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ABSTRACT

The Silver mining district contains 1-10 m-wide 
epithermal veins that are steep normal faults in the upper 
plate of a regional detachment fault. Mineralization is 
subdivided into three parageneses: (1) massive black
calcite-fluorite-quartz with argentiferous galena and zinc 
minerals; (2) black calcite-quartz-barite with minor lead;
(3) massive white barite and quartz without economic 
mineralization. Solutions were low-temperature (130 - 190 
C), moderate-salinity (15-18 wtX NaCleq) brines. From 
mineralogical and fluid inclusion evidence, solution pH is 
estimated at 5.0 - 6.0, with fo 2 -values between 10-4 5 and 
10~47•5 and a maximum fs2 of 10_26>7. Maximum dissolved 
sulfur content was 10~2•25m, predominantly as SO4 2*.

Mineral deposition probably occured through mixing 
and cooling,; HzS was introduced by mixing or sulfate reduc
tion resulting in sulfide and accompanying calcite and 
fluorite precipitation. Stage III barite represents late 
Ba24-introduction into a cooler, oxygenated solution 
depleted in metals. The detachment surface and related 
structures served as passive structural controls for ore.

xiv



CHAPTER I

INTRODUCTION

Location. Setting and District History 
The Silver district is located in the southern Trigo 

Mountains in southwestern La Paz County, Arizona (Figure 1). 
The district is approximately 5 km north and 8 km east of 
the Colorado River and can be reached from U.S. Highway 95 
north from Yuma or south from Quartzsite, Arizona. Most of 
the district is traversible by means of a network of two- 
wheel and four-wheel drive roads, although these are 
susceptible to flash-flooding and wash-outs.

Topography in the district is rugged, consisting of 
steep north-trending mountain ranges between 300 and 400 m 
in elevation separated by wide alluvial valleys. Although 
rainfall in the area is under 7 cm per year and summer 
temperatures can exceed 45 C, the proximity of the Colorado 
River allows the district to support a number of desert 
plant and animal species. Outcrop is excellent, and 
structural and stratigraphic relationships are easily 
observable.

1
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Figure 1. Location of the Silver district, La Paz Co., 
Arizona (from Pietenpol, 1983).
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The Red Cloud, Black Rock, and Clip are the major 

mines in the district. Other mines and prospects include 
the Geronimo, Papago, Silver Glance, Pacific, Silver King, 
Princess, Hamburg, Amelia, Revelation, and Mendevil. All 
workings are shallow; the Red Cloud, the deepest mine in the 
district, bottoms at the water table 153 m below surface. 
Production in the district was continuous from 1879 to 1890; 
after a lengthy hiatus, production was sporadically resumed 
between 1929 and 1949. The ores were of silver-lead as 
argentiferous galena, with minor zinc recovered from 
secondary minerals. Production figure estimates (Wilson, 
1933, 1951; Keith, 1978; Pietenpol, 1983) are 1,600,000 oz. 
of silver and 2,300,000 — 2,800,000 lbs. of lead recovered 
from 52,343 tons of ore. Stopes were mucked out and minor 
ore was shipped from the Red Cloud between 1979 and 1984 
(Pietenpol, 1983; Grant, 1986). The Red Cloud remains in 
personal ownership, while most of the rest of the district 
is under the control of the Gulf and Western Corporation, 
which inherited the rights of the New Jersey Zinc Corp. in 
1981-82.

In recent years, the district has gained fame as a 
source of specimens of wulfenite and vanadinite. Red Cloud 
wulfenite is world-renowned for its unique habit and color, 
and the Red Cloud mine has consequently become a locus of 
mineral collecting activity.



4
Previous Studies

The first geologic report of the Silver district was 
by Thompson (1925). Eldred D. Wilson (1933) undertook a 
comprehensive geologic and mineralogic study of the Silver 
district which he updated in 1951. F.Z. Parker (1966) 
provided a geologic map of the district and an analysis of 
host lithologies and ore and gangue phase mineralogies.

During the last 5 years, the Silver district has 
been included in many studies relating the regional mineral
ization and structural styles of southwestern Arizona and 
southeastern California. A growing emphasis on detachment 
faults and related structures has created a new frame of 
reference for mineralization in this region. In 1982, 
structures in the northern Trigo Mountains were shown to be 
related to a large detachment surface that projects beneath 
the Silver district (Garner et al. 1982). D.J. Pietenpol, 
in his study of the structural geology of the district 
(1983), disagreed with this hypothesis, and attributed the 
structures and mineralization to late Basin and Range 
tectonism. R.M. Tosdal and D.R. Sherrod (1985) related the 
structures in the Trigos, Chocolate and Dome Rock Mountains 
to the same regionally extensive detachment surface of which 
these mountains form the upper plate. Most recently, the 
district has been cited by Beane, Wilkins and Heidrick 
(1986) in their attempt to formulate a general model for



detachment-related mineralization throughout west-central 
Arizona.

A number of smaller-scale studies have also been 
made in the district, most notably those of Edson (1980) and 
Shannon (1980) on the mineralogical characteristics of Red 
Cloud wulfenite and Princess-Hamburg vanadinite.

Purpose of Study
The object of this study is a detailed examination 

of the vein mineralogy to determine the distribution, 
paragenetic sequence, and chemical parameters of the primary 
ore and gangue mineral phases. The major veins were mapped 
at 1:4800 using the geologic map of Parker (1966) and the 
structural map of Pietenpol (1983) as base maps. The veins 
were systematically sampled along their strikes, and each of 
the workings was sampled and primary and secondary mineral 
distributions recorded.

This field work was coupled with a major survey of 
fluid inclusion populations within the principal gangue 
phases, conducted to clarify the paragenetic sequence and to 
determine temperatures and compositions of the ore-forming 
fluids. Selected vein samples were geochemically assayed to 
ascertain district-wide metal distributions. Whole-rock 
analyses were made of samples of the host lithologies to 
examine possible alteration patterns and to pinpoint

5
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potential sources of the metals found in the district.
Finally, fluid inclusion and mineralogical data were 
combined to reconstruct the original chemical conditions of 
the ore-forming system and to determine fluid evolution and 
prevalent processes at the time of mineralization.



CHAPTER II

REGIONAL GEOLOGY 

Lithologies
Lithologies of the Trigo Mountains fall into 5 

groups (Fig. 2): early and middle Mesozoic gneiss and 
granite in the north and west, middle to late Mesozoic 
schists in the south, several small stocks of Late 
Cretaceous granite and granodiorite intruding the schists to 
the south, and a pile of mid-Tertiary lavas, tuffs, and 
breccias. The youngest formations are thick deposits of 
unconsolidated Quaternary colluvial and alluvial sediments 
containing clasts of all older rock types.

Early and middle Mesozoic gneiss and granite
These rocks are predominantly banded metasedimentary 

and metaigneous gneiss, intruded by less-deformed granitoid 
bodies. Garner and others (1982) tentatively dated the as
semblage as Precambrian by compositional and textural 
analogies with the 1.3—1.4 billion-year-old granites common 
elsewhere in southern and western Arizona (Reynolds, 1980). 
R.M. Tosdal, in the course of his regional study of the

7
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Figure 2. Lithologies of the Trigo Mountains and adjacent 
areas (after Wilson, 1960, and Garner et al., 1982).
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structure and stratigraphy of adjacent western Arizona and 
California (1986), correlated metaoorphic rocks of the 
northern Trigos with Late Triassic and Middle Jurassic meta- 
plutonic suites in the Chocolate Mountains and elsewhere. 
Tosdal (1984) observed evidence for four episodes of late 
Triassic, late Jurassic, and late Cretaceous deformation 
culminating in the event that created the Mule Mountains 
thrust zone some 50-65 km north of the Trigos.

Middle Mesozoic schist
A light grey thinly fissile muscovite-quartz-K- 

feldspar schist in the southernmost Trigos extends 3 km 
south to the bank of the Colorado River. It has been corre
lated (Garner et al., 1982) with the Middle Jurassic Orocop- 
ia-Pelona Schist of southeastern California (Haxel and Dil
lon, 1978). The formation comprises more than 1000m of 
metagraywacke, metabasalt and metacherts of oceanic deriva
tion.

Late Cretaceous granite and granodiorite
Several 2-5 sq. km stocks of unaltered granite and g- 

ranodiorite intrude the Mesozoic gneisses and schists of the 
southern Trigos. Weaver (1982) dated them at 71.5 + 5.5 my. 
They are composed of quartz, K-feldspar and subordinate 
plagioclase, with biotite and hornblende. There is no



evidence of penetrative fabrics in any of the exposed 
intrusive bodies.

Tertiary volcanics
The older formations in the Trigos are uncon- 

formably overlain by a sequence of rhyolitic to rhyodacitic 
lava flows, flow breccias, ash-flow tuffs, and tuffaceous 
sediments capped by basaltic to andesitic lavas. Dis
continuous volcanic fanglomerates also occur. The entire 
sequence is similar to the volcanic section in the Picacho 
Mountains of southeastern California (Crowe, 1975, 1978).
The volcanic rocks of the Trigos can be correlated with 
rhyolitic-rhyodacitic flows, resurgent domes, and ignimbrite 
sheets of volcanic unit B and andesitic to basaltic lava 
flows of unit C (Crowe et al., 1979). Ages range from 22 to 
28 my for unit B and 13 to 22 my for unit C (Crowe et al., 
1979).

Quaternary alluvial and colluvial deposits
The most recent deposits are sand and gravel 

alluvial fans at mountain fronts and streambed and overbank 
deposits in valleys.

10

Regional Structures
Much recent work has been done to fit the Trigo area 

into a tectonic framework for adjacent Arizona and
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California. In 1982, researchers from San Diego State 
University discovered large-scale structures in the northern 
Trigos that are apparently related to regional extension and 
detachment faulting (Garner et al., 1982). Prominent is a 
volcanic sequence rotated and repeated in a series of NW- 
striking, NE-dipping listric normal fault blocks and a 
large, partially-exposed ramp-like surface of chloritized 
breccia which Garner and his colleagues took as repre
senting the detachment surface. They projected this surface 
beneath the Trigos, separating upper-plate Tertiary 
volcanics and pre-Tertiary gneiss from lower-plate Mesozoic 
gneisses and schists.

In 1985, R.M. Tosdal and D.A. Sherrod proposed 
another model to account for the tectonic features observed 
in the Trigos and adjacent ranges (Figs. 3 and 4). They 
considered the structures in the Trigos, Chocolate and Dome 
Rock Mountains to be developed within the upper plate of a 
single regional detachment surface, with a breakaway zone 
expressed by the Gatuna Fault in southeastern California. 
Upper-plate transport was to the northeast and east. Tosdal 
and Sherrod subdivided the Trigos into northern and southern 
domains.

The northern Trigo area was described as consisting 
of repeated, rotated sections of Tertiary volcanics offset
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Figure 3* Principal structures of the Trigo Mountains and 
adjacent areas (from Tosdal and Sherrod, 1985)
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Figure 4. Schematic cross-section along line A - A* in 
Figure 3, showing the relationships of Trigo Mountains 
structures to the Gatuna detachment fault (from Tosdal and 
Sherrod, 1985) (section not to scale).
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by northwest- to north-northwest-trending moderate- to high- 
angle normal faults. The southern Trigos are dominated by 2 
sets of normal faults, the first trending north to northwest 
with 35-70-degree dip-slip displacements to the east or 
west. These faults are truncated by 60-80-degree-dipping 
north- to northeast-trending oblique-slip faults with short

V
strike lengths. Fault blocks in this area are rotated from 
10 to 40 degrees.

The detachment surface itself is not exposed any
where within the Trigos, but it is interpreted to separate 
upper-plate Tertiary volcanics and Mesozoic metamorphics 
from Mesozoic schists and Precambrian basement in the lower 
plate.



CHAPTER III

DISTRICT GEOLOGY 

Lithology
The lithologies of the Silver district (Fig. 5) 

correspond to three of the four major subdivisions described 
in the proceeding chapter: Mesozoic metaraorphic rocks in the 
south, Laramide intrusions to the south and southwest, and 
Tertiary volcanic rocks throughout the rest of the district.

Mesozoic metamorphic rocks
The stratigraphy of the greenschist-facies meta

morphic sequence exposed in the southern half of the Silver 
district was described in detail by Parker (1966). He 
identified units of quartz-feldspar schist, quartz-feldspar- 
mica schist, quartz-plagioclase schist, calc-schist, and Cr- 
rich quartz-fuchsite schist in the vicinity of the Black 
Rock Mine. The metamorphic rocks show baked contacts with 
the Cretaceous intrusions, and the units in these areas have 
been contact-metamorphosed into hornblende amphibolites and 
migmatitic rocks in the southwestern and eastern parts of 
the district. Later faulting has also emplaced unbaked

15
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metamorphic rocks adjacent to Cretaceous granodiorite in the 
southeastern quadrant of the district. The metamorphic rocks 
are unconformably overlain by Tertiary volcanics and Quater
nary colluvium.

Late Cretaceous granite and granodiorite
As mentioned previously, the Cretaceous intrusive 

rocks are composed of quartz, high-Ab plagioclase, K-feld- 
spar, biotite, and accessory hornblende, and show little 
sign of alteration in unweathered outcrops, save for minor 
chloritization of biotite. The contacts displayed in 
outcrop are intrusive with metamorphic rocks in the south 
and east, or high-angle faults against metamorphic rocks in 
the southeast and volcanic units to the north and west.

Tertiary volcanic rocks
The volcanic units in the Silver district are large, 

discontinuous successions of silicic flows, flow breccias, 
tuffs, and laharic deposits extending throughout the north, 
northwest and east, unconformably overlying metamorphic 
rocks and faulted against granodiorite. To the west along 
the Red Cloud Fault, the volcanic-metamorphic contact is 
marked by a fanglomerate unit containing clasts of metamoi—  
phic rock and granite in a sandy hematite-stained matrix, 
best exposed in the vicinity of the Geronimo Mine. The 
overlying volcanic pile has been subdivided by Pietenpol
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(1983) into a lower sequence of pink, yellow, and white 
rhyodacitic tuffs and an upper section of rhyolitic-to- 
andesitic flows, flow breccias, and tuffs. The strike of 
the volcanic stratigraphy is northwest, dipping northeast at 
moderate angles (Wilson, 1951). Parker (1966) estimated the 
total thickness of volcanic rocks at over 300 m. Weaver’s 
(1982) data indicates an age for the upper volcanic units of 
25.1 + 2.5 my., which fits within the 22 - 28 my age bracket 
given by Crowe et al. (1979) for his unit B volcanics in the 
Picacho region. Crowe’s unit C volcanics are not present 
within the district (Pietenpol, 1983).

Quaternary deposits
All other units in the district are overlain by 

deposits of Quaternary alluvial and colluvial sediments, 
which achieve thicknesses of several hundred feet in the 
center of the district. Pediment surfaces also appear along 
mountain flanks.

Structures
Three major normal fault systems transect the Silver 

district (Fig. 5):
1) Red Cloud Fault - This large north-trending fault 

system hosts the Red Cloud, Papago, and Geronimo mines, as 
well as several smaller prospects north of the Geronimo.
Dips on the fault plane range from 45 to 60 degrees east,
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steepening slightly with depth (Wilson, 1951). The fault 
separates hanging-wall volcanics from footwall granodiorite, 
and is best exposed in the Red Cloud Mine. Total displace
ment on the Red Cloud has been calculated by Pietenpol 
(1983) to be about 280 m . North of the Geronimo, the Red 
Cloud Fault is truncated by a northeast-trending high-angle 
fault which dips southeast at 70-80 degrees for approximate
ly 3 km.

2) McNeal-Padre Kino Faults — These faults occur in 
the center of the district. The poorly-exposed McNeal Fault 
bifurcates from the Red Cloud Fault at the southern end of 
the district and trends northeast, truncating a low-angle 
normal fault in the vicinity of the Black Rock Mine. The 
McNeal continues northeast, dipping 45 degrees west and 
forming the eastern margin of a large half-graben whose 
western edge is defined by the Red Cloud Fault (Fig. 6). The 
McNeal Fault terminates in the north at the southern end of 
a large horst block of migmatite, designated the Padre Kino 
Horst by Pietenpol (1983).

The Padre Kino Fault trends due north from the 
northern terminus of the McNeal Fault for 5-6 km with a dip 
of 55-70 degrees west, forming the western edge of the Padre 
Kino Horst. The fault hosts the Padre Kino Mine and many 
smaller prospects further north along Red Cloud Wash.
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Figure 6. Generalized cross-section in the plane of the Red 
Cloud Mine, showing the graben formed by the Red Cloud and 
McNeal Faults (adapted from Thompson, 1925) (section not to 
scale).
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3) East Side Fault - This large, previously unnamed 
fault system defines the east side of the Padre Kino Horst, 
offsetting migmatite and volcanic rocks to the south and 
volcanic units exclusively to the north. The fault system 
strikes due north, dipping 60-80 degrees east, and contains 
the Clip Mine and the Amelia, North Revelation, Revelation, 
and Mendevil claims. A possible southern extension of this 
fault system separates the volcanic sequence from granodior- 
ite and hosts the Silver King, Princess and Hamburg mines.
It has been offset westward by a west-northwest-trending 
transverse fault, one of several small transverse faults 
occurring in the district (Parker, 1966; Pietenpol, 1983).

The Red Cloud and McNeal-Padre Kino systems form a 
diamond-shaped pattern in plan view; north-south normal 
faults are truncated by northeast-trending high-angle normal 
faults, corresponding to the regional structural pattern 
described by Tosdal and Sherrod (1985). The East Side 
Fault, though separate from this pattern, also strikes 
north-south, and thus is consistent with a picture of cast
or northeast-directed extension. The following sequence of 
faulting events is postulated, as adapted from Pietenpol 
(1983):

1) an early stage of low-angle (30-35 degrees) 
normal faulting, visible only in the immdediate vicinity of 
the Black Rock Mine;



2) A main stage of moderate- to high-angle normal 
faulting, with north- and northeast-trending faults forming 
a diamond-shaped pattern of horsts and half-grabens;

3) a late stage of minor west-northwest transverse 
faulting as is visible south of the East Side Fault.
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CHAPTER IV

VEIN MORPHOLOGY AND MINERALOGY

Silver district veins share structural and miner
alogies! characteristics throughout the district. All 
veining is contained within major and secondary fault 
zones, and consists of the same basic gangue mineralogy: 
black calcite, fluorite, quartz and barite. Ore mineral
ogy is equally simple, composed primarily of Ag-bearing 
galena and a variety of secondary Ag-, Pb-, Zn- and Cu- 
bearing secondary minerals derived from the original 
sulfides.

Vein morphology
Veining in the Silver district is narrow, rarely 

exceeding 10 m and commonly diminishing to <0.5 m. 
Subsurface evidence also indicates that the veins "pinch" 
at depths below 100 to 150 m (Wilson, 1933). At the 
surface, the calcite and quartz that make up much of the 
gangue mineralogy of the veins form a distinctive dark- 
gray weathered profile (Fig. 7), allowing the veins to be

22



Figure 7. Outcrop of black calcite-quartz vein in the 
northern Red Cloud Fault, showing typical dark-grey 
weathering profile.



traced for long distances along strike. Relationships 
between mineral phases are clearly distinguishable.

Structural control of veining by normal faults is 
obvious everywhere in the district. Major veins are 
invariably associated with the larger fault systems, and 
the veins themselves show evidence of brecciation and 
recementation due to recurrent fault movement (Fig. 8).
At the Red Cloud, Geronimo, Clip, and Amelia Mines, the 
veins achieve their greatest thicknesses in areas where 
the major faults are intersected by smaller northwest
trending fractures (Wilson, 1933; Pietenpol, 1983). 
Mineralization at the Clip and elsewhere along the East 
Side Fault also contains numerous well-developed slicken- 
side surfaces, commonly accompanied by hematite staining.

Vein textures reflect open-space filling; rhythmic 
banding, center-line void spaces within veins, singly- 
terminated crystals, coxcomb and cockade structures and 
crustification are characteristic of district veining. 
Successive mineral phases tend to appear as overgrowths of 
previous phases rather than replacements, save for 
secondary oxidation products.

Vein Mineralogy
Four principal primary gangue minerals occur in 

Silver district veins: black manganiferous calcite,
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Figure 8. Black calcite and barite disrupted by fault 
motion, East Side Fault.
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fluorite, barite and quartz. The only sulfide mineral 
still present in the vein assemblages is argentiferous 
galena. The entire vein system has been intensively 
oxidized from the surface to the water table (153 m 
depth), and a host of oxidation products of Fe, Pb and Zn 
formed during low-temperature supergene alteration. The 
following section summarizes the observed characteristics 
of the primary mineral suite.

Gangue
The most abundant mineral in all of the Silver 

district veins is massive, gray to dark brown calcite 
(Fig. 9). This "black calcite" is identical to that 
described by Hewitt and Radtke (1967) as associated with 
base- and precious-metal vein and replacement deposits 
throughout Arizona and New Mexico. The calcite commonly 
occurs as massive intergrowths with fluorite, or in 
rhythmic bands interlayered with quartz or barite in the 
northern half of the district. The dark color of the 
calcite is due entirely to solid inclusions of Fe- and Mn- 
oxides; no rhodochrosite or siderite was observed in the 
veins, though Parker (1966) reports trace amounts of MnCOa 
in some prospects. The Fe- and Mn- oxide inclusions occur 
as irregular clusters, or concentrated along cleavage 
surfaces or twin planes in calcite grains. Calcite that
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Figure 9. Massive black calcite sample from northern 
Silver district; note the singly-terminated crystals and 
the quartz-filled centerline vugs.



has been recrystallized after tectonic activity is 
commonly a mottled white or grey, with few solid inclu
sions.

Occurring in close association with calcite in the 
southern half of the district is massive, colorless to 
sea-green or purple subhedral fluorite (Fig. 10).
Fluorite is best developed in the Red Cloud, Geronimo,
Silver King, Princess and Hamburg Mines, diminishing to a 
minor accessory phase north of the Silver King and 
Geronimo. The fluorite-calcite masses in the Red Cloud 
and Geronimo commonly contain knots of galena, and Silver 
King fluorite contains 0.5 - 2.0 mm solid inclusions of 
galena along the growth planes of individual crystals.
Silver King fluorite also contains abundant quantities (4- 
5 X) of Fe- and Mn-oxides as solid inclusions, particular
ly along the growth planes of singly-terminated crystals.

After calcite, the most abundant mineral phase in 
the northern half of the district is massive white bladed 
barite. Barite occurs either as interbands with calcite 
or as large, independent veins with interstitial calcite 
and quartz crystals (Fig. 11). The veins appear as 
fanning clusters grown on earlier quartz or calcite. Most 
barite veins contain large quantities of earthy red 
hematite and subordinate Mn-oxides, but are barren of 
sulfides and significant precious metals values.
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Figure 10. Two samples of fluorite from the Silver King 
Mine; note the well-developed growth zones.
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Figure 11. Sample of barite veining from the West Clip 
prospect, East Side Fault. White bladed barite is flanked 
by selvages of goethite and limonite (brown band), in turn 
bounded by bands of hematite and Mn-oxides and by a 
marginal zone of small barite crystals. Presence of 
cross-cutting lath (right) suggests that development of 
vein margins preceded or was synchronous with massive 
barite growth.
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Quartz is found in association with all three of 

the other major gangue phases, in a variety of forms: 
open-space vug-fillings within earlier calcite or fluor
ite, larger open-space veining with calcite, or as crypto
crystalline colloform overgrowths on pre-exisiting mineral 
phases. Quartz veins contain variable amounts of Fe- and 
Mn-oxides within growth planes or as isolated solid 
inclusions. Distortions in banded open-space quartz 
veining are often good indicators of later tectonic 
activity along fault zones (Fig. 12).

Hematite and manganese oxides are typically con
sidered secondary mineral phases; however, their abundance 
as solid inclusions within black calcite, quartz and 
fluorite strongly suggests that much if not all of the 
hematite and Mn-oxides found in the district were actually 
deposited as primary minerals. This conclusion is further 
reinforced by the occurrence of hematite zones along 
growth planes of fluorite from the Silver King Mine (Fig. 
13). This hematite exhibits no etched or boxwork struc
tures indicative of sulfide oxidation.

Ore
The primary ore-bearing mineral in the Silver 

district is massive galena. Galena occurs either as large
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Figure 12. Open-space quartz veining deformed by fault 
motion, northern Red Cloud Fault.
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Figure 13. Sample of fluorite from the Silver King Mine. 
Developed along fluorite growth zones are (top to bottom): 
galena grains (grey), hematite (red band), and additional 
galena and oxidized copper minerals (blue-green). Field 
of view in photo is 4 cm; individual zones are 1-2 mm 
wide.
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nodules covered by rinds of cerrusite and anglesite in the 
Red Cloud, Geronimo, and Black Rock Mines, or as small 
inclusions within fluorite growth zones at the Silver King 
Mine (Fig. 13).

Silver district galena has been commonly reported 
as argentiferous (Thompson, 1925; Wilson, 1933), although 
assay values of galena have shown widely variable silver 
contents (Wilson, 1933, 1951). Parker (1966) identified 
exsolved inclusions of acanthite in polished sections of 
galena using reflected light and XRD techniques. Copper 
is present as isolated blebs of chalcopyrite coexisting 
with galena; copper concentrations in galena samples are 
as high as 2000 ppm.

No primary zinc sulfide phases exist anywhere 
within the Silver District, save for trace quantities in 
the extreme south at the Riho claims (Wilson, 1933). 
Willemite (ZnzSiO*) was identified as a secondary oxida
tion mineral in the Red Cloud Mine by Wilson (1933); this 
identification was verified by XRD in the course of this 
study. Given this presence of secondary zinc mineraliza
tion in the district, it seems reasonable to assume that 
sphalerite was a sulfide phase at the time of initial 
deposition, and was later completely oxidized during 
supergene alteration of the veins. Zinc mineralization is 
ubiquitous in the south and west of the district, but
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diminishes greatly to the north and east, as reported by 
Wilson (1933, 1951). This distribution is confirmed by 
base-metal analyses and Pb/Zn ratios from selected vein 
samples (Table I) which show a pattern of decreasing zinc 
content relative to lead northeast from the Red Cloud Mine 
to the East Side Fault.

Primary Cu-containing phases are virtually 
nonexsitent. Trace amounts of chrysocolla and malachite 
are visible in dump material at the Red Cloud Mine, and 
rarer secondary minerals such as celadonite (PbsCuz(COa)- 
(SO*)a(OH)e) and linarite (PbCu(S04)(OH)z) have been 
reported in the Red Cloud workings (Grant, 1986).
Fluorite from the Silver King Mine contains small in
clusions of chrysocolla and malachite within the same 
growth zones as galena and hematite.

Precious metal mineralization is largely restric
ted to silver; fewer than 2,000 ounces of gold were 
recovered during the production history of the district, 
almost entirely from placer workings (Wilson, 1933; Keith, 
1978). In a selective survey of 24 samples from the 
principal veins in the district, (Table II), values for 
Ag/Au range from 122:1 to over 80,000:1.



36

Table I. Base-metal Geochemical Vein Analyses, Silver District

Fault Stage Sample No. Location Mineralization Cu(ppm) Pb(ppm) Zn(ppm) Pb/Zn

Red Cloud I RC - 1 Red Cloud Mine massive fluorite 58.0 >4000 4000 1I RC - 3 If If ft massive calcite 41.0 >4000 >4000 1I RC - Ga 11 If ft oxidized galena 2000.0 >4000 480.0 >8.3I SD - SG - 2 Geronimo Mine massive fluorite 24.0 >4000 >4000
I G — 6 It ft massive calcite 14.0 >4000 >4000
I-II G - 8 If ft cc + qtz + bar 16.0 3800 1400 2.7
II G - 5 ft ft cc + qtz 3.5 >4000 1200 >3.3
II HS - 1 Hardscrabble cc + qtz 26.0 1400 570 2.5

McNeal-Padre
Kino I SD - BR -13 Black Rock Mine massive cc + f1 36.0 >4000 >4000 ~1

I BR - 8 If II II quartz vein 87.0 >4000 >4000 "1
I BR - 9 Pacific Mine massive cc + qtz 45.0 >4000 >4000 ~1
I-II PK - 1 Padre Kino Mine cc + qtz + bar 25.0 1800 4000 0.4E
I-II PK -  3 II II II massive calcite 6.5 140 2000 0.0*3
II PK - 4 II II II quartz vein 21.0 280 180 1. 5
II RCW - 2 Red Cloud Wash cc + qtz. 44.0 64 26 2.5

East Side I SPH - 6 Silver King f1 x-cut by bar 43.0 >4000 31.0 >129
I SPH - 10 Hamburg cc +  qtz 68.0 680 130 5.2
II SD - SR - 8 South Revelation cc +  qtz + bar 14.0 12.0 10.0 1.2
II SD - R - 9 Revelation cc +  qtz +  bar 18.0 >4000 160.0 >25
II M - 1 Mendevil cc +  bar 5.0 1400 12.0 117
II A -  1 Amelia cc +  qtz 20.0 440 89.0 5
II C -  2 Clip massive calcite 79.0 130.0 20.0 6 • 5
II C -  3 II cc + qtz +  bar 75.0 1500 46.0 32.6
III SD -  M - 7 Mendevil bar +  cc 7.0 470.0 26.0 17.6
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Table II. Precious—metal Geochemical Vein Analyses, Silver District
Fault Zone Stage Sample No. Location Mineralization Ag(ppm) Au(ppb) Ag/Au

Red Cloud I RC - 1 Red Cloud Mine massive fluorite 32.0 88 364I RC - 3 If If II massive calcite 30.0 23 1.3 X 103I RC - Ga II II If oxidized galena >80.0 270 >300I SD - SG - 2 Geronimo Mine massive fluorite 29.0 44 659I G - 6 II It massive calcite >80.0 <3 >2.6 X 10«I-II G - 8 II If cc + qtz + bar 53.0 3 1.8 X 10<II G — 5 It If cc + qtZ >80.0 1 >8.0 X IQ4
McNeal-Padre

II HS - 1 Hardscrabble cc + qtz >80.0 6 >1.3 X 104
Kino I SD - BR - 13 Black Rock massive cc + f1 >80.0 13 >6.0 X 103I BR - 8 II II quartz vein 42.0 14 3.0 X 103I BR - 9 Pacific Mine cc + qtz >80.0 39 >2.0 X 103I-II PK - 1 Padre Kino cc + qtz + bar >80.0 12 >6.7 X 103I-II PK - 3 II II massive calcite 3.0 <4 >750II PK -  4 If II quartz vein >80.0 <2 >4.0 X 104II RCW - 2 Red Cloud Wash cc + qtz 3.0 <3 >1.0 X 103

East Side I SPH - 6 Silver King f1 x-cut by bar 4.0 10 400I SPH - 10 Hamburg cc + qtz 5.0 41 122II SD - SR - 8 South Revelation cc +  qtz 3.0 <3 >1.0 X 103II SD - R -  9 Revelation cc +  qtz +  bar >80.0 3 >2.6 X 104II M -  1 Mendevil cc +  qtz +  bar 21.0 <4 >5.0 X 103II A -  1 Amelia CC +  qtZ 15,0 <4 >3.7 X 103II C -  2 Clip massive calcite >80.0 <3 >2.7 X lO4II C -  3 II cc +  bar >80.0 <2 >4.0 X 104III SD -  M -  7 Mendevil bar +  cc >80.0 5 >1.6 X 104



CHAPTER V

ALTERATION

Alteration in the Silver district is restricted to 
the immediate vicinity of the larger veins. The most 
obvious alteration feature of the district is silicification 
of the host rock adjacent to the veins. This silicification 
extends from 0.5 to 2.0 m from major veins, forming promi
nent outcrops in weathered surface exposures (Fig. 14). 
Accompanying this silicification are large quantities of 
earthy red hematite coating fracture surfaces and forming 
selvages around mineralized joints. Hematite stains the 
adjoining hillsides for considerable distances from the vein 
exposures. Extremely weak propylitic alteration represented 
by minor 1-2 mm chlorite-calcite veinlets and chloritized 
volcanic rock matrix is developed to a distance of 10-20 m 
from major veining at the Padre Kino and East Side Faults, 
with much narrower zones (1-10 m) observable in granodiorite 
along the Red Cloud Fault.

Thin-section studies of unsilicified wall-rock 
contacts in the Clip, Red Cloud, and Geronimo areas show
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Figure 14. West-facing view of the entrance to the Red 
Cloud Mine incline. Silicified, manganese—stained vein 
material and host rock form a prominent hill.



that feldspar phenocrysts in the granodiorite and volcanic 
host rocks have been weakly sericitized for 2-5 mm 
outboard from the vein-wall rock contact. This alteration 
is apparent only on the microscopic scale; hand specimens of 
wall rock from the same areas appear unaltered, and vein- 
host contacts are sharply defined. Some of the larger 
feldspar phenocrysts have been carbonatized, with cores of 
secondary calcite visible within otherwise intact plagio- 
clase phenocrysts (Fig. 15). Alteration is sporadically 
developed, with many unaltered K-feldspar phenocrysts 
coexisting with partially replaced feldspar crystals within 
the same thin section. In veining outside of the Clip, Red 
Cloud, and Geronimo mines, sericite alteration is either 
non-existent or obscured by later silicification of the host 
rocks.

An alteration pattern common to many epithermal 
deposits in western Arizona was described by Brooks (1985), 
and consists of large-scale metasomatism of host volcanic 
and other igneous rocks throughout a district. This 
metasomatism, measured in terms of KaO/NazO ratios, shows 
typical district-wide values ranging from 25:1 to over 40:1. 
Since the Silver district is similar to many of these 
districts, some 15 representative samples were analyzed by 
X-Ray Assay Laboratories using whole-rock XRF techniques,
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Figure 15. Photomicrograph under crossed polars of host 
rock 5 mm from vein-wall contact, Clip Mine. Large grain of 
secondary calcite replacing core of plagioclase grain (It. 
grey background). Magnification 400X .
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and KzO/NazO ratios were calculated for each (Table ,III).
The values obtained in this study show no evidence for 
district-wide K-metasomatism in the district. Only two of 
the samples analyzed possessed elevated KzO/NaaO values, 
from rocks sampled within 3 m of major vein exposures. The 
remainder of the samples have KzO/NazO ratios between 3.75 
and 0.55, with a mean value of 1.31. These ratios are 
incompatible with a history of major district-wide influxes 
or remobilization of K+ in the mineralization history of the
Silver district.
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Table III. Whole-rock Geochemical Analyses, Silver District
(all lvalues in wt%) (ppm)

Sample I<o. Location Rock Type SiOz A I 2 O3 NazO! KzO KzO/NazO Ba

Rx - LP i Yuma Wash qtz-musc-K-spar 7 2 . 6 1 1 . 9
f

3 . 4 6 2 . 3 5 0 . 6 8 750
(S of Dist.) schist sRx - IP — 2 ft ft qtz gash vein 9 6 . 9 0 . 7 9 0 . 0 8 0 . 3 0 — 180

Rx - LP - 3 Black Rock qtz-musc schist 6 2 . 6 1 5 . 2 0 . 8 9| 3 . 3 4 3 . 7 5 900

Rx - UP - 4 Geronimo migmatite 6 0 . 8 1 8 . 3 5 . 7 7 5 . 0 4 0 . 8 7 2620

Rx - UP - 5 tt bedded tuff 7 1 . 2 1 2 . 2 0 . 4 1
1

8 . 5 5 2 0 . 8 # 1520

Rx - UP - 6 West Clip rhyodacite 6 1 . 0 1 5 . 8
!

3 . 5 0 4 . 9 1 1 . 4 0 1030

Rx - UP - 7 Revelation migmatite 6 8 . 0 1 4 . 6
f

3 . 1 2! 4 . 8 1 1 . 5 0 1320

Rx - UP - 8 Red Cloud ash-flow tuff 6 2 . 1 1 5 . 6 2 . 5 6 3 . 2 8 1 . 3 0 450

Rx - UP - 9 ft it rhyodacite 6 3 . 1 1 5 . 3 3 . 5 1i 4 . 2 3 1 . 2 0 990

Rx - UP - 10 Papago granodiorite 7 0 . 5 1 4 . 6
i

3 . 6 2 3 . 6 9 1 . 0 2 1090

Rx - UP - 11 Hamburg it 6 6 . 3 1 3 . 4 2 . 8 4j 3 . 2 5 1 . 1 4 2210

Rx - UP - 12 Padre Kino migmatite 5 5 . 7 1 8 . 4 3 . 4 6! 1 . 9 0 0 . 5 5 630

Rx - UP - 13 Mendevi1 rhyo. breccia 6 6 . 6 9 . 7 6
1

1 . 6 1i 3 . 9 3 2 . 4 4 690

Rx - UP - 14 Silver King it it 6 8 . 6 1 1 . 2
1

0 . 2 3 8 . 5 6 3 7 . 2 # 5380

Rx - UP - 15 Black Rock granodiorite 6 7 . 9 1 5 . 1 3 . 1 6 3 . 7 8 1.2* 1320

♦Sample taken within 3 m of vein-wall contact



CHAPTER VI

PARAGENETIC SEQUENCE AND AGE OF MINERALIZATION

Vein mineralization from mines and prospects 
across the district was examined in outcrop, hand speci
men, thin- and polished sections to determine the paragen- 
esis of coexisting gangue and ore minerals in all three 
major vein systems. The observations obtained from this 
study were integrated with information from fluid in
clusions within the major gangue phases, described later, 
with the ultimate aim of reconstructing the physicochem
ical conditions of ore formation.

Paragenetic Sequence
E.D. Wilson (1933) was the first to propose a 

general paragenetic sequence for Silver district mineral
ization. His tentative order of mineralization was 
quartz-fluorite-quartz-calcite-barite-calcite. This 
succession is still relevant to the more complex paragen
etic sequence determined in this study (Fig. 16). The 
mineralization has been subdivided into three major stages 
defined by both temporal (i.e. cross-cutting phases) and
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Figure 16. Paragenetic sequence of Silver district 
mineralization; line thicknesses represent relative abundances for each phase.



spatial (district-wide distribution) mineral relationships 
(Fig. 17).

Stage I -
The earliest mineralization in the district con

sists of massive colorless to sea-green fluorite inter- 
grown with massive black calcite, with accessory quartz, 
primary hematite and Mn-oxides (Fig. 18). This stage 
contains most of the lead and zinc mineralization in the 
district, as evidenced by the galena nodules and willemite 
in the Red Cloud Mine and the galena-hematite zones in 
Silver King fluorite. The Stage I assemblage is also 
marked by high Ag-values (Tables I and II).

Stage I mineralization is best-developed in the 
Red Cloud and McNeal Faults, and in the vicinity of the 
Silver King, Princess, and Hamburg Mines. The Black Rock 
Mine does not exhibit massive fluorite veining, but thin- 
section studies of the mineralization reveal abundant 
fluorite intergrown with black and grey calcite. The 
fluorite-calcite is often overgrown by later open-space 
quartz veinlets and vug-fillings, and in the area of the 
Silver King and Red Cloud mines is succeeded by minor 
late-stage barite.
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Figure 18. Knot of Stage I mineralization exposed in adit 
of South Geronimo Mine. Colorless to pale green fluorite 
intergrown with brown to black manganiferous calcite.
Pale yellow minerals coating surface are secondary 
wulfenite and Fe-oxides.
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Stage II -

The dominant mineral in this stage is black 
calcite, intergrown with comb quartz. These two gangue 
phases often form alternating rhythmic bands 1-6 cm wide 
within veins (Fig. 19). Fluorite diminishes to <5 volX of 
vein miner- alization and occurs as small isolated 
crystals or veinlets overgrown and cross-cut by calcite 
and late quartz mineralization. Cryptocrystalline silica 
appears as a late Stage II phase forming colloform 
overgrowths over all pre-ceding phases. Barite intergrown 
with black calcite and quartz forms the latest Stage II 
assemblage, and is transitional to Stage III. Stage II 
mineralization is best observed in the northern end of the 
Red Cloud Fault, where it cross-cuts the earlier Stage I 
mineralization (Fig. 20), the southern Padre Kino Fault 
and at the Princess and Hamburg mines. Lead mineraliza
tion is still significant in this stage, although galena 
is infrequently found in thin section; zinc minerali
zation, however, is minimal. Stage II vein samples show 
much larger Pb/Zn ratios than Stage I minerals (Table II). 
Silver values remain high (>80 ppm) as determined by vein 
assays (Table II). Silver appears to be associated with 
manganese oxides, as silver assays are high in samples of 
black calcite mineralization in which no galena or primary



Figure 19. Interbanded black calcite-quartz vein, 
northern Red Cloud Fault.
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Figure 20. Stage II calcite-quartz veinlet cutting 
Stage I calcite-fluorite vein, South Geronimo Mine. 
II veinlet is approximately 20 cm wide.

across
Stage



51
silver minerals were found in polished section. Silver
bearing manganese oxide species are also common in other 
black calcite-bearing districts in the Southwest (Hewitt 
and Radtke, 1967; Cousins, 1972; Wilson, 1984).

Stage III -
This stage is composed almost completely of 

massive white bladed barite forming large independent 
veins in the hanging walls of the East Side, Padre Kino 
and northern Red Cloud Faults. Stage III mineralization 
in thin section consists of a "lattice" network of barite 
laths and interstitial quartz grains, with isolated 
crystals of calcite and fluorite also present. The barite 
cross-cuts Stage II black calcite in the East Side Fault 
(Fig. 21), and brecciated clasts of calcite are often 
found surrounded by massive barite (Fig. 22). Barite is 
usually associated with abundant earthy red hematite but 
few manganese oxide minerals. Primary lead mineralization 
is non-existent, although cerrusite is visible in thin 
section as 1-2 mm acicular sprays in vugs. Stage III 
mineralization is best-developed in the East Side and 
northern Padre Kino Faults, and is not present in the Red 
Cloud Fault.

Late secondary fine-grained and microcrystalline 
quartz cross-cuts all stages of mineralization in the
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Figure 21. Stage II massive black calcite brecciated and 
infiltrated by Stage III barite, Revelation prospect. East 
Side Fault.



Figure 22. Remnant clasts of Stage II calcite surrounded 
by Stage III barite, Clip Mine, East Side Fault.



district. The quartz veinlets commonly possess hematite 
and manganese oxide selvages, probably representing solid 
inclusions left as residues from earlier black calcite and 
fluorite.

Age of Mineralization
The age of Silver District mineralization cannot 

be determined directly owing to the absence of datable 
vein minerals such as adularia and to a lack of correl
ative datable rocks (i.e. dikes or sills). Vein formation 
must have taken place subsequent to the formation of the 
25-m.y. host volcanics and concurrent with or subsequent 
to normal faulting of the volcanics, metamorphics, and 
granodiorite. A lower limit can be placed on mineraliza
tion by the fact that the normal faulting within and 
around the district does not displace a series of 13 m.y. 
basalts and andesites to the east of the district (Garner 
et al., 1982). Mineralization thus must be between 24 and 
13 m.y. old, a time span of igneous activity and mineral 
deposition similar to that of nearby districts in southern 
Arizona (Reynolds, 1980).
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Summary
The observed paragenetic sequence in the Silver 

district exhibits a general trend from fluorite—calcite 
mineralization through calcite-quartz to barite-dominated
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veining. This succession is quite similar to that 
reported at the Reymert mine (Wilson, 1984) and other 
black calcite-containing districts, suggesting that this 
particular paragenesis is common for these deposits.

The distribution of gangue phases throughout the 
district (Fig. 17) indicates that mineralization in the 
south and west is largely Stage I, with minor Stage II 
mineralization appearing in the northern Red Cloud Fault. 
Mineralization in the north by contrast is predominantly 
Stage II calcite-quartz cross-cut by Stage III barite 
veining. This distribution of mineralization may be an 
artifact of differing levels of exposure of the system, as 
the average elevation of the northern district is some 100 
m greater than the south. This possibility is further 
reinforced by the location of the Clip mine, a major 
silver and lead producer and one of the deepest workings 
in the district, in the northernmost section of the East 
Side Fault. This suggests that Stage I mineralization may 
exist at depth beneath the East Side Fault.

The lack of significant gaps in the paragenetic 
sequence and the smooth transitions between stages suggest 
that mineralization was continuous throughout the hydro- 
thermal history of the district. Textural evidence in the 
veins, particularly the brecciation and recementation of 
mineral phases and the development of slickenside surfaces
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within major veins indicates that mineralization proceeded 
and succeeded fault movements, and was probably formed 
synchronous with or immediately subsequent to major 
tectonic activity.



CHAPTER VII

SURVEY OF FLUID INCLUSION DATA

A survey of fluid inclusion populations in the 
major gangue phases was undertaken to model temperature and 
composition of the ore-forming fluid. A total of 40 doubly- 
polished thin sections, representing the gangue mineralogies 
of all three major fault zones, were examined. Almost 900 
homogenization temperatures and 421 freezing point depres
sion values were measured using a USGS/SGE, Inc. gas-flow 
heating-freezing stage. The accuracy of measurements on 
this design is + 2.0° C in heating to 700*C and + 0.5* C on 
cooling with chilled nitrogen gas to -110.0°C. The stage 
was calibrated through measurement of the critical tempera
tures and freezing points of pure Hz0 and COz-HzO fluid 
inclusions in synthetic quartz obtained from Penn State 
University (Sterner and Bodnar, 1984), and of distilled 
water samples in capillary tubes. Resultant temperature 
values were plotted in terms of indicated temperature versus 
deviation of measured from ideal temperatures to construct a 
calibration curve over the temperature range of interest.
In addition, some 80 inclusions were crushed under immersion
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media to evaluate possible volatile content. The immense 
number of secondary and pseudosecondary inclusions within 
all gangue phases made measuring large inclusion populations 
desirable to ensure minimal intrasample temperature varia
tions and to establish statistically valid population 
samplings.

Description of Inclusions 
The fluid inclusions observed in polished section 

were all two-phase liquid+vapor, with the vapor bubble 
generally composing 5-20% of inclusion volume. Two small 
populations of variable-ratio (40-90 vol% vapor) inclusions 
were found in quartz, but it was determined that the phase- 
ratio variations were probably due to post-depositional 
necking of primary inclusions. No evidence of daughter 
salts or any other solid phases was observed in the 
inclusions. Many of the inclusions seen in polished section 
were obviously secondary, following well-defined fractures 
within a crystal, cutting across grain boundaries or de
fining planar arrays within a grain. Primary inclusions 
were difficult to identify; those chosen for study were 
large (10-30 microns) isolated inclusions outside obvious 
fractures or cleavage surfaces. In certain samples of 
fluorite, the inclusions clearly defined growth zones of an



individual crystal; these zones were measured and compared 
against values for the isolated inclusions.

Generally, fluid inclusion populations within 
fluorite and calcite showed very small variations of 
temperature and composition within a given sample popula
tion, and were broadly consistent between samples.
Inclusions in quartz samples showed far more variable 
temperature and composition values, suggesting that large 
numbers of secondary inclusions were inadvertently measured. 
Owing to the tendency of barite to stretch and otherwise 
deform under extremes of temperature, no measurements were 
made on inclusions in barite, although some values were 
obtained from quartz and calcite intergrown with barite.

Homogenization Temperatures 
Fluorite and calcite fluid inclusions from all three 

major fault systems show remarkable similarities of distri
bution for homogenization temperature values. Within each 
fault zone, the population distributions of inclusions are 
marked by recurrent fluorite temperatures and a distinct 
bimodal distribution of calcite temperatures.

Fluorite
A total of 206 homogenization temperatures were
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recorded from fluorite fluid inclusions taken from the Red 
Cloud, Geronimo, Silver King,and Princess mines (Fig. 23).
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Figure 23. Population histogram for 207 homoenization 
temperature measurements from Silver district fluorite fluid inclusions.
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The temperature values define a normal distribution, with a 
mode coinciding with the mean value of 153.5°C; the small 
peak at 164-168°C represents a small population of higher- 
temperature inclusions taken from a single growth zone in 
the Silver King Mine. This well-defined unimodal distribu
tion is consistent with textural and distributional evidence 
that massive fluorite throughout the district represents a 
single stage of mineralization.

Calcite
A total of 535 homogenization temperatures was 

obtained from inclusions in Stage I and Stage II calcite 
from the three major fault zones. The measurements obtained 
from each fault zone were independently plotted on frequency 
histograms, and are discussed below.

East Side Fault. The distribution of homogenization 
measurements for 345 calcite inclusions from the East Side 
Fault demonstrates a pronounced bimodality (Fig. 24), with a 
large low-temperature (136°- 140°C) mode representing values 
obtained from the Clip, Amelia, Revelation, and Mendevil 
areas, and a smaller higher-temperature (164°- 168°C) mode 
indicative of Stage I calcite associated with fluorite at 
the Silver King, Princess, and Hamburg deposits. This 
distribution of temperatures remains consistent for both
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n=345

Figure 24. Population histogram for 345 homogenization 
temperatures from East Side Fault calcite fluid inclusions.
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single inclusions and those formed in growth zones in single 
calcite grains.

Padre Kino - Mcneal Faults. Calcite homgenization 
measurements for 124 inclusions from this system show a 
distribution quite similar to that of the East Side Fault 
(Fig. 25), with a low-temperature peak at 136°- 140* C from 
inclusions at the Padre Kino Mine and higher-temperature 
values (168*- 172* C) representing data taken from Black Rock 
Stage T calcite. The low-temperature "tail" of the distri
bution and the small mode at 116*- 120®C may represent Padre 
Kino calcite deposited during Stage III mineralization, 
although the low values might also have resulted from 
tectonic deformation of the vein.

Red Cloud Fault. The 127 inclusions sampled in this 
system retain the same bimodal pattern observed in the other 
fault zones (Fig. 26). The low-temperature peak represents 
Stage II samples from the Geronimo and Hardscrabble pros
pects at the northern end of the Red Cloud Fault, while the 
high-temperature data are taken from Stage I material at the 
Red Cloud and Geronimo mines. The value of the high- 
temperature peak (152*- 156*C) is lower than for the 
equivalent modes in the East Side and McNeal-Padre Kino 
systems, but the low-temperature peak (136*- 140*C) corres
ponds exactly to that of the other two faults. The presence 
of low- and high-temperature samples in the Geronimo area is
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Figure 25. Population histogram for 124 homgenization 
temperatures obtained from Padre Kino - McNeal Fault calcite fluid inclusions.

n =127

Figure 26. Population histogram of 127 homogenization
temperatures from Red Cloud Fault calcite fluid inclusions.
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further evidence that it possesses both Stage I and Stage II 
veining.

Quartz
Much of the quartz in the Silver District is late- 

stage in the form of microcrystalline to cryptocrystaline 
over-growths on earlier minerals, making fluid inclusion 
observations extremely difficult. In the Padre Kino Fault, 
small colloform quartz veinlets 2-5 cm wide coexist with 
Stage II calcite, and these veinlets were found to have 
observable inclusions. The resultant distribution of 85 
homogenization values (Fig. 27) shows no apparent pattern, 
normal or otherwise, though most values still fall between 
140*C and 168*C. One possible reason for this random 
distribution of values is the association of many of the 
quartz inclusions with unseen microfractures within the 
individual grains, resulting in multiple indistiguishable 
generations of quartz inclusions within the same grain. It 
is also likely that some of the quartz samples may actually 
represent late-stage or secondary mineralization superim
posed upon the original gangue mineralogy.

Freezing Point Depression Measurements 
Inclusions from all three fault systems were super

cooled with chilled nitrogen gas, and the freezing-point 
depressions (Tm) measured. In this study, Ta is defined as
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n *85

Figure 27. Population histogram of 85 homogenization 
temperature measurements from Padre Kino - McNeal Fault 
quartz fluid inclusions.
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the temperature at which the last ice remaining in the 
inclusion melts (Roedder, 1972, 1984). The measured Tm 
values were then converted into estimates of fluid salinity 
using the NaCl-HaO system equation of Potter, Clynne and 
Brown (1978). Sequential freezing of inclusions (cyclic 
recooling of the same inclusion to examine successive ice 
phases) was also attempted in order to distinguish a 
possible hydrohalite phase, using the technique outlined in 
Haynes (1985); the results were negative. Inclusions 
generally froze upon supercooling to between -45*and -60*C, 
indicative of a substantial saline component.

Fluorite
Ninety-four freezing-point depressions for fluorite 

were plotted on a single histogram (Fig. 28). Almost all 
values for fluorite inclusions fall between -12.0*and 
-14.5*0, corresponding to a salinity range of 16.0 - 18.4 
wt% NaCle q.

Calcite
East Side Fault. Most of the 139 freezing-point 

depression values for this system plot between -11.0*and 
-14.5*C, corresponding to salinities of 15.0 to 18.4 wt.% 
NaCle q (Fig. 29).

McNeal - Padre Kino Faults. The 92 freezing-point 
depressions in this system were even more tightly distribu-
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Figure 28. Population distribution of freezing-pt. depres
sion measurements for Silver district fluorite fluid 
inclusions.

Figure 29. Population distribution of freezing-pt. depres
sion measurements for East Side Fault calcite fluid in
clusions.
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ted than for the East Side Fault, falling between -11.5*and 
-13.5*C (15.5 -17.5 wtX NaCleq)(Fig. 30).

Red Cloud Fault. This system exhibits a rough 
bimodal distribution of its 96 freezing-point depression 
values (Fig. 31). One mode appears at -11.5*- -12.0*C
(15.5 - 16.0 wtX NaCleq), the other at -13.5*-- 14.0*C
(17.5 - 17.9 wtX NaCleq). All freezing-point measurements 
lie well within the salinity limits defined by the other 
fault systems.

Quartz
An attempt was made to determine freezing tempera

tures for quartz inclusions within the Padre Kino veinlets 
used in the homogenization temperature studies. Due to the 
extremely small size and poor observation qualities of the 
inclusions, however, no usable freezing temperatures could 
be obtained.

Summary
The freezing-point depressions of the fluid 

inclusion populations studied indicate that salinities of 
the solutions that traversed all three fault systems were 
moderate (15 - 18.5 wtXNaCleq), and remained consistent 
throughout the history of the hydrothermal system. No 
evidence of differing fluid compositions was seen in any of 
the inclusion measurements.
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Figure 30. Population distribution of freezing-pt. depres
sion measurements for Padre Kino - McNeal Fault calcite 
fluid inclusions

n =96

Figure 31. Population distribution of freezing-pt. depres
sion measurements for Red Cloud Fault calcite fluidinclusions.
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Crushing of Inclusions

A crucial factor in calculating true fluid salin
ities from freezing-point depressions of inclusion popula
tions is the possible presence of dissolved volatile 
species, such as CO2 , in the trapped fluids. Collins (1979) 
demonstrated the effect of moderate quantities of dissolved 
CO2 in artificially lowering the freezing-point depressions 
of fluid inclusions through trapping water molecules in CO2 - 
hydrate clathrate lattices. Hedenquist and Henley (1985) 
have determined that CO2 contents below clathrate-forming 
levels (10.4 bars, or 7-9 wt%) can act as a simple dissovled 
electrolyte species, significantly depressing the melting 
point of ice.

The standard method for qualitatively determining 
the presence or absence of dissolved volatiles within fluid 
inclusion vapor phases is by crushing inclusions immersed in 
an appropriate medium for the volatile in question (Roedder, 
1972, 1984). Accordingly, 80 inclusions from 13 doubly- 
polished vein samples were crushed to determine the possible 
presence of volatile species in the vapor phase. The 
immersion media used were glycerin (CO2 -insoluble) and 
kerosene, which is an excellent solvent for CH* (Hollister 
and Crawford, 1981; Roedder, 1972, 1984). If the inclusion 
contains any substantial amount of trapped CO2 or CH« under 
pressure, the vapor bubble should undergo a sudden expansion
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proportional to the partial pressure of the volatile in 
question. In the case of COz, the expansion would then be 
followed by a slow growth of the vapor phase to fill the 
entire inclusion, after which the vapor would dissolve into 
the liquid. For CH4 , the extreme solubility of methane in 
kerosene means that the expansion and subsequent dissolution 
would occur almost instantaneously, in some cases register
ing only as a "flash” and subsequent retinal afterimage 
(Roedder, 1972).

The crushing experiments indicated that the content 
of dissolved volatiles in fluid inclusions is negligible.
The greatest vapor bubble expansion observed under gylcerin 
was on the order of 1.5 diameters, which translates to a CO2
partial pressure of 5-6 bars or 0.2 mole% (Bodnar, Reynolds

\

and Kuehn, 1986). No vapor bubble expansion was observed 
under kerosene. The greatest possible effect that this 
concentration of CO2 could exercise on salinity values, 
using the calculations outlined in Hedenquist and Henley 
(1985), would be on the order of 0.4 wtXNaCleq. This value, 
which would be of considerable importance if the fluid was 
of very low salinity, is insignificant compared to the 
salinities measured in the Silver district fluids. Freez- 
ing-point depressions in Silver district inclusions, there
fore, were taken as indicative of the actual fluid salin
ties , and no CO2 correction factor was employed.



CHAPTER VIII

INTERPRETATION OF FLUID INCLUSION DATA

Fluid inclusion temperatures and salinities as 
determined from heating and freezing studies were used to 
establish fluid charateristics and minimum depth of forma
tion for the Silver district system. The principal tech
niques used in these determinations included temperature- 
salinity plots of inclusion data, attempted measurement of 
eutectic temperatures by determination of "first melt" 
temperatures of frozen fluid inclusions and geobarometric 
estimation from fluid inclusion homogenization temperatures.

Temperature-Salinity Plots 
Plots of homogenization temperatures versus freez

ing-point depressions for fluid inclusion populations have 
proven to be effective tools in studying the evolution and 
dominant processes of geothermal and "fossil" hydrothermal 
systems (Henley, Truesdell and Barton, 1984; Hedenquist and 
Henley, 1985). Homogenization temperatures were plotted 
against salinities for the fluid inclusion populations in 
each of the major fault zones (Figs. 32-35) to examine 
possible fluid evolutionary trends and systematica in the
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ore-forming system. The fluid inclusion data sets were then 
run through a linear-regression routine to determine the 
degree of temperature-salinity correlation in each popula
tion of inclusion values.

Fluorite
Fluorite fluid inclusion data from all three fault 

zones define a closely-grouped population within a narrow 
temperature-salinity range (Fig. 32). Regression techniques 
give a correlation coefficient of 5.5X10-2. This grouping 
further supports the observation that all massive fluorite 
represents the same stage (Stage I) of mineralization, and 
that significant changes in fluid parameters did not occur 
during fluorite deposition.

Calcite
Padre Kino - McNeal Faults. The distribution of 

fluid inclusion temperature-salinity data from this fault 
zone (Fig. 33) indicates that salinity values remained 
consistent at between 15.5 and 17.5 wt% NaCleq throughout 
the range of homogenization temperatures. This finding is 
reflected by the correlation coefficient value (6.6X10"4).
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Figure 32. Temperature-salinity distribution of fluid 
inclusion data from Silver district fluorite.
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Figure 33. Temperature-salinity distribution of fluid 
inclusion data from Padre Kino - McNeal Fault calcite.
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East Side Fault. Fluid inclusion measurements for 

this fault (Fig. 34) show a much larger spread of salinity 
values over the range of homogenization temperatures than do 
the Padre Kino-McNeal data, but the salinity values are 
still constrained within a fairly narrow range (15.0 to 18.0 
wt% NaCleq), as evidenced by the correlation coefficient 
(1.3X10-4).

Red Cloud Fault. The trend of fluid inclusion 
temperature-salinity values in this fault (Fig. 35) differs 
substantially from those in either of the other fault zones. 
Salinities occur over a much greater range (14.0 to 21.0 wt% 
NaCle q) over a narrower temperature spread (130*— 160*C) 
than in the Padre Kino-McNeal or East Side faults. Most 
inclusion data tend to occur in the same range (15.0 - 17.0 
wt% NaCleq, 135*- 160*C) as that observed for fluorite 
inclusions. The correlation coefficient (3.6X10-3) shows no 
significant change in temperature-salinity relationships 
from the East Side or Padre Kino - McNeal data sets.

Summary
Fluid inclusion data from fluorite and calcite from 

all three fault zones tend to show consistent salinities 
independent of homogenization temperature values as reflect
ed by the results of linear-regression analysis. The trend 
represented by inclusion data from the Padre Kino-McNeal



Sa
li
ni
ty
 (w

t %
 )

78

-15 -19

- 13-17
. • * % • 

# * •

-9 13 &

....  1 i J .....I..... * 1. ' ' I ...1 ' I100 120 140 160 ISO 200Thrc)

Figure 34. Temperature-salinity distribution of fluid 
inclusion data from East Side Fault calcite.
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Figure 35. Temperature-salinity distribution of fluid 
inclusion data from Red Cloud Fault calcite.
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Fault resembles that produced by boiling of a hydrothermal 
solution low in volatile content (Hedenquist and Henley,
1985), but a boiling hypothesis is unsupported by primary 
vapor-rich inclusion populations or by data from the Red 
Cloud and East Side faults. The Red Cloud fluid inclusion 
data forms a trend suggestive of partial dilution of a high- 
salinity fluid, while the spread of East Side Fault fluid 
inclusion salinity values is also atypical of a boiling 
process (Hedenquist and Henley, 1985). In general, Silver 
district fluids show no distinct evolutionary trend of 
increasing or decreasing salinity with decreasing tempera
ture and no evidence of primary or retrograde boiling.

Eutectic Temperatures
The composition of a multiple-salt solution can 

often be determined by observing the temperature at which 
the ice within a frozen fluid inclusion first melts. This 
melting temperature represents the eutectic temperature of 
the solution, thus allowing for a precise meaurement of the 
percentages of the various dissolved salts in the solution 
(Hollister and Crawford, 1981). Unfortunately, difficulties 
in measuring the exact temperature of first melting in 
Silver district inclusions rendered it impossible to obtain 
an exact composition of the inclusion fluid; however, first 
melts could be bracketed in a temperature range between
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-38.0° and -42.0*C. The eutectic temperature of a pure NaCl- 
H2 O solution is -20.8*C (Hollister and Crawford, 1981), 
while only CaCla-bearing solutions have eutectic tempera
tures below -35.0®C (Crawford, Kraus, and Hollister, 1979). 
This suggests that the inclusion fluids contain significant 
amounts of CaClz and other salt components, most likely KC1 
and MgClz (Roedder, 1972). The negative results of the 
sequential freezing runs precluded a more precise determin
ation of the percentages of CaCla or of other salts in 
solution.

Geobarometry
If a population of 2-phase liquid+vapor fluid 

inclusions with consistent phase ratios all possess the same 
general composition and homogenization temperatures, it is 
generally assumed that the inclusions resulted from trapping 
of a single homogenous fluid. Since there are no primary 
vapor-rich inclusions or other evidence for boiling, 
hydrostatic pressure probably exceeded the vapor pressure of 
the solution. Inclusions of this nature can only provide a 
minimum pressure estimate for mineral deposition (Roedder 
and Bodnar, 1980).

In the case of Silver district fluid inclusions, the 
maximum measured salinity (~20 wtX NaCleq) and homogeniza
tion temperature (~200*C) allow a minimum hydrostatic
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pressure to be estimated from the data presented by Haas 
(1971). This value (13.2 bars) corresponds to a depth of 
117.9 m. The pressure is assumed to have been predominantly 
hydrostatic as the mineralization is contained within major 
fault zones kept open by periodic tectonic movement.

The exposed lithologies in the district provide a 
rough gauge of total erosion. Throughout most of the 
district, the volcanic strata originally overlying the 
metamorphic and intrusive rocks of the horst blocks has been 
removed; only isolated blocks of volcanic rock have been 
left perched on migmatite (Pietenpol, 1983). This requires 
the erosion of at least 300 m of volcanic cover. Erosion 
was probably much less intense on the topographically lower 
grabens; thus, 300 to 400 m seems a reasonable estimate for 
the original depth of the system. A 20 wt% NaCle q solution 
at 200 C would have a density of 1.024 g/cm3 (Haas, 1971), 
and a 300-m column of this solution would generate a total 
hydrostatic pressure of 30.1 bars, much greater than the 
minimum estimate provided by fluid inclusions. This 
pressure value would tend to preclude boiling as an active 
fluid process at temperatures of 200*C or below, save for

tfluids less than 120 m deep.
If the hydrothermal solution was under sufficient 

hydrostatic pressure to prevent boiling, the measured 
homogenization temperatures must be corrected, based on the
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volumetric properties of the solution at that pressure, to 
obtain the true filling temperature (Roedder, 1979; Roedder 
and Bodnar, 1980). Temperature correction curves for 15 and 
20 wt% NaCleq solutions at pressures to 2000 bars are 
presented by Potter (1977). Extrapolation from this data 
for a pressure of 30 bars results in maximum temperature 
corrections of ~ 10*C for a 15 wt% solution at 150* C and for 
a 20 wt% solution at 200®C. Corrections this small have 
virtually no effect on Silver district fluid inclusion 
temperature distributions; consequently, homogenization 
temperatures are treated as equal to true filling tempera
tures in the remainder of this study.



CHAPTER IX

CHEMICAL ENVIRONMENT OF ORE FORMATION

The mineralogy and alteration of Silver district 
veins together with information gathered from fluid 
inclusions were used to reconstruct chemical parameters of 
the original ore-forming fluids. These parameters (pH, foa, 
fsa) were then used to estimate total dissolved sulfur 
content, principal dissolved sulfur species, and total 
reduced sulfur in solution.

pH
The development of weak sericitic alteration in some 

of the volcanic host rocks surrounding Silver district veins 
allows pH to be determined from the hydrolysis reaction 
between K-feldspar and muscovite (Hemley and Jones, 1964):

l.SKAlSiaOe + H+ = 0.SKAlaSi3Oio(OH)2 + 3Si02 + K*

If the activities of the solid phases are assumed to 
be unity, the equilibrium constant for the above 
reaction simplifies to

Keq = aK+/aH+

84
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A pH-value can thus be estimated by determining the 

equilibrium constant for the hydrolysis reaction at the 
temperature of interest and estimating the concentration of 
K* in solution.

At 150*C, the value of Ke q is 104•7. An estimate 
for mn+ can be obtained through extrapolation of the 
empirical Na/K geothermometer of Fournier (1981). The 
expected bin a /nut ratio of a solution at 150* C is 24.7; thus, 
an 18 wt% (3.75m) NaCle q brine would have a K+ content of 
0.16m, and the resultant value for pH is 5.5. This pH is 
highly approximate, owing to variations in the equilibrium 
constant and the effects of high salinites, as expounded in 
Barton et al. (1977). In addition, the geothermometer
expression is significantly affected by Ca2+-concentrations 
in the hydrothermal solution (Fournier and Truesdell, 1973). 
Accordingly, the pH-value is assumed to have an uncertainty 
of at least + 0.5 units, which places the solution 0.25 to 
1.25 pH-units below neutrality at 150*C (6.25) (Barnes,
1979).

f0 2 . fg 2
Direct measurement of fugacities, particularly that 

of sulfur, using standard mineralogical techniques (Fe- 
content of sphalerite, Ag-content of argentite, etc.) has 
been rendered almost impossible by the intense supergene
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alteration of the veins. The only method available for 
evaluating fugacities is indirect, entailing calculating the 
stability fields for coexisting mineral phases at 150* C and 
establishing the areas of phase conjunction.

The minerals chosen for equilibrium calculations are 
all Stage I phases: calcite, galena, sphalerite, hematite,
and barite. Equilibrium between coexisting phases was 
assumed on the basis of sharply defined mineral boundaries 
and a lack of clear-cut replacement textures in Stage I 
minerals. A series of simple equilibrium reactions was 
formulated for sulfide and iron oxide phases and their 
oxidized or reduced analogs (galena-anglesite, hematite- 
magnetite, sphalerite-zinkosite) and the resultant equi
librium constants found at 150* C using thermodynamic data 
provided by Earner and Scheuerman (1978). The chemical 
standard state for the solution was defined as a Henry’s Law 
solution of unit concentration where f0 n = 1; therefore, aoa 
and as2 can be treated as equal to the corresponding 
fugacity values at the same temperature and pressure 
(Krauskopf, 1967). The resultant stability fields for each 
of the major Stage I phases were plotted in fo2 - fs2 space 
(Figure 36) and maximum and minimum fugacity values deter
mined therein. To obtain the equilibrium boundaries for 
barite and calcite, a value for ac02 is needed. A minimum 
estimate was obtained from the equilibrium reaction between
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calcite, quartz, and wollastonite at 150*C:

CaCOa + SiOz = CaSiOa + CO2

which yielded a minimum log ac02 of -2.6. An attempt was 
also made to determine a maximum log aco2 from the 
pyrolusite-rhodochrosite equilibrium reaction, but the 
values thus obtained were impossibly low (log acoz <-13.0). 
This suggests either that rhodochrosite rather than pyrolus- 
ite was present in the original assemblage, or that true 
equilibrium may not have existed between manganese minerals 
and the rest of,the Stage I assemblage. The minimum log 
aco2 value was therefore used for phase boundary calcula
tions .

The coexistence of primary hematite and galena 
places narrow constraints on foz-values, falling between 
10“45•0 and IQ-*?.*. The calcite-anhydrite and barite— 
witherite boundaries determined through using the calculated 
minimum log aco2 -value define maximum and minimum sulfur 
fugacities of -26.7 to -41.6 respectively (Fig. 36).

aoz - pH Diagram
Once values for pH, fo2 and fs2 were determined, an 

ao2-pH diagram was contracted at 150*C to show the stability 
fields of major dissolved sulfur species, assuming that 
ao2 = fo2 under the same standard state assumption outlined
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Figure 36. Log foz - log fsz diagram at 150 C, showing 
stability fields for principal Stage I minerals. Stippled 
area represents conditions under which primary hematite, 
galena, calcite and barite may stably coexist. The source 
of the acoz-value used is discussed in the text.
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in the preceding section (Fig. 37). The equilibrium boun

daries for certain Fe-sulfide and oxide phases were also 
plotted in this space to further constrain system para
meters, with particular reference to the hematite-pyrite 
phase boundary.

To accurately plot phase boundaries, activity 
coefficients must be found for each of the major species 
involved. The coefficients were calculated through a 
modified Debye-Huckel equation as outlined by Helgeson 
(1969):

gm = - [A(T)z»2I°-s] /[l + am(T)B(T)1°•5] + b(T)

where gm represents the individual activity coefficient, 
A(T) and B(T) are temperature-dependent Debye-Huckel 
coefficients, zm is the ionic charge of the species in 
question, am is the distance of closest ionic approach of 
the species in solution, and I is the true ionic strength 
of the solution. The b(T) term is a deviation function 
representing the degree to which the actual activity 
coefficient departs from Debye-Huckel ideality (Helgeson, 
1969). Helgeson and Kirkham (1974) have tabulated values 
for A, B, and b for temperatures up to 300*C; am-values for 
sulfur species are listed in Truesdell and Jones (1974).
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Figure 37. Log foz - pH diagram at 150®C and total dis
solved sulfur content of 10~2*25m, showing the stability 
fields of the principal dissolved sulfur species and the 
equilibrium phase boundaries of Stage I minerals. The pH- 
values for sericite-K-spar and sericite-kaolinite equi
librium are shown by the thick dashed 1ines. Short dashed 
lines contour appropriate fs2 —values. The stippled region 
denotes conditions of Stage I mineral deposition.
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True ionic strength is defined as

1 = 0.5 21(®i Zi 2 )

where mi and zt are the molality and charge of the ith ion 
in solution (Helgeson, 1969). Ionic strength is also 
approximated by:

I = (l-d)I*

where I* is the total molality of Cl" in solution and d is a 
measure of the degree of dissociation of NaCl. For ease in 
calculation, the d-value for NaCl was taken as repre
sentative of all major electrolytes in solution (Helgeson, 
1969). Extrapolating from Helgeson’s (1969) data, true 
ionic strength was found to be 3.22 m.

After the phase boundaries of the dissolved and 
solid sulfur-bearing species were calculated, fsa-contours 
at varying molalities of total dissolved sulfur were 
plotted, using the techniques outlined in Barnes and 
Kullerud (1961), For a maximum sulfur fugacity of 10~26•7 
bars to be compatible with oxygen fugacities of 10“45 to 10" 
47-4 bars and a pH between 5.0 and 6.0, maximum total 
dissolved sulfur cannot exceed 10~2•25 m. The pyrite- 
hematite phase boundary further constrains the original 
conditions of the Silver district system within a narrow



range of the SO4 -dominant field, as illustrated by the 
stippled area in Figure 36.

If Z S is set at 10~2•25 m, a range for reduced 
sulfur values can be found by the reaction

Hz S + 20z = S042- + 2H+

Reduced sulfur is expressed in terms of Hz S, as it 
is the most stable reduced species in the pH-range of 
interest. The maximum value forSTSr, setting log foz at 
-47.4 bars and pH at 5.0, is 10~5•2m, corresponding to an 
SO4 /  HzS ratio of 890:1.



CHAPTER X

METAL SOLUBILITIES AND DEPOSITIONAL MECHANISMS

Silver, lead, zinc and copper solubilities of Silver 
district fluids were calculated using the fluid chemical 
parameters obtained from fluid inclusion surveys and 
thermodynamic considerations outlined in the preceding 
chapters. Possible mechanisms for transport and depo
sition of the base and precious metals were compared on the 
basis of the calculated fluid characteristics and metal 
solubility criteria.

Solubilities
It has been demonstrated experimentally that in 

solutions between 100®and 300®C and salinities >3.0m NaCle q, 
Ag, Pb, Zn, and Cu are most stably transported as chlorocom- 
plexes (Nriagu and Anderson, 1970; Barnes, 1979; Seward,
1976, 1984; Ruaya and Seward, 1986). For these metals, the 
total cation content of the solution can be expressed as

Me = mMeci + mxe c i2 + mne c ia + . . . . 1)
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Molalities of the chloride species in turn are 

derived through the equation:

where an* is the activity of free cation in solution, Bn 
represents the cumulative formation constant for each 
complex, aci- is the activity of total free chloride, and 
g M e c i -  is the activity coefficient of the chloride species 
in question (Henley et al., 1984). Equilibrium formation 
constants for Ag-, Pb- and Zn-chlorocomplexes are tabulated 
in Seward (1976, 1984) and Ruaya and Seward (1986).
Activity coefficients were found through the expanded Debye- 
Huckel equation detailed in the preceding chapter using data 
provided by Seward (1976, 1984), Ruaya and Seward (1986), 
and Henley et al. (1984). Chloride activity was calculated 
by multiplying true ionic strength by gci-, obtained from 
Liu and Lindsay’s (1972) data. The molality of free cations 
was estimated by means of the reaction

2)

MeS + 2H+ = Me2* + HzS
Kb p = an e • 3H 2 S/an e s • a2 H ♦

m u e =  K b p * a2 H + / i b h z s  • gMe 3)

At 150*C, the dominant silver cation is Ag*, and the
most stable Ag-chlorocomplexes are AgClz" and AgCla2- 
(Seward, 1976); equation 2) therefore, reduces to
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Ag = Ka » c i [ ( B a / g A g c i 2 ) + ( B a • a c i - 2 / g A g c i 3 ) ]  4)

where Kagci is the solubilty product of silver chloride.
From the thermodynamic data of Seward (1976) and Earner and 
Scheuerman (1978), maximum Ag-solubility was estimated at 
5.2 X 10-2m.

Lead and zinc demonstrate similar behavior in 
moderately saline solutions; valency for both cation species 
is +2, and the dominant chloride combinations are MeCl+, 
MeCla, MeCla- and MeCl42- (Seward, 1984; Ruaya and Seward, 
1986). Setting r in equation 2) equal to 4 and using 
thermodyanamic data from the aforementioned sources and from 
Earner and Scheuerman (1978), Pb- and Zn-solubilties were 
determined to be 4.6 X 10~2m and 7.0 X 10~1m respectively.

Copper valency at 150*C is +1 (Crerar and Barnes, 
1976) and the dominant chlorocomplex at all temperatures is 
CuCl (Barnes, 1979). Calculating Cu-solubility is thus 
simply a matter of determining CuCl-content from the data 
provided by Crerar and Barnes (1976) and Rose (1976).
Maximum Cu-solubility was approximately 1.7 X 10~3m.

Mechanisms of Deposition
A representative reaction for deposition of metal 

sulfides from chloride complexes is as follows (Barnes, 
1979):



96

MeClz(aq) + Hz S(aq) = MeS + 2H+ + 2C1- 5)

It is obvious from this expression that the follow
ing processes could all serve to precipitate sulfide ores, 
as summarized by Barnes (1979):

1) pH increase, by boiling or by carbonate and 
feldspar reactions;

2) temperature decrease;
3) decrease in aci-, by dilution with meteoric 

waters or by cation addition;
4) Increase in HzS-content, through sulfate reduc

tion , reaction with organic compounds or mixing with HzS- 
rich solutions.

The effects of each of these processes can be simply 
modeled using procedures outlined by Anderson (1973) and 
Henley et al. (1984). Sulfide deposition due to pH-varia- 
tion was not modeled, as no firm evidence for boiling was 
found in fluid inclusions, and other evidence for pH-change 
is equivocal.

Dilution and Cooling
Chemical changes resulting from cooling either by 

simple conduction or by mixing and dilution with a cold non
saline fluid can be roughly estimated through procedures



described in Henley, Truesdell, and Barton (1984). The 
equilibrium constant for reaction 5) is the following:

Kbp =aMeci2 iaH2 s/aMes-a2ci-*a2H+ 6)

Therefore,

aneciz = Kb p •a 2ci•a2h♦/mH2 S 7)

Values for Ksp are found via equation 3). In purely 
conductive cooling, mei- and mH2 s can be assumed to be 
constant, and changes in pH and activity coefficients are 
negligible; the change in metal chloride solubility can thus 
be expressed as a simple ratio of the solubility products 
calculated for the initial and end temperatures (Henley et 
al., 1984). For a solution cooling from 150*to 100*C, the 
solubility change would be

mMeci2 (100*)/mMeci2 (150*) = Ks P ( 100*)/Kb P ( 150°) 8)

In the case of lead, the value of log Ksp @ 100*C is 
-6.21, and -5.42 at 150*C, as derived from Earner and 
Scheuerman’s (1978) data; the ratio of solubilities is 

Kb P (100*)/Kbp (ISO1) = 0.16 9)

representing an 84% decrease in Pb solubility due to simple 
conductive cooling. Similarly, calculated solubility 
products for Ag show a ratio of 0.02, or a 98% decrease in
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silver solubility, the Cu solubility ratio is 0.001, or a 
99.9% decrease, and the Ks p (100®)/Ks p (1500 value for Zn is 
0.81, or a 19% drop in solubility. Simple conductive 
cooling, therefore, is an extremely effective mechanism for 
Ag and Cu precipitation, less effective for Pb, and rela
tively ineffective for Zn.

To approximate the change in solubility caused by 
mixing and dilution with cold fresh water, the change in 
mei- is estimated as mei-< Ta)/mei-< Ti) x (Ta/Ti)n, where Ti 
and Ta represent initial and end temperatures respectively 
and n is the number of Cl" ions in the dominant chlorocom- 
plex. The ratio Ta/Ti is a simplified estimate of the 
dilution factor responsible for lowering temperature from Ti 
to Ta, assuming water temperature equal to water enthalpy 
(Henley et al., 1984). Analogously, mnas(Ta) = mnas(Ti) X 
Ta/Ti, and changes in pH and activity coefficients are again 
considered negligible. For lead, the dominant chlorocomplex 
at 150 C is PbCla" (Seward, 1984); the change in lead 
solubility during cooling and dilution with 0.0m [Cl"] 
groundwater is

mpbcia- (lOOVmPbcia-(1500 2 KbP ( 100”)/KsP (ISO6) X (looyisoo3 (isoyioo1) = 0.07 10)
Solubility is reduced by 93% by cooling through dilution. 
Similar expressions for Zn and Ag, constructed for the
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dominant chlorocomplexes ZnCl42~ and AgCla2- (Seward, 1976; 
Ruaya and Seward, 1986) result in solubility ratios of 0.24 
and 0.014, respectively. Since the principal Cu-complex is 
CuCl, the solubility change in Cu due to dilution is 
identical to that caused by conduction.

Overall, dilution appears to be a more effective 
mechanism for sulfide precipitation than simple cooling, 
particularly with respect to zinc.

HaS Concentration
A vital constraint on any potential mechanism of ore 

precipitation is the presence of enough reduced sulfur in 
solution to combine with metal cations to produce "ore- 
forming” quantities of sulfide minerals. It is commonly 
assumed (Anderson, 1973, 1975; Barnes, 1979) that 10~5m 
(Ippm) is the minimum quantity of metal in solution needed 
to form ore. If the sulfides are presumed to be deposited 
with stoichiometric compositions, 10~5m of reduced sulfur 
must combine with 10~5m of Pb or Zn, or 2 X 10~5m of Ag or 
Cu to precipitate ore-forming quantities of sulfides. The 
calculated metal solubilities of Silver district fluids 
indicate that the solution was capable of carrying much more 
than the requisite quantity of complexed metals to form an 
ore body; the question remains as to whether sufficient
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reduced sulfur was present to precipitate sulfides through 
conductive cooling or fresh-water dilution.

The minimum values for dissolved metals and reduced 
sulfur under Silver district conditions can be contoured on 
an foa-pH diagram and superimposed upon the previously 
calculated fluid parameters (Fig. 38). Sulfide deposition 
by conductive cooling or dilution with fresh waters is 
possible only in the region of the foz-pH diagram where 
contents of both Sr and metals in solution exceed 10~5m . 
These conditions pertain at pH <3.5 in the HaS and liquid 
sulfur-dominant fields, whereas Silver district fluids lie 
in the SO*2"-dominant field at concentrations of reduced 
sulfur <10~5m. Under these conditions, ore-forming quan
tities of sulfides can be deposited only if additional 
reduced sulfur is introduced to the hydrothermal system.

Reduced sulfur can be added to a hydrothermal 
solution in either of two ways: mixing with an H2 S-enriched 
fluid or sulfate reduction by organic compounds. An 
important factor to consider in determining feasible methods 
of increasing reduced sulfur content is that the process of 
sufide precipitation necessarily produces free hydrogen 
ions, as shown by equation 5). This reaction means that 
sulfide depostion must inevitably lower pH if 
the sulfide-precipitating reaction is not balanced by a 
corresponding H'1"-consuming process such as boiling or H*



101

” 40*
-225,HS07

-50-

-55-

— 60 •
pH

Figure 38. Log foz - pH diagram under same conditions as 
Figure 37, showing solubility contours for total Pb, Zn, and 
reduced sulfur (Sr) contents of 10"5m. Striped region 
represents conditions under which Ippm or more sulfide can 
be deposited through conductive cooling or fresh—water 
dilution; stippled area denotes Stage I Silver district 
fluid conditions. Barite solubility at as a = 10"5•7 is also 
shown (dashed line) (diagram adapted from Anderson, 1975).
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wall-rock metasomatism. If the HzS is contributed solely by 
mixing with reduced fluids without boiling, sulfide forma
tion should be marked by a sharp decrease in pH, reflected 
in the equilibrium vein assemblage and in wall- rock 
buffering. Based on Earner and Scheuerman’s (1978) data and 
the previously estimated value for mx +, the sericite- 
kaolinite phase equilibirum boundary is calculated to have 
existed at a pH of 4.05 (Fig. 37). If the H+-concentration 
of Silver district fluids ever exceeded this value, it 
should be reflected in the development of pervasive argillie 
alteration in the surrounding wall rock. Since kaolinite is 
absent from the Silver district alteration mineralogy, 
solution pH must have remained above 4 during mineraliza
tion. Introduction of HzS must therefore have been accom
panied by either the influx of sufficient quantitites of 
fluid to damp pH-change, or by another H*-consuming process.

If HzS is formed within a single solution by reduct
ion of SO4 2~ in the ore zone, hydrogen liberated by sulfide 
formation is consumed by sulfate reduction, as shown by the 
following generalized reactions (Anderson, 1983):

Zn2* + Hz S = ZnS + 2H+
SO4 2- + 2H+ + CH4 = Hz S + COz + 2HzO

SO4 2- + Zn2+ + CH4 = ZnS + COz + 2HzO 11)

Unfortunately, there is no direct evidence in the Silver
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district stratigraphy for an organic-rich horizon or reduced 
volcanic sequence. It is possible that the ore-forming 
solution itself contained organic complexes; analyses of 
fluid inclusions from similar Ag-bearing epithermal dis
tricts in New Mexico have been found to contain significant 
quantities of complex hydrocarbons (Behr et al., 1987). 
However, no methane content was revealed by the qualitative 
crushing tests on Silver district inclusions, and quantita
tive fluid inclusion analyses for more complex compounds are 
not available. The presence or absence of organic complexes 
in Silver district fluids remains an open question.

Summary
Fluid inclusion data and chemical considerations 

indicate that metals in Silver district solutions were 
probably transported as chlorocomplexes and that metal 
solubilities were adequate for the deposition of ore- 
forming quantities of sulfides. The fluid possessed an 
SO4 2~/ HzS ratio greater than 800:1, suggesting that the 
solution was too undersaturated with reduced sulfur to 
precipitate sulfides through either conductive cooling or 
fresh-water dilution. Additional reduced sulfur could have 
been added by mixing with HzS-rich fluids or by sulfate 
reduction by organic complexes in the ore zone. Mixing with 
a separate reduced sulfur source would tend to liberate
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hydrogen ions, resulting in a lowered solution pH unless the 
solution was extensively buffered. Sulfate reduction by 
organic compounds would consume H+ produced by sulfide 
precipitation, but requires a source of organic complexes, 
either within the host rock or the ore-forming solution 
itself. Fluid inclusion evidence for mixing is equivocal, 
but temperature-salinity trends for calcite inclusions in 
the Red Cloud and East Side Faults suggest that some mixing 
may have occurred early in the system’s history. Zinc 
solubility calculations also indicate that dilution is a 
more effective depositional mechanism than conductive 
cooling for that metal. If HzS was contributed by mixing 
with a reduced second fluid, the fluid influx must have been 
great enough to prevent solution pH from dropping below 4.0, 
as evidenced by the lack of argillic alteration in the host 
rocks. Sulfate reduction through organic complexes in 
solution is independent of mixing or fluid volume considera
tions, but no definite evidence exists for a hydrocarbon 
source in the Silver district. The exact method of reduced 
sulfur introduction remains unclear. Possibly, a combina
tion of processes was involved; metal- and sulfur-carrying 
brines may have combined with a second solution containing 
complex hydrocarbons. In the absence of stable isotope 
data, however, the mixing question cannot be answered con
clusively.



CHAPTER XI

GANGUE SOLUBILITY CONSIDERATIONS

The chemical conditions accompanying ore formation 
should be reflected by the gangue minerals formed concurrent 
with and subsequent to sulfide deposition. Minerals formed 
in equilibrium with sulfides may provide additional con
straints to the physicochemical system, while post-ore 
gangue mineral deposition indicates the direction of fluid 
evolution.

Calcite and Fluorite 
The reaction

Ca2+ + COz + H2 O = CaCOa + 2H+

illustrates that the major controls on calcite formation are 
ac*2 +, aco2 , and pH. The activity of Ca2* would increase as 
a result of removing metal cations from solution, while CO2 
could increase during sulfate reduction through reactions 
such as that represented in equation 11) in Chapter 10. The 
activities of Ca2+ and CO2 need to have increased suf
ficiently to counteract the increase in calcite solubi1ity
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caused by decreasing temperature (Ellis, 1963). A rise of 
0.43 log units (2.7X) in ac*2 + + acoa would negate the 
solubility increase due to simple cooling from 150*to 100*C, 
based on Earner and Scheuerman’s (1978) data.

Fluorite solubility in hydrothermal fluids is 
greatly enhanced by salinities in excess of 1.0m NaCleq, as 
fluorine tends to form NaF* or HaFa complexes in solution 
(Richardson and Holland, 1979a). Increasing ac»a-» relative 
to other cations reduces fluorite solubility; indeed, 
fluorite deposition is a virtually inevitable result of 
sulfide precipitation from a solution at or near saturation 
with respect to fluorite, as noted by Anderson (1983). 
Another fundamental control on fluorite solubility is 
temperature change. A 4.0m NaCleq solution saturated with 
respect to fluorite can precipitate over 50 ppm of CaFa upon 
cooling from 150*to 25*C (Richardson and Holland, 1979b). 
Mixing of fluorite-saturated brines with fresh or under- 
saturated groundwaters would result in overall undersatura
tion and dissolution rather than precipitation of fluorite 
(Richardson and Holland, 1979b); this argues against large- 
scale dilution or mixing as a major mechanism of ore 
deposition at the time of Stage I mineralization, unless the 
second fluid was itself fluorite-saturated.
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Barite

The existence of barite in the Silver district 
system presents difficulties in chemical interpretation, as 
barite is an oxidized rather than a reduced sulfur— contain
ing species. Anderson (1983) demonstrated that in analogous 
assemblages in Mississippi Valley-type deposits the zone of 
ore deposition represents an anomalous HaS-rich zone in 
generally more oxidized groundwaters. At the fringes of 
this reduced zone, there should be a contrasting concen
tration of sulfate. This SO*2- zone is marked by a transi
tion from the sulfide-calcite-fluorite ore zone to a 
peripheral halo of barite deposition. Massive barite 
therefore is distal to major ore mineralization and occurs 
later in the paragenetic sequence. The distribution and 
timing of major barite veining in the Silver district 
suggests that such a zonal relationship between reduced and 
oxidized species may well have existed. Stage I fluorite, 
calcite, and associated sulfides are concentrated in the 
south and west of the district, while barite becomes 
increasingly prevalent at higher elevations to the north and 
east. The concentration of barite in Stage III veins also 
indicates that massive BaSO« was a later—stage phenomenon, 
and that thermochemical conditions in the ascending solu
tions tended towards increasing aso4 values and decreasing 
temperature (Fig. 39).
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Figure 39. Postulated model for Silver district mineralization and fluid evolution.



109
Barite solubility is extremely low in SO4 2 "-domina

ted fluids, as recorded by a number of researchers (Blount, 
1977; Giordano and Barnes, 1981; Barnes, 1983). The 
calculated solubility product of the dissociation 
reaction BaSO* = Ba2+ + SO*2" is 10~ e • 6 at 150*C. Setting 
S at 10"2 •2 5m, the maximum Ba2+ activity possible is 
10"5•7 . If this activity value is contoured on an foz-pH 
diagram (Fig. 38), it is readily apparent that Ba2+ could 
not have been transported by Silver district fluids. How, 
then, could Ba2> have been deposited as barite late in the 
paragenetic sequence? Blount (1977) suggested that most 
barite in hydrothermal deposits could be the result of 
solution mixing between Ba2+- and SO4 2"-carrying fluids, or 
between a brine rich in Ba2+ and reduced sulfur and oxygena
ted groundwaters which oxidized the HzS to SO*2". Barnes 
(1983) argued that low barite solubilities indicated that 
ore-forming solutions in deposits containing significant 
barite must have been alkaline and HS~ or HzS-dominated, 
with metals being transported as bisulfide or organic 
complexes and deposited through simple oxidation of the 
solution, in the process converting HzS to SO*2" and 
precipitating barite. The solution conditions that Barnes 
postulates are not supported by Silver district alteration, 
mineralization, or fluid inclusion evidence, which point 
towards a neutral to weakly acid solution with high SO*2~-
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values. Oxidation of reduced sulfur species also leads to 
the production of free hydrogen, which presents the same 
solution-buffering problems discussed in the proceeding 
chapter. In light of this evidence, Blount's model is more 
compatible with Silver district conditions. If HzS or 
complex hydrocarbons were introduced by mixing with another 
fluid, this same source could have also introduced Ba2 * into 
the original solution. Barium could have also been supplied 
by later mixing with meteoric waters after deposition of the 
ore-bearing stages. Several whole-rock analyses of host 
lithologies from the district show elevated levels of Ba 
(Table III), providing a good potential barium source for 
the solutions.

Summary
Gangue mineral solubility and stability considera

tions help to further define ore-forming conditions and 
chemical evolution of the Silver district fluids. Deposi
tion of base-metal sulfides was accompanied by precipitation 
of massive fluorite and calcite, recording decreasing 
temperature and rising Ca2+ activity as other metal cations 
were removed from solution. The HzS-rich zone of sulfide 
deposition represented an anomaly in otherwise oxidized 
fluids, leading to SO*2~-concentration and subsequent 
precipitation of barite above and around the major sulfide



zones. Barite is concentrated late in the paragenetic 
sequence, indicating that oxidation of the solution was 
continuous after sulfide deposition.



CHAPTER XII

GENETIC MODELS FOR MINERALIZATION

The current interest in precious metals exploration 
in western Arizona and southern California, particularly in 
relation to detachment faults and related structures, has 
resulted in a number of models genetically linking detach
ment faulting and ore deposition. Two of these models, 
formulated by Beane et al. (1985) and Gutman (1982), are 
relevant to the Silver district. The Beane model utilizes 
the detachment surface as both source and driving mechanism 
for mineralizing solutions, while Gutman visualizes detach
ment structures as passive fluid conduits. Both models are 
worth examining in further detail.

Detachment Model of Beane. Wilkins and Heidrick (1985)
In 1984, S. Naruk postulated that fluids in detach

ment-fault environments represented pore waters squeezed 
from mylonites along the detachment surface. These waters 
then acquired precious metals through leaching of the lower- 
plate rocks and deposited the metals in structurally 
favorable locations in the upper plate (Naruk, 1984). Some
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of these ideas reappeared in a more elaborate model proposed 
by Beane, Wilkins and Heidrick (1985, 1986) on the basis of 
field and fluid inclusion studies of the Whipple-Buckskin 
detachment terrane northwest of the Trigo Mountains.

The Beane-Wilkins-Heidrick model envisions the 
mineralizing solutions in detachment environments as 
circulating brines evolved in Tertiary extensional basins, 
based on high salinities and evidence of residual hydro
carbons observed in fluid inclusions. These basinal brines 
were then forced up detachment surfaces by "compaction 
fronts" as the upper plates of detachments slid towards the 
extensional basins (Fig. 40). Solutions were heated by a 
combination of frictional heat during fault movement and the 
high geothermal gradients commonly associated with regional 
crustal extension. Metals in the system were derived from 
the host rocks, particularly the lower-plate lithologies, 
during mylonitization. The deposits resulting from this 
fluid migration are subdivided into a sulfide asemblage 
(ccp-py-spec-chlor-qtz-cal) developed at or near the 
detachment surface at temperatures between 225*and 300*C, 
and an oxide assemblage (hm-ser-chrys-Au-bar-cal) formed at 
150®- 225*C in tear and listric faults within the upper 
plate of the detachment. This zonation is interpreted as 
representing heated brines migrating up the detachment 
surface and depositing metals through cooling and dilution,
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Figure 40. Model for southwestern U.S. detachment fault 
mineralization, as presented by Beane et al. (1985).
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initially as sulfides in low-foz moderate- to high-tempera
ture reducing conditions, then as lower-temperature oxides 
as the ascending fluids became progressively oxygenated and 
depleted in sulfur.

Certain features of this model are similar to 
conditions observed in the Silver district. Salinities 
measured in fluid inclusions from the Whipple-Buckskin 
terrane range from 12.5 to 20 wt% NaCleq, bracketing the 
15 - 18 wt* values from Silver district inclusions. If 
Tosdal*s and ‘Sherrod’s (1985) structural interpretations are 
correct, the presence of a large detachment surface underly
ing the Trigos provided a source and conduit for migrating 
solutions. Silver district fluid inclusion homogenization 
temperatures (130*- 190* C) correspond to the lower end of 
the temperature range observed in the Whipple-Buckskin oxide 
assemblages. Unfortunately, the model also contains severe 
weaknesses when applied to the Silver district.

According to the Beane-Wilkins-Heidrick theory, a 
deposit emplaced relatively high in the upper plate of a 
detachment fault should be marked by a primary low-tempera
ture oxide assemblage, consisting of hematite, quartz, 
sericite, Cu-oxides, native Au and subordinate barite and 
calcite. The Silver district occupies a position in the 
upper plate of the Gatuna detachment fault equivalent to 
that of the Picacho district 6—7 km to the south, as shown
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by volcanic stratigraphic correlations (Crowe et al., 1979). 
Picacho mineralization is characterized by quartz, specular 
hematite and native Au as predicted by the Beane-Wilkins- 
Heidrick model (Drobeck, 1986). Silver district ore 
mineralization, however represents a reduced rather than an 
oxidized environment, dominated by argentiferous Pb- and Zn- 
sulfides, black calcite, and fluorite, with barite con
centrated in a post-ore stage. The presence of abundant 
base-metal sulfides and barite also indicate that the 
solution was relatively sulfur-enriched rather than sulfur- 
depleted as predicted by the Beane-Wilkins-Heidrick model. 
These discrepancies suggest that Silver district mineraliza
tion cannot be explained simply as a function of proximity 
to a source centered along the detachment surface, and that 
a different approach is needed to fully account for its 
character.

Gutman's Castle Dome Model (1982)
The Castle Dome district is situated about 50 km 

northeast of the Silver district in the Castle Dome Moun
tains. Mineralization in the district is strikingly similar 
to that of the Silver district, being composed of argen
tiferous galena and fluorite with subordinate calcite, 
barite and quartz (Wilson, 1933). This mineralization is 
concentrated in large veins associated with a huge dike
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swarm trending NW and cutting pre-Tertiary sedimentary rocks 
underlying a large mid-Tertiary volcanic pile. Aiken and 
Ander (1981) charted a large gravity low beneath the 
district. Logan and Hirsch (1982) mapped the district and 
showed the Tertiary volcanic sequence separated from the 
older sedimentary rocks by a major detachment surface; they 
interpreted the dike swarm, which they dated at 19-20 my, as 
having formed during regional extension in mid- to late- 
Tertiary times.

Gutman (1981, 1982) evaluated the Castle Dome area 
for geothermal energy potential and formulated a model for 
the recent geologic history of the Castle Dome area. He 
proposed a large, shallow silicic batholith, outlined by the 
gravity low and possibly caldera-related, that generated 
vulcanism during a major episode of regional extension 18-25 
my ago. The mid-Tertiary volcanic pile was deposited over 
older sedimentary rocks, which were then intruded by dike 
swarms in the late stages of volcanic activity. The 
volcanic rocks were then offset from the pre-Tertiary 
sequence by a detachment fault, along which precious- and 
base-metal solutions, representing the Mlast gasp" of 
igneous activity (Logan and Hirsch, 1982) migrated to loci 
along the dike swarms. The metals, fluids and sulfur may 
have been magmatically derived, or there could have been a 
joint contribution from magmatic and wall-rock sources.
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This model contains many elements that are extremely 

useful in interpreting Silver district phenomena. Minerali
zation in the two districts is almost identical, and the 
proximity of the two areas makes a common genetic model even 
more appealing. Solutions may have been purely magmatic or 
heated meteoric waters with a magmatic component, thus 
providing a source for sulfur and metals and explaining the 
high observed salinities of Silver district fluids.
Additional metals may have been absorbed from the host rocks 
as the solutions migrated into uppei— plate structures via 
the detachment fault. The detachment surface plays a much 
more passive role as a solution conduit than in the Beane- 
Wilkins-Heidrick model, although mineralization almost 
certainly took place during or shortly after active exten
sion. There is as yet no direct evidence for the existence 
of a batholithic complex beneath the Silver district, but 
the thick volcanic sequence in the district and the size of 
the Castle Dome gravity anomaly indicate that the batholith 
beneath Castle Dome may well have a very large subsurface 
extent, possibly as far as the Silver district.

If the mineralization in the Silver district was 
indeed formed by the same processes and at the same time as 
in the Castle Dome district, an approximate age of minerali
zation can be assigned to the Silver district by analogy 
with the Castle Dome veins, which are around 19-20 my old
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based on dating of the dike swarm (Logan and Hirsch, 1982). 
Brooks (1985) has presented regional evidence (reset K—Ar 
dates, anomalous KzO-enrichment, high conodont alteration 
indices) for a major thermal event in southwest Arizona 17- 
18 my ago, roughly coincident with Castle Dome mineraliza
tion.



CHAPTER XIII

SUMMARY AND CONCLUSIONS

Silver district mineralization consists of narrow 
(1-10 m) epithermal veins structurally controlled by north- 
northwest and northeast-trending normal and tear faults. 
These faults are apparently related to upper-plate extension 
within a large detachment surface reaching from southeastern 
California through southwestern Arizona, but unexposed in 
the Trigo Mountains. The veins appear to have been formed 
synchronously with or immediately subsequent to major 
tectonic activity.

From fluid inclusion evidence, the ore-forming 
solutions were moderate- to high-salinity brines (15 - 18 
wtX NaCle q) at temperatures from 130 to 190 C, possibly 
centered in the south and west of the district. The fluids 
were moderately oxidized, with low total sulfur (<10~2m) 
existing primarily as sulfate complexes. Solutions were 
neutral to weakly acid, with a pH between 5.0 and 6.0.

The chemical conditions of Silver district fluids 
indicate that chloride complexing would be the most stable 
transport mechanism for base- and precious metals in
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solution. To precipitate metal sulfides from chloro- 
complexes in a relatively oxidized solution requires a 
substantial input of reduced sulfur, either by mixing with 
an HzS-rich solution or by reduction of sulfate by organic 
complexes. The temperature-salinity trends illustrated by 
fluid inclusion data provide inconclusive support at best 
for fluid mixing, while there is no direct evidence for 
significant organic content in the ore-forming solutions.
The exact nature of the reduced sulfur-contributing process, 
therefore, remains unknown.

As sulfides were deposited early in the history of 
the hydrothermal system, the consequent changes in aca2 +, 
temperature, and COz-content resulted in the deposition of 
calcite and fluorite concurrently with sulfides. Fluid pH 
remained relatively stable, possibly through wall-rock 
buffering and sulfate-reduction reactions. The ore zone 
represented an anomalous reducing zone in the midst of 
relatively oxidized fluids, resulting in an SO*-enriched 
outer zone and subsequent barite deposition. Barite was 
also deposited later than calcite, fluorite and sulfides, 
indicating that the solutions became progressively more 
oxidized, cooler and less metalliferous. Barium may have 
been contributed to the solution through groundwater 
circulation in Ba-containing wall rocks and later mixing 
with the ore brine.
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The salinities and temperatures recorded from Silver 

district fluid inclusions suggest a magmatic or basinal 
brine component. The detachment-fault genetic model for Au- 
mineralization. proposed by Beane, Wilkins and Heidrick 
provides a plausible explanation for deposits in the 
Whipple-Buckskin detachment terrane, but reveals serious 
deficiencies when applied to the Silver district. A more 
appropriate model may be constructed by analogy with the 
nearby Castle Dome district, which possesses identical 
mineralization hosted within similar volcanic rocks, and a 
strong correlation with both a detachment fault and a 
gravity anomaly. A brief summary of this model is as 
follows:

1) Emplacement of a large, shallow batholith during 
early stages of regional extension 25-26 my ago; extrusion 
and deposition of a large volcanic pile.

2) Formation of a regionally extensive detachment 
surface and large-scale faulting of upper-plate volcanic 
rocks.

3) Late-stage igneous activity generating sulfur- and 
metal-rich solutions, which utilize the detachment fault and 
related upper-plate structures to migrate to favorable 
depositional loci; introduction of reduced sulfur and 
precipitation of sulfides, calcite and fluorite.

4) Oxidation of ore fluids and possible mixing with



meteoric waters, resulting in barite precipitation in the 
upper levels of the hydrothermal system.

5) District-wide erosion and pervasive supergene 
oxidation of the primary assemblages.

Silver district mineralization, as noted previously, 
is distinctly similar to many other black calcite-containing 
deposits in the southwestern U.S. (Hewitt and Radtke, 1967; 
Cousins, 1972; Wilson, 1984). Processes and depositions! 
mechanisms responsible for the transport and precipitation 
of Silver district ore and gangue phases may be common to 
several or all of these deposits. K. Wilson (1984) reports 
homogenization temperatures and salinities in minerals at 
the Reymert Mine equivalent to those of Silver district 
calcite and fluorite. Further fluid inclusion, stable 
isotope and mineralogical data are required to further 
confirm or deny the possibility of common processes in these 
deposits.
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