the lowermost and oldest volcanic rock
in the San Dimas district (Fig. 9). The measured maximum thickness of
this unit is approximately 750 meters, but this must be taken as a
minimum thickness because only intrusive contacts with the batholithic
complex may be found in surface and underground exposures of the present
lower limit of this rhyolite throughout the district; the original
lower boundary has been destroyed by the batholithic complex (Henshaw,
1953).

Most outcrops of unaltered Socavon rhyolite reveal a structure-
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less rock with a light- to dark—gray or light- to dark gray-red ground-
mass. Henshaw (1953) described abundant phenocrysts (2 ~ 3 mm in size)
of partially resorbed quartz, orthoclase, and plagioclase set in the
groundmass along with locally abundant angular fragments up to several
centimeters across consisting of gray to dark-red volcanic rocks.
Nemeth (1976) reported that biotite is the only ferromagnesian mineral
present. The groundmass is mostly quartz and potassium feldspar with
minor quantities of magnetite and hematite (Nemeth, 1976).

Where weathering has brought out some of the finer textural
features, close examination of surface exposures reveals examples of
collapsed pumice fragments that imply a pyroclastic origin for this
rock in most of the district, an origin that has also been implied by
the identification of pyroclastic shard structures in thin section
(Nemeth, 1976). Excellent bedding and delicate stratification suggest
reworking and deposition by water in the western portion of the dis-

trict.

Buelna Bedded Andesite

Although the thickness of this unit is small, varying from 20
to 75 meters, Buelna bedded ardesite is remarkably persistent throughout
the district. Henshaw (1953) reported that the lower contact with
Socavon rhyolite represents an unconformity. Excellent bedding charac-
terizes the Buelna bedded andesite. Individual layers range from less
than a centimeter to 20 centimeters or more in thickness (Henshaw,
1953). Ubiquitous strong epidotization of selected strata, otherwise
dark red to purple in color, imparts to this unit a characteristic

banding in dark to light greens and reds. Nemeth (1976) described the
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Buelna bedded andesite as composed dominantly of volcanic rock fragments
with subordinate amounts of plagioclase crystals and, locally, quartz
crystals. The grains range from impalpably fine dust to centimeter-
sized gravel (Henshaw, 1953).

Henshaw (1953) drew attention to what he believed was a remark-
able lateral continuity in volcanic terrain for such a thin unit and
interpreted that the Buelna bedded andesite was deposited by water on a
relatively flat surface eroded on the Socavon rhyolite. Nemeth (1976)
interpreted this unit as an air—-fall tuff deposited in water—filled

basins.

Portal Rhyolite

A thickness of 50 to 250 meters of Portal rhyolite occurs
throughout the San Diﬁas district conformably overlying the Buelna
bedded andesite or, as seen in a single locality, resting unconformably
on Socavon rhyolite (Henshaw, 1953). Henshaw (1953) described Portal
rhyolite as ranging from light gray to purple gray in color with local
variations tending to a creamy-white, porcelaineous hue. Typical rock
textures include massive, faint flow banding, and tuffaceous layering
(Henshaw, 1953). As described by Nemeth (1976) from thin sections,
phenocrysts of potassium feldspar, plagioclase, biotite and quartz
ranging up to 3 mm in size are present in extremely variable propor-
tions; quartz phenocrysts, although locally abundant are generally
absent. Angular red or white volcanic rock fragments 5 to 10 mm in
size are locally abundant (Henshaw, 1953). The fine-grained groundmass
is composed primarily of potassium feldspar, quartz, and pyroclastic

shards with accessory magnetite (Nemeth, 1976). The identification of
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relict shard structures led Nemeth (1976) to interpret a pyroclastic

origin for this rock.

Productive Andesite

This uﬁit was the locus of most of the early mining in the
southern portion of the Tayoltita mine, hence the name for this unit.
The thickness of the Productive andesite varies from 500 to at least
750 meters (Henshaw, 1953). The lower, conformable contact with Portal
rhyolite is seen in underground exposures within the Tayoltita mine to
be transitional over a distance of several meters.

Henshaw (1953) described two varieties of the Productive ande-
site; the first is a red to purple fragmental andesite ranging in
texture from tuff composed of grains less than 1 mm in size to coarse
volcanic agglomerate with fragments up to 20 cm in diameter. The
second variety is red to gray green in color with a massive medium-
grained porphyritic texture marked by prominent plagioclase phenocrysts
1 -2 mm in length. Nemeth (1976) reported from thin section studies
the presence of hornblende, biotite, and pyroxene as common phenocrysts
in unaltered rock. The groundmass, apparently altered, was described
as a fine—-grained mass of plagioclase, chlorite, and clay minerals
accompanied by disseminated fine-grained magnetite and a common hematite
stain that gives rise to the purple and red colorations. Nemeth (1976)
found that the mineralogy of the two varieties of Productive andesite
is identical and that the fragmental variety is composed of rock frag-
ments and broken phenocrysts derived from andesites similar in appear-

ance to the more massive variety.
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Las Palmas Red Beds

A section of red beds of irregular thickness marks the top of
the Lower volcanic group in the San Dimas district. East of the
Tayoltita mine, Ballard (1980) mapped a section of this unit that
approaches 350 meters in thickness, but in most areas of the district
it is either missing or is represented by only a thin product of erosion
of the Productive andesite. The contact with the underlying Productive
andesite is unconformable.

As described by Ballard (1980), rocks of the Las Palmas red
beds are red to green in color, the red members being more abundant
towards the base of the formation. Ballard (1980) reported the pres—
ence of conglomerates, arkosic sandstones with a large component of
volcanic lithic grains, and shales. The conglomerates are composed of
rock fragments similar in appearance to the underlying members of the
Lower volcanic group. Abundant mud cracks attest to a shallow-
water environment of deposition for these rocks. Ballard (1980) inter-
preted the lLas Palmas red bed unit as an erosional product of the Lower

volcanic group.

Intrusive Andesite

Bodies of intrusive andesite are encountered invading all
members of the Lower volcanic group throughout the San Dimas district.
Possibly the best—studied example is the Candelaria stock located in
the northern portion of the Tayoltita mine (Figs. 6 and 7). On the
surface the Candelaria stock measures 2.5 km by 1.5 km in plan view,
but at depth the stock narrows to a width of several tens of meters and

assumes the form of a dike in underground exposures.
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Henshaw (1953) described the Candelaria stock as a medium-
grained porphyritic andesite green gray to dark purple in color.
Phenocrysts of plagioclase measuring 2 — 6 mm in length and smaller
phenocrysts of clinopyroxene and hornblende up to 2 mm in size contrib-
ute to the porphyritic texture of intrusive andesite (Nemeth, 1976;
Smifh and Hall, 1974). The fine-grained groundmass is composed of
plagioclase, magnetite, and a mixture of leucoxene, clay minerals,
chlorite, and epidote (Nemeth, 1976). Nemeth (1976) stated that he was

not able to obtain unaltered examples of this rock.

Batholithic Complex

Fredrikson (1974) and Henry (1975) distinguished a number of
batholiths referred to in common as the batholithic complex. The
individual batholiths of Fredrikson (1974) and Henry (1975) outcrop
principally in separate and distinct areas of deepest erosion; conse—
quently, it is not clear if the separations that they made are physi-
cally real or are simply a reflection of erosional patterns.

Henry (1975) found that the compositions of individual intru-
sions tend to be quartz diorite to granodiorite near the Pacific Coast,
but granodiorite to quartz monzonite to the northeast. Henry (1975)
obtained 101 K~Ar and 4 U-Pb age dates for a large suite of rocks from
the complex and found a near continuum of ages spanning 102 to 43 m.y.
The distribution of these dates led to his interpretation that the
batholithic complex formed from continuous rather than episodic magma-
tism over this time span. Henry argued that the concordant ages he
obtained for biotite and hornblende is evidence that the younger dates

do not reflect argon loss during thermal or tectonic events postdating
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the initial cooling of the intrusions (Criss, et al., 1982).

Piaxtla Granite

All examples of the batholithic complex in the San Dimas dis-
trict have been named Piaxtla granite (Henshaw, 1953). Henshaw (1953)
divided the Piaxtla granite into a coarse-grained and a fine—g;ained
variety, but this simplification was an expediéncy used only to facili-
tate early geologic mapping of the district. 1In fact, many varieties
of the Piaxtla granite are present; contacts between intrusions of a
wide variety of textures are readily observed throughout the district,
and modal analyses reported by Nemeth (1976) indicate the presence of a
wide variety of compositional types spanning granite, quartz monzonite,
and granodiorite. However, no detailed mapping has ever been undertaken
to identify and outline the individual intrusions.

Examples of the Piaxtla granite are found in all areas of deep
erosion in the San Dimas district and intrude all members of the Lower
volcanic sequence (Henshaw, 1953; Clarke, 1982). Using the K—-Ar method
to date biotite from a quartz monzonite intrusion located immediately
south of the Tayoltita mine, Henry (1975) reported an age of 42.8 + 0.5
m.y. for the rock. Similar dating 4 km. to the southwest of Tayoltita
revealed an age of 48.2 + 0.6 m.y. (Henry, 1975).

In general the Piaxtla granite has been described as a gray,
white, or pink rock ranging from equigranular to sub-porphyritic in
texture (Henshaw, 1953; Smith and Hall, 1974). 1In his thin-section
studies, Nemeth (1976) found that the principal minerals composing the
Piaxtla granite are plagioclase, potassium feldspar, quartz, hornblende,

and biotite. Magnetite and pyrite are important accessory minerals
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(Nemeth, 1976).

Arana Diorite

Several small intrusions, measuring no more than 250 meters in

diameter, are exposed in underground workings located {n the center of

the Tayoltita mine (Fig. 4). Local terminology would indicate that
these are a diorite, but Smith and Hall (1974) found from thin-section
studies that the rock is probably most properly categorized as a quartz
monzonite. Henshaw (1953) described a similar stock surrounded by
Arana intrusive andesite located in the northwest portion of the dis-
trict (Fig. 2). The mineralogy and texture of the Arana diorite is
very similar to that of the finer-grained repreéentatives of the Piaxtla
granite.

The highest stratigraphic intrusion by Arana diorite is into
the Productive andesite. The small intrusions in the Tayoltita mine
have been drilled below the mine workings and seem to merge at depth
with the Piaxtla granite, suggesting that they are a part of the Piaxtla
granite (Smith and Hall, 1974). A hornblende K-Ar date of 43.1 + 1.0
m.y. for one of these small intrusions (Henry, 1975) is in agreement

with this interpretation.

Upper Volcanic Group

The final phase of igneous activity is represented by a wide-
spread outpouring of thick units of rhyolite to andesite tuffs and
flows interbedded with sedimentary derivatives of the same rocks.
These rocks were studied by Fredrikson (1974) who reported that ande-

sites tend to be concentrated in the lower portions of the sequence and
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rhyolites in the upper portions. Fredrikson (1974) also found thick-
nesses in excess of 2,000 meters in the Mexican Plateau and Barranca
Provinces, but observed that these rocks thin considerably toward the
Pacific Coast. There clastic sediments, contemporaneous with and
younger than the Upper volcanic group, become abundant. These sediments
have been included with the Upper volcanic group in Figure 10 in order
to illustrate clearly the contrast between the Lower volcanic group and
the younger rocks.

In the area of the San Dimas district the Upper volcanic group
is termed the Capping rhyolite. The Capping rhyolite is composed of
rhyolite to dacite ignimbrite sheets and their reworked equivalents
deposited on red andesites of the same unit (Fredrikson, 1974). Above
the Tayoltita mine the thickness of this unit is estimated to be at
least 1,500 m (Henshaw, 1953) and attains a thickness of 2,600 m 15 km
to the east of Tayoltita (Smith et al., 1982). Representatives of the
Capping rhyolite rest unconformably on examples of the Piaxtla granite
and all members of the Lower volcanic group (Henshaw, 1953). Dating of
Upper volcanic rocks at localities within a 70 km radius of Tayoltita
indicates that these rocks were deposited from 34 to 23 m.y. ago
{(McDowell and Clabaugh, 1972, 1979; McDowell and Keizer, 1977).

Henshaw (1953) described several varisties of the Capping
rhyolite in the San Dimas district; the most notable type consists of
pink—-, gray—, and buff-colored layered tuffs composed of angular to
sub-angular rhyolitic fragments, feldspar crystals, and quartz pheno-
crysts in a matrix of volcanic ash. Both well-indurated and poorly-

indurated examples exist of this rock.
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Dike Rocks of the San Dimas District

Dike rocks, mostly post-ore in age, intrude all of the rocks
described above. For the sake of brevity, only the more common types

of dikes are described here.

Santa Rita Feldspar Porphyry Dacite Dikes

Light to dark gray-green, fine-grained to coarse—grained dacite
dikes intrude the Piaxtla granite and all rocks of the Lower volcanic
group (Fig. 9). Nemeth (1976) described the typical mineralogy of
these dikes as plagioclase'phenocrysts up to 1 em in length, hornblende
laths up to 4 mm in length, and smaller biotite, and quartz pheno—
crysts set in a fine-grained groundmass composed of the same minerals

and accessory magnetite.

San Luis Andesite Dikes

These are porphyritic andesite dikes, dark green to nearly
black in color, and seldom more than a few meters in width, that intrude
the Piaxtla granite, all members of the Lower volcanic group, and the
lower portion of the Capping rhyolite. Examples of these dikes are
also found crossing Santa Rita feldspar porphyry dikes. The mineralogy
of these dikes is dominated by interlocking plagioclase laths, up to 3
mm in length, that surround smaller crystals of plagioclase, pyroxene,

and magnetite (Nemeth, 1976).

Rebo latite Dikes

Quartz latite to dacite dikes, named Rebo dikes by Henshaw
(1953), were emplaced close in time to the San Luis andesite dikes.

Although the age relationship between Rebo dikes and San Luis andesite
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dikes is uncertain, field relationships led Henshaw (1953) to interpret
that they were probably emplaced contemporaneously. Some of these dikes
are remarkably persistent; one individual extends for a strike length
of some 6 km along which it achieves widths of up to 120 meters.
Henshaw (1953) described the mineralogy as phenocrysts, 2 ~ 8 mm in
size, of orthoclase, plagioclase, quartz, and biotite set in a micro-
crystalline groundmass composed of quartz and feldspar, probably mostly

orthoclase.

Wall-rock Alteration

Hydrothermal alteration extends out from all veins, the distance
and intensity being a function of the permeability of the rocks and
fracture density. Where fracture and vein density, and permeability
are sufficiently great, the alteration envelopes around structures
coalesce and form widespread areas of alteration. Much of the district
is affected to some degree in this manner (Davidson, 1932; Henshaw,

1953; Smith and Hall, 1974; Nemeth, 1976; Smith et al., 1982).

Alteration in Productive and Intrusive Andesite

A number of workers have documented the widespread alteration
of Productive andesite to chlorite, calcite, epidote, albite and pyrite.
Probably the most striking style of hydrothermal alteration seen mega-
scopically is one described by Davidson (1932) as bright-green epidote
patches that form a mottled texture in chloritized and pyritized pale-
green or red andesite. This style of alteration is most strongly
developed iﬁ fragmental andesites while in more massive, less permeable

andesites the stronger effects of hydrothermal alteration tend to be
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confined to fracture margins. Smith et al. (1982) recognized abundant
albite and calcite in this alteration. Henshaw (1953) noted that
although this type of alteration generally increases in intensity near
veins, it is the degree of porosity in the andesites that most effec-
tively controls the relative strength of alteration.

As seen in thin section, alteration of individual minerals is
widespread even in the more massive andesites. Davidson (1932) reported
that plagioclase phenocrysts are altered to epidote, chlorite, and a
little sericite that becomes increasingly abundant in the vicinity of
the Arana diorite stocks. 1In addition, Nemeth (1976) reported, from X-
ray diffraction analysis, the presence of the zeolites chabazite,
scolecite, and laumontite (?) in altered plagioclase phenocrysts.

Based on their thin-section studies, Smith and Hall, (1974) added
albite and calcite to the suite of minerals replacing plagioclase.
Davidson (1932) described biotite and hornblende as nearly totally
altered to chlorite, epidote, and pyrite. The andesite groundmass is
generally altered to a finely divided mixture of chlorite scales,
unidentified clays,and ragged epidote patches (Smith and Hall, 1974).
Pyrite occurs in the sites of altered and replaced ferromagnesian
minerals (Davidson, 1932).

The andesite adjacent to veins is strongly silicified and
altered to a combination of chlorite, sericite, leucoxene, and rutile
(Smith and Hall, 1974). The same authors reported that significant
amounts of secondary potassium feldspar are locally present. Former
Tayoltita district geologist D.K. Hall has kindly clarified (personal

communication) that his thin-section studies found that the K-feldspar
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alteration of andesite is vein-related, but may extend for considerable
distances out from the veins. Sodium cobaltinitrate staining of selec-
ted Productive andesite samples (this study) revealed that potassium
feldspar may replace most of the wall-rock over widths of up to approx-

imately 1 cm adjacent to the Cinco Senores vein.

Alteration in Portal and Socavon Rhyolite

The alteration mineralogy of both the Portal and Socavon rhyo-
lite is similar to that described above for andesite, differing prima-
rily by the presence of a greater amount of sericite in the rhyolites.
Davidson (1932) noted that entire phenocrysts of feldspar may be re-
placed by sericite. Smith et al. (1982) reported that secondary potas-

sium feldspar is abundant.

Alteration in Piaxtla Granite

Alteration in the batholithic complex is typically expressed as
a network of small hydrothermally altered fractures separated by up to
several meters of apparently unaltered rock. Within these fractures
veinlets of epidote, quartz, calcite, albite, and, rarely, tourmaline
vary in width from a hairline to a few millimeters. Churchill (1980)
described alteration adjacent to these veinlets as extending out a few
centimeters into the surrounding rocks and reported that within these
alteration selvageé feldspars are weakly altered to sericite, calcite,
epidote, and unidentified clays. Epidote, chlorite, calcite, and
pyrite partially replace the ferromagnesian minerals biotite and horn-
blende.

Alteration of the Arana diorite stocks near veins was described
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by Davidson (1932) as complete chloritization and pyritization of the
ferromagnesian minerals accompanied by strong sericitization of the

feldspars.

Alteration in the Capping Rhyolite

The effects of hydrothermal alteration, so prominent in the
Lower volcanic group, are notably absent from the Capping rhyolite.
Henshaw (1953) drew attention to the megascopically fresh aspect of
this unit and remarked on the contrast this fresh appearance makes with

the wide-spread alteration in the Lower volcanic group.

Alteration-mineral Zoning

According to the descriptions of primary and alteration miner-
alogy, the iron-bearing minerals are arranged in a zonal pattern about
vein structures (Fig. 11). Only pyrite and chlorite are found in all
stages of quartz veining. At most localities, vein walls exhibit
magnetite, chlorite, and epidote. Hematite is generally found only in
those wall rocks farthest removed from quartz veining where it is
accompanied by magnetite and chlorite. Some hematite is present in
early quartz veining (described in a later section), buf absence of the
mineral in later stages of quartz veining indicates that hematite was
stable only in those areas farthest removed from quartz veins for most
of the life of the hydrothermal event that produced the quartz veins
and associated wall-rock alteration.

A zonation about the veins of the potassium-, sodium-, and
magnesium-bearing alumino-silicates chlorite, adularia, albite, and

sericite may also be deduced from the descriptions of alteration miner—
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alogy (Fig. 12). All of these minerals occur both in the quartz veins
and as alteration products of andesites in the vein walls. With in-
creasing distance from veins, however, first the potassium feldspar and

then the sericite tend to disappear.

Comparison with Alteration in Modern Geothermal Systems

The documentation of wall-rock alteration mineralogy in the
modern geothermal systems at Wairakei and Broadlands, New Zealand
(Steiner, 1968; Weissberg, 1969) and the identification in the litera—
ture of these systems as the type of geothermal systems most likely to
be forming epithermal silver—gold vein deposits today (White, 1981;
Henley and Ellis, 1983) prompts comparison of the alteration.in these
modern systems with that in the San Dimas district. Wall-rock alter-
ation at Wairakei was described in detail by Steiner (1968). At depths
of 400 to 600 meters below the surface, andesites are altered to mica-
ceous clay, chlorite, albite, calcite, and epidote. Alteration in
adjacent rhyolite is similar except for the addition of adularia and
wairakite to the mineral suite and deletion of calcite. Flow fissures
contain principally quartz and K-feldspar with wairakite in zones of
boiling.

The alteration mineralogy of the volcanic rocks at Broadlands,
principally rhyolites, was reported by Weissberg et al. (1979) at 260°
C as albite, K—feldspar, sericite, calcite, iron chlorite, and epidote
with rare wairakite and zoisite. Galena, sphalerite, chalcopyrite,
pyrrhotite, and pyrite are all repqrted, but veining and alteration
adjacent to veining were not described. The alteration in these two

New Zealand geothermal systems differs from that reported for the San
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46
Dimas district in that wairakite and pyrrhotite have never been reported
in the San Dimas district. Otherwise, the overall similarity of the

alteration mineralogies is marked.

Relative Ages of Mineralization and Rocks

Veins with economic values in silver and gold have been found
in the San Dimas district in all rocks of the Lower volcanic group and
in intrusions of the batholithic complex (Henshaw, 1953). Henry (1975)
reported a K-Ar date for a sample of vein adularia that indicates veins
in the Tayoltita mine formed 40.0 + 0.4 m.y. ago. Similar dating of
the Arana diorite stocks and batholithic rocks within the Tayoltita
mine yielded age dates of 43.1 + 0.1 and 42.8 + 0.5 m.y. (Henry, 1975).
Smith et ai. (1982) questioned the apparent 3 m.y. difference between
intrusion and mineralization on the basis of the low 0.595 percent
potassium content of the supposed adularia (mis—identified albite (?))
and suggested, on the basis of zonal patterns centered on the intru-
sions, that the mineralization occurred closer in time to the intrusive
event than the dating by Henry (1975) indicates.

Santa Rita feldspar porphyry dacite dikes and veins in the
Tayoltita mine display mutually crossing relationships, implying con-
temporaneous formation (Henshaw, 1953). Both San Luis andesite dikes
and Rebo latite dikes cross economic veins and are clearly postmineral
in age. San Luis andesite dikes are locally abundant and a nuisance to
mining operations.

In contrast to the widespread mineralization in the Lower
volcanic group, no silver- and gold-bearing veins are known in the

Capping rhyolite. A group of veins in the northwest sector of the
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district, and another in the southeast, terminate at the Lower volcanic
group — Capping rhyolite contact (Fig. 2). By itself, this distribution
of vein mineralization is highly suggestive of a postmineral age for
the Capping rhyolite, but, as the precise nature of those contacts is
not clear (Henshaw, 1953), this relationship does not positively estab-
lish a postmineral age for the Capping rhyolite. However, other field
observations and age dating also suggest that the Capping rhyolite
postdates ore deposition. The Cedral vein, located in the northern
extremity of the Tayoltita mine, is partially covered over its eastern
extension by the red andesites that form the base of the Capping rhyo-
lite (Figs. 2 and 9). A surface traverse up the stratigraphic column
near the Cedral vein encounters nearly ubiquitous evidence of weak
pyritization, now oxidized, and small, irregular quartz veinlets in the
Productive andesite, but these signs of hydrothermal activity terminate
abruptly at the contact with the red andesites. The K—-Ar age date of
40.0 + 0.4 m.y. from vein adularia collected in the Tayoltita mine is
much older than the 32 to 23 m.y. K~Ar age dates determined by McDowell
and Clabaugh (1972, 1979) and McDowell and Keizer (1977) for Upper

volcanic rocks in the region.

Structural Geology

Large regional faults (Fig. 10) separate the entire area into a
number of blocks (Henshaw, 1953; Fredrikson, 1974). The magnitude of
many of these faults is impressive; some may be traced for tens of
kilometers along strike and exhibit dip-slip displacements of up to
2,000 meters. Dips of up to 45° for layered rocks within fault-bounded

blocks attest to the rotation that accompanied fault movement. An
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interesting feature of these dips is observed from the air when flying
through the canyons; although inclination of strata at the base of the
Upper volcanic sequence may approach 45°, in many of the fault blocks a
progressive flattening of dips occurs toward the top of the sequence

where the layered rocks may even be flat-lying. This progressive

chahge in dip suggests rotation of the fault blocks during eruption and

deposition of the Upper volcanic sequence.

Structure of the San Dimas District

Three northwesterly trending regional faults, the Don Porfirio,
Limoncito, and Guamuchil, separate the San Dimas district into three
distinct fault blocks (Fig. 2). The block bounded by the Don Porfirio
and Limoncito faults is not rotated, but the remaining two blocks to
the east, one between the Limoncito and Guamuchil faults, and the other
east of the Guamuchil fault, are tilted 35° to the east-northeast.
Uplift and erosion west of the Don Porfirio fault is responsible for the
removal of potential mineralization in the volcanic rocks, so the Don
Porfirio fault also marks the western limit of the San Dimas district.
No fault marks the eastern limit of the district; that boundary is
simply the easternmost extension of mining activity.

With the exception of the southern cluster of veins in the
Tayoltita mine, veins of the San Dimas district strike only a few
degrees north of due east and dip steeply to the north (Fig. 2). The
Guadalupe vein is an important example of fhe easterly striking veins
while the Cinco Senores vein is an excellent example of the southern
group of veins in the Tayoltita mine (Figs. 2 and 4). Displacements

along the fractures occupied by veins are with few exceptions minor,
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usually measured in a few tens of meters (Henshaw, 1953). They have
been interpreted as tensional fractures related to the major north-
westerly faults (Ballard, 1980).

The structure of the main mine was described in great detail by
Smith et al. (1982) and only needs to be reviewed briefly here. The
eastern limit of the main mine is marked by the Arana fault (Fig. 4).
This fault dips an average of 75° to the east with a strike parallel to
the great northwesterly-trending faults, but is much less persistent;
it is traceable for a distance of less than 3 km. The footwall of the
Arana structure hosts a number of complex vein systems. The most
productive to date is a system of northeasterly-striking structures
that, as they approach intersection with the Arana structure, swing to
a strike parallel with Arana with which they merge as a single structure
(Fig. 4). Major examples of these veins, apart from the subject of
this study, the Cinco Senores vein, include the San Rafael, San Luis,
and 219 veins.

The NBO-85°E strikes of the Candelaria, Culebra, and Cedral
veins are more representative of the rest of the veins of the San Dimas
district. These three veins also occur in the footwall of the Arana
structure but are not obviously related to that vein; they generally

weaken markedly as they approach intersection with Arana.

Postmineral Faulting

Postmineral faults generally strike approximately N10°W with
steep dips. Dislocation of veins by these faults is usually on the
order of a few meters only. However, a major fault, the

Independencia, forms an important down-dropped block in the deeper
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levels of the mine. Displacement on the Independencia fault near the
Cinco Senores vein is illustrated in Figure 5. The fault is roughly
parallel in both plan and vertical view to Arana, from which it diverges
at depth. Approximately 200 meters of stratigraphic displacement
resulted from movement on the Independencia-Arana fault system. As a
result, postmineral movement on the Arana-Independencia fault system

truncates and limits the Cinco Senores vein to the east (Fig. 5).

Vein Textures

Veins in the San Dimas district formed by deposition of gangue
and ore minerals along faults in open spaces created by fault-wall
separation and fault brecciation. Consequently; the various vein
textures formed merely as variations on the simple theme of successive
layers of vein material encrusting all available surfaces. However, at
most localities repeated fracturing and brecciation during mineraliza-—
tion caused this otherwise simple process to produce a very complex
vein texture; early vein material suffered multiple stages of breccia-
tion and cementation by younger material, resulting in younger veins and
veinlets crossing older ones in a confusing manner. Davidson (1932)
described the resulting textures in great detail that need not be

repeated here.

Vein Mineralogy and Paragenesis

The mineralogy and paragenesis of the Cinco Senores vein,
typical of the group of veins located south of the San Luis vein in the
Tayoltita mine, is described below. Smith et al. (1982) reported three

stages of vein filling in the Tayoltita mine; early stage, ore stage,
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and late stage quartz. The results of the present study differ from
Smith et al. (1982) by establishing three distinct sub-stages of the
ore stage and by recognition that a more complex relationship probably
exists between the late-stage quartz of Smith et al. (1982) and ore
deposition than that which they reported.

The present paragenetic study was accomplished by examination
under binocular microscope of sawed surfaces of vein samples. Mineral
identifications were made based on identifications made by previous
workers and on my familiarity with the deposit. Although all phases of
mineralization in the Cinco Senores vein were found to be dominated by
quartz, subordinate minerals served to distinguish separate stages of
vein filling.which are described below and summarized in schematic form
in Figure 13. Geologic maps of now inaccessible mine workings on the
Guadalupe vein provide fragmentary evidence that the mineralogy, and
probably the paragenesis, of that vein is the same as that of the Cinco

Senores vein.

Pre-ore Mineralization

Smith et al. (1982) described an early stage of fine—grained to
cherty, gray to dark-gray quartz. The darker hues were attributed to
very fine-grained disseminated pyrite (Smith et al., 1982). Many
veins of the district exhibit this stage; in the main mine it is
common on the San Luis vein and all veins north, but I did not observe
it in the Cinco Senores vein.

Also recognized by Smith et al. (1982) is an early stage of
base-metal deposition. Hand samples from this stage may consist en-

tirely of sphalerite, galena, chalcopyrite, and pyrite; yet assays of
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Figure 13. Generalized paragenesis of ore-stage and post-ore stage vein
mineralogy of the Cinco Senores vein. —— Fine-grained quartz is most commonly
observed in the earlier ore stages. Coarse-grained quartz is increasingly ob-
served in the later stages. Both silver and gold minerals are included with

sulfides. Pre—ore stages are poorly known on the Cinco Senores vein and are not
included here.
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these samples rarely exceed 100 ppm Ag and 1 ppm Au. This stage is
uncommon. Where preserved, it generally forms a narrow (1-3 cm) band
extending for a distance of less than a few meters along a wall of the
principal vein. Similar examples of concentrations of base metals arf

found scattered throughout the ore horizon, but none were seen in the

samples collected from the Cinco Senores vein in this study.

Chlorite-calcite Stage

Light—-gray, medium— to fine~grained quartz with a sugary tex-
ture, usually intergrown with calcite and chlorite and sulfides, marks
the onset of economic mineralization in the Cinco Senores vein. Ilater
solution of calcite commonly imparts a characteristic porosity to this
stage. Sulfides are usually very fine—-grained and disseminated.
Sphalerite, galena, chalcopyrite, pyrite, and acanthite are present,
and in coarser—grained samples, in which the sulfide grains may reach 1
mm in diameter, these minerals are readily identified in hand sample.
These sulfides may form veinlets up to a cm in width in exceptionally
rich ore. Later micro-veinlets of a light—gray sulfide are apparently
the sulfosalt pearcite-polybasite (Keller, 1974). Specks of pale-
yvellow electrum are rarely visible, usually in association with the
acanthite. Hematite rims sphalerite and chalcopyrite and occurs alone
in quartz in some samples.

The decline of this stage is marked by milky white, medium-
grained quartz that becames progressively more barren of sulfides and
coarse—grained toward the end of this stage. This relatively barren
material is locally abundant and in places is perhaps the only repre-

sentative of this stage.
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Rhodonite Stage

Brown to bright-pink rhodonite distinguishes the second period
of economic mineralization. Crossing relationships indicate that this
stage is younger than the chlorite-calcite stage. White calcite locally
precedes and accompanies the first phases of rhodonite deposition.
Medium—-grained clear to gray quartz with sphalerite, galena, chalco-
pyrite, pyrite, acanthite, and electrum follow the rhodonite deposition
in age. Pearcite-polybasite is probably also present but was not
identified in the the current study. Later stages of quartz become
milky-white in color, coarser-—grained, and barren of sulfides. This
quartz may be accompanied by chlorite that in hand sample ranges from a
light green, indistinguishable from chlorite of the earlier chlorite-
calcite stage, to a dark green. The final quartz deposited in this
stage may be coarse-grained and in many localities is amethystine.
Quartz is almost everywhere present in greater proportions than is
rhodonite.

X~-ray diffraction studies (Keller, 1974) indicaté that the
rhodonite is a mixture of johannsenite (CaMnSiz0s) and true rhodonite
(MnSi0z). The habit of this mixture is as fibrous masses commonly
surrounding a core of quartz. Davidson (1932) noted the peculiar
bladed arrangement of the rhodonite—quartz masses and postulated that
the quartz cores are a replacement of anhydrite. Pursuing this, he
reported success in isolating a single sample of anhydrite surrounded

by rhodonite.

Adularia Stage

The final stage of economic mineralization is identified by
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bands of medium-grained (0.5 to 1.0 mm in size) adularia alternating
with bands of medium—grained clear to milky quartz and light- to dark-
green chlorite. Many of these bands surround fragments of the two
earlier stages. In thin section (this study) both albite and sericite
were identified intergrown with the potassium feldspar. The chlorite
was identified by X-ray diffraction as the iron-rich chlorite ripidolite
(Keller, 1976). Younger representatives of this stage tend to be
exclusively milky-white quartz of a grain size that coarsens with
declining age. Sulfides, never as abundant as in the previous stages,
are finer—grained than in the earlier two stages and tend to be dissem-

inated in and around the chlorite bands.

Post-mineralization Vein Deposition

Deposition of quartz continued after ore deposition ceased.
Open vugs were lined with milky, rarely amethystine, quartz crystals up
to 2 ecm in length. Calcite and the zeolite laumontite (Keller, 1974),

encrusted many of the vug-lining quartz crystals.

Summary of Ore Deposition

In summary, three cycles of economic mineralization are present;
the first two cycles started with deposition of a distinctive mineralogy
but eventually evolved to a similarly barren, medium- to coarse—grained
milky-white quartz that is easily confused with the quartz post—dating
all of the ore-forming events. Most quartz of the adularia stage is
also q}milar to this late quartz. As a result, unless the distinguish-

ing early mineralogy is present, assignment of a sample to a particular

stage may be difficult.
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An idea of the relative abundance of sulfides may be obtained
from annuallmill head assays. As reported in Smith et al. (1982),
these assays, averaged over 14 years of production, imply the following
base-metal sulfide contents: sphalerite, 0.7 weight percent; galena,
0.3 weight percent; and chalcopyrite, 0.15 weight percent. In visual
examination, the sulfide contents of the chlorite-calcite and rhodonite
stages are approximately equal, but, relative to the earlier stages,
the adularia stage is notably deficient in sulfide content; bands and
veinlets of sulfides are commonly seen in the first two stages, but
sparse, very fine—grained disseminated grains of sulfides are the rule

in the adularia stage.

Ore Controls
Geologic mapping of rock types and structure has accompanied
mining in the San Dimas district over much of the present century.
This record of the geology in and around orebodies has been studied by
numerous workers in attempts to identify ore controls. Henshaw (1953)
reviewed evidence for various ore controls, principally those of struc-
ture, secondary enrichment, wall rock, and ore horizon. Smith and Hall

(1974) and Smith et al. (1982) summarized much of this earlier work.

Secondary Enrichment

Owing to the exceptionally steep topography and heavy rainfall,
supergene processes are unable to keep pace with erosion of the veins.
Supergene enrichment and even oxidation of the ore is consequently

negligible (Henshaw, 1953; Smith et al., 1982).
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Structural Controls
Orebodies are usuwally localized by changes in strike and dip of
hosting structures and by structural intersections. Vein patterns most
commonly fall into the diagonal link, chatter-like link, double-—chatter
link, cymoid curve, cymoid loop, and multiple cymoid loops of McKinstry
(1948). Smith et al. (1982) presented an excellent, detailed treatment

of the intricacies of structural control of ore-bodies.

Wall-rock Control

The question of a chemical control on ore deposition by the
hosting wall rocks has been the subject of some debate. After noting
that most orebodies in the Tayoltita mine had, ub to that time, been
found in Productive andesite, Davidson (1932) claimed that the under-
lying rhyolites were chemically unfavorable for ore deposition. After
Davidson’s study (1932) mining progressed farther to the north and
discovered increasing proportions of ore in the Portal rhyolite.

Partly in response to these discoveries, Henshaw (1953) challenged the
idea that a chemical control caused ore-depositional processes to favor
Productive andesite over the rhyolites and argued that predominance of
ore in one rock type over another is a local phenomenon. In support of
his new interpretation, Henshaw (1953) pointed out that although ande-
site may have hosted most of the ore mined in the southern portion of
the Tayoltita mine, ore on the Candelaria vein was mined not only in
Productive andesite and Arana intrusive andesite, but also in Portal
rhyolite, and that each of these rock types had produced quantities of
ore about in proportion to the amount of exploration conducted in éach.

Furthermore, the relative favorability for ore in Prodﬁctive andesite
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seen in the southern Tayoltita mine is completely reversed in the
Guadalupe vein; there, Socavon rhyolite, Buelna bedded andesite, and
Portal rhyolite host most of the ore, but the Productive andesite is

only weakly mineralized (Fig. 3).

Ore Horizon

Veins are usually mined as orebodies where the material averages
greater than 200 ppm Ag and 2 - 4 ppm Au over widths exceeding 1.5
meters. Orebodies in the San Dimas district show ore tops and bottoms
generally 200 to 300 meters apart. Correlation of these tops and
bottoms, both on individual veins and between neighboring veins, defines
two roughly parallel surfaces bounding a vertical interval termed the
ore horizon (Henshaw, 1953; Smith and Hall, 1974; Smith el al., 1982).
Workings in the Tayoltita mine reach depths in excess of 500 meters
vertically below the lower limit of ore but in none of these has any
ore been found beneath the ore horizon. The predictable nature of this
ore horizon has proven to be an extremely valuable guide in exploration.

The Guadalupe vein (Fig. 3) provides an excellent example of
the ore horizon. Aftier postmineral faulting is taken into consideration
the vertical limits of mineralization define a horizon, sloping gently
to the east, that is approximately 300 meters in height. Rocks of the
Capping rhyolite are essentially horizontal near the Guadalupe vein,
implying that the ore horizon there is in its original horizontal
attitude. The original lateral extent of mineralization is unknown,
owing to faulting of the eastern and western extremities of the vein,
but the preserved length of 2.7 kilometers provides a minimum figure

with which to judge the size of the system.
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Vertical limits of ore on the Cinco Senores vein (Fig. 5) are
gimilar in magnitude to those seen on the Guadalupe vein, but the
lateral extent of ore is severely restricted by the Independencia fault
system to the east and erosion to the west. The ore horizon on the
Cinco Senores vein appears to dip to the northeast, but several lines
of evidence indicate that the ore horizon was originally sub-
horizontal.

The Capping rhyolite dips approximately 35° to the northeast in
the eastern fault block that hosts the Tayoltita mine, apparently as a
result of postmineral fault rotation (Fig. 2). In the Tayoltita mine
the ore horizon is similarly inclined to the northeast (Henshaw, 1953;
Smith et al., 1982). A postmineral age for this tilting is inferred
from this inclination of the probably postmineral Capping rhyolite above
the mine and from a striking piece of evidence from within the mine.
Henshaw (1953) reported the discovery on the Cinco Senores vein of a
large vug filled with a hard, finely laminated sediment striking N35°W
and dipping 45°NE, an attitude that closely approximates both that of
the ore horizon and the nearby Capping rhyolite. On the basis of this
evidence, the ore horizon of the Cinco Senores vein is assumed to have

been close to horizontal at the time of mineralization.

Mineralogical and Ag:Au Ratio Zoning

The effects of hydrothermal activity accompanying ore deposition
may create mineralogical and elemental zonal patterns that extend out
from and surround orebodies. By virtue of a greater size than that of
the enclosed orebody, such zones are more likely to be exposed on the

surface and in underground workings than is the orebody itself. Recog-
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nition of such zonation may aid exploration efforts by attracting
attention to potentially productive areas and by providing criteria
with which to orient exploration within such areas. The potential
economic benefits that may be derived from recognition and proper
application of mineralogical and elemental zonal patterns have prompted
a number of studies in the San Dimas district (Smith, 1979; Clarke,

1982).

Gangue Mineral Zoning

The indicated post mineral tilting and accompanying erosion of
the fault block hosting the Cinco Senores vein permits surface examina-
tion of the mineralization to depths of nearly 400 meters below the
base of the ore horizon (Fig. 5). Geologic mapping on file at the
Tayoltita mine of mine workings and surface exposures of the Cinco
Senores vein was used in the present study to reconstruct the distribu-
tion of quartz, rhodonite, and adularia vein filling of the Cinceo
Senores vein within and below the ore horizon (Fig. 14).

Quartz veining is widest in the center of the ore horizon and
thins markedly above and below. Vein narrowing below the ore horizon
is particularly evident in outcrops on the surface southwest of the
Cinco Senores orebodies; at point C (Fig. 14) the vein is only 10 to 15
centimeters in width, and at greater depths below the projection of the
ore horizon, quartz veining disappears, leaving only a weak, relatively
unaltered fracture to represent the structure. This weakening of quartz
veining with depth is seen in all veins explored at depth in the
Tayoltita mine. Workings in the Tayoltita mine reach depths in excess

of 500 meters vertically below the lower limit of ore but these deep



Figure 14. Gangue mineral zoning on the Cinco Senores vein
illustrated in vertical longitudinal section. —— Looking to the north-
west. The contours indicated by A illustrate the upper and lower
limits of rhodonite. Adularia is restricted to the area between the
contour indicated by B and the intersection of the Cinco Senores and
Arana structures. Chlorite in the vein is essentially restricted to
the ore horizon. C marks the approximate lcwer limit of quartz observed

on the surface.






workings do not encounter strong quartz veining; what little quartz
veining that is seen at these depths may be measured in a few centi-
meters at most. Intersection with Arana prevents examination of the
character of veining on the Cinco Senores vein above the ore horizon
(Fig. 14), but quartz on the Arana vein disappears a short distance
aone the ore horizon (Smith et al., 1982).

Rhodonite distribution on the Cinco Senores vein corresponds
approximately to that of the widest quartz veining, forming a rhodonite
zone located in the central portion of the ore horizon (Fig. 14). 1In
my observations, rhodonite was seen to be most abundant within ore-
bodies. No rhodonite was observed above or below the ore horizon.

Adularia was poorly identified in early mapping (Davidson,
1932); consequently, distribution of that mineral was estimated from a
combination of the old mapping and my check observations in limited
underground exposures. Adularia as a vein mineral overlaps the upper
portion of the rhodonite zone and continues to the intersection of the
Cinco Senores and Arana structures.

Chlorite was rarely noted in old mapping. From my observations
underground and on the surface chlorite appears to occur throughout the
ore horizon, but to be essentially absent from that portion of the
Cinco Senores vein located below the base of the ore horizon.

Quartz veining is absent from the surface 250 meters above the
orebodies on the Guadalupe vein (Fig. 3) west of the Contra Estaca
fault (Henshaw, 1953). No narrowing of the vein is seen below the ore
horizon, but it is possible that erosion has not reached a depth suffi-

cient to expose vein narrowing. In a parallel vein, the Rosario,
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located approximately one kilometer south of the Guadalupe vein (Fig.
2), deep erosion has exposed quartz for several hundred meters below
the bottom of the ore horizon, but the vein disappears at greater
depths, leaving only a weak fracture.

A mine-wide zonal.pattern of gangue mineral distribution is
present at the Tayoltita mine (Smith et al., 1982). Rhodonite is
effectively restricted to veins in and around the Arana diorite stocks.
Veins north of the San Luis vein generally lack rhodonite and, continu-
ing to the north, display a progressively greater proportion of calcite.
Adularia appears to be absent from the northernmost two veins, Culebra
and Cedral. Smith et al. (1982) reported that chlorite is absent from
the northern veins of the Tayoltita mine, but 1 observed the mineral in

all veins, including those in the northern section of the mine.

Metal Zoning

Examination of old ore-reserve grades on the Cinco Senores vein
(Fig. 15) suggests that no marked systematic changes occur independently
in either silver grades or gold grades within the ore horizon. Silver
and gold values in quartz veining from below the ore horizon are gener-
ally below the level of detection for the local assay (approximately 15
ppm Ag and 1 ppm Au). The base metals lead, zinc, and copper accompany
precious metals within the ore horizon, but as mine samples are rou-
tinely assayed only for silver and gold, an account of base-metal
distribution depends on visual observations alone. Nevertheless, abrupt
termination of essentially all sulfides, with the possible exception of
some minor pyrite, is observed in nearly all cases to coincide with the

termination of silver—gold ore.
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Silver:gold Ratio Zoning

As shown by Smith (1979) and Smith et al. (1982); a mine-wide
zoning pattern of Ag:Au ratios conforms with mineralogical zoning in
the Tayoltita mine. Whole~vein ratios drawn from production data show
a steady increase in Ag:Au with distance from the cluster of Arana
diorite stocks (Fig. 4), which is also the center of rhodonite—adularia
mineralization. This zonation is not unique to Tayoltita. Nolan
(1935) reported from mine production data a similar pattern for the
Tonopah, Nevada, deposit. Sections by Nolan show a domical ore horizon
apexing in an area of intense adularia-sericite alteration. Correspon-
dingly, Ag:Au ratios are lowest in the central zone and increase out-
ward. Taylor (1973) demonstrated that this same central zone coincides
with the center of an annular zoning pattern of 180/160 in the wall
rocks of the deposit, implying that hydrothermal flow was focused on
that area. By inference, the Ag:Au ratios reflect the former flow
pattern of the hydrothermal system. This is the same interpretation
that Smith et al. (1982) arrived at for the Tayoltita deposit.

Both Smith and Nolan drew from production data to establish
broad patterns of Ag:Au ratio zonation, but sufficient data exist at
Tayoltita for an examination of Ag:Au zoning in individual veins.

Since the 1930s channel samples have been cut systematically in all
vein material at intervals of five feet in all drifts and raises and at
irregular elevations in stope backs, and the assay results of these
samples are plotted on mine maps. Such data exist for the lower, more
modern levels on the Cinco Senores vein but, unfortunately, systematic

sampling postdates mining in the upper levels. In these upper areas,
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results of systematic sampling and sssays are only available in scat-
tered localities. Where sufficient channel sample assays exist, Ag:Au
ratios were determined for square blocks of vein, 15 meters in length
and height, by calculating the width-weighted averages for both silver
and gold using all samples located within the square. Actual grades
could not be blocked by this method because samples were ignored in
which silver or gold values were below the lower limit of accuracy of
the assay.

This method is believed to be superior to that of simply calcu-
lating Ag:Au ratios from old reserve block grades, such as those shown
in Figure 15, for several reasons. The program of sampling stope backs
is carried out throughout the year to guide mining, but most of the
assay results of this sampling are ignored in ore reserve calculations
because the sample locations correspond to stope backs that were exposed
and mined out in the time between the annual ore-reserve calculations.
In addition, especially in the lower Cinco Senores vein, the method of
calculation used in the present study allows the subdivision of the‘
vein into blécks smaller in size than those often used for ore-reserve
blocks, thereby permitting a more detailed examination than would be
possible from examination of the ore-reserve blocks alone. Finally,
the calculation used in this study avoids the possibility of old errors
that might have been made in calculation of the ore reserves.

Little systematic sampling is recorded for the Guadalupe vein,
but records of the production grades of individual stopes in the area
between the Don Porfirio and Contra Estaca faults (Fig. 3) are availa-

ble. Almost no assay data of any kind exist for the ancient, central
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stopes on the Guadalupe vein, but assays from scattered stretches of
systematic channel sampling are available for the eastern section of
the old mine. These assay results of the systematic sampling in the
eastern section of the vein were used to calculate Ag:Au ratios in the
same manner as that employed in the calculation of Ag:Au ratios of the
Cinco Senores vein. In the western section of the Guadalupe vein,
where the program of channel) sampling was so erratic, metal ratios were
calculated and plotted from the production records of individual stopes.

The plotted data on vertical longitudinal sections of the veins
have been contoured to illustrate zonal patterns (Figs. 3, 6, and 186).
The most obvious feature of this zoning is a central core of low Ag:Au
ratios about which is developed a pattern of increasingly high Ag:Au
ratios. Further, the contours reveal a mushroom-like form composed of
horizontally elongated bands of low Ag:Au ratios that occupy a central
horizon corresponding roughly to the center of the ore horizon. The
predictable nature of this geometry has proven to be a very effective
tool in mine development and exploration, as approaching vertical
limits of ore may be anticipated by observation of an increase in the

Ag:Au ratio.






FLUID INCLUSION STUDY

The samples used for fluid inclusion study are from eight
localities, seven on the main Cinco Senores vein and the eighth on a
narrow vein split, the 14-553 vein (Fig. 17). Inaccessibility of the
Cinco Senores vein on the lower two levels necessitated sampling of the
second vein, but because the Ag:Au ratio of the split (43:1) corresponds
to that of the Cinco Senores vein at that elevation and coordinate, the
mineralogy of the two veins is identical, and the veins are separated
by only a few meters, synchronous formation of the two is almost certain
and the substitution is justified.

Every effort was'made to sample across the entire vein in order
to obtain representatives of all stages of economic mineralization.
Each sample was slabbed and the paragenesis studied. From these slabs
doubly polished thin sections were prepared for heating and freezing
under the microscope. The three broad categories of economic mineral-
ization were used to categorize the fluid inclusion samples: chlorite-
calcite, rhodonite, and late quartz-adularia. The original intent was
to study all of the stages of mineralization at every location, but
fluid inclusions amenable to study were not found in all stages at all
localities. The doubly-polished thin sections were examined under the
microscope for selection of fluid inclusions appropriate for micro-
thermometric study. Quartz almost invariably proved to be the only

mineral amenable to further study; all the calcite was found to be
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cloudy and opaque, and only one useable inclusion was found in sphaler-
ite.

A total of 304 fluid inclusions were examined on a heating and
freezing stage manufactured by SGE, Inc. after a design by the USGS
(Werre et al., 1979). Temperatures were monitored on a thermocouple
attéched to a digital read-out marking temperatures in intervals of
0.1°C. The stage was calibrated at the ice-melting and critical tem-
perature of pure H20 (0.0° and 374.1°C) with artificial fluid inclusions
in quartz manufactured at the Pennsylvania State University. The
precision of the apparatus is considered to be + 0.1°C, as stated in
the SGE manual. Heating-run data were obtained for all 304 inclusions,
but only 142 of these yielded ice-melting temperature data from freez-

ing-runs.

Fluid Inclusion Types

The following types of fluid inclusions were observed.

Type 1. Two-phase gas—-liquid inclusions

The most common type of inclusion observed contains only two
phases; liquid and vapor. A filling ratio of approximately 0.75:1 to
0.85:1 liquid to vapor was most commonly observed, but all ratios from

0 to 1 were found.

Type 2. Vapor-rich inclusions

Vapor is the dominant filling in fewer than 5% of the inclusions
observed. These are typically dark owing to internal shadows from the

inclusion walls.
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Type 3. Liquid-rich inclusions

Locally abundant inclusions filled almost entirely by the
liquid phase were seen. These tend to occur in groups, often in asso-

ciation with one or more type 2 inclusions.

Selection of Fluid Inclusions for Microthermometric Study

The origin of fluid inclusions in quarfz may be explained by
several processes (Roedder, 1984). Primary inclusions may form at
elevated temperatures corresponding to vein deposition by entrapment
during growth of the quartz crystal. Secondary inclusions may form at
any other temperature if the quartz crystal is fractured and then
rehealed by further quartz deposition. If this fracturing and rehealing
occurs before the crystal is completely grown, the temperatures of
crystal- and fluid inclusion formation are the same and pseudosecondary
fluid inclusions result. Roedder (1984) emphasized that the process of
fluid inclusion formation need not end with these initial processes.
Later recrystallization of the host crystal may cause individual primary
inclusions to divide into several inclusions. If the trapped liquid
cools and causes liquid contraction leading to the separation of liquid
and vapor phases before recrystallization of the host crystal is com-
plete, division of a single primary inclusion into several fluid in-
clusions may cause the later—formed inclusions to incorporate highly
variable proportions of liquid and vapor; some may even be filled
completely with either liquid or vapor. Initial stages of this process
are easily recognized as necked-down inclusions (Roedder, 1984), but if
recrystallization proceeds further, the only evidence for recognition

of the secondary nature of these inclusions is grouping of inclusions
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with variable liquid-to- vapor ratios.

However, groups of inclusions with variable liquid-to-vapor
ratios, implying vapor entrapment during crystal formation, are also
commonly cited as evidence for formation during fluid boiling (Roedder,
1984).‘ Hence, interpretation of boiling from variable liquid~vapor
filling ratios is valid only if it can be demonstrated that the filling
ratio has not changed since the fluid inclusion formed. This can
seldom be shown unequivocally except in cases of single, isolated
inclusions.

As homogenization temperatures are dependent on liquid-vapor
filling ratios, coincidence of vein formation temperatures with fluid
inclusion homogenization temperatures is also affected by the process
of fluid inclusion division. Consequently, in groups of inclusions,
reliable results may be obtained only if all display similar filling
ratios.

All of these factors were considered during selection of fluid
inclusions for heating and freezing (Figs. 18, 19, and 20). The object
of the study was to determine temperature of vein formation and apparent
salinity of the ore-forming fluids, so only primary and clearly pseudo-
secondary inclusions were chosen. As most samples were found to be
replete with secondary inclusions, and distinction between secondary
and pseudosecondary inclusions was difficult, non-primary inclusions
were avoided unless the inclusion was very clearly pseudosecondary.
Isolated fluid inclusions were found to be rare, forcing the study to
contend with areas within groups of inclusions. Groups in which liquid-

to-vapor filling ratios were obviously variable were avoided. At many



Figure 18. Photomicrographs of sample 14-1. —— The field of
view in both photomicrographs is approximately 0.25 mm in length.
Photomicrograph A shows a relatively large two-phase fluid inclusion in
the middle-right that is considered primary because of the isolated
character in which it occurs. The length of the fluid inclusion is
approximately 10 microns. The dark areas in the photomicrograph are a
mixture of sulfides and chlorite. Note the similar distribution of
solid inclusions and the large fluid inclusion, suggestive of
contemporaneous formation. This large inclusion homogenized at 258°C
and yielded an ice-melting temperature of -4.0°C.

Photomicrograph B shows several relatively large, isolated
fluid inclusions that exhibit two phases. A primary origin for the
fluid inclusions is indicated by the isolated nature of occurence. The
illusion of a third phase in the inclusion in the lower right is caused
by irregularities in the fluid inclusion cavity wall. The protruding
dark triangular shape is a mixture of calcite and chlorite (?). The
largest inclusion is approximately 15 microns in length. It homogenized
at 253°C and the ice melted at -1.4°C.






Figure 19. Photomicrographs of sample 6-11. —— The field of
view in both photomicrographs is approximately 0.25 mm in length. In
the center of photomicrograph C is a two-phase fluid inclusion approxi-
mately 10 mm in length that is considered primary on the basis of
isolated character. The unfocused dark areas are sulfides. This fluid
inclusion homogenized at 2470C and ice in it melted completely at

~1.20C. The relatively large two-phase fluid inclusion in the center
of photomicrograph D is approximately 10 microns in diameter and is con-
sidered primary on the basis of isolated nature of occurence. The
surrounding dark area is composed of calcite stained dark by oxidation
products. This fluid inclusion homogenized at 265°C and ice in it
melted completely at —-0.3°C.
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sample localities clearly primary or pseudosecondary inclusions could
not be found in any samples of quartz representing entire stages of
mineralization.

Owing to the scarcity of single isolated fluid inclusions, it
was very difficult to use vapor-rich inclusions as evidence for the
presence or absence of boiling. However, based on the presence of
occasional isolated vapor-rich inclusions, it may be argued that some

boiling occurred during quartz deposition.

Geothermometry

Fluid inclusions were homogenized by heating. Approaching
homogenization was indicated by rapid shrinking of the vapor bubble,
usually accompanied by rapid motion. When this was observed, heating
was slowed to 2-3°C per minute until the vapor bubble disappeared. At
this point, the heat was turned off and the reaction of the vapor
bubble observed. If it reappeared after cooling only a few degrees,
homogenization was considered to have been incomplete, and the inclusion
was heated to 1°C in excess of the previous high temperature. This
process was repeated until metastability prevented reappearance of the
vapor bubble before the inclusion was cooled by some 10-20°C. When
this occurred, homogenization was considered to have been achieved and

the temperature was recorded.

Estimation of Pressure During Ore Deposition

Temperatures of fluid inclusion homogenization correspond to
temperatures of formation only if the inclusion was trapped at pressures

and temperatures at the liquid-vapor boundary (Roedder, 1984); other-
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wise, a pressure correction must be applied. The results of previous
studies and this study indicate that hydrostatic pressure probably
prevaiied and that the fluids were at or near the wateriliquid—vapor
phase boundary during deposition of the veins of the Tayoltita mine.

Henshaw (1953) considered the Upper volcanic group to be post-—
mineral in age and, on the basis of stratigraphic reconstruction,
estimated that the top of the ore horizon was approximately 500 meters
below the original surface at the time of ore deposition. Smith et al.
(1982) reported that the maximum preserved thickness of Lower volcanic
group rocks above the top of ore is 400 meters.

Albinson (1978) and Smith et al. (1982) deduced from temperature
and evidence of boiling in their fluid inclusion'data that the top of
the ore horizon formed at 425 meters below the surface, but they did
not consider the effects of dissolved €Oz on the pressure—temperature
relations of the liquid-vapor boundary of water. According to Sutton
and McNabb (1977) a COz concentration of 1 molar in water at 260°C could
cause boiling to initiate under a hydrostatic head corresponding to
depths of approximately 100 m greater than if no C02 were present. By
analogy with Broadlands, New Zealand, the present fluid inclusion data
(below) suggest that C0z at Tayoltita did not greatly exceed 1 m, and
was probably much less. Consequently, the top of the ore horizon at
Tayoltita apparently formed at depths of 425 to 525 meters below the
original surface.

The hydrostatic pressure estimated from stratigraphic depth
estimates converges on the H20 liquid-vapor phase boundary corresponding

to the temperatures of homogenizatibn determined in previous fluid
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inclusion studies. Alone, this convergence strongly suggests boiling at
hydrostatically determined pressure-temperature conditions. The tem-
peratures of homogenization measured in the present study are essen-
tially the same as those found in the previous fluid inclusion studies
and vapor-rich primary inclusions, although sparse; were also observed
in the present study, indicating that the fluids that deposited ore on
the Cinco Senores vein were also boiling. Studies of other epithermal
veins (Buchanan, 1979) and modern geothermal systems (Henley and Ellis,
1983) showed that although these systems may periodically depart from
hydrostatic pressure owing to fracture sealing by deposited minerals,
frequent seal destruction maintains the systems near the boiling point.
From these considerations, it is assumed that the fluid inclusions of
the Cinco Senores vein formed at or very near the liquid-vapor boundary
and, thus, the homogenization temperatures need no correction for

pressure.

Summary of Results of Fluid Inclusion Heating

On average, temperatures appear to have been rather constant
through deposition of the three stages of ore mineralization (Fig. 21).
A total of 152 fluid inclusion homogenization temperatures corresponding
to the chlorite-calcite stage average 253°C. The standard deviation of
this data set is 20.1°C, a value which, according to the relationships
presented in Blakeslee and Chinn (1971), demonstrates a probability of
95% that the average of the sample population is within 3.2°C of the
average for the larger population from which the sample data is drawn.
The corresponding statistics for the later stages are an average of 260

+ 4.3°C for 79 fluid inclusions from quartz of the rhodonite stage and
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Figure 21. Histograms of homogenization temperatures (Th) for
fluid inclusions. —— Black represents chlorite-calcite stage; gray,
rhodonite stage; and unshaded, adularia and late stage quartz. No
statistically significant difference in Th was found between the three
stages.
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an average of 261 + 3.2°C for 73 fluid inclusions from quartz of the
adularia and postmineral stages. The standard deviations for these
last two averages are 19.4 and 14.1°C, respectively. Based on these
statistics, no significant temperature trend is evident over the life
of the ore-forming event.

The standard deviations cited just above are an indication of
the wide range of temperatures of homogenization that was noted. This
apparently reflects fluctuations in temperatures of formation, but it
probably also reflects undetected division of fluid inclusions after
their formation, as discussed above under the section describing selec-
tion of fluid inclusions. The relative influence of these two factors
on the temperature fluctuation is impossible to quantify, but I suspect
that the more extreme temperatures are products of the second process.
That the temperatures of formation did fluctuate is suggested independ-
ently by mineralogical data.

In the context of the deposits of the San Dimas district,
quartz deposition in a perfectly isothermal process is improbable.
Although alteration reactions producing silica could result in quartiz
deposition under isothermal conditions, the nature of the secondary
quartz observed in the district argues against this mechanism. Whereas
silica liberated by alteration reactions might be expected to precipi-
tate in disseminated form near the site of the reaction, most of the
quartz is found in the form of veins and veinlets suggestive of silica
introduction along fractures. In accordance with this textural evi-
dence, chemical analyses conducted by Davidson (1932) of the Productive

andesite demonstrate higher concentrations of Si02 in altered andesites
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than in unaltered andesites, again indicating that the silicification
resulted from the introduction rather than local production of silica.

As summarized by Holland and Malinin (1979), at the pressures
and intermediate pH levels that probably prevailed during formation of
the Tayoltita deposit, quartz solubility is effectively a function of
temperature alone. Quartz is deposited by cooling (Fig. 22). Conse-
quently, the presence of quartz demonstrates that cooling almost cer-
tainly occurred in the hydrothermal fluids. Given this constraint, the
lack of evidence for any overall cooling trend suggests that the quartz
veins built up during the introduction and occasional cooling of a
large sequence of hydrothermal fluids. This process of introduction
and occasional cooling of a large sequence of hydrothermal fluids would
permit both the cooling necessary to precipitate quartz and the addition
of heat needed to maintain the system at the same average temperature
over the period of time in which the veins were deposited. The myriad
network of veinlets comprising the veins provides additional, textural

evidence for a multitude of introduced vein—-forming fluids.

Determination of Ice—melting Temperatures

Inclusions were first cooled to approximately -40°C to overcome
problems of metastability in ice formation, then warmed slowly. As the
ice started to melt, the rate of warming was slowed to approximately
0.1°C per minute. Most of the inclusions were too small to observe ice
directly, but perturbation of the vapor bubble by the ice crystal could
be monitored. Melting and shrinking of the ice took place over a few
tenths of a degree and could be followed by observing corresponding

movement and distortion in the vapor bubble. Reversal of the slow
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Figure 22. Effect of temperature on activity of SiOz(aq) in
equilibrium with quartz. — Temperature increases solubility of SiOzcaq)
as approximated by activity of SiOz(aqy. Calculated from Helgeson et
al. (1978).



warming would cause the ice crystal to grow again, which could be
detected in the behavior of the vapor bubble. This process of repeated
warming and cooling was repeafed at increments of 0.1°C until the ice
crystal failed to reappear after cooling by a few degrees. This final
temperature was recorded as the ice—melting temperature.

During cooling, no phases other than ice and vapor wére ob~-
served. No liquid COz or clathrate were identified. Owing to the
small size of the inclusions and difficulty in detecting small amounts

of ice melting, no eutectic temperatures were determined.

Summary of Results of Freezing

Ice-melting temperatures are illustrated in Figures 23 and 24.
The lowest ice—-melting temperatures appear in inclusions in quartz from
samples of the rhodonite and chlorite-~calcite stages. 1In both stages,
temperatures near —0.9°C were most frequently observed, but a wide
range of temperatures was observed. Ice-melting temperatures measured
in the later white quartz and adularia stages were found to average
-0.54°C with a standard deviation of 0.13°C.

After conclusion of the fluid inclusion study it was found that
the thermal gradient within the freezing chamber caused variations of
up to 0.6°C in measured ice-melting temperatures over distances of up
to 6 mm from the thermocouple tip. To evaluate the effect of this
gradient on the study, ice-melting temperatures for 21 fluid inclusions
from samples 6-12, 3-4, and 14-~1 were measured at distances of less
than 1 mm from the thermocouple tip (Fig. 25 and Table II). The average
ice-melting temperatures in the check study are all higher by 0.09 to

0.27°C than the corresponding temperatures measured in the original
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Figure 23. Histograms comparing ice-melting temperatures (Tm)
for inclusions in quartz from the three stages of ore deposition. —— The
Tm depressions were found to be greatest in the chlorite-calcite stage
and least in the adularia and late stages.
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fluid inclusions in quartz from individual sample sites. —— Black repre-
sents chlorite stage; gray, rhodonite stage; and unshaded, adularia and
late stage. Note the progression of increasing Tm depressions for
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Table II. Statistics for ice-melting temperatures.

Mean (X), number of measurements (n), standard deviation (S.D.),
and 95% confidence interval (95%).

Sample X n S.D. 95%

Chlorite and rhodonite stages

6-12 -0.62 6 0.29 +0.23
4-1 -0.50 10 0.16 +0.10
3-4 -0.78 19 0.15 +0.07
6-11 -1.23 6 0.08 +0.06
12-1 -0.97 16 0.22 +0.11
14-1 -1.22 33 0.59 +0.20

Adularia and late stages

20-1 -0.48 9 0.12 +0.08
6-12 -0.51 8 . 0.15.-  +0.10
6-10 -0.58 30 0.12 +0.04
6-11 -0.48 5 0.13 +0.11

Check study (chlorite-calcite stage)

6-12 -0.35 6 0.08 +0.06
3-4 -0.54 5 0.24 +0.21
14-1 -1.13 8 1.27 +0.88

Check study (adularia and late stages)

6-12 -0.23 3 0.12 +0.13
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study. Using the 95% confidence test (Blakeslee and Chinn (1971) to
compare the data obtained in the original study with those of the check
study demonstrates a significant difference between the fwo data (Table
II). These results indicate a consistent bias of approximately 0.2°C
toward cooler temperatures in the original study. However, regardless
of this bias, the results obtained in the check study do verify that
both within and between individual samples the variations in ice-melting
temperatures measured in the initial study are natural characteristics

of the samples.

Composition of Fluid Inclusions

Chloride salts, dissolved gases, and other aqueous species may
all contribute to a depression in ice-melting temperatures. The effect
of dissolved salts was discussed by Roedder (1984). Hedenquist and
Henley (1985) drew attention to the role of dissolved gases and expanded
on earlier work by Browne et al. (1974) in which ice-melting temperature
depressions caused by dissolved COz in natural fluid inclusions were
documented with samples from the Broadlands, New Zealand geothermal
field. Hedenquist and Henley (1985) argued that because dissolved
gases are present in quantities that would affect ice-melting tempera-
ture depressions in fluid inclusions from most currently active geo-
thermal systems, then gases must be expected to have played a similar
role in ice-melting temperatures in fluid inclusions from extinct
systems such as those that deposited ore deposits. On this basis, they
criticized most recent fluid inclusion studies of epithermal ore de-
posits for ignoring the contribution of dissolved gases and for assuming

that ice-melting temperature depression is only a function of salinity
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of the fluids.

Gases have already been identified in fluid inclusions from the
Tayoltita deposit. In a previous study by Albinson (1978), quartz
samples were decrepitated and the released gases analyzed with a qua-
drupole mass spectrometer. The results suggest that at least 99% of
the gases are Hz20. Of the reﬁaining constituents, approximately 80
mole percent is CO2 and the remainder CO with minor Hz, CHa, Nz, CzHs,
HzS, CaHs, S0z, and NO.

Crushing fluid inclusions in selected media may provide some
indications of gas presence and speciation (Roedder, 1984). COz is
soluble in glycerine, so if after opening the inclusion in this medium
the bubble expands, and then dissolves, the presence of CO: at pressures
greater than 1 bar is demonstrated.

Chips from sample 14-1, the sample found to have the widest
range in ice-melting temperatures, were crushed in glycerine and the
behaviour of the bubble observed under the microscope. In five cases,
opening the inclusion resulted in the immediate disappearance of the
vapor bubble, thus the pressure of trapped gases was less than 1 bar.
In two cases, the vapor bubble expanded and nearly filled the entire
inclusion, an increase in volume of approximately 3X to 5X. One of these
bubbles, apparently composed of COz, dissolved into the glycerine over
a period of 5-10 seconds. The other apparently expanded through some
invisible connection with the induced crack, but further crushing
failed to bring the inclusion into contact with the glycerine and the
bubble did not disappear.

These observations show that gas pressures in the fluid inclu-
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sions range from less than 1 atm to 3 or 5§ atm. Owing to the paucity
of primary inclusions in all of the samples and to difficulties in
controlling the crushing apparatus, it is doubtful that inclusions
representing the entire range of ice-melting temperatures were sampled
in the crushing experiments, so gas pressures greater than 5 atm are
possibly present in some inclusions. ﬁowever, even though it is evident
that dissolved gases contributed to ice-melting temperature depressions,
the relative contributions of variations in salinity and dissolved
gases to variations in ice-melting temperatures cannot be measured.

Data necessary for calculation of freezing-point depression of
water owing to dissolved CO- are yet to be developed. In a recent
attempt to circumvent this difficulty, Hedenquist and Henley (1985)
extrapolated Henry’s law and Ostwald coefficients for C0O: and water
from higher temperature experimental data to near freezing temperatures
and then assumed a freezing point constant from chemical species similar
to COz2. They estimated that an inclusion that exhibits a C0Oz2 gas
pressure of about 5 atm at room temperature contains sufficient dis-—
solved COz to depress the freezing point of the water by approximately
0.5°C. In a comparigson of analyses of well discharges with fluid
inclusion freezing data for quartz from several New Zealand geothermal
fields they found that COz contents measured by the two methods agree
within the limits of natural observational variability. Hence the
variability in COz pressure seen in crushing Tayoltita samples is
sufficiently great to account for an approximately 0.5°C range in ice-
melting temperatures, which is essentially that observed.

Results described by Hedenquist and Henley (1985) of the fluid
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inclusion study of the Broadlands, New Zealand, geothermal field are
essentially identical to the results of this study. Temperatures of
homogenization of fluid inclusions in quartz average 260°C in both
studies. Average freezing point depressions at Broadlands range from
-0.11 to —1.15°C, compared with the range of -0.5 to -1.2 for the Cinco
Senores vein. In analyses of well discharges at Broadlands, salinities
range from 0.05 to 0.09 molar NaCl equivalent and gas contents, pri-
marily €Oz, vary from 0.14 to 1.17 molar. If salinity alone were the
factor involved in freezing point depression, ice-melting temperatures
at Broadlands would only range from approximately -0.2 to -0.3°C,
hence, variation in COz concentrations appears to be responsible for
essentially all of the variation in ice-melting temperatures.

The similarity of the results of fluid inclusion studies at
Broadlands and Tayoltita suggests that variable COz concentration in
the fluid inclusions is also the primary cause for variations in ice-
melting temperatures in fluid inclusions from the Cinco Senores vein.
If that is so, then the salinity of fluid inclusions in this study may
be estimated from the minimum freezing temperature, —0.3°C, which

corresponds to 0.1 molar NaCl equivalent (Roedder, 1984).



INTERPRETATION OF VEIN AND WALL-ROCK ALTERATION MINERALOGY,
Ag:Au RATIOS AND FLUID INCLUSION DATA

Formation of such ore deposits as those found in the San Dimas
district occurs during hydrothermal fluid flow through rocks. Accom-
panying this flow are chemical reactions, involving both the fluids and
the rocks, that create the variety of mineral assemblages that consti-
tute the deposit. These assemblages are functions of a number of
chemical variables that may be evaluated by assumption of local equi-
librium between the observed mineral phase assemblages and the aqueous
phase. Activity-activity diagrams in this section are applied to the
mineralogy of the San Dimas district to identify and trace the evolution
of some of the principal variables involved in the formation of the
deposit. Unless otherwise noted, these diagrams are constructed f;om
the standard state thermodynamic data and retrieval algorithms in
Helgeson et al. (1978) and the hydrolysis reactions in the appendix.
The activity of water is assumed to be 1.00 as, unless otherwise noted,
are the activities of the mineral phases. The activity of SiOz¢aq) is
determined in all diagrams by quartz saturation. The pressure used in
all calculations corresponds to the pure H20 liquid-vapor phase boundary
at the stated temperature.

The spatial distribution of mineral assemblages resulting from
hydrothermal activity is in large part a function of hydrothermal
fluid-flow patterns. Patterns of flow that probably prevailed during

formation of veins in the San Dimas district may be inferred from

a3
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existing theoretical models and drilling results in modern, active
hydrothermal systems. Implications of this inferred flow pattern are
compared with spatial distribution of alteration-mineral assemblages,

fluid inclusion microthermometry, and silver:gold ratios.

Wall-rock AlterationA

As described earlier, the geologic setting of the San Dimas
district may be summarized as a calc-alkaline volcanic pile affected by
widespread hydrothermal activity and alteration temporally related to
intrusion by a batholithic complex. The abundance of altered fractures,
veinlets, and veins seen throughout the district testifies to the
former flow of hydrothefmal fluids through the Piaxtla granite and the
Lower volcanic group. The former source of heat that drove the hydro-
thermal system is most likely to be found in one or more of the intru-
sives forming the batholith. Theoretical modeling by Norton and Cathles
(1977), and Norton (1978, 1982) of fluid flow generated by cooling
plutons predicts that water will be heated by the intrusion, expand,
and rise in a column toward the surface in response to the density
contrast with the cooler, surrounding waters. Both thermal conduction
and mixing with these surrounding waters will contribute to cooling of
the rising plume of hot water.

Superposition of this flow style on the stratigraphic column of
the San Dimas district implies flow of hydrothermal fluids up through
the batholith and into the volcanics. It is assumed that during this
flow, the hydrothermal fluids converged toward local equilibrium with
the rocks, thereby altering both the fluid chemistry and the wall-rock

mineralogy. As a result, fluid conditions downstream were constantly
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tainted by the influence on fluid chemistry of mineral asscmblages
upstream. Consequently, the vein and alteration mineralogy seen in the
overlying volcanics may be expected to reflect conditions acquired by
the fluids first during their passage through the batholith and, later,
during alteration of the volcanics. Activity diagrams are used in this
section to examine selected mineral assemblages of the batholith and
overlying volcanics in the context of local equilibrium between these
local mineral assemblages and a rising, cooling hydrothermal fluid.

The lower limit of the temperature range used to characterize
thermal evolution of the rising fluid is based on fluid inclusion
studies. As discussed in an earlier section, an average temperature of
near 260°C probably characterizes ore depcsition. Fluctuations seem to
have been common during ore deposition, yet little or no significant
change in the average temperature may be discerned over at least three
major episodes of vein filling. In a separate study (Jacobson, 1986)
fluid inclusion temperatures of homogenization in quartz from veinlets
at distances of up to 150 m laterally away from the nearby Culebra vein
(Fig. 4) also exhibit fluctuations in temperatures but, again, average
near 260°C. Although Jacobson (1986) interpreted a rise in temperatures
away from major veins, the coefficient of linear correlation between
distance of the samples from vein and average temperatures of homogeni-
zation is only 0.41. On the basis of this low level of correlation, I
have interpreted her data to show only that the temperature of quartz-
vein and veinlet formation all average approximately 260° C for a
distance of at least 150 m away from veins in the surrounding wall-

rock. It is assumed that wall-rock alteration occurreﬁ, on the average,
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at close to the same temperature as did ore deposition. The similarity
of temperatures for quartz deposition that accompanied ore deposition
to the temperatures of formation of quartz veinlets in the altered
wall-rock (Jacobson, 1986) and the association of wall-rock alteration
with quartz veining suggests that this assumption is reasonable. From
these considerations, temperature conditions in both veins and sur-
rounding wall rock in the ore horizon may be swmarized as having
fluctuated, to a degree indicated by standard deviations of 14.1 to
20.1°C for the average temperatures of homogenization in the ore stages,
about an average of 260¢°C over the life of the ore-forming event.
Therefore, 260° C is considered as representative of the temperature
prevailing in the ore horizon and is used to trace the evolution of the
chemistry of the system as ore deposition and wall-rock alteration
progressed within the ore horizon.

Although temperatures in the ore horizon apparently remained at
an average temperature near 260°C during ore deposition, the fluid-
flow model discussed above requires that the vertically rising column
of water start at a relatively higher temperature at depth and then
cool during ascent to a temperature approaching that prevailing within
the ore horizon. Observations in geothermal systems indicate that 300°
C is a reasonable temperature with which to characterize deep waters
(Elder, 1977; Henley and Ellis, 1977). Deep temperatures at Tayoltita
probably differed somewhat from this estimate, but as the purpose here
is to establish trends in the chemical evolution of the fluids as they
rose through the batholith by assuming some reasonable cooling interval

over which to trace alteration mineral assemblages, the temperature
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chosen is probably adequate.

K-feldspar, sericite, and albite coexist in intimate contact,
implying local equilibrium between these minerals and the aqueous
phase, in both the batholith (Churchill, 1980) and in and along veins
in the overlying andesites {Keller, 1974; Smith and Hall, 1974; this
study). Even though K~feldspar may occur in vein walls, it has not
been reported in altered rocks distant from the veins, even though
albite dusted with sericite has been (Nemeth, 1976). These relation—-
ships hint at a possible connection between the vein-wall alteration
mineral assemblage in the andesites and the mineral assemblages in the
underlying batholith.

A rising, coéling fluid passing through the batholith would
tend to equilibrate with the wall rocks and remain at the values for
log ana+/ay+, ak+/as+, and log aai1+++/a3n+ controlled by the coexistence
of albite, K-feldspar, and sericite at successively lower temperatures
(Fig. 26). Continued flow of these fluids along fractures reaching
into the overlying andesites and reactions between the fluids and
andesites would eventually result in the coexistence of albite, K-
feldspar, and sericite along andesite channel walls. By the time
continued fluid flow and fluid-mineral reaction caused extension of
these conditions along fracture walls up into the ore horizon, the
resulting equilibrium values for log ax*/an*, log ana*/anu*, and log
aa1***/a3y* would be those represented in Figures 26 and 27 at the
coexistence of K—feldspgr, sericite, and albite at 260°C. Fluctuations
in temperature in the ore horizon would cause corresponding fluctuations

in these equilibrium values, but as 260°C is the temperature that
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prevailed throughout ore deposition and probably much of quartz veining,
these would be the equilibrium values that prevailed during veining and
associated wall-rock alteration.

The sericite is unlikely to be pure muscovite, and, consequent-—
ly, the activity of muscovite is probably less than unity. The effect
of lowering the activity of muscovite in Figures 26 and 27 would be to
expand the muscovite (sericite) field at the expense of the K-feldspar
and albite fields. This change in the mineral-phase fields would
increase the values of log ax*/as* and log ana*/an*, and would decrease
log aa1***/a%4* at the coexistence of sericite, K-feldspar, and albite.
Study of sericites from the Salton Sea, California, geothermal field
suggests that log activities as low as -0.5 may be expected for this
mineral in geothermal systems (Bird and Norton, 198l). Such a reduction
in the activity of muscovite in Figures 26 and 27 would result in an
increase in log ax*/au* and log awa*/au* of approximately 0.25. How-
ever, impure K-feldspar such as that documented in the Creede, Colorado,
deposit (Barton et al., 1977) would counteract such an increase. 1In
the absence of compositional data for sericites and K-feldspar from the
Tayoltita deposit, it is not possible to place the sericite—feldspar
mineral phase boundaries more accurately than has been done in Figures
26 and 27, so the values of log ax*/an*, log anat/an*, and log
aa1t++ /ady* corresponding to the pertinent mineral phase boundaries are
used in this study with the understanding that they are approximate and
subject to modification by the future development of compositional data
for these minerals.

A traverse away from veins and into the Productive andesite
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reveals a different trend from that seen in the structures. K-feldspar
occurs in the andesites only in the vicinity of veins, hence, the
system is constrained only to the albite-sericite phase boundary after
the disappearance of K-feldspar. Consequently, the traverse away from
the veins is characterized by a decline in log ak*/as* and log awa*/au*,
but. an increase in log as1***/a3g* (Figs. 26 and 27).

An intimete mixture of K-feldspar, sericite, and chlorite has
been reported as a common alteration product of the wall rocks of the
San Dimas district at vein contacts (Nemeth, 1976; Smith and Hall,
1974) as well as a part of the vein mineralogy (Davidson, 1932; Smith
and Hall, 1974; this study). Although pure Mg-chlorite (clinochlore;
Mgs Al28i3010 (OH)s) is not stable at the coexistence of K~feldspar and
sericite under the pressure-temperature conditions prevailing during
deposition of the Cincec Senores vein, impure chlorite may coexist with
these minerals (Fig. 28). The tendency for chlorite to crystallize as
a mixture of Mg— and Fe-chlorites has recently been studied by Walsh
(1986). Walsh (1986) reported that the mole fractions of clinochlore
in chlorites from the Broadlands, New Zealand, geothermal system and
the Creede, Colorado, epithermal vein deposit are in the range 0.6 to
0.8 and from these compositions he calculated corresponding log activi-
ties ranging from -3.1 to -4.7 for the clinochlore component of these
chlorites. Given the similarity of hydrothermal conditions associated
with these systems to those involved in the formation of the Tayoltita
deposit, similar activifies for the clinochlore component may be expec-
ted for the chlorites of the Cinco Senores vein. Figure 28 illustrates

that such activities are not only sufficient to bring chlorite into
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equilibrium with both sericite and K-feldspar, but are necessary to
prevent talc saturation.

Pyrite, magnetite, and chlorite are present in and along the
altered fractures in the batholith underlying the San Dimas district,
but neither hematite nor pyrrhotite is known in either altered or
unaltered rocks of the batholith. The internally consistent thermo-
dynamic data needed to examine the relationshiés among these minerals
are available for pyrite, magnetite, pyrrhotite, and hematite, (Helgeson
et al., 1978) but not for Fe—-chlorite. Walsh (1986) has estimated
thermodynamic data for a number of chlorite compositions by considering
the available fragments of thermodynamic data pertaining to chlorite
and comparing these data with both observed chlorite compositions and
the chemical environments of their formation. On this basis, Walsh
(1986) has derived thermodynamic data for chlorite that, although not
rigorously demonstrated to be consistent with the data base of Helgeson
et al. (1978), is in approximate agreement with that data base so far
as may be determined from observed mineral relationships. Using the
data of Walsh (1986), an Fe-chlorite represented by the stoichiometry
Fes++Fez**+Si3010(0OH)s is employed to illustrate the relationship of
chlorite with other Fe-minerals (Fig. 29). Incorporation of the ther-
modynamic data of Walsh (1986) with that of Helgeson et al. (1978)
indicates that this end-member Fe-chlorite may coexist with pyrite or
magnetite, but not with hematite; Fe-chlorite may coexist with hematite
only if the activity of that chlorite component is reduced (Figs. 29
and 30).

With these considerations, conditions in fluids rising out of
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Figure 29. Activity diagram describing Fe-chlorite, pyrite,
magnetite, and hematite relations at 260°C. —— All reactions are bal-
anced on aso4~.a%?n*. The heavy lines separate phase boundaries for pure
minerals (a = 1.00). Lighter lines depict Fe-chlorite phase boundaries
for log are-chlorite ranging from 0.00 to -1.00. Conditions in andesite
wall rocks represented by the coexistence of magnetite, Fe~chlorite,
and pyrite are possible for log are-chlorite ranging from 0.00 to
approximately -0.55. Occasional vein conditions represented by the
coexistence of pyrite, hematite, and Fe-chlorite are possible only at
log are-chlorite less than approximately -0.55.
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the batholith and cooling may be traced (Fig. 31). At any temperature,
local equilibrium between the hydrothermal fluid and minerals along the
flow path constrains the aqueous conditions to the pyrite-magnetite
phase boundary between the hematite field and pyrrhotite saturation.

The presence of chlorite further restricts the system along the pyrite-
magnetite phase boundary to that range between the hematite and pure
Fe—-chlorite fields. Under these restrictions, cooling fluids passing
through the batholith would tend to higher values of log arett/a2u* and
lower values of awzs, but upon reaching the volcanics, anzs would still
be high relative to the fluid conditions within the unaltered volcanics.
At 260°C, the contact between unaltered and altered volcanics
is represented by the coexistence of pyrite, magnetite, and hematite in
Figure 31. At a distance from this contact, and farther into the
domain of unaltered volcanics, conditions would be represented somewhere
along the hematite-magnetite phase boundary. Consequently, aszs would
decline along with a slight increase in log asoa*.a2u* upon leaving
this contact and entering the unaltered volcanics (Figs. 29, 30 and
31). Walshe (1986) reported that the mole fraction of
Fest*Fez2t+*+*8i3010(0OH)s in chlorites from the Creede, Colorado, and
Broadlands, New Zealand, hydrothermal systems range from 0.31 to 0.15
which, according to his calculations, corresponds to a range in log
activities of -0.5 to -0.8. Again, given the similarity of hydrothermal
conditions associated with these systems to those involved in the
formation of the Tayoltita deposit, similar activities for the Fe-
chlorite component may be expected for the chlorites of the Cinco -

Senores vein. The log activity of approximately -0.5 for the Fe-
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chlorite component in chlorite solid solution is in agreement with the
observed coexistence of hematite, magnetite, and pyrite in the altered
rocks of the San Dimas district (Fig. 29), but lower activities would
preclude magnetite from this mineral assemblage.

The presenée of epidote in wall-rock alteration may be explained
in terms of log aca**/a2x* (Fig. 32) for the case of stoichiometric
epidote (CazFeAl2Siz012(0H)). The object here is not to establish
precise equilibrium values for the variables involved in epidote stabi-
lity, but to establish general trends in the system; thus, for the sake
of simplicity, solid solution effects (Bird and Helgeson, 1980, 1981)
are ignored and only stoichiometric epidote is represented. At log
aa1 *+* /a3yt corresponding to the coexistence of K-feldspar and sericite,
increasing log aca‘*t/a2ut would first expand the anhydrite field, then
cause epidote to replace the hematite field, and, finally, to take over
the magnetite field (Fig. 32). These relationships become more compli-
cated away from vein walls owing to the increase in log aa1***/a3u*
which would further promote the stability of epidote. However, the
complete disappearance of epidote in relatively unaltered rocks, where
log aa1*** /a3yt would tend to be relatively high, is evidence that log
aca**/a?y* declined away from the veins during wall-rock alteration.

In summary, K-feldspar alteration and pyritization of the
volcanics are consistent with hydrothermal fluid flow from the batholith
into the overlying volcanics. Equilibrium considerations show that log
ak*/an*, log awat/ant, and log are++/a2u+ increased as anzs declined in
fluids that cooled as they passed through the batholith. Within the

ore horizon, attainment of local equilibrium between the hydrothermal
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fluids and the wall rocks was probably a major cause of wall-rock
alteration and, in the case of flow through the Productive andesite,
this process is characterized by a decline in log axt*/an*, log ana*/ant*,
log aca**/a2u*, and axzs; an increase in log aai1***/a3y* and log
asoq=.a%y*; and relatively little change in log aret*t/a2u*. These
constraints and variations in the fluid composition are summarized in
Table III. The alteration above veins has not been well studied in the
San Dimas district, but Henshaw’s report (1953) of the absence of any
unusual alteration on the surface over the Guadalupe vein suggests that
if any fluids did exit to the surface in that area, they were probably
close to equilibrium with unobviously or propylitically altered

Productive andesite.

Conditions During Ore Deposition

Iron minerals are represented in veins of the San Dimas district
by pyrite, hematite, and Fe~chlorite, but magnetite is absent. At the
coexistence of all of these minerals, the absence of magnetite requires
that the activity of Fe—chlorite in chlorites in veins be less than the
activity of Fe-chlorite in the wall rock chlorites (Fig. 29). However,
the log activity of Fe-content in vein—chlorite necessary to eliminate
magnetite from the system is still accommodated within the natural -0.5
to -0.8 range suggested by the activities calculated by Walsh (1986) for
chlorites from Creede, Colorado, and Broadlands, New Zealand. The
fluid conditions are less constrained where hematite is also absent and
the system is restricted only to the chlorite-pyrite phase boundary
between the hematite field and pyrrhotite saturation. In such cases,

the upper limit to log are**/a2uy* is provided by both the absence of



111
Table II. Summary of fluid compositions in the ore horizon at 260° C.

Values in the vein column describe conditions during ore depo—
sition. Vein selvage refers to conditions in the andesite wall rocks
at vein contacts. Wall rock conditions refer to conditions in the
andesites away from the veins. These fluid conditions are subject to
the uncertainties and assumptions discussed in the text.

Variable Vein Vein Selvage Wall rocks
log asioz2¢aq) -2.15 -2.15 ~2.15
log ana*/an* 5.03 5.03 <5.03
log ax*/an* 3.95 3.95 <3.95
log aai1***/aly* -0.26 -0.26 >-0.26
log amg**/a2u* <5.58 <5.58 <5.58
log acat**/aZu* <7.86 7.86 to 7.90 <7.86
log aret**/a2u* 4.09 to 3.54 3.7 to 3.87 3.74
Log anzs -3.60 te -2.78 -3.57 to -3.44 <-3.57
log asoa=.a2n* -25.60 to -16.48 -19.14 to -17.75 <-17.75
log aag*/an* -4.33 to -4.83 - -
log aau*/au* -11.55 to -12.81 - -
log acu*/an* -5.25 to -6.44 - -
mci- | 0.1

Mcoz 0 to 1
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magnetite and the position of the pure Fe-chlorite-pyrite phase bounda-
ry. The location of a possible lower limit of log are**/@2h* is sug-
gested at the -0.8 log aFe-ch;orite contour for the chlorite field by
the observations of Walsh (1986).

Epidote is also absent from veins. Even though epidote is
abundant in the immediate wall rocks, and is even present in wall-rock
fragments included in the veins, it is not a vein-forming mineral. 1In
the absence of hematite, the accompanying absence of epidote is best
explained by activities of HzS greater than those that would bring the
Tluid conditions into equilibrium with epidote. In the presence of
hematite, however, anzs alone cannot explain the absence of epidote.

As the presence of sericite and K-feldspar in both the veins and the
immediate wall rocks constrains log asi1**+/aSy* to the same value for
fluid conditions in both the veins and the wall rocks, the presence of
hematite and absence of vein—-forming epidote is probably best explained
by a slight decline in log aca**/a2u* in veins relative to the condi-
tions in the wall rocks. On this basis, 7.75 is chosen as a reasonable
estimate of log aca*t*/a2y* in the following diagrams.

Evolution in time of the chlorite-calcite stage of mineralizat-
ion on the Cinco Senores vein may be traced in Figure 33. The boundary
between pyrite and a Fe-chlorite log activity of -0.65 is used to
illustrate a representative path the system evolved along. The actual
Fe-chlorite activity is unlikely to have remained constant during ore
deposition and probably differed somewhat from this value, but for the
reasons discussed above, the activity data presented by Walsh (1986)

indicate that -0.65 is a reasonable value with which to illustrate a
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Figure 33. Activity diagram tracing evolution of the chlorite-
calcite stage of ore deposition at 260°C. -- All reactions are balanced

on asoq”.a%u*,
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Log aca**/a?u* equals 7.75 and log are-chlorite equals -
The arrows trace a possible path represented initially by the

coexistence of pyrite and Fe-chlorite, then hematite, and pyrite, and
finally, pyrite, hematite, and anhydrite in accordance with the inter-

preted paragenesis of this stage.
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representative evolutionary path for the system. The initiation of ore
deposition began at some point along the pyrite—chlorite phase boundary
and evolved along that boundary toward the hematite field. At any
point along the chlorite-pyrite and chlorite-hematite phase boundary,
chalcopyrite, gold, and acanthite were part of the vein mineral assem-
blage so long as log acu+/an+, log aau*/an* and log aag*/au* remained
at appropriate values. This is shown in Figures 34, 35, and 36 by
contouring log acut+/an+ as stability fields for chalcopyrite, aauv*/au*
as stability fields for gold, and aag*/an* as saturation surfaces for
acanthite.

With time, the system evolved to conditions represented at the
coexistence of hematite,'pyrite, chalcopyrite, acanthite, gold, and
chlorite. The identification of late anhydrite (Davidson, 1932) indi-
cates that the system reached the anhydrite field before the first
stage of ore mineralization ceme to a halt. Fluctuations in temperature
would alter the equilibrium values for the variables determined from
the phase relations illustrated, but as the fluid inclusion study found
no trend away from an approximate temperature of 260°C during ore
deposition, the prevailing conditions and their trends were those
represented at 260°C.

Neither hematite nor anhydrite is evident in later ore stages
and, consequently, it is not certain if the chemical evolution during
those stages was similar to that in the first stage of ore deposition.
One clear similarity between the first stage of ore deposition and the
later two, however, is the continued prominence of the chlorite-pyrite

phase boundary.
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Figure 34. Evolution of acu*/au* in the chlorite-calcite stage
of ore deposition. —— Same diagram as shown in Figure 33 except that
here the chalcopyrite phase field is contoured in values of acut*/aut.



4.00

Fe-chlorite /

Hematite

350

Log aFe”/a:-I*

Anhydrite

300
-400

«~3.50 -300
Log a
H,S

Figure 35.

Evolution of aau*/au* in the chlorite-calcite stage
of ore deposition. —— Same diagram as shown in Figure 33 except that
here the gold field is contoured in values of log aau*/au*.

116



117

4.00 ‘ma 'y
| | l
1 | |
! Fo-chlorlte{ I
|
{ ]
! |
|
! |
r | !
o~ Hematite I
A ! ]
: I
+q,) aso I 4
L i
© i
o |
(o]
| !
Anhydrite |
|
|
1
&
o 8
o400 =350 =300
Log a
9 “ns
Figure 36. — Evolution of aag*/au* in the chlorite-calcite

stage of ore deposition. Same diagram as shown in Figure 33 except
that log aag*/aun* is shown at several saturation surfaces for acanthite.



118

In summary, ore, at least the first stage of ore deposition,

was formed as log acu*/an*, log aag*/an*, and log aau*/ay* increased;
anzs declined; and log are**/a2xy* and log asos=.a82y* remained at rela-
tively constant values along the chlorite phase boundaries with pyrite

and hematite. The interpreted fluid conditions that accompanied ore

deposition are summarized in Table III.

-Silver and Gold Complexes

It has become widely accepted that most metals in hydrothermal
ore deposits were transported not only as bare ions, but also as com-
plexes with other elements, probably dominantly so (Barnes, 1979).

Both sulfide and chloride complexes have been proposed as the probable
mechanisms for the transport of gold in epithermal deposits (Helgeson
and Garrels, 1968; Seward, 1973). The data in Helgeson et al., (1978)
show that at the conditions prevailing during deposition of the Cinco
Senores vein the dominant chloride complex is AuClz~ and indicates that
at a log ac1~ of -1.5 this complex would dominate the bare ion by
approximately four orders of magnitude. The experimental data of
Seward (1973) demonstrate that at intermediate to alkaline pH conditions
impressive amounts of gold may be dissolved in hydrothermal fluids as
the sulfide complex Au(HS)z~. Unfortunately, an accurate quantitative
comparison of these two alternative complexes of gold requires that the
thermodynamic data of Seward (1973) and Helgeson et al. (1978) be
consistent, which has not been demonstrated. An additional problem
discouréges application of the data of Seward (1973) to the questio£ of
the former Tayoltita hydrothermal system; those data are quoted at.the

pressure of 1,000 bars, not the approximately 47 bars that are estimated
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to have prevailed during formation of the Cinco Senores vein. Although
experiments by Seward (1973) do indicate that the solubility of gold as
sulfide complexes increases only slightly as pressure increases from
500 to 1,000 bars, the high pressure data could be applied to the
formation of the Cinco Senores vein only if the solubility changes
insignificantly in the range 500—45 bars, which has not been demon-
strated.

The thermodynamic data of both Seward (1973) and Helgeson et
al., (1978) indicate that under the conditions that prevailed during
formation of the Cinco Senores vein the dominate chloride complex of
silver was AgClz-. As in the case of gold solubility, at log ac:i-
equals ~1.5 the silver-chloride complex would dominate the bare ion by
approximately three orders of magnitude. The role of sulfide complexing
in the hydrothermal transport of silver has not been clearly estab-
lished. Data by Melant’yev et al., (1970), as discussed by Barnes,
(1977), indicates that the Ag(HS)z- complex dominates the chloride
complex in low temperature, low salinity systems. Barnes (1979) cites
unpublished data to argue that sulfide complexes are also dominant in
these systems at elevated temperatures, at least up to 180°C, but
provides no thermodynamic data. Seward (1976), compared the calculated
solubilities of chloride complexes with the measured levels of silver
in geothermal waters from Broadlands, New Zealand, and concluded that
the AgCl2- complex dominated all other silver species in solution.
Brown (198B6), however, disputed this conclusion on the basis of more
recent analyses of silver concentrations in the waters and decided that

sulfide complexing is much more important than chloride complexing in
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the transport of silver in the Broadlands, New Zealand, geothermal
field. Because the conditions cited by Seward (1976) for silver trans-
ﬁort at Broadlands are similar to those interpreted for formation of
the Cinco Senores vein, the relative importance of the two silver
complexes in the transport of silver during vein—forming hydrothermal
activity at Tayoltita is as unclear as it is at Broadlands. 1In the
absence of the pertinent thermodynamic data, no comparison can be made
of the reiative strengths of the sulfide and chloride complexes of
silver.

In summary, complexing certainly enhanced the solubility of
silver and gold in the hydrothermal solutions that formed the veins of
the San Dimas district. The thermodynamic data are available to evalu-
ate the chloride complexes of both metals. Unfortunately, although
experimental data and observations of natural systems suggest that
sulfide complexing also figures importantly in the solubility of silver
and gold, possibly even in a dominant fashion, the necessary thermo-
dynamic data to accurately compare the two complexing ligands do not yet
exist.

Interpretation of Ag:Au Ratio Zonal Patterns

The idea that elemental zoning is related to hydrothermal flow
dates back at least to Spurr (1907, p. 795) and his proposal that this
zoning reflects "...successive precipitation in theoretically vertical

zones, as the fluid migrates toward the surface...".

In a more specific
application of this idea, the center of hydrothermal flow at Casapalca,
Peru, was postulated to have coincided with the copper-rich center of

the deposit (McKinstry and Noble, 1932). 1In an application of metal
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ratios rather than metal abundances, the zoning of copper—-to-iron
ratios in minerals was demonstrated to reflect the character of hydro-
thermal flow at Butte, Montana (Sales and Meyer, 1949). Lateral flow
of ore—~depositing hydrothermal fluids was proposed on the basis of
metal-ratio zoning in veins at Julcani, Peru, (Goodell and Petersen,
1974) and at Creede, Colorado (Barton et al., 1977).

In epithermal silver—-gold vein deposits, classic sfudies of
Tonopah, Nevada, (Nolan, 1935; Taylor, 1974) have correlated the lowest
Ag:Au ratios, zoning of 180/180 in wall rocks, and greatest degree of
adularia-sericite alteration with the geometric center of the deposit.
The implication is clear that hydrothermal flow was also focused on the
center of the deposit. Park and MacDiarmid (1970) stated that the
Ag:Au ratio zoning at Tonopah shows that silver in the ore-deposition
hydrothermal solution tended to travel farther than did the gold.
Implicit in this statement is the assumption that the direction of
former hydrothermal flow at Tonopah is indicated by increasing Ag:Au
ratios. Smith et al. (1982) arrived at a similar interpretation of the
Ag:Au zoning at Tayoltita. However, Ag:Au zoning in both of these
studies was examined only in plan view, and consequently, only the
horizontal component of hydrothermal flow could be inferred from the
zoning. Park and MacDiarmid (1970) apparently felt that a vertical
component of fluid flow was also important at Tonopah because at the
same time that they invoked the Ag:Au ratio zoning to demonstrate
hydrothermal flow away from the center of the deposit, they interpreted
that the hydrothermal fluids ascended along structures throughout the

deposit.
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The present study of the steeply dipping Guadalupe and Cinco
Senores veins provides the opportunity to examine Ag:Au zoning in a
nearly vertical view (Figs. 3 and 6). The Ag:Au zoning of these veins
projected onto vertical longitudinal sections mimics the zoning of low
anq high Ag:Au ratios seen previously in plan view at Tonopah and
Tayoltita in the sense that low Ag:Au ratios are surrounded by succes-
sively higher Ag:Au ratios. However, a major difference in the forms
of the zoning is evident between the two views; in vertical section, the
contours of the Ag:Au zoning are strongly elongated. Continuing with
the idea that the Ag:Au ratios increase in the direction of former flow
of ore fluids, the horizontal elongation of the Ag:Au ratio contours in
vertical section strongly suggests that during ore deposition hydro-
thermal fluids traveled along the Guadalupe vein in a dominantly hori-
zontal direction. Similarly, when postmineral tilting of the Cinco
Senores vein is taken into account, the Ag:Au ratio zoning on that vein
also strongly suggests that hydrothermal flow was dominantly in a
direction approaching horizontal. This suggestion of sub-horizontal
ore~-fluid flow made by the Ag:Au ratio zoning in these veins resembles
the interpretations of fluid-flow paths a number of investigators have
made in other mining districts and active geothermal systems from
thermal and oxygen isotope evidence.

Thermal profiles obtained during the drilling of some modern
geothermal systems have led a number of workers to interpret that as a
thermal plume rises to depths on the order of 1,000 meters below the
surface, much of the hot water may spread horizontally rather than

continue directly to the surface (Wairakei, New Zealand (Elder, 1977),
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Broadlands, New Zealand (Henley and Ellis, 1983), Waiotapu, New Zealand
(Hedenquist, 1982), El1 Tatio, Chile (Lahsen and Trujillo, 1975), Baslay-
Danin, Philippines (Harper and Arevalo, 1982). The resulting form of
the hot-water body is comparable to that of a mushroom; the stem of the
mushroom represents the rising thermal plume and the head represents
the sub-horizontally spreading hot water.

Elder (1977) interpreted the mushroom-like form of the isotherms
in these geothermal systems to occur in the region of pressure drop-
induced boiling that creates a condition of two-phase flow. He postu-
lated that a drastic decrease in the relative permeability of the
medium through which the system flows will occur in this zone of boiling
and tend to divert vertical flow to a horizontal direction. Henley and
Ellis (1983) reviewed world-wide characteristics of high-temperature
(250-300° C) geothermal systems hosted in volcanic settings, conditions
similar to those associated with the Tayoltita deposit, and proposed a
generalized model for fluid flow in these geothermal systems. 1In their
model, Henley and Ellis (1983) illustrate a column of heated water
that, as it approaches the surface, boils in response to a drop in
pressure, cools, and rolls over to form a circulating thermal-convection
cell. Thermal profiles obtained during drilling at El1 Tatio, Chile,
(Lahsen and Trujillo, 1975) and Baslay-Danin, Philippines, (Harper and
Arevalo, 19B2) were interpreted to indicate horizontal flow enhanced by
surface topography above the top of the convection cell. In general,
sub-horizontal flow was interpreted to be common within 1,000 meters of
the surface and may extend for distances as great as 20 km (Henley and

Ellis, 1983).
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Oxygen isotope studies in several epithermal vein districts
have been interpreted to indicate the presence of thermally convecting
hot meteoric water systems during the hydrothermal alteration of these
districts. Taylor (1974) interpreted the results of his oxygen isotope
study of Tonopah, Nevada, to indicate the former presence of a convec-
ting system of meteoric water similar in form to the convection models
proposed by Henley and Ellis (1983). In particular, Taylor (1974)
interpreted the mushroom—-like form of the isotherms in the active
Wairakei, New Zealand, system to outline a convecting fluid system
similar in form to that which he proposed operated during hydrothermal
alteration and ore deposition in the Tonopah district. 1In the deeply
dissected lLake City, Colorado, epithermal vein district, Larson and
Taylor (1983) interpreted the three dimensional pattern of 180 depletion
to reflect water-rock interaction in a convecting meteoric—water thermal
cell.

The zone in geothermal systems in which Henley and Ellis (1983)
and Elder (1977) proposed that sub-horizontal flow should be important
corresponds in depth to that indicated in this study for the ore horizon
in the San Dimas district. This zone is of lateral dimensions more
than sufficient to accommodate the greatest known lateral extent of ore
on any vein in the San Dimas district. Therefore, the suggestion by
the Ag:Au ratio zoning of sub-horizontal flow of ore-depositing hydro-
thermal fluids on the Guadalupe and Cinco Senores veins is compatible
with the conceptual models of fluid flow in geothermal systems summa-

rized by Henley and Ellis (1983) and proposed by Taylor (1974).
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Comparison of Fluid Inclusion and Ag:Au Ratio Data

As no significant differences in average homogenization temperatures
of fluid inclusions from ore-stage quartz were seen between individual
sample localities on the Cinco Senores vein, no comparison with metal
ratios was possible. However, ice-melting temperatures for ore-stage
quartz do vary significantly between sample locations and may be com-
pared with metal ratios.

Silver-to~gold ratios for individual sample localities were esti-
mated from Figure 17 and plotted against average ice-melting temper-
atures in Figure 37. For ore—-stage quartz, Ag:Au ratios are clearly
related to ice-melting temperatures; the fluid inclusions most concen-
trated in solutes occur in quartz that precipitated with those ores
having the greatest Ag:Au ratios. Correspondingly, fluids associated
with relatively large Ag:Au ratios were relatively dilute. Ag:Au
ratios are clearly zoned in the Cinco Senores vein, and the form of
that zoning is consistent with the idea that Ag:Au ratios evolved in
space from low ratios to relatively high ratios. Consequently, the
correlation between Ag:Au ratios and ice-melting temperatures strongly
suggests that the solutes in the ore fluids also evolved in space from
relatively concentrated to relatively dilute conditions.

In contrast, ice-melting temperatures for fluid inclusions in
barren, late-stage quartz are independent of Ag:Au ratios in ores of
the same locality (Fig. 37). Fluids that deposited this quartz were
uniformly deficient in solutes and no significant variation is detec-
table from one sample locality to another. Significantly, the trend

shown by fluid inclusions in ore-stage quartz approaches and merges
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Figure 37, Plot comparing silver:gold ratios with average ice-
melting temperatures. —— Ice-melting temperatures (Tm) for combined
chlorite—-calcite and rhodonite stages are shown as solid points and
adularia and late—stage quartz are shown as open circles. Error bars
indicate 95% confidence level. Correlation coefficients are -0.90 for
ore-stage and 0.07 for late stage quartz. Individual samples are
identified by number. Ag:Au ratio for sample 20-1 is unknown, but
assumed to be high. Ag:Au ratios for samples 4-1, 12-1, 6-12, 6-11, 6-
10, and 3-4 are from Figures 6, and 17 and for sample 14-1 was
calculated separately. Note the clear correlation between solute
concentration in the hydrothermal fluids (as indicated by Tm) and Ag:Au
ratios in ore-stage quartz that contrasts with the independence of
these two factors in relatively barren quartz.
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with the same dilute values found in late-stage quartz. This corre-
lation of ice-melting temperatures of fluid inclusions in quartz with
the paragenetic age of the quartz indicates that the hydrothermal
fluids probably evolved in time from relatively concentrated to dilute
conditions. When considered along with the correlation of ice-melting
temperatures with Ag:Au ratios, the relationship between ice-melting
temperatures and paragenetic age suggests that the ore solutions evolved
not only in space, but also in time, from relatively concentrated to
relatively dilute conditions. COz2 appears to have been the major
dissolved constituent involved in this variable solute concentration,
but the importance of contributing roles by chloride salts cannot be
eliminated from possibility.

Evolution to more dilute fluids could occur in several ways.
The most obvious process is that of mixing a relatively concentrated
fluid with a relatively dilute fluid. Mixing of two fluids of differing
enthalpies and solute concentrations would cause a relationship between
fluid temperatures and ice-melting temperatures, as has been observed
in some Japanese deposits (Hedenquist and Henley, 1985) and at Creede,
Colorado (Robinson and Norman, 19B4). But partitioning of dissolved
gases into a vapor phase during boiling is another possibility (Drummond
and Ohmoto, 1985; Henley and Hedenquist, 1985). 1In addition to gas
loss, isoenthalpic boiling is a cause of cooling owing to the signifi-
cant partitioning of heat from the liquid to vapor phases of water
(Keenan et al., 1969). Thus, boiling should also create a traceable
relationship between temperatures of homogenization and ice-melting

temperatures. In theory, only by coincidence would the trend defined
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by homogenization and ice-melting temperatures be the same for the two
processes. Therefore, comparison of the two temperatures would seem to
be useful for discrimination between boiling and mixing during vein
deposition (Hedenquist and Henley, 1985).

To test these possibilities, ice-melting temperatures and
homogenization temperatures are compared in Figure 38, but no relation-
ship is evident between the two temperatures. Even averaging all
homogenization temperatures falling within intervals of ice-melting
temperatures fails to demonstrate any change in temperature that is
consistent with a change in ice—melting temperatures. These results
are identical to those found in a similar study of fluid inclusions in
quartz from the Broadlands, New Zealand, geothermal field where they
were interpreted to have resulted from a combination of boiling and
mixing processes (Hedenquist and Henley, 1985). But it should be
pointed out that this equivocal relationship could simply be the product
of introduction into the system of a multitude of fluids over the life
of the system, each with a distinct initial temperature-concentration
relationship. The exceedingly complex intergrowth of mineralization
sub-stages seen in the veins is certainly in agreement with this possi-
bility.

Boiling is an efficient mechanism for the removal of both CO:
and H2S from the hydrot@ermal fluids owing to the strong partitioning
of both species from the fluid into the vapor phase. Under ideal condi-
tions of liquid-vapor separation the partitioning coefficients calcu-
lated by Drummond (1981) indicate that the concentration of dissolved

COz would be reduced by approximately one order of magnitude and the
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concentration of dissolved HzS would decline by approximately half an
order of magnitude after boiling of less than 3% of the fluid. If this
boiling was to take place as~an isoenthalpic process, the fluids would
cool by approximately 10°C (Keenan et al., 1969). This degree of
cooling is compatible with the temperature fluctuations noted in the
fluid inclusion study. Consequently, the cooling and variations in CO=z
concentrations are compatible with boiling of the hydrothermal fluids.
A decline in anzs, as was interpreted for the first stage of mineral-
ization, is also compatible with boiling. In summary, some boiling
probably contributed to the loss of dissolved gases, but the possibility
that dilution by fluid mixing also contributed to this decline in

solute concentration cannot be discounted.

Ore Deposition

Both gold and silver solubility in hydrothermal solutions are
influenced by temperature, pH, ac:i-, and axuzs, but whether a change in
any of these factors promotes precipitation or not is in most cases
also a function of the ligand species (Table IV). A decline in temper-
ature would cause precipitation of both gold and acanthite from both
chloride and sulfide complexes in the fluid. The fluid inclusion data
and consideration of quartz deposition shows that cooling episodes very
probably occurred during ore deposition, therefore cooling is with
little question one of the mechanisms by which silver and gold de-
posited. Mineralogical relations indicate that aszs declined in at
least the first stage or ore deposition. A decline in aszs would by
itself cause both gold and acanthite to deposit from aqueous sulfide

complexes, but such a decline would have an opposite effect if silver






and gold were dissolved as chloride species. A loss of COz during
boiling, as probably occurred during deposition of ore om the Cinco
Senores vein, is widely believed to cause a rise in the pH of the
hydrothermal fluid (Barton et al., 1977; Buchanan, 1981; Drummond, 1981;
Drummond and Ohmoto, 1985). A rise in pH would promote precipitation
from chloride complexes, but from sulfide complexes only if the pH were
greater than 7.5, the pH at equilibrium between aqueous HzS and HS- at
260°C. A decline in aci1-, as might result by mixing with a relatively
dilute fluid, would cause precipitation of gold and acanthite from the
aqueous chloride complexes AgClz- and AuClz-, but would have no effect
on silver and gold dissolved as sulfide species. In general then, the
cooling and decline in concentration of solutes in the hydrothermal
fluid deduced from study of the fluid inclusions and mineralogical
relationships are consistent with deposition from both sulfide and
chloride complexes, but the relationship between ore precipitation and
changes in fluid conditions is complex. Rather than consider the
effects of any single one of these factors, it would be more realistic
to assume that several or all changed at the same time. Consequently,
-a more specific correlation between changes in fluid conditions, speci-
ation of silver and gold in solution, and mechanisms of ore precipita-
tion would require simultaneous evaluation of all of these factors.
Unfortunately, once again, the necessary thermodynamic data are not
available.

Comparison with Other Studies

Epithermal vein deposits have received considerable attention

in recent years resulting in a number of depositional models that may
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be compared with the interpretations in the present study. Pertinent
conclusions from the more prominent of these studies are compared below

with those from this study.

K-feldspar — sericite Mineral Pair

The fluid equilibrium with both K-feldspar and sericite interp-
reted for the ore-forming solutions of the San Dimas district has also
been noted in modern geothermal systems (Giggenbach, 1981; Henley,
1985) and proposed for the hydrothermal fluids that deposited numerous
other epithermal silver—gold veins (Hayba et al., 1985). In contrast,
Dreier (1976) concluded that the former hydrothermal fluids at the
Pachuca—-Real del Monte, Mexico, silver—gold epithermal vein deposit
were in equilibrium with K-feldspar alone, and Vikre (1985) found that
the hydrothermal fluids that formed the Buckskin, Nevada silver—-gold
epithermal vein deposit tended to be in equilibrium with kaolinite,

illite, and muscovite.

Iron Minerals and Fluid Chemistry

Studies of silver—gold epithermal deposits have interpreted the
conditions of the hydrothermal fluids in terms of the Fe-S-0O-H system
on the basis of the presence of pyrite and absence of hematite, pyrrho-
tite, and magnetite (Dreier, 1976; Buchanan, 1979; Vikre, 1985). The
presence of primary hematite in ores is easily overlooked,‘possibly
owing to confusion with secondary hematite. Thus, Dreier (1976) found
no primary hematite in his vein samples from the Pachuca-Real del Monte
deposit in spite of the very strong suggestion of some primary hematite

that was made earlier in the description of vein mineralogy by Geyne et
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al. (1963). Similarly, Smith et al. (1982) ignored earlier identifi-
cation by Brocoum (1971) and Davidson (1935) of primary hematite in the
veins at Tayoltita. These examples suggest that the occurrence of
primary hematite may be more widespread in silver—gold epithermal vein
deposits than is generally realized.

The utility of chlorite in estimating fluid conditions during
deposition of veins in the San Dimas district was also realized at the
Creede, Colorado, silver-base metal epithermal vein deposit (Barton et
al., 1977). 1In spite of the near ubiquitous presence of chlorite in
silver-gold epithermal veins (Hayba et al., 1985), little use has been
made of the mineral in interpreting fluid conditions during deposition
of these veins. Giggenbach (1980), however, analyzed the relationship
between pyrite and chlorite and fluid conditions in the Broadlands, New
Zealand geothermal field. Curiously, pyrrhotite, absent from almost
all silver-gold epithermal vein deposits, is reportedly widespread in
the Broadlands, New Zealand, geothermal field (Weissberg et al., 1979).
Possibly, the fluid chemistry in these geothermal systems, represented
in the system Fe-S—-0-H by the coexistence of pyrite, chlorite, and, in
places, pyrrhotite, differs fundamentally from the fluid chemistry of
these vein deposits, as represented by the coexistence of pyrite,

chlorite, and, perhaps, hematite.

Metal-ratio Zoning

Buchanan (1981) combined the characteristics of a large number
of epithermal deposits into a single, generalized model in which a
vertically-migrating hydrothermal fluid deposits distinctive ore types

according to their depth relative to a zone of boiling. Predicted by
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Buchanan (1981) are base-metal veins below boiling, silver—-gold veins
within the boiling zone, and gold-rich veins at relatively shallow
depths. The predicted deep base-metal zone has never been seen in the
San Dimas district; instead, veins there generally narrow and disappear
beneath the ore horizon. Alsc contrary to the model of Buchanan (1881),
Ag:Au ratios in veins of the San Dimas district tend to increase above
and out from central zones of low Ag:Au ratios. Although silver:gold
ratio zoning has been documented on a deposit-wide scale at Tonopah,
Nevada, (Nolan, 1935) and, previously, at Tayoltita (Smith, 1979; Smith
et al., 1982), the present study is the first to document Ag:Au zonal

patterns on individual veins.

Interpreted Flow Model

Based on the interpretations presénted in the previous section,
a representative illustration of hydrothermal flow and its relationship
to orebody distribution is shown in Figure 39. The ore-forming hydro-
thermal fluids flowed in a dominantly vertical direction until they
reached the ore horizon where the pattern of Ag:Au ratio zoning indi-
cates that hydrothermal flow was principally horizontal. Based on the
Creede, Colorado, hydrothermal fluid-flow model of Barton et al. (1977),
convective flow patterns similar to that interpreted in the present
study have been proposed as one model for silver—gold epithermal veins
{Berger and Eimon, 1983; Hayba et al., 1985). 1In the similar flow-
model discussed in a previous section, Henley and Ellis (1983) illus-
trated the various types of epithermal deposits that might form in the
framework of convecting geothermal systems such as those of the

Broadlands, New Zealand, geothermal field. Both lateral and vertical






137
hydrothermal fluid flow within 1,000 m of the surface are accommodated
by this model. In contrast to the lateral flow interpreted for ore-
forming fluids in the San Dimas district, Buchanan (1981) presented a

model for all epithermal deposits in which hydrothermal fluids simply

migrate to the surface.

Correlation of Silver:gold Ratios and Ice-melting Temperatures

Dilution by fluid mixing has been documented through ice-melting
temperatures in fluid inclusions from the Creede, Colorado, silver-base
metal epithermal vein deposit (Robinson and Norman, 1984) as has the
process of gas loss through boiling of hydrothermal fluids in the
Broadlands, New Zealand, gecthermal Tield (Hedenquist and Henley,
1985). 1In finding a variable solute concentration in the hydrothermal
fluids, the present study is similar to these previous studies. How-
ever, the present study has also correlated the solute conéentration
with silver:goid ratios, apparently the first time such a correlation
has been made. This correlation strongly suggests that not only the
ice-melting temperatures but also the Ag:Au ratio zoning trace the
evolution of the hydrothermal fluids from relatively concentrated to
exhausted conditions. As a consequence, these correlations suggest
Ag:Au ratio zoning and ice-melting temperatures in fluid inclusions as
potentially useful indicators of the evolution in time and space of the
former hydrothermal systems that deposited silver—gold epithermal vein

deposits.



SUMMARY AND CONCLUSIONS

The San Dimas district, including Tayoltita, is a typical
epithermal silver—-gold vein deposit. The host lithology, vein mineral-
ogy, gross silver—gold ratios, temperatures, dgpth of formation, and
ore horizon seen in the district are similar to those of other deposits
of this class. This category of deposit is similar to many active
geothermal systems in terms of host lithology, temperature, apparent
salinity of hydrothermal fluids, and related alteration mineralogy.

The San Dimas district occurs in a calc-alkaline volcanic pile
intruded by a batholithic complex. Theoretical predictions of flow of
waters heated by intrusions indicate that the expected pattern of fluid
flow in the district is that of a plume of hot water rising from the
batholithic complex and invading the overlying volcanic rocks. The
alteration mineralogy of andesites in the San Dimas district is con-
sistent with that predicted by equilibrium considerations to result
from this flow pattern. In general, vein-related alteration of the
andesites is accompanied by increases in the variables ax*/an*,
anat/an*, aca**/a?u*, anzs, and sso4”.a?u*, and decline in aa1***/ady*
in the hydrothermal fluids.

Ag:Au ratio zoning is interpreted to reflect the former flow of
ore—depositing fluids through veins of the San Dimas district. In
accordance with this interpretation, orebodies on both the Cinco Senores
and Guadalupe veins record the passage through the structures of hydro-
thermal fluids that flowed in a primarily horizontal fashion. The

138
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largely horizontal style of hydrothermal flow interpreted to have
dominated within the ore horizon of these two veins is similar in ‘
orientation to that proposed by some workers in both modern geothermal
systems and in other epithermal vein districts.

Ore on the Cinco Senores vein was deposited in three principal
stages that, in order of deposition, are characterized by the gangue-
mineral assemblages: 1) quartz-calcite-chlorite, 2) quartz-calcite-
rhodonite, and 3) quartz—calcite—adularia. Barren quartz and calcite
typify post—ore vein filling.

Assumption of local equilibrium among fluid and mineral phases
indicates that as fluids flowed along vein struétures, the first stage
of ore deposition was accompanied by a decline in auzs and, possibly
asoq=.a%y*, as acut/ant, aag*/an*, and aau*/an* increased in the bydro—
thermal fluids. A similar evolufion possibly occurred during the later
two stages of ore deposition, but could not be demonstrated in this
study. Log are*t/a2y* likely remained relatively constant along the
interpreted chlorite-pyrite, chlorite~chalcopyrite, and chlorite-hema-
tite phase boundaries during all stages of ore deposition. A likely
minumum equilibrium value for log ayzs is defined at pyrite—~hematite-
chlorite coexistence as —-3.6, but it could have ranged up to -2.5
before the fluids would have reached equilibrium with pyrrhotite.

Fluid inclusion data developed in this study indicate that
fluid temperatures fluctuated somewhat through all of the stages of ore
formation; the standard deviations for temperatures of homogenization
of fluid inclusions from quartz of the three stages of ore deposition

range from 14° to 20°C. 1In spite of the apparent température fluctu-
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ations during quartz-vein formation, the average fluid temperature for
the three stages of ore deposition did nof vary significantly from
approximately 260°C. Boiling of the hydrothermal fluids probably
occurred, and is a likely factor contributing to the fluctuating tem-
peratures, but there is a possibility that fluid mixing also contributed
to temperature flucuations. As indicated by ice-melting temperatures,
the average apparent salinity of the fluid inclusions of individual
sample locations ranges from 0.10 to 0.36 mnac) equivalent. However,
observations of variable concentrations of dissolved gases in the fluid
inclusions and comparison with the results of a fluid inclusion study
of the active Broadlands, New Zealand, geothermal system indicate that
the greater apparent salinities probably reflect changes in the levels
of dissolved gases rather than salts. Variations in fluid solute
concentrations probably resulted from either a mixing process or boiling
in the hydrothermal fluids, but it could not be determined in this
study which was responsible.

The variations in ice—melting temperatures for fluid inclusions
from ore-stage quartz samples correlate well with variations in Ag:Au
ratios in ore from the same sample localities. Solute concentrations,
as indicated by ice-melting temperatures of fluid inclusions, also
appear to be related to the paragenetic age of the quartz, as these
temperatures decline from ore-stage to postore-stage quartz. Thus,
solute concentrations in the hydrothermal fluids seem to be related to
both zoning and paragenetic phenomena of the Cinco Senores vein and
probably trace evolution of the system in both time and space.

In summary, the fluid inclusion data and paragenetic relations
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of gangue and ore minerals on the Cinco Senores vein together suggest
that evolution of the system in time is marked by: deposition of
increasingly smaller proportions of silver and gold in quartz; progres-
sion, in general terms, of the gangue mineralogy from quartz—chlorite-
calcite-rhodonite-adularia to quartz-calcite alone; and decline in
solute concentration in the vein-forming hydrothermal fluids. The
correlation of Ag:Au ratios with ice-melting temperatures and comparison
of Ag:Au ratio zoning with the distribution of orebodies suggests that
evolution of the system in space was marked not only by increasing
Ag:Au ratios, but, again, by increasingly smaller proportions of gold
and silver in quartz, and a decline in solute concentrations in the

fluids.



APPENDIX

HYDROLYSIS REACTIONS USED TO CONSTRUCT PHASE DIAGRAMS

Albite

NaAlSiz0s + 4H* = Na* + Al*** + 38i0z2(aq) + 2H20

Anyhydrite
CaS0s = Ca** + S04

Chalcopyrite

CuFeSz + 2.75H* + 0.5H20

Cu* + Fe** + 0.12580¢= + 1.B75H28

Clinochlore (14A)

MgsAl28is010(0OH)s + 16H*

5Mg** + 2A1*** + 3Si0z¢aq> + 12H20

Epidote
CazFeAl28ia012 (OH) + 0.125H2S + 11.75H* =

2Ca** + Fe** +2A1*** + 38iOcanq) + 0.125804= + 6.5H20

Fe-chlorite
Fest+Fez**++S8i3010(0H)s + 0.25H2S8 + 13.5H* =

TFe** + 35i02¢aq)y + 0.25804= + 11H20

Gold

Au® + 0.125804= + 1.25H* = Au* + 0.125H2S + 0.5H=0
Auwe + 0.125S804= + 2C1- + 1.25H* = AuCl>- + 0.125H28 + 0.5H20
Auwe + 0,125804= + 1.875H2S8 = Au(HS)2- + 0.75H* + 0.5H20
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Hematite

Fe20a + 0.25H=28 + 3.5H* = 2Fe** + 0.255804= + 2Hz0

K-~feldspar (adularia)

KA1Sia0s + 4H* = K* + Al***+ + 38i0z(¢aq) + Z2H20

Magnetite
Fez0q¢ + 0.25H28 + 5.5H* = 3Fe*t + 0.25804= + 3H20

Muscovite (sericite)

KAlaSiz010(OH)2 + 10H* = K* + 3Al*** + 38i0Oz2¢aq) + 6H20

Paragonite
NaAlaSiz0io0(OH)2 + 10H* = Na* + 3Al+++ 4+ 3SiOz2¢aq> + BHz20

Phlogopite
KMgzA1Si3010(OH)2 + 10H* = K+ + 3Mgt+t + Al**+ + 38i02¢aq) + 6H20

Pyrite
FeSz + 1.5H* + H20 = Fe** + 0.25804= + 1.75H28

Pyrrhotite
FeS + 2ZH* = Fe** + Hz2S

Silver
AgzS + 2H* = 2Ag* + He2S

Ag2S + 4Cl- + 2H* = 2AgClz2- + H=S
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