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ABSTRACT

The Sunflower mining district located in the Mazatzal 
Mountains of central Arizona consists of mercury and 
polymetallic deposits hosted by the Early Proterozoic 
Alder Group. This generally conformable sequence of 
volcanic, volcaniclastic, and sedimentary rocks is overlain 
by rhyolitic flows and tuffs of the Red Rock Rhyolite and 
intruded by hypabyssal rhyolite of the Pine Mountain 
Porphyry and younger rhyolitic and andesitic dikes.

Deformation and low grade metamorphism accompanied the 
Mazatzal Revolution (Wilson, 1939), resulting in NE-SW 
trending isoclinal folds and thrust faults.

Two Early Proterozoic metallogenic provinces affect the 
district: a volcanogenic massive sulfide terrane and an 
alkali intrusive epoch with greisens and polymetallic 
deposits. Mercury deposits are considered Tertiary in age.

Whole rock and carbon isotope data suggest ocean floor 
tholeiites of the Cornucopia Formation were dolomitized by 
circulating seawater and jasper-dolomite exhalite deposited.

Disseminated pyrites have S3^S values similar to 
Arizona's massive sulfide deposits. Sulfur isotopes of the 
polymetallic deposits differ from cinnabars in the mercury 
belts, suggestive of distinct hydrothermal systems.
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INTRODUCTION

Location. Physiography. Climate, and Culture

The Sunflower mining district is a sub-district of the 
Mazatzal mining district located in the central Mazatzal 
Mountains in the Tonto National Forest, about 20 mi (32 km) 
south-southwest of Payson, Arizona (fig. 1). This study 
describes the geology and mineral deposits within an approx
imately 14 sq mi (36 sq km) area in portions of the north
west quarter of the Reno Pass and the northeast quarter of 
the Lyon Mountain 7.5 minute U.S.G.S. quadrangles (fig. 2).

The area is reached by dirt road north from Slate Creek 
Divide on Arizona State Highway 87. The eastern access is an 
improved dirt road which follows the crest of the Mazatzal 
range along the Maricopa-Gila Countyline. The western access 
is an unimproved dirt road which follows the West Fork of 
Sycamore Creek. In addition several jeep and hiking trails 
cross over much of the study area.

Most of the map area is located in the northeastern 
corner of Maricopa County in the headwaters of Sycamore 
Creek, a major eastern tributary of the Verde River which 
drains much of the southwestern slopes of the Mazatzal 
range. The eastern margin of the area within Gila County 
lies at the headwaters of several northern tributaries to 
Slate Creek, a major eastern drainage. The western margin of
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FIGURE 1: Location and geographic setting of the Sunflower mining district.
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FIGURE 2: Study area reference map with key location 
identified. Reno Pass and Lyon Mountain U.S. Geologi 
Survey 7.5 minute topographic quadrangles.
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the area extends about 1/4 mi into the southeastern portion 
of the Mazatzal Wilderness.

The terrain is rugged with deeply incised, steep walled 
canyons of the East and West Forks of Sycamore Creek and 
their tributaries. Elevations within the area range from 
6996 ft (2132 m) at Sheep Mountain in the northwestern 
corner to 3960 ft (1207 m) on the East Fork of Sycamore 
Creek on the southern map boundary. An average relief of 
about 900 ft (396 m) occurs between valley floors and 
intervening ridge crests.

The area receives an average annual precipitation of 
about 20 inches in the form of summer thundershowers and 
winter snows and rain. Exposures in the area are obscured by 
thick chaparral of scrub oak, manzanita, acacia, and 
scattered agave and cactus. Stands of juniper, cypress, fir, 
and pines occur on the north-facing slopes and at higher 
elevations, and are accompanied by thick, well-developed 
soils. Sycamores and oaks dominate in the major drainages 
which flow intermittently and support a riparian habitat. 
Animal life is rich and varied including: white-tailed deer, 
bear, coyote, fox, javalina, bobcat, rabbit, skunk and 
racoon.

Culture in the area is dominated by cattle grazing, 
hunting, intermittent mining, and weekend recreation 
(including: camping, hiking, four-wheel driving and 
shooting).



16
Purpose and Methods of Study

The author was introduced to the area on September 5, 
1985 during a field trip with Dr. Clay Conway of the U.S. 
Geological Survey and Dr. Chris Eastoe of the University of 
Arizona. Dr. Conway became aware of some of the problems 
addressed by this study during his involvement with the 
mineral resource assessment of the Mazatzal Wilderness 
(Wrucke et al., 1984). Through these initial discussions it 
became apparent that two distinct types of mineralization 
occur within Proterozoic meta-sediments and meta-volcanics 
in the Sunflower mining district consisting of; 1) cinnabar 
veins and disseminations; and 2) arsenical polymetallic 
veins and masses rich in lead. These deposits are 
distributed about a submarine volcano-exhalative system 
within the stratigraphic succession and also appear to be 
associated with hypabyssal rhyolite porphyry intrusives.

This study involved a synthesis of existing data and a 
detailed field study and geochemical investigation to 
unravel the complexities of genesis and timing sequence of 
the mineralizing events.

Detailed mapping was needed to refine and elucidate the 
stratigraphy, intrusive lithologies, structure, and geologic 
history of the area and to establish the factors involved in 
the localization and timing of mineralization. Sixty days 
were spent mapping the 14 sq mi (36 sq km) area at a scale
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of 1:6,000 on an enlargement (4X) of portions of the Reno 
Pass and Lyon Mountain 7.5 minute U.S.G.S. topographic 
quadrangles (plate 1). Aerial photographs in stereo pairs 
and enlargements covering the entire map area greatly 
facilitated mapping, location, and structural 
interpretation.

Petrographic studies of 30 standard and polished thin 
sections were employed in the classification and 
identification of lithologies, mineral identification, 
textural relationships, and interpretations of ore 
paragenesis. Electron microprobe analyses were performed on 
selected carbonates, tourmalines, sulfides and sulfosalts.

Whole rock geochemistry performed by X-ray Analytical 
Laboratories, Don Mills, Ontario, Canada on a series of 
volcanic lithologies from the central portion of the study 
area was used to determine rock types, magma series, 
tectonic settings, and effects of alteration.

Geochemical data of the polymetallic deposits and 
related mineralization from Marsh (1983) was examined in 
detail. Base metal ratios and precious metal contents were 
coordinated and evaluated in conjunction with petrographic 
and geochemical data of this study.

Isotopic studies of sulfur in sulfides and carbon and 
oxygen in carbonates were carried out to determine sources 
of carbon and sulfur and to evaluate the origins and 
chemistry of the hydrothermal fluids.
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PREVIOUS WORK

The Mazatzal Mountains mining district (including the 
Sunflower sub-district) is underlain by Early Proterozoic 
stratified and intrusive rocks of Arizona's Older 
Precambrian (Wilson, 1939). Younger Precambrian, Paleozoic 
and Mesozoic rocks are absent in the central Mazatzal 
Mountains. Tertiary and Quaternary volcanic rocks, gravels, 
and unconsolidated materials cover Older Precambrian rocks 
in the southern and east-central portions of the study area. 
Mineralization occurred in Older Precambrian stratigraphic 
and intrusive host rocks. No mineralization has been 
recognized in the Cenozoic cover.

Several field studies in the Mazatzal Mountains - Tonto 
Basin region have contributed substantially to our 
understanding of the Proterozoic history of Arizona (fig. 3, 
table 1). The development of the current understanding of 
the regional geology and mineralization as it applies to 
this study are presented below.

Regional Geology

Precambrian Geology:
Wilson (1939) established two major Precambrian systems 

of provincial importance in Arizona. This division is marked 
by a major unconformity between deformed and metamorphosed 
'Older Precambrian' rocks and undeformed, generally flat
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FIGURE 3: Regional Precambrian geology and location map of 
previous studies as described in the text. 1. Wilson, 1939 
(stipled); 2. Gastil, 1958; 3. Ludwig, 1974; 4. Conway, 
1976; 5. Alvis, 1984; 6. Wrucke et al., 1984. Base map 
after Wilson, Moore, and Cooper (1969).

E83 PREm-ALDCR ROCKS 2 0 km
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lying 1 Younger Precambrian1 rocks.

The Younger Precambrian of central Arizona is 
represented by the Apache Group, a distinctive sequence of 
conglomerates, siltstones, quartzites, dolomites, and basalt 
which have been extensively intruded by large diabase dikes 
and sills (Stride, 1967). Apache Group deposition has been 
determined to be younger than Ruin Quartz Monzonite (1420 
m.y.) upon which they rest in marked disconformity and older 
than diabase intrusive sheets (1150 m.y.) (Livingston and 
Damon, 1968). The Apache Group unconformably overlies the 
Alder, Haigler, and Mazatzal groups in Tonto Basin. Younger 
Precambrian rocks do not occur in the Mazatzal Mountains.

Older Precambrian stratigraphic and plutonic rocks are 
exposed in the Transition Zone province of Arizona (Wilson 
and Moore, 1959; Heindl and Lance, 1960; Peirce, 1985) 
between the Colorado Plateau and the Basin and Range (fig.
4). Field and geochronological investigations have led to a 
two-province division of the Older Precambrian in Arizona.
An older province to the northwest includes the Prescott - 
Jerome region which consists of supracrustal rocks of the 
Yavapai Series, a chronostratigraphic unit 1750 - 1800 m.y. 
old (new decay constant;ndc) (Anderson et al., 1971), the 
post-intrusive Texas Gulch Formation, and predominantly 
granodioritic plutonic rocks 1700 - 1740 m.y. old (ndc) 
(Silver, 1969). A younger southeastern province which 
includes the Mazatzal Mountains - Tonto Basin region



FIGURE 4: Distribution of Precaxnbrian exposures in central 
Arizona and their relationship to the Transition Zone 
physiographic province. Also shown is the approximate 
location of the two-province boundary of the Older 
Precambrian (Karlstrom et al.,1987).
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consists of supracrustal rocks of the Alder Group (1710 + 20 
m.y. ndc; from a rhyolitic breccia of the Telephone Canyon 
Formation; Ludwig, 1974), Haigler Group (Red Rock Rhyolite; 
1700 m.y. ndc; Ludwig, 1974) and the Mazatzal Group 
(intruded by hypabyssal rhyolite; 1695 + 15 m.y.; Conway, 
1976) and plutonic rocks 1640 - 1710 m.y. old (Silver,
1969). No discrete geochronologic boundary separates these 
two provinces, however several important discontinuities 
have been recognized, in particular the Moore Gulch fault 
(Karlstrom et al., 1987). Recognizing this division of Older 
Precambrian provinces, the geology of the younger province 
in the Mazatzal Mountains - Tonto Basin region is examined 
in more detail below.

Stratigraphic and intrusive lithologies of Paleozoic 
and Mesozoic age are absent in the study area and are 
generally absent throughout most of the Transition Zone 
province. Ransome (1915) proposed that a barrier coincident 
with the Precambrian epososures separated two distinct 
Paleozoic sections on the north and south, however these 
sections are now generally recognised to be correlative.

The term Mogollon Highlands has been applied to 
describe an elevated source area for Mesozoic alluvial 
systems of the Colorado Plateau and Basin and Range 
provinces which is thought to have been in the area of the 
structurally elevated Transition Zone province (Cooley and 
Davidson, 1963; Peirce, 1986).
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Stratigraphy:

Ransome's (1915) pioneering work in the Sunflower 
mining district was first to describe a belt of northeast- 
southwest trending schistose and slaty rocks crossing the 
crest of the central Mazatzal range, extending northeastward 
through Tonto Basin and on past the north end of the Sierra 
Anchas. In presenting the first comprehensive descriptions 
of the geology and Precambrian history of the Mazatzal 
Mountains - Tonto Basin region, Wilson (1939) modified the 
name Yavapai schist of the Bradshaw Mountains (Jagger and 
Palache, 1905; Lindgren, 1926) to the Yavapai group for 
these eastern exposures of metamorphosed greenstones, 
rhyolite, shale, and grit (the schist belt of Ransome,
1915). He defined the Alder series, the Red Rock Rhyolite, 
and the Yaeger greenstone (obsolete name) as formations of 
the Yavapai group and interpreted the Red Rock Rhyolite and 
Yaeger greenstone as being older than and in fault contact 
with the Alder series (table 1).

Anderson (1951) cautioned against correlation of Older 
Precambrian exposures in the Mazatzal Mountains - Tonto 
Basin area with those of the type Yavapai schist in the 
Bradshaw Mountains. More recent geochronologic data of 
stratigraphic and intrusive lithologies as described above 
indicate that these eastern sequences, which include the 
Texas Gulch Formation, are distinctly younger (1700 - 1740 
m.y.; Ludwig, 1974; Conway, 1976; Silver, 1969) than the Ash
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Creek Group and Yavapai schist in the Prescott - Jerome area 
(1750 - 1800 m.y.; Anderson et al., 1971).

Gastil (1958) reinterpreted Wilson's stratigraphy in 
the Diamond Butte quadrangle, recognizing at least three 
separate units of basic volcanic rocks (the Flying W, Board 
Cabin, and Haigler formations) in contrast to Wilson's 
single Yaeger greenstone. Extrusive rhyolite was placed in 
at least two stratigraphic positions (Flying W and Haigler 
formations) and were both recognized as being younger than 
the correlated Alder formation in Tonto Basin (table 1).

Ludwig (1974) retained Wilson's Red Rock Rhyolite and 
Alder series designations. He determined an internal 
stratigraphy of the Alder series and described eight 
informal 1ithostratigraphic members. He agreed with Gastil's 
placement of rhyolites above Alder lithologies and 
considered the Red Rock Rhyolite to conformably overlie the 
Alder series. Although Wilson (1939) regarded most of the 
contrasting lithologies of the Alder series to be fault 
bounded and made no mention of the presence of mafic 
volcanics or volcaniclastic materials, Ludwig (1974) 
considered the sequence to be conformable and described 
large volcanic and volcaniclastic components (>50%).

Conway (1976) correlated the Older Precambrian 
sequences in Tonto Basin with the type Alder series in the 
Mazatzal Mountains. He modified Gastil's proposed 
correlations between these two regions and recognized the
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inconsistency of the series designation as applied by Wilson 
and Ludwig to this lithostratigraphic unit (Amer. Code of 
Stratigraphic Nomenclature, 1973), informally proposing the 
name Alder Group to both the Tonto Basin and Mazatzal 
Mountains sections. Conway further proposed group status for 
the rhyolitic ignimbrites adopting the name Haigler Group of 
which the Red Rock Rhyolite is a formation.

P. Anderson (1987) disputed earlier works regarding the 
lithologies and internal stratigraphy of the Alder Group. He 
considered the Alder Group as a strictly sedimentary unit of 
slates, sandstones, and minor felsic volcanics, and that the 
mafic volcanics in these sections were actually an older 
stratigraphic sequence he termed the Union Hills Group.

Ransome (1915) also recognized a deformed sequence of 
quartzites, conglomerates, and shale in the northern 
Mazatzal Mountains which he determined to be older than the 
Apache Group, but younger than the schists. Wilson divided 
out the Deadman Quartzite, Maverick Shale, and Mazatzal 
Quartzite in this northern sequence later named the Mazatzal 
Group (Conway, 1976).

Intrusive Rocks:
Three major episodes of Early Proterozoic plutonism are 

recognized in Arizona (Silver, 1969). The two oldest 
episodes represent plutonic culminations of orogenic events 
occurring between 1720 - 1760 m.y. and 1650 - 1700 m.y. ago.
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These erogenic plutons show a distinct geographical 
distribution which has advanced the idea of a two-province 
separation of the Older Precambrian in Arizona. A younger, 
anorogenic emplacement of calc-alkaline to alkaline granite 
and quartz monzonite into pre-existing continental crust 
occurred between 1410 - 1500 m.y. ago on a transcontinental 
scale (Silver et al., 1977). The Ruin granite (1420 m.y.; 
Livingston, 1969; Silver, 1969) underlies a large portion of 
the southern Mazatzal range.

Plutonic rocks of the younger province include: the 
Gibson Creek batholith (1738 + 4 m.y.; Silver et al., 1986); 
the Payson granite (1710 + 15 m.y., Conway, 1976); the 
granites at Sunflower and Young (1640 + 15 and 1630 + 15 
m.y. respectively) and the anorogenic Ruin granite (1410 - 
1430 m.y.). Although these plutonic rocks are not exposed in 
the Sunflower mining district, exposures of Payson granite 
occur just 1 mile (1.6 km) to the west, north of and 
truncated by the Sheep Mountain fault. Granites at Sunflower 
occur 4 miles (6.4 km) to the south of the study area.

Five distinct intrusive rock types occur in the 
Sunflower mining district. The Pine Mountain Porphyry 
(Wilson, 1939) is a large intrusive sheet of hypabyssal 
rhyolite porphyry which is a prominent host of mercury 
deposits. The mass is foliated on its margins with a massive 
and jointed interior. Porphyritic rhyolite dikes resembling 
the Pine Mountain Porphyry intrude Alder Group lithologies
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to the northwest and are associated with polymetallic veins 
and masses. These dikes are unfoliated and appear to be 
controlled by and to cut across the regional foliation. 
Andesite dikes, also unfoliated, occur with the northwestern 
felsic dikes and in the southeast intruding upper Alder 
lithologies and the Red Rock Rhyolite. Ludwig (1974) 
described medium-grained, unfoliated diorite dikes cutting 
Alder Group lithologies. One such dike extends a few 
thousand feet into the north-central portion of the study 
area paralleling the regional trend. No mineralization has 
been found associated with this intrusive type. Finally, a 
small, previously undescribed mass of gabbro intrudes Alder 
Group lithologies near the northern rhyolite dikes. Copper 
carbonate stained quartz veins and disseminated pyrite - 
chalcopyrite have been found in this intrusive body.

A oogenetic relationship has been described for the 
Haigler Group rhyolite ignimbrites, the hypabyssal rhyolite 
porphyry intrusives, and the Payson granite (Conway, 1976; 
Conway and Silver, 1986). These alkali rhyolites are 
chemically similar to rhyolites formed in continental 
regions such as Yellowstone. This tends to indicate that the 
region was underlain by continental crust between 1710 and 
1680 Ma (Conway and Silver, 1986).



29
Structure:

A major crustal disturbance, the 'Mazatzal Revolution1 
(Wilson, 1939), affected Older Precambrian sequences 
resulting in upright isoclinal folds and large scale thrust 
faults. This deformational event was accompanied by lower 
greenschist metamorphism and culminated in granitic 
plutonism. A regional northeast trend of stratigraphic 
units, axial plane cleavage and penetrative foliation 
parallels the northeast strike of major folds, low angle 
thrusts and high angle reverse and normal faults. Northwest 
fold vergence and southwest dipping thrusts indicate the 
compressional event was directed to the northwest, with the 
maximum principal stress oriented approximately N64 eW 
(Horstman, 1980).

A generalized map of the regional structures in the 
Mazatzal Mountains - Tonto Basin area is presented in figure 
5. The Red Rock Syncline (Ludwig, 1974) is the dominant 
structure of the Older Precambrian in the central Mazatzal 
Mountains. Ludwig defined this structure on the basis of 
symmetrically disposed Alder Group lithologies on either 
side of the Red Rock Rhyolite (which occupies the core of 
the syncline) and on stratigraphic tops indicators within 
the succession. Wilson (1939) had considered the central 
Mazatzal Mountains as several fault-bound blocks. He 
postulated that these faults branched upward from the 
Mazatzal thrust which he believed extends under the Older
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FIGURE 5: Map of the regional structures of the central 
Mazatzal Mountains. (See figure 11 for cross-section X-X1)
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Precambrian sequences of the central Mazatzal Mountains. 
Ludwig also inferred the presence of a faulted anticline 
near Mount Peeley on the basis of bedding tops reversals and 
from correlations of lithologic units across the structure. 
Ludwig's structural interpretations in the central Mazatzal 
Mountains have been disputed in recent studies (P. Anderson, 
1987; Alvis, 1984; Roller and Karlstrom, 1986).

P. Anderson (1987) concluded that the centrally located 
sequence of mafic volcanics, exhalative cherts and dolomites 
belong to an older stratigraphic sequence, the Union Hills 
Group, which occupies the axis of an anticline. Ransome 
(1915) had previously concluded that a symmetrical 
distribution of rock types about the jasper unit suggested 
the presence of an axis of a compressed syncline or 
anticline.

Shear zones have been recognised on the northwest 
(Alvis, 1984) and southeast (Roller and Karlstrom, 1986) 
limbs of the Red Rock Syncline.

Large scale, southwestward dipping thrust faults 
(notably the Mazatzal thrust; fig. 5) have been identified 
in the north and are believed to extend under the central 
Mazatzal Mountains (Wilson, 1939).
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Economic Geology and Mineralization

Deposit Types and District Distribution:
The Mazatzal Mountains mining district encompasses the 

Sunflower and Ord sub-districts. Five distinct belts of 
mineral deposits occur in the central Mazatzal Mountains. 
Lausen and Gardner (1927) recognized three distinct belts of 
mercury deposits, named here for the dominant producing mine 
of each: the Sunflower belt on the west, the Pine Mountain 
belt on the north, and the Ord belt along Slate Creek. The 
Sunflower and Pine Mountain mercury belts, and a belt of 
polymetallic deposits (the McFarland canyon - Story Mine 
belt) occur in the Sunflower sub-district. Finally, 
volcanogenic massive sulfide deposits occur within 
Proterozoic volcanic rocks.

Metallogenic Settings:
The Early Proterozoic volcanic terrane of central 

Arizona hosts several base-metal volcanogenic massive 
sulfide deposits (Anderson and Guilbert, 1979). The host 
volcanic rocks and massive sulfide deposits accumulated in 
what is interpreted to be an island arc setting of 
tholeiitic to calc-alkalic volcanism between 1770 - 1720 
m.y. ago (Conway and Silver, 1986). A copper-rich 
volcanogenic massive sulfide deposit has been described at 
Copper Camp Creek, 3.5 mi (4.8 km) west of the study area,



33
in association with mafic volcanic rocks (Conway, 1983). 
Other massive sulfide deposits have been identified in Alder 
sections at the Pittsburg - Tonto (Anderson and Guilbert, 
1979) and Fred Pranty (Conway, personal communication) 
mines.

A second Proterozoic metallogenic epoch is associated 
with alkali igneous rocks 1710 - 1680 m.y. in age (Wrucke et 
al., 1984; Conway and Silver, 1986). Greisens, polymetallic 
vein deposits, and concentrations of incompatible elements 
(e.g. B,F,Be,and Sn) have been attributed to late stage 
hydrothermal activity associated with this magmatism (Wrucke 
et al., 1984; Conway, 1984). Vein deposits of copper-silver 
sulfosalts and arsenopyrite mineralization with antimony, 
lead, gold, mercury, bismuth and tellurium are associated 
with the Payson granite (Wrucke et al., 1984).

Several small mercury deposits occur within the Alder 
Group and Pine Mountain Porphyry and are considered to be of 
Tertiary age by several investigators (Ransome, 1915;
Lausen, 1926; Lausen and Gardner, 1927; Wilson, 1939; Alvis, 
1984).

Mineral Production;
Between 1911 and 1961, 6,865 flasks (76 Ibs/flask) of 

mercury were produced from mines in the Mazatzal Mountains 
(Beckman and Kerns, 1965). Almost all of the district's 
production has come from the Ord (2901 flasks), Pine
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Mountain (2341 flasks), and Sunflower (1278 flasks) mines. 
The remaining 345 flasks are distributed amongst several 
smaller mines and prospects including the Mercuria, Oneida, 
and Cornucopia mines of the Sunflower sub-district.

An average ore grade of 0.34% Hg has been calculated 
for the Ord mine (Faick, 1958). Ore grades ranging from 0.1 
to 2.0% Hg have been reported for the Pine Mountain and 
Sunflower mines (Lausen and Gardner, 1927; Ellis, 1982). An 
inferred resource of 29,600 tons of 0.15% mercury ore has 
been determined for the Sunflower mine (Ellis, 1982). Ellis 
further determined silver values ranging from trace to 2.0 
oz/ton in the ores of the Sunflower mine.

An inferred resource of 78,000 tons of ore averaging 
0.06 oz Au, 1.9oz Ag, and 3.9% Pb was determined for the 
Story mine deposit (Wrucke et al., 1984).

Massive sulfide deposits in the Alder Group are 
generally small and unproductive (Conway and Silver, 1986; 
Donnelly and Haun, 1981).
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LITHOLOGIC UNITS

Introduction

A proposed nomenclature and chronologic sequence of 
Older Precambrian stratified and intrusive rock units in the 
Sunflower mining district and their relationship to other 
rocks in the region is summarized in table 2, and the 
stratigraphic column is represented in figure 6. Type 
locations for the Alder series, the Red Rock Rhyolite, and 
the Pine Mountain Porphyry of Wilson (1939) and six of 
Ludwig's (1974) eight Alder series members lie within the 
study area. The term Alder Group is adopted. Consistent with 
this, Ludwig's (1974) seven member division of the Alder 
series has been retained with slight modifications of unit 
definitions and each has been raised to formation rank. In 
addition, several members and distinctive beds have been 
defined and mapped in this study. Other stratigraphic usages 
in the region are consistent with Conway (1976).

Alder Group

The Alder Group is 14,000+ feet (4267+ m) thick, and is 
the oldest unit in the study area. No basal contact is 
exposed. The upper contact, exposed in the southeast corner 
of the study area is overlain by the Red Rock Rhyolite of
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TABLE 2: Proposed nomenclature and chronologic sequence of 
stratigraphic and intrusive rocks.

Apache Group:
Ruin Granite 
Sunflower Granite

------------ unconformity ------- Mazatzal Orogeny
Mazatzal Group: Payson Granite

Earnhardt Quartzite 
Maverick Shale 
Deadman Quartzite

unconformity
Pine Mountain Porphyry

Haigler Group:
Red Rock Rhyolite 
Mount Peeley Ignibrites

------------ possible unconformity
Alder Group:

Telephone Canyon Formation 
Oneida Formation

basal conglomerate
- - - - - -  disconformity - -

East Fork Formation
intraclastic limestone 

Cornucopia Formation 
upper member 
middle member 
lower member 

Horse Camp Formation 
West Fork Formation 
Squaw Flat Formation 

_______________________  fault
Pre-Alder rocks:
East Verde River Sequence Gibson Complex
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FIGURE 6: Stratigraphic column of the Early Proterozoic 
Alder and Haigler groups in the central Hazatzal Mountains. Modified after Ludwig (1974).
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banding and eutaxitic textures common. Both 
formations are similar, correlation 
probable, but not demonstrable.
TELEPHONE CANYON FORMATION 
Interbedded sandstones, quartzites, granule 
conglomerates with minor aa»ounts of slates, 
felsic tuffs, and tuff breccias; fluvial 
cross-bedded sandstones; hematltic "heavy 
sandstones'(mappable beds).
OH£1DA FORMATION
Lithic tuffs, grey to purple, and tuff- 
breccias, tan to buff, interbedded with 
conglomerates, conglomeratic quartzites and 
vackes; basal cobble conglomerate member,
matrix supported with clasts of rounded 
jasper and angular slate. Bed of cross- 
bedded arenite occurs at Oneida mine..
EAST FORK FORMATION
Slates and phyllites, maroon, commonly 
finely laminated; intraclastic limestone 
lens is a distinctive marker bed near the 
basal contact; minor chert and limy 
turbidite interbeds in the lower portion. 
CORNUCOPIA FORMATION
Upper member: Interbedded jasper, chert, and 
maroon slate, thinly bedded (2-5*).
Middle member: Basalt flows and pillow 
lavas, green to blue-green, dolomitized, 
(mapped where observed); jasper-dolomite 
exhalite lens, bedded and brecciated, 
resistant, (mapped as separate unit), debris 
flows, volcaniclastics, and black shales. 
Lower member: volcaniclastic sandstones, 
siltstones and tuffaceous sediments; lens of
basalt and limestone near the base.__________
HORSE CAMP FORMATION
Creywacke, grey to green, uniform, medium- 
grained, massively bedded; interbedded 
maroon slate, volcaniclastic breccias and
conglomerates.

WEST FORE FORMATION
Slates and phyllites, maroon, laminations to 
thick massive beds; interbedded sandstones 
and wackes, medium-grained, and pale blue,
fine grained tuffs._________________________ __
SQUAW FLAT FORMATION
Crystal-lithic tuffs, massive, blue-green, 
coarse-grained, altered volcanic fragments, 
plagioclase and quartz crystals, grading 
upward into slates.
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the Haigler Group. A summary of Ludwig's (1974) lithologic 
descriptions with some modifications and additions by the 
author are presented below.

Squaw Flat Formation:
The Squaw Flat Formation is here proposed as the new 

name for the previously unnamed unit of crystal-lithic tuffs 
described by Ludwig (1974) for exposures near Squaw Flat 
Spring. This is the oldest unit of the Alder Group exposed 
in the study area. It is composed of massive, blue-green, 
crystal-lithic tuffs. The lower contact is truncated against 
undifferentiated Alder Group lithologies by the Thicket 
Spring fault. The unit grades upward into maroon slates of 
the West Fork Formation. The upper contact is here defined 
as the first appearance of predominantly slaty lithologies, 
modifying Ludwig's 150 ft. (45 m) thick gradational contact. 
A maximum exposed thickness of about 1500 ft. (457 m) occurs 
near the western boundary of the Reno Pass quadrangle 
northwest of Squaw Flat spring.

These crystal-lithic tuffs are composed of massive to 
indistinctly foliated tuffs with coarse altered volcanic 
fragments and crystals of plagioclase and quartz. Generally 
devoid of small-scale depositional structures a crude 
grading is apparent for the unit as a whole.
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West Fork Formation:

The West Fork Formation (modified from Ludwig 1974; 
type location in the uppermost West Fork of Sycamore Creek) 
is a sequence of slightly metamorphosed shales, silt-stones 
and volcaniclastic sandstones. This unit conformably over- 
lies the crystal-lithic tuffs of the Squaw Flat Formation 
where it has not been truncated by the Thicket Spring fault. 
These fine-grained sediments grade upward into volcanic 
wackes and sandstones of the Horse Camp Formation. Ludwig's 
definition of the upper contact (the first appearance of 
persistently sandy lithologies) is retained. This unit is 
non-resistant and crops out poorly even where cut by 
drainages. It has a maximum thickness of 1750 feet (533 m).

The dominant lithology is maroon slates and phyllites 
with lesser amounts of medium-grained sandstones and wackes 
and pale blue, fine-grained tuffs. Sedimentary beds vary• 
from lamination to tens of feet in thickness. Distinctive 
sedimentary structures are largely absent and stratigraphic 
up indicators are rare. These rocks are pervasively 
foliated, with finer grained units having a well-developed 
slaty cleavage.

Horse Camp Formation:
The Horse Camp Formation (modified from Ludwig, 1974; 

type location near Horse Camp Seep) comprises medium-grained 
volcanic sandstones (greywackes), maroon slates, volcani-
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clastic breccias and conglomerates. Ludwig fixed the upper 
contact where sedimentary structures and textures disappear 
and abundant microscopic volcanic textures, that would 
normally be destroyed during sedimentation, appear. This 
definition was found to be difficult to apply in the field. 
In this study, the upper contact is moved down section about 
500 feet (152 m) from Ludwig's location and is defined by a 
transition from medium- to coarse-grained, massively bedded 
volcanic wacke in the Horse Camp Formation to finer grained, 
thinly bedded tuffaceous sandstones and siltstones of the 
Cornucopia Formation. The presence of a resistant 
sedimentary limestone marker bed near the base of the 
Cornucopia Formation provides additional control of this 
contact. This new formational contact provides a better 
separation of lithologies and includes a lensoidal unit of 
basalts within the Cornucopia Formation. The thickness of 
the Horse Camp Formation varies from 3100 feet (945 m) in 
the north central map area to 1625 feet (495 m) in Thicket 
Springs and McFarland canyons.

Most of the Horse Camp Formation is composed of a 
sequence of uniform, grey to green, massively bedded, 
medium-grained greywacke containing clasts of mafic 
volcanics and jasper. Thin beds (3 to 10 feet? 1 to 3 m) of 
maroon slate occur in the lower portion of the unit. Coarse 
volcaniclastic breccias and conglomerates occur as scattered 
beds 1 to 30 feet (.3 to 9 m) thick.
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Cornucopia Formation:

The Cornucopia Formation (modified from Ludwig, 1974; 
type location near the Cornucopia mine on the West Fork of 
Sycamore Creek) is dominated by basaltic flows and volcani- 
clastics, and lesser amounts of volcanic sandstones, 
siltstones, debris flows, chemical sediments, and black 
shale. This unit conformably overlies the volcanic graywacke 
of the Horse Camp Formation and underlies the maroon slates 
of the East Fork Formation. The upper contact of the 
Cornucopia Formation was erroneously described by Ludwig 
(1974, p. 42) as not being exposed, or being intruded by 
Pine Mountain Porphyry? he was obviously referring to the 
East Fork - Oneida contact. This upper Cornucopia contact is 
gradational from interbedded slates and chert layers inches 
(cms) thick to homogeneous maroon slates, and is here 
defined by the first appearance of persistent slates of the 
East Fork Formation. In the absence of this gradation into 
slates, a resistant basal limestone of the East Fork 
Formation defines a sharp formational contact. The 
Cornucopia Formation varies in thickness from 3000 feet (915 
m) in the central portion to 4500 feet (1372 m) in the 
southwest portion of the district.

The Cornucopia Formation can be divided into three 
members, designated here as the lower, middle, and upper 
members. The lower member is composed of fine-grained 
volcanic sandstones, siltstones and tuffaceous sediments. A
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130 foot (40 m) thick lens of massive basalt and mafic 
volcaniclastics occurs with limestone and jasperoid chert 
near the base of this unit. It is at this stratigraphic 
position that the Story deposit is located. The middle 
member is composed of a distinctive group of related 
lithologies dominated by dolomitized pillow lavas (fig. 7), 
massive greenstone, and volcaniclastics surrounding a 
resistant, lensoidal unit of bedded and brecciated jasper- 
dolomite. Debris flows containing angular clasts of jasper, 
carbonate, and volcanics in a sandy to silty matrix occur as 
distinct beds near the top of this member. A 30 foot (9m) 
thick bed of fissile, thinly laminated (cms), rhythmically 
interlayered black and grey shale, here designated the zebra 
shale (fig. 8), occurs interbedded with mafic volcanics. 
Dispersed nodules of pyrite up to an inch in diameter occur 
in the zebra shale and appear to be diagenetic. The upper 
member is composed of interbedded jasper, chert and maroon 
slates averaging 2 to 5 inches (5 to 13 cm) in thickness. 
This upper member grades upwards into pure maroon slates or 
passes directly into a basal intraclastic limestone of the 
East Fork Formation. The contacts between these members are 
poorly defined and have not been mapped. The basalts, 
jasper-dolomite, sedimentary limestone, and zebra shale have 
been mapped as units where observed.

The evidence of exhalative processes, pervasive 
carbonate alteration and variety of distinctive lithologies
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FIGURE 7: Pillow basalts of the middle member of the 
Cornucopia Formation in McFarland canyon. Note chilled rims, 
concentric pattern, draping of individual pillows, and 
interpillow chert. Location of sample MFP-1.

FIGURE 8: The zebra shale bed; a distinctive thinly 
laminated rhythmic series of black and grey carbonaceous 
shales interbedded with middle member Cornucopia Formation 
volcanic rocks. Dime for scale.
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associated with volcanism in the middle member of the 
Cornucopia Formation is in marked contrast to other 
lithologies in the Alder Group. For these reasons, the 
Cornucopia Formation is a central focus in the evaluation of 
volcanogenic processes and possible influences on 
mineralization in the Sunflower mining district. This 
volcano-exhalative system is described in greater detail 
below (pp. 64 - 69).

East Fork Formation:
The East Fork Formation (after Ludwig, 1974; type 

location on East Fork of Sycamore Creek) is dominantly 
maroon to red-brown hematitic slates and phyllites with 
isolated beds of chert, intraclastic limestone, limy 
sandstone, and, locally, coarse lithic wackes and breccias. 
The upper contact is exposed in the eastern portion of the 
study area, but is elsewhere intruded and obscured by the 
Pine Mountain Porphyry (plate 1). This upper contact is 
relatively sharp and is marked by a basal cobble 
conglomerate of the Oneida Formation. A maximum thickness of 
1500 feet (457 m) was measured in sections not intruded by 
the Pine Mountain Porphyry.

Fissile maroon slates and phyllites, commonly finely 
laminated, are the characteristic lithology of the East Fork 
Formation. Slaty cleavage is well-developed, generally 
parallel to bedding.
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A resistant, lensoidal intraclastic limestone unit 

boldly outcropping at or near the base of the East Fork 
slates is a distinctive marker bed which has been mapped 
through most of the study area. The lower contact of this 
unit is the base of the East Fork Formation or is separated 
from the basal contact by a maximum of 20 ft. (6m) of 
maroon slates. Minor beds of chert (1-5 feet thick) and limy 
turbidite (5 to 30 feet thick) units occur interbedded with 
maroon slates in the lower portion of the formation.

Oneida Formation:
The Oneida Formation (after Ludwig, 1974; type area 

near the Oneida mine on the East Fork of Sycamore Creek) 
consists of lithic tuffs and tuff-breccias interbedded with 
conglomerates, conglomeratic quartzites and wackes. The 
basal cobble conglomerate may rest disconformably on the 
slates of the East Fork Formation, the significance of the 
disconformity being unknown. The upper contact is 
conformable and gradational with the overlying sandstones 
and quartzites of the Telephone Canyon Formation. Ludwig's 
(1974) definition of this upper contact by the first 
appearance up-section of abundant and persistent sandstones 
and quartzites is retained. The Oneida Formation has a 
thickness of 2750 feet (838 m) where it is not intruded by 
Pine Mountain Porphyry.
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The basal conglomerate (fig. 9) is here defined as a 

member of the Oneida Formation and is the only sub-unit 
mapped. This cobble conglomerate is about 300 feet (91 m) 
thick and contains well-rounded cobbles of jasper and 
angular fragments of maroon slates in a silty to sandy 
matrix. The remainder of the Oneida Formation is dominated 
by grey to purple lithic tuffs and, locally, tan to buff 
tuffaceous breccias. The lithic tuffs contain coarse felsic 
volcanic clasts and well-rounded jasper in a sandy 
tuffaceous matrix. A 50 foot (15 m) thick unit of cross- 
bedded quartz arenite hosts mercury deposits at the Oneida 
mine.

Telephone Canyon Formation:
The Telephone Canyon Formation (after Ludwig, 1974; 

type location in Telephone Canyon) is the uppermost 
formation in the Alder Group. It consists of sandstones, 
quartzites, granule conglomerates, and minor amounts of 
slates and felsic tuffs. The upper contact is sharply 
defined by the appearance of rhyolitic flows and tuffs of 
the Red Rock Rhyolite and is the upper contact of the Alder 
Group. This contact is largely intruded by an andesite dike 
varying in thickness from 0 to 200 feet (0 - 60 m). 
Unintruded contacts were observed in the southeast portion 
of the area, near the East Fork of Sycamore Creek. The 
thickness of the Telephone Canyon Formation is highly
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FIGURE 9: The basal conglomerate of the Oneida Formation. 
Note well-rounded cobbles of jasper.

FIGURE 10: Shallow marine crossbedded sandstones of the 
Telephone Canyon Formation.
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variable, measuring 400 feet (122 m) at the eastern limit of 
the study area to 1700 feet (518 m) along the East Fork of 
Sycamore Creek. Map widths of 2300 feet (701 m) near the 
southern map boundary are probably the result of minor 
folding (plate 1).

The contact of the Alder Group with the Red Rock 
Rhyolite has been described as a fault contact by Wilson 
(1939), a conformable contact by Ludwig (1974) and Alvis 
(1984) and as a unconformable contact by P. Anderson (1987). 
The andesite intrusion makes difficult a definitive 
assessment of the contact. The highly variable thickness of 
the underlying Telephone Canyon Formation seems consistent 
with an unconformable contact of unknown significance.

Small scale, cross-bedded sandstones and quartzites 
(fig. 10) are common and suggest a shallow marine 
depositional environment in the upper portions of the 
Telephone Canyon Formation. Beds 9 to 30 feet (3 - 9 m) 
thick of well-sorted hematitic black sandstone also occur in 
the upper portion of this formation. These 1heavy 
sandstones' are described in detail by Alvis (1984) and have 
been mapped individually where possible. An oxide-facies 
iron formation described by Alvis (1984) was not observed.
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The Alder Depositional Basin

The assemblage of volcanic, volcaniclastic, and 
sedimentary rocks of the Alder Group resembles classical 
Phanerozoic eugeosynclines, characterized by thick 
stratigraphic sequences containing abundant submarine 
volcanics (often including pillow lavas), volcaniclastics, 
shales, and chert (Kay, 1951).

Stratigraphic up indicators in the Alder Group, such 
as, pillow forms, graded beds, and cross-bedding 
consistently face to the southeast between the Thicket 
Spring fault and the Red Rock Rhyolite. A generally 
conformable sequence is indicated by the lack of sharp 
lithologic boundaries and no evidence of erosional surfaces. 
The basal conglomerate of the Oneida Formation may be an 
exception, possibly representing a disconformable contact. 
This unit could equally well represent a mass flow deposit 
from a locally emergent source.

A progressive shallowing of the Alder basin is 
indicated. The lower section is composed of submarine 
accumulations of massively bedded and poorly sorted 
volcaniclastics, abundant pelitic sediments, subaqueous 
tuffs, pillow lavas, and bedded cherts. The basal 
conglomerate of the Oneida Formation is the first unit to 
show well-rounded clasts. It is above this stratigraphic 
position that evidence of more mature sediments and near
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shore current affects are observed and pelitic sediments 
disappear. Cross-bedding occurs in a single bed in the 
Oneida Formation at the Oneida mine and cross-bedded 
quartzites and arkose are the dominant lithologies in the 
upper portion of the Telephone Canyon Formation.

The possible unconformable contact at the Alder Group - 
Red Rock Rhyolite contact and the subaerial nature of the 
Red Rock Rhyolite indicate the final emergence of the Alder 
basin. The voluminous amounts of rhyolitic flows and 
pyroclastics of the Haigler Group indicate a tectonically 
active region with continental affinity.

Haider Group

Red Rock Rhyolite:
The Red Rock Rhyolite (after Wilson, 1939; type 

location at Red Rock) is a thick sequence of rhyolitic flows 
and tuffs overlying sandstones and quartzite of the 
Telephone Canyon Formation of the Alder Group. This unit is 
considered here as a formation of the Haigler Group (Conway, 
1976) as are the Mount Peeley Ignimbrites (P. Anderson,
1987). This thick pile of rhyolitic volcanic rocks occupies 
the axis of the Red Rock Syncline (Ludwig, 1974) and crosses 
the southeast corner of the study area through its type 
section at Red Rock. No upper contact has been observed. A 
minimum thickness, as determined by measurements in the



study area, of 2500 feet (762 m) is likely to be a gross 
underestimate.

The Red Rock Rhyolite is dominated by dense, orange, 
buff, and grey rhyolite flows and minor tuffs. Flow banding 
and eutaxitic textures are common.

Mount Peeley Ignimbrites:
The Mount Peeley Ignibrites (P. Anderson, 1987) are 

exposed in the area north of the Sheep Mountain fault and 
are generally similar to the Red Rock Rhyolite. Correlation 
of this unit with the Red Rock Rhyolite is probable but not 
demonstrative. This unit lies in a distinct structural block 
from that of the Sunflower mining district, separated by the 
Sheep Mountain fault.

Intrusive Lithologies 

Pine Mountain Porphyry:
The Pine Mountain Porphyry (after Wilson, 1939? type 

area near Pine Butte) is a hypabyssal intrusive sheet of 
resistant, tan to buff, rhyolitic porphyry containing quartz 
and plagioclase phenocrysts in an aphanitic groundmass. It 
forms bold outcrops through the center of the study area and 
has intruded the Alder Group at or near the contact of the 
East Fork and Oneida formations. It is strongly foliated on 
its margins and generally massive and jointed in the

51
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interior. This intrusive sheet is variable in thickness, 
ranging from 3000 feet (914 m) in the southwest and at Pine 
Butte in the northeast to a narrow constriction of less than 
100 feet (< 30 m) on the East Fork of Sycamore Creek. Small, 
scattered satellite pods and inclusions of country rock are 
common.

Chemical data collected by Ludwig (1974) and Alvis 
(1984) indicate that the Pine Mountain Porphyry is of 
rhyolitic to rhyodacitic composition.

No age dating is known to have been done on this 
intrusive, however the foliated margins suggest that it is 
pre-deformational and may have been intruded as a sill prior 
to folding. Exposures of rocks similar to the Pine Mountain 
Porphyry on the southeastern limb of the Red Rock Syncline 
occur at a comparable stratigraphic level (Ludwig, 1974), 
further supporting the idea of a intrusive sill prior to 
folding. The chemical composition and geographical 
distribution indicates that it may be related to the 
granite-rhyolite complex described by Conway (1976) and 
Conway and Silver (1986).

Rhyolite Dikes:
Hypabyssal rhyolite porphyry dikes occur in the 

northwestern portion of the district. These dikes appear 
similar to the Pine Mountain Porphyry but are unfoliated and 
may represent a late stage, post-deformational intrusion of
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the granite-rhyolite complex.

A general increase in phenocryst abundance and overall 
crystallinity was observed towards the northeast. Sericitic 
alteration, with or without disseminated pyrite, appears to 
be best developed in the McFarland canyon area. These 
factors may indicate a shallowing of intrusive depths 
towards the southwest.

Diorite Dikes:
Ludwig (1974) described medium-grained, equigranular 

diorite dikes in the central Mazatzal Mountains. One such 
dike extends 2000 feet (610 m) into the north central 
portion of the study area.

Gabbroic Intrusion:
A previously undescribed intrusion of gabbro occurs 

near the northwestern rhyolite dikes. This gabbro is 
confined between the two rhyolite dikes of McFarland canyon 
and has apparently been intruded by the northern dike and a 
small sliver of rhyolite porphyry.

This gabbro is mineralized with disseminated pyrite and 
chalcopyrite near its margins and is cut by copper stained 
vuggy quartz veins.
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Andesite Dikes:

Andesite dikes intrude Alder Group, Pine Mountain 
Porphyry, and Red Rock Rhyolite lithologies in the northwest 
and southeast portions of the study area. They are green in 
color and are generally fine- to medium-grained. Chlorite 
and epidote are common secondary minerals.

Cenozoic Cover

Tertiary Volcanic Rocks:
Lava flows and pyroclastic material of probable 

Tertiary age cover Older Precambrian lithologies in the 
south, west, and east-central portions of the field area. 
Dark colored dikes cut young alluvial deposits along highway 
87 to the east of the Slate Creek Divide and may be related 
to the andesite dikes described above.

Gravels:
Fanglomerates and fluvial deposits occur along some of 

the ridge crests in the eastern portion of the map area. 
These gravels are closely associated with Tertiary 
volcanics. Cobbles and boulders of Tertiary volcanics occur 
in some of the gravels. Another distinctive component of 
these gravels is clasts of quartzite apparently derived from 
exposures of the Mazatzal Group to the north.
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STRUCTURE

District Scale Structures

A structural cross-section of the region is presented 
in figure 11. The Sunflower district lies on the near 
vertical, northeast limb of the Red Rock Syncline defined by 
Ludwig (1974). The axial trace of the syncline crosses the 
southeast corner of the study area. Small scale parasitic 
folds occur locally. Two northeast trending faults, the 
Thicket Springs fault and the Sheep Mountain fault, occur in 
the northwest corner of the study area. These faults 
separate two distinct structural blocks to the northwest and 
the southeast (see map of regional structures, fig. 5).

The Red Rock Syncline:
Stratigraphic up indicators within the Alder Group show 

consistent southeast facing from the Thicket Springs fault 
in the northwest to the Red Rock Rhyolite in the southeast.
A facing reversal has been identified in undifferentiated 
Alder Group rocks between the Thicket Springs fault and the 
Sheep Mountain fault. Crossbedded sandstones of the upper 
Telephone Canyon Formation occur on either side of the Red 
Rock Rhyolite exposures and show bedding facings toward the 
Red Rock Rhyolite on both sides. The consistent southeast 
facing of Alder Group rocks between the Thicket Springs



FIGURE 11: Interpretive structural cross-section (X-X* of figure 5) of the central Mazatzal Mountains with major structures identified.
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fault and the Red Rock Rhyolite indicates a homoclinal 
structure in the Sunflower district and repudiates the 
existence of a major anticlinal structure in the vicinity of 
the Cornucopia Formation as has been contended by Ransome 
(1915) and P. Anderson (1987).

Poles of bedding of the Alder Group are plotted on the 
equal area projection in figure 12. The bedding poles do not 
define a distinct girdle; this is as would be expected for 
measurements made on the limb of an isoclinal fold. The lack 
of identifiable fold hinges is not unusual in isoclinally 
folded terranes. Bedding planes parallel the regional foli
ation and describe an axial plane trending N56eE and dipping 
80eSE. The northwest vergence of this axial plane indicates 
compression was directed to the northwest at about N34eW.

Poles to foliation planes and slaty cleavage, 
lineations defined by stretched pebbles and mineral 
orientations, and poles to sub-horizontal extensional joints 
are plotted in figure 13. The poles of foliation indicate 
that the axis of maximum principal stress compression (a) 
was oriented N34eW, dipping 20" to the NW. The axis of 
extension (c), as defined by lineations and poles of 
extensional joints, plunges 80" to S39"W.

Slaty cleavage is well-developed in the East Fork 
Formation, generally parallel to bedding but small scale 
folds are developed locally; here foliation cuts bedding at 
high angles.
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FIGURE 12: Poles to bedding and the axial plane of Alder 
Group rocks in the Sunflower mining district.

N

FIGURE 13: Equal area projection of deformational 
structures; poles to foliation, mineral and stretched pebble 
lineations, and poles to sub-horizontal extensional 
jointing. An average axial plane for the Red Rock Syncline 
trends N56°E, dipping 80*SE. Extensional lineations plunge 
80* to S38*W.

# Poles of Foliation 
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Structures of the Jasper-Dolomite Exhalite

The Cornucopia Formation contains several distinctive 
structural elements which are important in understanding the 
nature and evolution of the volcano-exhalative system. The 
altered basalts were cut by calcite and dolomite veins which 
have been isoclinally folded consistent with the regional 
trend (fig. 14). This supports a pre-deformational, possibly 
contemporaneous, age for the alteration of the basalts.

The jasper-dolomite is the most competent unit of the 
Cornucopia Formation and shows no evidence of the regional 
foliation. Bedded and brecciated jasper-dolomite occurs as 
large faulted blocks (plate 1). These faults have NW-SE 
trends perpendicular to the regional trend.

In the area between McFarland and Sunflower canyons, 
several large rotated blocks of bedded exhalite lie 
supported in a brecciated jasper-dolomite matrix. Bedding 
plane poles of these blocks from the hillside west of 
Sunflower canyon are plotted in figure 15. The bedding poles 
define a narrow girdle indicating cylindrical folding with 
an axis plunging 18* to the N82*E. This trend is 26* away 
from the regional trend and the fold axis plunges 8' more 
steeply than the Red Rock syncline.

These structures are consistent with the interpretation 
that alteration of the volcanics, and faulting, folding, 
mass movement, and brecciation of the jasper-dolomite were
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FIGURE 14: Folded dolomite vein cutting carbonate altered 
mafic volcaniclastic rocks in the Cornucopia Formation. 
Vein is approximately 3 inches wide. Quarter for scale.
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FIGURE 15: Equal area plot of bedding pole from the rotated 
blocks of bedded jasper-dolomite exhalite. Poles lie along 
a great circle indicating a fold axis trending N82*E and 
plunging 18".

N
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all contemporaneous with deposition of the jasper-dolomite 
and that a large portion of this unit is a mega-breccia. A 
large olistostrome in the Triassic Pit Formation of the East 
Shasta district of California occurs in association with 
massive sulfides, indicating that both are features which 
could be localized by rifting (Eastoe, et al., 1987). The 
faults appear to have been normal suggesting local rifting 
resulting in a graben or caldera-like basin which received 
mass flow deposits from the fault scarps, possibly with soft 
sediment folding of sufficient geometric regularity to 
generate the pattern shown in figure 15.

Olistostromes. Tectonic Breccias and Shear Zones

The brecciated exhalites consist of angular, undeformed 
clasts of jasper supported by a fine-grained, massive 
dolomite matrix. This is in contrast to the structures of 
other rudites in the Alder Group. The siliceous rudites of 
the Oneida conglomerate and lithic tuffs, and the Cornucopia 
debris flows have stretched pebbles and are foliated and 
lineated to varying degrees. The jasper-dolomite lens 
responded to tectonic deformation of the Mazatzal Orogeny in 
a competent manner, unlike the siliceous rudites of the 
Oneida conglomerate and Cornucopia debris flows. None of 
these units show evidence of brecciation indicative of a 
tectonic melange or evidence of a major shear zone as has
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been proposed by Alvis (1984) in the vicinity of the Pine 
Mountain mine.

These observations suggest that the brecciation of the 
jasper-dolomite exhalite was the result of a 
penecontemporaneous disruption. Apparent normal faulting 
associated with the exhalite may have resulted in local 
relief which produced slumping and soft sediment 
deformation. Large rotated blocks of bedded jasper-dolomite 
appear to have had nearly vertical orientations prior to the 
deformation associated with the Mazatzal orogeny which 
reoriented them to their present sub-horizontal attitudes.
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HYDROTHERMAL DEPOSITS

Three distinct hydrothermal systems occur in the 
Sunflower district; the volcano-exhalative system of the 
Cornucopia Formation, the polymetallic deposits associated 
with the rhyolite dikes, and the mercury deposits. The 
distribution of mineralization and mineral belts is shown in 
figure 16.

The Cornucopia Volcano-Exhalative System

Character and Distribution:
Centrally located in the Sunflower district is a 

sequence of dolomitized pillow lavas and massive flows 
surrounding a thick, lensoidal unit of bedded and brecciated 
jasper-dolomite and interlayered with beds of volcaniclastic 
rocks, debris flows, and black shale.

The nature and structure of the mafic volcanics and 
associated jasper-dolomite have been of some controversy. 
Ransome (1915) first described these rocks and identified 
them to be stratigraphic units. Wilson (1939, p.1128) later 
interpreted the jasper-dolomite as:

"branching lenticular veins ... and as overlying 
masses which appear to have been deposited on the surface."

and considered the surrounding greenstones of Ransome1s to 
represent:



FIGURE 16: Map showing the distribution of mines, prospects, and mineral belts of the Sunflower mining district.
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"...strong chloritization [of] the Alder rocks." 

concluding that:
"...the jasper and carbonate material seems clearly 

to be of hydrothermal origin [and] may represent a 
phase of hydrothermal activity that gave rise to the 
quicksilver deposits of this immediate region.”,

which he had concluded were of Tertiary age.
In his study of the internal stratigraphy of the Alder

series, Ludwig (1974) reestablished the stratigraphic nature
of the jasper-dolomite and first described amygdules, pillow
structures and petrographic features as evidence for the
mafic volcanic nature of the greenstones. He commented on a
possible bedding-plane shear origin for the jasper-dolomite
breccias, but concluded that:

"... the appearance of the breccias ... is more 
suggestive of a sedimentary, intraformational breccia 
... [and] ... that they were formed contemporaneously 
with the accumulation of volcanics and bedded cherts by 
small scale gravity sliding or by current breakup ..." 
(Ludwig, 1974, p.180).

This unit has since been described as a iron formation 
(Marsh, 1983) and as an exhalite (Wrucke et al, 1984).

This sequence constitutes the middle member of the 
Cornucopia Formation and is best developed and exposed in 
the western portion of the district (fig. 16). Although 
barren of associated massive sulfides, this sequence appears 
to represent a volcano-exhalative system which resulted in 
pervasive dolomitization and carbonate veining of the mafic 
volcanics and the deposition of bedded jasper-dolomite which 
was, in part, later disrupted and brecciated.



67
Petrology and Mineralogy:

The pillow basalts, massive flows, and volcaniclastics 
have all been pervasively dolomitized and are veined by 
calcite and dolomite. The massive flows and pillow lavas are 
typically fine-grained and show a similar mineralogy 
consisting of albite, chlorite, carbonate (dolomite and/or 
calcite), and opaque oxides. Although they have been 
intensely carbonate altered, the alteration and regional 
deformation has not destroyed the pillow forms and much of 
the internal structure remains (fig. 7). A concentric 
pattern of chilled rims can be seen in individual pillows. 
Interstitial chert occurs in the voids between pillow forms. 
Amygdules of calcite and dolomite are common in the pillow 
lavas, but are of more limited extent in the massive flows. 
The amygdules show a distinct concentration towards the top 
of individual pillows. The presence of pillow structures, 
relict albite, abundant chlorite and opaques, and 
pseudomorphs of mafic minerals indicate a mafic composition 
of both the pillow lavas and the massive greenstones.

A thick, lensoidal unit of jasper-dolomite is 
interbedded with the mafic volcanics and forms bold outcrops 
1/4 mi north of the Sunflower mine (fig. 17). This unit 
consists of rhythmically interbedded brick-red jasper and 
tan dolomite (fig. 18; sample JD-1) and brecciated jasper in 
a dolomite matrix. The jasper-dolomite breccias are 
typically composed of angular clasts of jasper, white
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FIGURE 17: Outcrop of jasper-dolomite of the Cornucopia 
Formation north of the Sunflower open pit. Here bedding is 
nearly horizontal.

FIGURE 18: Rhythmically interbedded jasper and dolomite of 
the jasper-dolomite exhalite of the Cornucopia Formation.
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cherts, and dolomite supported in a matrix of tan dolomite. 
Clasts of crustiform carbonate occurring in the breccias 
appear to be vein material possibly representing broken vent 
walls and signifies that brecciation was penecontemporaneous 
with deposition and not the result of tectonism.

Microscopic examination of the bedded jasper-dolomite 
shows a mineralogy of fine- to medium-grained interlocking 
quartz and ferruginous dolomite rhombs (see mineral 
chemistry, p. Ill - 113). Reddish opaque inclusions 
(hematite ?) in the quartz have a colloform appearance. A 
distinct stratification observed in hand specimen is defined 
by concentrations of colloidal iron oxides in the jasper (3- 
10 fxra) and a gradation from quartz to dolomite over 1 cm.

The jasper-dolomite unit shows little evidence of 
tectonic deformation or metamorphism. Minor quartz veins in 
bedded and brecciated jasper-dolomite appear to be post- 
deformational. Sigmoidal quartz gash veins were seen rarely. 
Immense rotated blocks of bedded jasper-dolomite occur north 
of the Sunflower mine. Bedding is nearly horizontal in many 
of the large blocks in marked contrast to the regional 
trends (see structure; p. 59 - 62).
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Polymetallic Deposits

Distribution, Mode and Occurrence:
The McFarland Canyon - Story Mine polymetallic mineral 

belt is located in the west-central portion of the study 
area (fig. 16). Several types of mineralization occur in 
this belt and are distinguished by their mineralogy and mode 
of occurrence. The deposit types of primary interest are the 
arsenical polymetallic quartz veins of McFarland canyon and 
the sulfide masses of similar chemistry and mineralogy at 
the Story mine. These deposits contain appreciable amounts 
of gold, silver, and lead. Closely associated porphyritic 
rhyolite dikes host quartz-tourmaline breccia veins, 
tourmalinized brecciated rhyolite, and concentrations of 
disseminated pyrite and arsenopyrite in sericitized 
rhyolite. Minor copper mineralization is present as quartz- 
tennantite veins in andesite dikes and as disseminated 
pyrite-chalcopyrite along the margins of a small intrusion 
of gabbro.

The polymetallic veins in the McFarland canyon area are 
hosted by clastic sedimentary rocks of the West Fork 
Formation and are confined between two prominent rhyolite 
dikes. Mineralization consists of quartz-sulfide veins with 
well-defined walls along faults and fractures which cut the 
regional foliation at low angles. A single, near vertical 
vein trend is traceable, more or less continuously, for
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about 1700 feet (518 m) along the drainage of McFarland 
canyon. A small adit explores similar vein material about 
1300 feet (396 m) to the east. The wall rock shows a 
chloritic alteration zone up to 10 feet (3m) wide adjacent 
to the veins.

Polymetallic mineralization at the Story mine is of a 
distinctly different character from the veins in McFarland 
canyon. Here a general stratigraphic trend appears to 
control the distribution of sulfide masses and gossan 
outcrops which are further removed (0.5+ miles) from 
exposures of rhyolite dikes. A thin sequence of mafic 
volcanic and volcaniclastic rocks of the lower member of the 
Cornucopia Formation hosts the Story deposit. Pyritic and 
gossanous materials were also observed near the central 
ridge of the study area two miles to the east in a 
comparable stratigraphic position. These deposits consist of 
massive to disseminated sulfides which have poorly defined 
to gradational contacts with the host rocks. Vein quartz is 
generally absent.

Mineralization within the rhyolite dikes is largely 
confined to the area surrounding the McFarland polymetallic 
veins. To the northeast the dikes are unmineralized, less 
altered, and display a coarser crystallinity. This close 
geometric association between these deposits suggests a 
genetic relationship which is evaluated in greater detail 
below. The large southern dike hosts the majority of
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mineralization. Quartz-tourmaline breccia veins occur in 
well defined walls of faults and fractures cutting 
sericitized rhyolite. Fine-grained tourmaline also occurs as 
the matrix in zones of brecciation in the rhyolite dikes. 
Concentrations of disseminated pyrite + arsenopyrite occur 
in poorly defined pods or zones in association with the 
veins or more often as separate mineralization.

Ore Petrology, Mineralogy and Paragenesis:
The mineral assemblages of each type of mineralization 

described above are listed in table 3. The polymetallic 
veins of McFarland canyon consist mainly of quartz, 
sulfides, and sulfosalts. Pyrite and arsenopyrite are the 
most abundant sulfides. Massive and brecciated quartz is the 
dominant gangue mineral with lesser amounts of tourmaline, 
sericite and chlorite. In the brecciated veins quartz is 
generally devoid of sulfides, but some euhedral pyrite and 
arsenopyrite occur within the quartz. The brecciated quartz 
is surrounded by pyrite and arsenopyrite which have also 
been broken. Clasts of chloritized wall rock have also been 
caught up in the brecciation. Tennantite fills the 
interstitial voids between pyrite, arsenopyrite, and quartz 
clasts and occurs as fracture fillings in both. Secondary 
chalcocite occurs as microscopic veinlets and replacements 
in tennantite. In the massive sulfide veins (fig. 19),



TABLE 3: Mineralogy of mineralization types in the 
McFarland Canyon - Story Mine polymetallic mineral belt.

McFarland Canyon Veins -
Ore Minerals: Gangue Minerals:

Pyrite
Arsenopyrite
Galena
Tennantite
Cu-Pb sulfosalt (Bournonite?) 
Coveilite (secondary)

Quartz
Tourmaline
Chlorite
Sericite

Story Mine Deposits -
Ore Minerals: Gossan Minerals: Gangue Minerals:

Pyrite
Arsenopyrite
Sphalerite
Geocronite

Limonite
Hematite
Scorodite
Cerussite

Quartz
Chlorite

Rhyolite Dikes —
Ore Minerals: Gangue Minerals:

Pyrite
Arsenopyrite

Quartz
Tourmaline
Sericite
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FIGURE 19: Photomicrograph of a polished section of massive 
sulfide vein material from the McFarland canyon deposits. 
Galena (gn) veins euhedral and fractured pyrite (py) and 
arsenopyrite (asp). Tennantite (tn) replaces all earlier 
sulfides. 100 /im scale. Reflected light, plane polarized.
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originally euhedral pyrites and arsenopyrites have been 
extensively fractured. Galena occurs as fracture fillings 
and replacements of the earlier sulfides and is later 
replaced by tennantite.

Primary ore at the Story mine was not observed by Marsh 
(1983). The only important exposure of primary ore occurs in 
a small tributary drainage to Sunflower canyon. Here the 
westernmost adit of the Story mine trend explores a sulfide- 
rich mass dominated by pyrite and arsenopyrite. Only 
oxidized ore and gossans are exposed at the main workings on 
the hillside to the east. Pre-deformational pyrite and 
arsenopyrite occur along primary laminations (S0) and are 
affected by deformational foliation cleavage (Ŝ ) (fig. 20). 
Later post-deformational minerals consist of pyrite, 
arsenopyrite, sphalerite, and the lead antimonide geocronite 
(see mineral chemistry) which occur along deformational 
foliation cleavages, and vein and replace earlier pyrite and 
arsenopyrite. Vein quartz and tourmaline are notably absent 
and no copper-bearing minerals were observed.

Pyrite and arsenopyrite are the only recognized 
metallic minerals in the mineralized rhyolite dikes. Quartz 
and tourmaline are the dominant gangue with lesser amounts 
of sericite and chlorite. The quartz-tourmaline breccia 
veins consist of angular clasts of milky white vein quartz, 
with or without euhedral pyrites, in a fine-grained matrix
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FIGURE 20: Close-up view of a polished section of sulfide 
mineralization from the Story deposit. Euhedral pyrite and 
arsenopyrite are distributed along primary laminations.
Deformational foliation cleavage cut the primary bedding at 
high angles and host sphalerite and geocronite. The 
dimensions of the section are .75 by 1.5 inches. Natural light.



of black tourmaline. Similarly, a fine-grained black 
tourmaline matrix + pyrite occurs in zones of brecciated 
rhyolite.

The paragenetic sequence of ore and gangue minerals of 
the Story mine and McFarland canyon deposits are shown in 
figures 21 and 22.

Ore Controls:
Post deformational faults and fractures appear to be 

the dominant control in the localization of the McFarland 
polymetallic veins. No obvious chemical controls, such as 
favorably reactive host rocks, were observed. The presence 
of base-metal sulfides and sulfosalts is indicative of 
mesothermal deposits (Park and MacDiarmid, 1975) suggesting 
a temperature dependent deposition. Galena and tennantite 
occur late in the paragenetic sequence veining and replacing 
earlier pyrite and arsenopyrite which could be the result of 
a contracting thermal regime.

Syngenetic pyrite and arsenopyrite may be responsible 
for ore localization in the Story deposits, acting as 
chemically reactive host rocks for later hydrothermal 
fluids. The occurrence of sphalerite and geochronite along 
foliation cleavage attest to structural controls of fluid 
pathways. Here again, base-metal sulfides and sulfosalts 
indicate mesothermal deposition.

The quartz-tourmaline breccia veins, tourmalinized
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FIGURE 21: Paragenetic chart of the mineralization of the 
McFarland canyon veins.

FIGURE 22: Paragenetic chart of the Story deposit.
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breccia zones, and the lack of base-metal sulfides and 
sulfosalts in the rhyolite dikes are suggestive of higher 
temperature deposition.

Geochemistry and Metal Ratios:
Marsh (1983) conducted a reconnaissance geochemical 

study of the polymetallic deposits in conjunction with the 
mineral resource assessment of the Mazatzal Wilderness 
(Wrucke et al., 1984). Geochemical data collected by Marsh 
(1983) from the polymetallic deposits, quartz-tourmaline 
breccia veins, and disseminated sulfide mineralization in 
the rhyolite dikes have been reviewed extensively and the 
majority of sample locations visited. Marsh analyzed 55 
samples of mineralization and host rocks for 31 different 
elements by atomic absorption and D.C. arc spectrometry and 
colorimetric arsenic analysis (Ward et al., 1963). A summary 
tabulation of a portion of Marsh's data is provided in table 
4. The data were separated on the basis of the three 
prominent deposit types described previously; the McFarland 
veins, the Story deposit, and mineralized rhyolite dikes.

Marsh found a distinctive geochemical suite consisting 
of major amounts of arsenic, copper, lead, and antimony, 
significant amounts of gold, silver, mercury, bismuth, zinc, 
and tellurium, and lesser amounts of boron, beryllium, tin, 
and cadmium. This suite of elements has been recognised 
through a large portion of the Mazatzal Wilderness area and
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TABLE 4: A summary tabulation of geochemical data
collected from mineralization in the polymetallic belt 
by Marsh (1983).
Sample # Cu Pb Zn AU

(PPm)
Ag Sb Hg

Rhyolites:
536R 60 10 20 0.2 0.6 — 0.12
537R 95 15 30 0.1 1.6 100 0.60
537RA 60 50 45 0.4 4.5 180 0.30
538RA 170 15 10 0.1 4.6 60 0.40
539R 15 5 5 — 0.1 2 0.08
542R 45 160 90 H to 1.8 21 0.50
543R 80 45 10 — 0.3 6 0.04
543RA 300 10 5 0.2 1.3 40 0.14
54 5R 540 15 20 0.2 3.5 230 0.34
54 6R 20 10 15 - 0.1 2 0.04
547R 5 20 25 0.2 0.1 4 0.04
547RA 70 320 350 0.4 0.8 210 0.40
549R 25 35 15 0.7 0.8 22 0.40
551R 370 75 25 1.2 5.0 5 0.14
McFarland:
538RB >1% >1% >1% 7.0 >1.0 >1% 4.60
538RC 290 >1% 80 0.3 9.0 300 0.02
538RD 650 >1% 450 3.9 31.0 450 0.16
538RE 620 >1% 250 3.3 25.0 300 0.08
544RB >1% >1% 250 17.0 >1.0 >1% 0.50
544RC 120 >1% 35 0.7 52.0 100 0.02
550R 170 210 820 2.2 3.4 58 0.65
550RA 220 >1% 110 4.7 47.0 95 0.20
Story Mine:
495R 290 3300 860 2.3 85.0 1400 2.50
495RA 1700 3300 710 4.9 176.0 1200 2.00
495RB 710 890 21000 - 74.0 400 1.30
4 9 SRC 200 7000 930 7.1 216.0 600 14.00
540RA 290 0 500 2.8 - 180 1.60
553R 1000 >1% >1% 8.0 >1.0 >1% 4.00
554R 100 >1% 1000 1.5 >1.0 >1% 0.55
554RA 15 35 130 — — 6 0.12



has been associated with a late hydrothermal phase related 
to the Proterozoic Payson granite (Wrucke et al., 1984).

Marsh concluded that there were two stages of 
mineralization in the McFarland canyon - Story Mine area 
consisting of: l) a generally barren pyritic stage closely 
associated with the rhyolite dikes, and 2) an arsenopyritic 
stage which contains the characteristic suite of elements.

Low combined base metal values (Cu+Pb+Zn) averaging 
only 240 ppm and precious metals values averaging 0.3 ppm 
gold and 1.8 ppm silver typify mineralization from the 
rhyolite dikes. Average metal concentrations are 
significantly higher in the polymetallic deposits averaging 
>1.2 wt% combined base metals (Cu+Pb+Zn), 4.3 ppm gold and 
40.3 ppm silver.

Plotting base metal ratios of the polymetallic deposits 
and mineralized dikes on Cu-Pb-Zn ternary diagram (fig. 23 a 
and b) shows a strong geochemical distinction between the 
two. The low grade mineralization of the rhyolite dikes is 
generally lead poor (< 25 mole % Pb) in contrast to the 
polymetallic deposits which trend towards the lead apex. The 
polymetallic deposits also show distinctive base metal 
contents. Primary sulfides from the Story mine were not 
observed by Marsh (1983), his samples being from oxidized 
ore and gossans. These samples lie largely along the lead- 
zinc tie (containing < 15 mole % copper). This low
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FIGURE 23: Ternary diagrams of Cu-Pb-Zn mole proportions 
determined from geochemical data collected by Marsh (1983). 
Figure a is a plot of samples from the polymetallic deposits 
of the McFarland canyon and Story deposits. The samples from 
the Story deposit are of oxidized ore and gossan. Figure b 
is a plot of mineralization in the rhyolite dikes.
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Cu/(Cu+Pb+Zn) ratio does not appear to be a entirely the 
result of oxidation, but is substantiated by the observed 
absence of copper-bearing minerals in the primary ore 
examined from the west adit.

Ore minerals containing precious metals are discussed 
in the chapter on mineral chemistry. Geocronite, tennantite, 
sphalerite, galena, and possibly other sulfosalts were found 
to contain appreciable gold and silver values. Whole rock 
analyses of ores by Marsh (1983) show values ranging between
0.1 to 5.0 ppm Ag and trace to 1.2 ppm Au in the mineralized 
rhyolite dikes and values of between trace to 216.0 ppm Ag 
and trace to 17.0 ppm Au in the polymetallic deposits.

Ore Genesis:
Marsh considered a possible volcanogenic origin for 

these deposits, but dismissed any connection on the basis of 
the lack of characteristic trace elements in the jasper- 
dolomite exhalite of the Cornucopia Formation, the close 
association with rhyolite dikes, and crosscutting 
relationships establishing the McFarland veins as post 
deformational and post intrusive. Wrucke and others (1984) 
also considered a volcanogenic origin in view of the 
apparent stratabound distribution of mineralization at the 
Story mine, the association with tuffaceous volcaniclastics 
and volcanic rocks, the presence of syngenetic massive 
sulfides at Copper Camp Creek 3.5 mi (4.8 km) to the west
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(Conway, 1983), and exhalative processes elsewhere in the 
Alder Group. However, this genetic model is complicated by 
evidence that the McFarland veins post date intrusion of the 
post-deformational rhyolite dikes. They concluded that a 
spatial relationship to the rhyolite dikes indicate a 
genetic association, but the rhyolite and adjacent host 
rocks were found to be barren outside the McFarland canyon 
area. An igneous intrusion at depth, as indicated by an 
aeromagnetic high, was tenuously regarded as a possible 
metal source.

If, as the evidence presented above suggests, the 
mineralization in the rhyolite dikes was penecontemporaneous 
with their emplacement, the question of a genetic tie 
between the polymetallic deposits and the rhyolite dikes can 
be addressed.

The McFarland canyon veins and the base-metal sulfides 
and sulfosalts of the Story mine are distinctly post- 
deformational, as are the unfoliated rhyolite dikes. High 
temperature mineralization within the dikes is essentially 
barren of contained base and precious metal values. In 
contrast, mesothermal base-metal sulfides and sulfosalts are 
the major ore minerals at McFarland canyon and the Story 
mine. Thus, a temperature dependent mineralogy and chemical 
zonation may be centered on the southern rhyolite dike.

A genetic association of polymetallic mineralization 
and the Payson granite has been proposed (Wrucke et al.,
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1984). Indeed these rhyolite dikes may well be a hypabyssal 
equivalent of the Payson granite.

The localization of mineralization of the Story deposit 
may have been the result of chemical controls resulting from 
concentrations of pre-deformational, syngenetic pyrite and 
arsenopyrite within the stratigraphic sequence. This would 
account for the similar chemistry of the McFarland canyon 
and Story deposits and the stratiform distribution of ore at 
the Story mine.

Mercury Deposits

Distribution and Mode of Occurrence:
Three distinct belts of mercury mineralization have 

been recognized (Ransome, 1915; Lausen and Gardner, 1927) 
and are designated here by the dominant producing mine of 
each? the Ord belt, the Sunflower belt, and the Pine 
Mountain belt. Only the latter two belts occur in the more 
restricted Sunflower mining district (fig. 16).

1. The Sunflower mercury belt is represented by 
deposits at the Sunflower and Cornucopia mines. Cinnabar 
occurs in quartz-carbonate veins and as disseminations in 
shear zones within Cornucopia and East Fork lithologies 
along the West Fork of Sycamore Creek over a distance of 
more than two miles.

2. The Pine Mountain mercury belt is represented by
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deposits at the Pine Mountain, Oneida, and Mercuria mines 
and extends to the northeast of Pine Butte. These deposits 
occur in and along the northern and southern margins of the 
Pine Mountain Porphyry where it intrudes East Fork and 
Oneida lithologies. Cinnabar occurs in veins, 
disseminations, and surface coatings ('paint') in shear 
zones within Alder Group lithologies and in the Pine 
Mountain Porphyry.

Mineralization within these two belts occurs within 0.5 
miles (0.8 km) of the intrusive contact of the Pine Mountain 
Porphyry. The Ord belt, on the other hand, lies on the 
southeastern limb of the Red Rock Syncline along Slate Creek 
a mile southeast of the study area, on the eastern slopes of 
the Mazatzal range. Here the mercury deposits are hosted by 
the Telephone Canyon and Oneida formations well removed (1.2 
mi; 2 km) from exposure of Pine Mountain Porphyry.

Ore Petrology and Mineralogy;
Cinnabar is the only important ore mineral in the 

mercury belts. Mercurian tennantite was identified at the 
Ord mine by Faick (1958). Small amounts of native mercury 
have been noted at the Sunflower and Oneida mines and the 
secondary minerals calomel (HgCl) and metacinnabar (HgS) 
have been reported (Lausen and Gardner, 1927). Small grains 
of an unidentified grey metallic mineral described at the 
Sunflower mine by Ransome (1915) are probably tennantite as
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evidenced by local copper staining, elevated silver values 
(up to 2.0 oz/ton) obtained by Ellis (1982), and its 
identification in other localities in the district. Pyrite 
is the only other sulfide and is present in varying amounts, 
being most abundant in ores of the Sunflower, Cornucopia, 
and Oneida mines.

The prominent gangue mineralogy varies with location. 
Quartz is the most abundant and widespread gangue mineral 
associated with cinnabar. Carbonates and tourmaline are 
locally abundant, and minor chlorite and sericite appear to 
be derived from altered host rocks. Carbonate gangue is 
largely confined to the Sunflower mineral belt where 
mineralized structures cut carbonate-altered Cornucopia 
Formation volcanics. Cinnabar at the Sunflower mine occurs 
in cross fractures in vein quartz and along grain boundaries 
and cleavages in carbonate.

Lausen (1926) examined the unusual association of 
cinnabar and tourmaline in these veins and recognized that 
the cinnabar was deposited later than the associated gangue 
minerals, but considered the gangue (including the 
tourmaline) and cinnabar to be genetically related. Hummel 
(1927) suggested that the cinnabar might be a product of 
secondary enrichment derived from primary mercurian 
tetrahedrite.

Alvis (1984) studied the mercury deposits at the Pine 
Mountain, Mercuria and Oneida mines. He concluded that these
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deposits were related to nearby Tertiary andesitic lavas. 
Alvis considered the mercury deposits to be confined to 
cataclastic rocks of a large shear zone which acted as a 
structural control in ore localization creating favorable 
pathways for hydrothermal fluids and reducing average grain 
size which enhanced the chemical reactivity of the rocks.

Paragenesis:
The paragenic sequence is important to understanding 

the genesis of these deposits and the origin of the 
cinnabar. The deposits at the Sunflower mine are best 
exposed and show the most complex mineralogy. Here cinnabar 
occurs in quartz-carbonate veins with locally abundant 
tourmaline and pyrite (figs. 24 and 25). Quartz-tourmaline 
veins occur in broad association with the Pine Mountain 
Porphyry, but all are not associated with cinnabar. These 
veins are examined more closely in the following section.

The paragenetic sequence determined from detailed 
examinations of ores from the Sunflower mine and elsewhere 
is summarized in figure 26. An early stage of quartz- 
tourmaline veining with local calcite appears to be closely 
associated with the Pine Mountain Porphyry. Later sheeted 
quartz veins in sheared chloritic schists lack tourmaline 
and are in turn veined by ankerite. Cinnabar occurs in both 
vein types generally in the presence of ankerite and cuts 
all earlier minerals. The evidence suggests a separate



FIGURE 24: Vein material from the Sunflower mine. Sheeted 
quartz vein with pyrite in sheared chlorite schist. Later 
veined by ankerite and cinnabar. Natural light.

FIGURE 25: Photomicrograph of quartz-cinnabar-tourmaline 
association from the Sunflower mine. Tourmaline occurs as 
minute hexagonal prismatic crystals with a blue-green 
pleochroism. Cinnabar is concentrated along tourmaline 
grair^ boundaries. Transmitted light, plane-polarized.
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FIGURE 26: Paragenetic chart of the mercury deposits of the 
Sunflower mine.
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hydrothermal system was responsible for the early quartz- 
tourmaline veins.

Alteration:
Alteration occurring with the mercury deposits consists 

of silicification, sericitization and chloritization of host 
lithologies. Some epidote and fibrous actinolite have been 
noted from mafic volcanic host rocks at the Sunflower mine 
open pit.

Ore Controls:
Structural controls were important in ground 

preparation for the localization of the hydrothermal system 
and fluid migration in the formation of the mercury 
deposits. On a district scale, deposits are localized in 
narrow shear zones and fractures in Alder Group and Pine 
Mountain Porphyry host rocks. Cinnabar was the last mineral 
deposited, occurring along grain boundaries and invading 
cross-fractures and mineral cleavages in quartz and quartz- 
carbonate veins. Disseminated cinnabar is localized along 
foliation surfaces in sheared host rocks.

Chemical controls also appear to have contributed to 
ore localization. At the Sunflower mine, a large proportion 
of the ore occurs in sheeted quartz-carbonate veins and in 
folded pre-deformational carbonate veins in carbonate 
altered volcanics. If the observed sericitic alteration is
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directly associated with the Hg containing hydrothermal 
system, an acidic fluid is suggested. Reaction of these 
acidic solutions with carbonates would result in their 
neutralization. This change in fluid chemistry may have 
contributed to the deposition of cinnabar. Also, the sulfur 
isotope data of cinnabar (see sulfur isotopes p. 124) 
indicate that the hydrothermal fluids were oxidizing. Sulfur 
derived from the oxidation of earlier pyrite would have 
increased the total sulfur activity of the fluids, possibly 
destabilizing Hg-complexes containing Cl”, OH”, or a variety 
of organic ligands. Because of the extremely small 
solubility product of HgS (Log K = -52.5), mercury will bond 
first to any sulfide species in preference to other ligands 
(Barnes, 1979).

In view of the fact that cinnabar is considered to be 
an epithermal mineral (Park and MacDiarmid, 1975), 
temperature is likely to have played an important role in 
the formation of these deposits. The association of cinnabar 
with tourmaline (usually considered as a hypothermal 
mineral) in these deposits may indicate a contracting 
temperature regime or, more likely, a distinctly separate 
low-temperature hydrothermal system superimposed upon an 
earlier quartz-tourmaline system, taking advantage of the 
same structural pathways.
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Ore Genesis:

A Tertiary age has been proposed for the mercury 
deposits of the Sunflower district by all earlier workers 
(Ransome, 1915; Lausen, 1926; Lausen and Gardner, 1927; 
Wilson, 1939; Alvis, 1984). Although this study has found no 
concrete evidence to the contrary, a Tertiary age remains 
inconclusive and speculative. The fact that no 
mineralization has been noted in the Tertiary volcanic rocks 
or gravel cover is an important problem with a Tertiary age 
assignment.

The controlling structures of the sheeted veins appear 
to be post-folding. However, they could be as old as Early 
Proterozoic. The close association of the mercury deposits 
to the Pine Mountain Porphyry suggests a genetic relation
ship. The Pine Mountain Porphyry is a hypabyssal intrusive 
and epithermal temperature and pressure regimes (50 - 200°C; 
40 - 280 bars) near its margins are not precluded.

There are two possible Proterozoic sources for mercury 
in the Sunflower district: the volcano-exhalative system of 
the Alder Group and the mineralization associated with the 
Payson granite. Elevated Hg values have been found in 
mineralization associated with the Payson granite (Marsh, 
1983; Wrucke et al., 1984). Recent studies have shown many 
of the world-class mercury deposits of Europe (including 
Almaden, Spain) to be strata-bound deposits related to 
submarine volcanism (Maucher, 1976; Holl and Maucher, 1976;



Saupe, 1973 ? Holl, 1977) and similar conclusions have been 
made of W-Au-Sb-As deposits in Archean greenstones 
(Cunningham et al., 1973).

Elevated concentrations of Hg (up to 90 ppm) have been 
found in copper sulfosalts in mineralized Payson granite 
(Marsh, 1983). In addition, mercurian tennantite has been 
noted at lower levels in the Ord mine (Faick, 1958). The 
polymetallic deposits have been suggested as a possible 
source for the mercury deposits by distillation of mercury 
from copper sulfosalts by a Tertiary hydrothermal system 
(Marsh, 1983; Wrucke et al., 1984). However owing to the 
lack of geological constraints, the hydrothermal system 
could equally well have been of Proterozoic age.

The stratigraphic sequence of the Alder Group resembles 
stratigraphies described in association with mercury belts 
of eastern Europe, Italy, and Spain. These deposit types 
have been described as syngenetic deposits representing a 
distinct early Paleozoic metallogenic epoch (Holl, 1977). 
Various degrees of remobilization have resulted in the 
formation of related epigenetic deposits. Figure 27 shows a 
comparison between Alder Group and European Paleozoic 
stratigraphies. Although the mercury deposits are epigenetic 
and no direct evidence of a syngenetic origin for mercury 
exists in the Sunflower district, the similarities of 
stratigraphies and tectonic settings with other syngenetic 
Hg districts is striking.
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IFIGURE 27: Comparison of stratigraphic columns of the Proterozoic Alder Group and early Paleozoic stratigraphies
of Europe associated with syngenetic Hg-Sb-As mineralization as proposed by Holl (1977), Saupe (1973) and Lahusen (1972)
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Quartz-Tourmaline Veins

Quartz-tourmaline veins are ubiquitous in the Sunflower 
district, and are generally associated with rhyolite 
porphyry intrusions of the Pine Mountain Porphyry and 
northern dike swarm. These veins are common in the mercury 
belts. They are generally barren of any sulfides, but do 
host cinnabar mineralization at the Sunflower and Oneida 
mines. A particularly interesting occurrence in the basal 
conglomerate of the Oneida Formation is shown in figure 28. 
Here the basal conglomerate is pervasively tourmalinized and 
cut by quartz veins with only relict clasts of jasper 
remaining. This occurrence is within a few hundred feet of 
the Pine Mountain Porphyry intrusive contact, suggesting a 
genetic relationship.
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FIGURE 28: Tourmalinized basal conglomerate of the Oneida 
Formation veined by quartz. Note relict clasts of jasper. 
Six inch ruler for scale.
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WHOLE ROCK GEOCHEMISTRY 

Purpose and Methods

Whole rock chemical analyses were performed on volcanic 
rocks of the Alder Group, with emphasis on the mafic 
volcanics of the Cornucopia Formation, in order to determine 
original lithologies, tectonic setting and evaluate 
elemental gains and losses occurring as a result of 
alteration.

Thirteen samples of altered and metamorphosed pillowed 
flows, massive flows and volcaniclastics from the Cornucopia 
Formation and a single sample of a felsic volcanic clasts 
from lithic tuffs of the Oneida Formation were analyzed by 
X-Ray Analytical Laboratories of Don Mills, Ontario, Canada 
for major and selected trace elements by X-ray fluorescence 
(table 5). Sample locations are shown in plate 2. Major 
elements, Cr, Sr, Rb and Ba were determined on fused 
pellets. Analyses for Y, Nb, and Zr were done on pressed 
powder pellets. C02 was determined by wet chemical analysis. 
The precision for the major elements and C02 is + 0.01 
weight percent, + 10 ppm for minor elements, + 2 ppm for Y 
and Nb, and ± 3 ppm for Zr. In the Cornucopia volcanics, 
large losses-on-ignition of between 4.39 and 20.50 wt% are 
largely C02 (0.46 to 19.60%) and attest to the pervasive 
carbonate alteration. Samples MFP-1 and MFB-1 were
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TABLE 5: Whole rock analyses by X-ray fluorescence of 
pillowed and massive flows and pyroclastics of the 
Cornucopia and Oneida formations of the Alder Group. (LOI = 
loss-on-ignition, mainly HgO and COg. COg was determined 
independently using wet chemical methods.)

Pillowed Flows Massive Flows Volcaniclastics
M F P - 1 M F P - 2 W F P - 1 W F P - 2 W F P - 5 SFP - 1 M F B - 1 M F B - 2  W F B - 2  S F B - 1 M F C - 1 M F C - 3 i S F C - 2  O L T - 1

sio2 46.60 43.50 39.80 43.40 34.90 34.20 48.70 42.70 44.20 44.70 :53.50 57.80 49.20 75.80
Ti02 1.38 1.32 2.15 1.30 1.28 2.27 0.94 0.93 1.15 1.00 2.83 1.90 2.88 0.39
Al2°3 12.90 12.80 11.10 12.70 11.60 12.40 16.40 14.00 12.80 15.30 24.10 26.30 23.90 12.70
re20] * 9.52 10.10 10.20 9.27 9.54 13.50 10.40 10.40 11.90 9.07 1.60 0.62 4.50 3.50
Mgo 7.84 7.05 3.85 7.53 5.10 3.74 8.16 6.65 3.84 5.53 1.13 0.32 1.09 0.11
CaO 9.62 10.50 11.70 9.98 13.50 10.60 3.57 9.81 10.50 8.80 2.78 0.84 3.43 0.09
Ma2o 4.09 2.67 0.81 3.34 0.65 1.10 5.06 2.72 3.60 4.66 0.64 1.14 0.61 3.25
k2o 0.04 0.10 2.92 0.02 2.88 3.72 0.09 0.14 0.07 0.37 6.81 6.47 6.85 2.24
MnO 0.15 0.12 0.12 3.13 0.12 0.19 0.15 0.11 0.19 0.12 0.02 6.oi 0.04 0.16
cr20] 0.14 0.14 0.05 0.17 0.10 0.01 0.04 0.02 0.01 0.02 0.01 0.04 0.01 0.01
P2o5 0.14 0.13 0.40 0.13 0.17 0.44 0.10 0.10 0.13 0.11 0.58 0.30 0.42 0.04
LOI 7.54 11.90 17.30 11.80 20.50 18.00 6.08 12.50 11.50 10.30 6.23 4.39 7.31 1.77
(C02) 4.35 7.88 16.20 7.58 19.60 16.40 1.95 8.68 8.64 7.19 2.69 0.46 3.63 -
Total 100.00 100.40100.50 99.90 100.40 100.30 99.80100.20 99.90 100.00 100.40 100.30 100.40 100.30
Y* 22 24 28 20 22 22 32 24 34 22 30 22 32 66
Zr* 96 93 170 93 90 180 69 66 75 69 220 130 210 400
Mb* 10 10 26 10 10 28 6 6 6 6 18 9 20 24
Rb 10 10 90 10 100 90 20 20 10 30 150 200 160 100
Sr 250 250 240 360 180 380 180 70 160 90 40 110 50 110
Ba 90 90 230 110 480 360 220 70 90 140 980 630 790 980

• Total iron was calculated as Fa^O].
. y, Zr, and Mb were determined by pressed pallet XRF. Major oxides and 
remaining trace and minor elements were determined by glass button XRF.

TABLE 6: Whole rock data less loss-on-ignition components 
and normalized to 100%. Analyses of average oceanic 
tholeiite (AVG-OT) and average spilites (AVG-SPL) from 
Hyndman (1972) for comparison. NF is normalization factor.

Pillowed Flows Massive Flows Volcaniclasiics
M F P - 1 M F P - 2 W F P - 1 W F P - 2 W F P - 5 SFP - 1 MFB-1 M F B - 2 W F B - 2 S FB-1 M F C - 1 M F C - 3 S F C - 2 A v g - o t A V G - Ssio2 50.40 49.35 48.09 49.22 43.86 41.69 51.86 48.79 49.95 49.83 57.05 60.45 53.07 49.30 48.80Ti02 1.49 1.50 2.60 1.47 1.61 2.77 1.00 1.06 1.30 1.11 3.02 1.99 3.11 1.80 1.30Al2°3 13.95 14.52 13.41 14.40 14.58 15.12 17.47 16.00 14.47 17.06 25.70 27.51 25.78 15.20 15.70Fe203 10.30 11.46 12.32 10.51 11.99 16.46 11.08 11.88 13.45 10.11 1.71 0.65 4.85 10.40 10.40Mgo 8.48 8.00 4.65 8.54 6.41 4.56 8.69 7.60 4.34 6.17 1.20 0.33 1.18 8.30 6.10CaO 10.40 11.91 14.14 11.32 16.97 12.92 3.80 11.21 11.87 9.81 2.96 0.88 3.70 10.80 7.10Ha20 4.42 3.03 0.98 3.79 0.82 1.34 5.39 3.11 4.07 5.20 0.68 1.19 0.66 3.40 4.40K 20 0.04 0.11 3.53 0.02 3.62 4.53 0.10 0.16 0.08 0.41 7.26 6.77 7.39 1.20 0.24MnO 0.16 0.14 0.14 0.15 0.15 0.23 0.16 0.13 0.21 0.13 0.02 0.01 0.04 0.17 0.17Cr20] 0.15 0.16 0.06 0.19 0.13 0.01 0.04 0.02 0.01 0.02 0.01 0.04 0.01 - -P205 0.15 0.15 0.48 0.15 0.21 0.54 0.11 0.11 0.15 0.12 0.62 0.31 0.45 0.30 0.21

NF 1.082 1.135 1.208 1.134 1.257 1.219 1.065 1.143 1.130 1.115 1.066 1.046 1.079
Total 99.94100.33100.40 99.76 100.35 100.17 99.70 100.07 99.90 99.97 100.23 100.13100.24
Y* 24 27 34 23 28 27 34 27 38 25 32 23 35Zr* 104 106 205 105 113 219 73 75 85 77 235 136 227Mb* 11 11 31 11 13 34 6 7 7 7 19 9 22Rb 11 11 108 11 126 110 21 23 11 33 160 209 173Sr 270 284 290 408 226 463 192 80 181 100 43 115 54Ba 97 102 278 125 603 439 234 80 102 156 1045 659 852
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identified in the field as the least altered represent
atives of pillow flows and massive flows respectively and 
indeed were found to be the lowest in COg (4.35 and 1.95 wt% 
respectively).

Manor Element Chemistry

Owing to the highly altered nature of these volcanics, 
the interpretation and application of major element studies 
is approached with caution. To begin evaluating the major 
element data the analyses were normalized to 100 percent 
after removing LOI components (table 6). Because of their 
high mobility and generally low percentages in 1 fresh' mafic 
volcanics, removal of these components (primarily COg and 
HgO) seems justified in beginning to establish the original 
composition of and later effects by alteration on these 
rocks. The normalized compositions of the pillow basalts and 
massive flows show strong correlations to compositions of 
average oceanic tholeiites and average spilites respectively 
(table 6).

In order to evaluate chemical changes during 
alteration, mass balance relationships, and the 
applicability of trace element interpretations, it is 
necessary to determine the mobility/immobility of the 
various elements of interest. Non-normalized concentrations 
of selected elements were plotted against one another for
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all the Cornucopia Formation basalts representing various 
degrees of alteration (fig. 29). These mobility plots show 
that Zr vs Nb and Zr vs TiOg yield linear patterns 
demonstrative of constant ratios during alteration. Plots of 
Zr vs Si02, Zr vs AlgOg, and Zr vs Y show a scatter of 
points indicative of the mobility of Si, Al, and Y. Although 
Y is used in the following trace element determinations of 
rock types and tectonic settings its mobility is recognized. 
The plot of CO2 vs SiOg (fig. 29f) shows an inverse 
correlation which is indicative of the replacement of SiOg 
by COg2- through progressive carbonate alteration.

Geologic, petrologic and trace element data suggest 
that these rocks are tholeiitic basalts and basaltic 
andesites. Comparisons of normalized analyses of the least 
altered pillow basalt (MFP-1) with major element data of 
average oceanic tholeiitic basalt (Hyndman, 1972) and 
plotting on an isocon diagram (Grant, 1986) show a strong 
correlation (table 6; fig. 30a). Comparisons of normalized 
data of the least altered massive flow (MFB-1) with average 
oceanic tholeiite (table 6; fig. 30c) show a similar pattern 
to average spilites (fig. 30b and d) (Hyndman, 1972).

Isocon (equi-ratio) plots of actual analyses of the 
more strongly altered volcanic rocks against the normalized 
data of the least altered representatives are shown in 
figures 30 e and f. The altered pillow flows show depletions 
of NagO, MgO, SiOg, MnO, and Sr, and enrichments of COg,
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FIGURE 29 : Mobility plots of elemental compositions of 
Cornucopia Formation pillowed and massive flows. Figure a:
Zr vs TiC>2, figure b: Zr vs Nb, figure c: Zr vs Y, figure d: 
Zr vs AI2O3, figure e: Zr vs Si02, figure f: CO2 vs Si02.
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FIGURE 30 : Compositional comparison (isocon) diagrams of 
altered basalts of the Cornucopia Formation. Figures a and 
b compare the least altered representatives of pillow flows 
(MFP-1) and massive flows (MFB-1) with average oceanic 
tholeiites (from Hyndman, 1972). Figures c and d show 
comparisons of the massive flow (MFB-1) and average oceanic 
tholeiite with average spilites. Figures e and f show 
compositional changes between the least altered 
representative of pillowed and massive flows and the more 
altered samples. Scales are in wt% percent for oxides and 
in ppm for trace elements.
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FIGURE 30 Cont.:
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CaO, KgO' Rb, Ba,and PgOg with respect to constant Ti02. Y, 
Nb, Zr, Total Fe (reported as FegOg) and AlgOg lie close to 
the constant Ti02 line. The altered massive flows show 
similar depletions of Na20, MgO, Si02, and MnO, but also 
show depletions in Sr, Ba, and Y. The altered massive flows 
are similarly enriched in C02, CaO, K2b, and Rb. Y, Nb, Zr, 
Total Fe (reported as Fe202), and Al203 of the massive flows 
plot on or near the constant Ti02 line. With the exception 
of CaO, Si02, and Ba in the pillow flows and Na20, Si02, and 
Ba in the massive flows, there are no consistent depletion/ 
enrichment trends with increased carbonate alteration.

Mass Balance

Pillow lavas and bedded cherts are commonly associated 
in eugeosynclinal assemblages. The cherts are thought to 
have formed by chemical or organic precipitation of silica 
from supersaturated seawater, or by reaction of basalts with 
seawater supplying the necessary silica (Turner and 
Verhoogen, 1960; Bailey et al., 1964).

The origin of the silica, calcium, and magnesium of the 
jasper-dolomite can be evaluated in view of the alteration 
of the volcanics and mass balance calculations between the 
volcanics and exhalite. Silica and magnesium are depleted in 
the altered volcanics while calcium is enriched; this 
suggests that although the volcanics could be a source for



106
Mg and Si, excess calcium must have been present in the 
hydrothermal fluid. Plate 1 shows the exposures of basalts 
and jasper-dolomite to be about equal. Extending this to the 
third dimension suggests that nearly equal volumes of basalt 
and jasper-dolomite are present in the stratigraphic 
sequence. Field observations suggest that the jasper- 
dolomite comprises roughly equal proportions of both jasper 
and dolomite. The volume of the jasper-dolomite lens can be 
approximated by a cylinder with a thickness of 500 feet and 
a radius of 3000 feet for a total volume of 28.3 million sq. 
ft. (2.6xl012 cm3). Using a specific gravity for basalt of 
3.0 g/cm3 and the maximum depletions (sample SFP-1, table 5) 
of SiOg and MgO as compared with average oceanic tholeiite 
(table 6), 15.1 and 4.6 wt% respectively, a maximum 
estimated mass of these oxides derived from the basalts is 
as follows;

SiOg =  9 . 8 2 X 1 0 1 3  grams 
MgO = 2 . 9 9 X 1 0 1 1  grams

Comparing these results with the estimated amounts of SiOg 
and MgO represented by the jasper-dolomite;

SiOg = 3.45xl012 grams 
MgO = 6 . 9 7 X 1 0 1 1  grams

shows that the observed basalts can account for 28.5% of the 
silica and 42.9% of the MgO contained in the jasper- 
dolomite exhalite. If we assume that the basalts account for 
the entire contained silica and MgO in the exhalite, it
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could be reasoned that the basalts are more abundant or the 
jasper-dolomite is volumetrically smaller than is indicated 
by the exposures. However, an additional source for the Si 
and Mg (e.g. the hydrothermal fluid or precipitation from 
seawater) can not be ruled out.

Trace Elements and Tectonic Setting

The samples of Cornucopia and Oneida volcanics were 
analyzed for selected trace elements which are considered 
immobile during metamorphic and alteration processes (Zr,
Nb, Y) (table 5). It has already been shown that Y is mobile 
in these rocks.

The Zr/Ti02 vs. Nb/Y diagram, after Winchester and 
Floyd (1977) (fig. 31) shows that the Cornucopia pillow and 
massive flows plot largely within the field for sub- 
alkaline basalts and basaltic-andesite respectively, and the 
single sample of Oneida lithic tuff plots on the rhyolite- 
rhyodacite boundary. The least altered representatives of 
pillow basalts (MFP-1) and massive flows (MFB-1) plot in the 
fields for sub-alkaline basalts and andesite/basalt 
respectively. These results are consistent with petrological 
observations and major element chemistries. It should be 
noted that although Zr/Ti02 ratios are remarkably constant 
in all Cornucopia samples, there is a wide variation in Nb/Y 
ratios. This is indicative of the mobility of Y during



108

FIGURE 31: Winchester - Floyd (1977) diagram of trace 
element ratios Zr/TiOg vs. Nb/Y from the altered volcanics of the Cornucopia Formation.
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alteration. The massive flows are distinctly depleted in Nb 
(6 ppm) relative to the pillowed flows (10 to 28 ppm), 
possibly as a result of magmatic differentiation.

In applying Pearce and Cann's (1973) trace element 
method in determining tectonic setting, figure 32 shows that 
the pillow and massive flows are further distinguished. The 
pillow flows plot as ocean island or ocean floor basalts 
(fields B and D) in the Ti-Zr-Y triangular diagram. The 
massive flows plot as ocean floor basalts (field B). The 
least altered representatives, MFP-1 and MFB-1, plot as 
'within plate' basalts (field D) and ocean floor basalts 
(field B) respectively. Again, a constant Zr/Ti ratio and 
the mobility of Y is evidenced by the linear distribution in 
figure 32.
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FIGURE 32: Pearce and Gann (1973) Ti-Zr-Y triangular diagram 
for tectonic settings of basic volcanic rocks. Low potassium 
tholeiites plot in fields A and B, calc-alkali basalts in 
fields c and B, ocean floor basalts in field B, and 'within 
plate' basalts (ocean island or continental basalts) in 
field D.
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GEOCHEMISTRY OF VEIN AND ALTERATION MINERALS

Purpose and Methods

Chemical analyses of selected carbonates, tourmalines, 
sulfides and sulfosalts were determined from highly polished 
thin sections with an automated ARL electron microscope at 
the Planetary Sciences Department of the University of 
Arizona. An accelerating voltage of 15Kv was used for all 
analyses. A sample current of 10 nanoamperes and a 20 micron 
beam diameter were used for carbonates? 30 nanoamperes and a 
10 micron beam were used for sulfides, sulfosalts, and 
tourmalines. The Bence-Albee (1969) method was used to 
reduce the intensity data of carbonates and tourmalines to 
concentrations. ZAP corrections were used for sulfides and 
sulfosalts (Love, G., 1983a and 1983b). The data precision 
is +0.5% for major oxides (>10 wt%), +0.2% for minor oxides, 
and +0.03% for component oxides less than 1 percent.

Carbonate Chemistry

Representative microprobe analyses of selected 
carbonates are listed in table 7. In each case, these are 
averages of several analyses from one thin-section. Sample 
descriptions are given in appendix A and locations are shown 
in plate 2. Carbonate chemistries of hydrothermal carbonates
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TABLE 7: Representative microprobe analyses of selected 
alteration and vein carbonates. These are average values for 
(n) analyses of major element oxides and COg (by 
difference). Sample descriptions are given in appendix A.

Sample No. (n) CaO MnO FeO MnO C02
MFP-2

======= ======:
□  Calcite 7 53.7 0.4 0.5 0.5 44.9
g  Dolomite 

MFB-1
3 29.5 10.4 9.5 0.3 50.3

# Calcite 
JD-1

6 53.1 0.3 0.7 1.3 44.6
Q  Dolomite 

SSR-1
10 30.0 18.8 3.9 0.1 47.2

Ankerite
SFA-1

6 28.2 13.5 12.7 0.4 45.2
^  Ankerite 

SFTQ-1
11 26.4 10.9 16.2 0.7 45.8

^  Calcite II ^ 52.4 IIII||
o IIIIII II II II o II 

m 
II

1 46.3

FIGURE 33: FeO*+MnO-CaO-MgO triangular diagram of vein and 
alteration carbonates. Symbols are the same as those listed 
in table 7.
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from the exhalative dolomite, the carbonate altered basalts, 
and veins at the Sunflower mine are plotted on a CaO-MgO- 
(FeO+MnO) triangular diagram (fig. 33). Dolomite and calcite 
occur in the altered volcanics. The dolomite in the altered 
volcanics was very fine-grained and intimately associated 
with chlorite and was therefore difficult to analyze.
Because of this the dolomite plots off the dolomite-ankerite 
tie. This dolomite is ferruginous with an average FeO 
content of 9.5 wt% (14.4 mole%). The exhalative carbonate 
(JD-1) is a ferruginous dolomite averaging 3.9 wt% FeO. The 
carbonate gangue from the Sunflower mine consists of calcite 
in the quartz-tourmaline veins (SFTQ-1), and ankerite (17.8 
to 24.0 mole% FeO+MnO) in quartz-carbonate-cinnabar veins 
(SSR-1 and SFA-1). MnO is low between 0.1 and 1.3 wt% for 
all carbonates with the highest content detected in calcite 
from the massive flow (MFB-1, table 7).

The chemistry of carbonates from the Sunflower mine are 
similar to the carbonates in the altered volcanic host 
rocks. The similarity of chemistries, the localization of 
vein carbonate in carbonate-altered volcanics, and the 
presence of sericitic alteration indicates that the vein 
carbonate was derived from the altered volcanics through 
solution by acidic hydrothermal solutions.
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Sulfide and Sulfosalt Chemistries

Microprobe analyses of sulfides and sulfosalts were 
performed to identify the various sulfosalts, determine the 
chemical compositions of sulfides and sulfosalts, to 
establish precious metal contents, and to examine possible 
sources of mercury. Representative microprobe analyses of 
sulfides and sulfosalts from all deposit types are presented 
in table 8. Sample descriptions are given in appendix A and 
locations are shown on plate 2 .

Sulfosalts from the Story deposit (SMWA-4), the 
McFarland veins (MF1-1 and MF1-MA), and mineralized andesite 
dikes (AC-1) were analyzed for Cu, Pb, Zn, Fe, S, As, Sb,
Hg, Au and Ag. The sulfosalts are of two chemical types Pb- 
Sb-As and Cu-As-Sb minerals, identified chemically as 
geocronite and tennantite. Geocronite from sample SMWA-4 is 
plotted on a molecular ratio ternary diagram in figure 34. 
Backscattered electron images (fig. 35) show geocronite 
replacing sphalerite and pyrite. An unidentified mineral 
occurring as minute blebs and apparently as exsolution 
lamellae in geocronite in the Story ore appears to contain 
antimony. The small grain size of this mineral did not allow 
chemical analysis.

Microprobe analyses of sphalerite from the Story Mine 
west adit (SMWA-4) are iron poor (averaging 0.37 wt%) as 
would be expected for sphalerite in equilibrium with pyrite.



TABLE 8: Sulfide and sulfosalt chemistries determined by 
electron microprobe analyses. Data represent an average of 
several (n) analyses.

SULFIDES: TOTAL
Sphalerite: Zn Fe Hn S Ag HgSMWA-4(n=5) 68 • 64 0.37 0.01 32.99 0.02 0.00 102.03
Theoretical: 67.09 - - 32.91 — — 100.00
Pyrite: Fe S As Sb Ag Hg
SMWA-4(n=2) 39.54 47.97 3.05 0.36 .003 0.00 90.92
MF1-1 (n=2) 46.30 53.06 0.58 0.01 .000 - 99.95
MF3-B (n=3) 44.18 50.56 0.86 0.00 .002 0.03 95.63
SFA-1 (n=3) 46.13 52.85 0.68 0.21 .001 0.22 100.09
Theoretical: 46.60 53.40 - - — — 100.00
Arsenopyrite: Fe S As Sb Ag HgSMWA-4(n=3) 34.52 21.58 41.43 0.04 .004 0.04 97.61
MF1-1 (n=2) 32.68 18.62 36.45 0.04 .001 0.00 87.79
MFl-MA(n=2) 35.70 22.18 40.16 0.01 .022 0.01 98.06
Theoretical: 34.30 19.69 46.01 - - — 100.00
Galena: Pb S As Sb Ag Au
MFl-MA(n=5) 80.83 11.02 0.38 1.08 0.13 .063 93.44
Theoretical: 86.60 13.40 - - - - 100.00
Covellite: Cu S As Sb AgMF1-1(n=2) 55.74 22.10 2.19 1.41 0.52 81.96
Theoretical: 66.40 33.60 - - - 100.00
Cinnabar: Hg S As Sb Ag
SFA-1(n=3) 87.90 15.74 0.03 0.01 0.11 103.79
Theoretical: 86.20 13.80 *• 100.00
SULFOSALTS TOTAL
Pb-Sulfosalt: Pb S As Sb Ag Au(Geochronite)
SMWA-4(n=7) 68.40 15.27 3.58 10.75 0.07 .036 98.07
Theoretical: 63.30 17.41 - 19.29 - - 100.00
Tennantite: CU S As Sb Ag Fe ZnAC-1 (n=6) 48.74 28.33 21.23 0.58 0.10 2.05 3.18 104.21MF1-1 (n=5) 37.79 26.18 11.70 12.09 0.20 2.89 4.67 95.54
MFl-MA(n=6) 38.25 26.18 7.49 16.28 0.53 1.07 6.89 96.69
Theoretical:
Tennantite 51.56 20.26 20.26 — - - - 100.00Tetrahedrite 45.76 25.02 29.22 - - - 100.00
Au value ranges in wtt for: Tennantite (nil to .021), Galena (nil to .083), Geocronite (.006 to .083).
Mercury values were not determined for the sulfosalts, Hg is elevated 

in the Story deposit (0.12 to 14.0 ppm) as compared with the McFarland 
veins (0.02 to 4.6 ppm) or mineralized rhyolite (0.04 to 0.60 ppm) (Marsh, 1983)
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FIGURE 34: Plot of geocronite analyses on a PbS-AsgS^-SbgSg 
molar ratios ternary diagram.
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FIGURE 35: Figure a is a backscattered electron image of 
geocronite (gc) replacing sphalerite (sp) and pyrite (py). 
Figure b shows concentrations of Sb and figure c shows 
concentrations of Pb.

a.
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Base and precious metal values are primarily contained 

in base metal sulfides and sulfosalts. Lead occurs in galena 
in the McFarland canyon veins and in geocronite in the Story 
mine deposit. Copper is contained in tennantite and 
secondary coveilite after tennantite in the McFarland canyon 
veins, but is conspicuously absent in the minerals of the 
Story deposit. Zinc is present in tennantite of the 
McFarland canyon veins and in sphalerite of the Story 
deposit.

Precious metal contents were determined for the 
sulfides and sulfosalts. Arsenopyrites and pyrites contain 
no detectable Au values and contain only traces of Ag (nil 
to 0.022 wt%) with the highest Ag values occurring in 
pyrites of the McFarland canyon veins (MF1-1). Sphalerite 
from the Story deposit contains only traces of Ag (0.02 wt%) 
and no detectable Au values. In contrast, galena, 
tennantite, geocronite and secondary covellite contain 
appreciable Au and Ag values (table 8). Cinnabar was found 
to contain an average Ag content of 0.11 wt%, presumably 
present as sub-microscopic inclusions of argentiferous 
tetrahedrite.

Mercury was found in detectable amounts in pyrites of 
the McFarland canyon veins (0.03 wt%) and at the Sunflower 
mine (0.22 wt%) and in arsenopyrite of the McFarland canyon 
veins (0.01 wt%) and the Story deposit (0.04 wt%).
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Tourmaline Chemistry

Major and trace element analyses of tourmalines are 
presented in table 9. Sample descriptions are listed in 
appendix A and locations are shown in plate 2. Tourmaline 
occurs as fine grains in the matrix of quartz-tourmaline 
vein breccias and brecciated rhyolites of the northern 
rhyolite dikes, as fine-grained veinlets in McFarland 
polymetallic veins, as fine needles in quartz-carbonate- 
cinnabar veins, in banded (crustiform) quartz-tourmaline 
veins and tourmalinized, quartz-veined sediments surrounding 
the Pine Mountain Porphyry.

The general formula of this borosilicate is complex: 
(Na,Ca)(Li,Mg,Fe2+ ,Al)3 (Al,Fe3+)gEgSigOz?(0,0H,F,Cl)4. 

Tourmaline chemistries have been used in gathering 
information on the environment and conditions of deposition 
(Taylor and Slack, 1984). Schorl - elbaite tourmalines 
commonly occur as metasomatic minerals and as late stage or 
accessory minerals in granites. These tourmalines are 
particularly common in tin-tungsten deposits associated with 
granites. Schorl-dravite solid solutions are common in 
numerous exhalative ore deposits (Slack, 1982). Tourmaline 
analyses are plotted on Al-Fe-Mg and Fe-Mg-Ca ternary 
diagrams (fig. 36) after Taylor and Slack (1984). Also shown 
are the compositional fields of tourmalines from various 
lithologic environments that commonly bear tourmaline. The
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T o t a l 8 1 .1 7 8 3 .38 8 2 .60 8 2 .60 8 4 .7 1 8 4 .5 2 84 .98 8 4 .7 3 0 5 .01 85 .07 8 7 .45 05 .97 85 .75 84 .5 1

S t r u c t u r a l  F orm ula  on  t h e  B a s i s  o f  31 O x y g e n s .

X Cm- 0 . 0 1 2 0 .0 2 4 0 . 0 2 0 0 .0 6 4 0 . 0 1 1 0 .1 0 4 0 .0 1 5 0 .0 1 4 0 .0 5 6 0 .1 2 7 0 .1 2 4 0 .1 1 6 0 . 1 2 2 0 . 0 0 3
Ha. 0 .7 7 7 1 .068 1 .079 1 .141 0 . 5 0 2 0 .7 5 8 0 .8 3 0 0 .8 7 9 0 .7 1 0 0 .6 5 4 0 .7 3 9 0 .7 4 1 0 .7 6 4 0 .7 3  2
K 0 .0 1 0 0 .011 0 .0 1 1 0 .0 1 1 0 .0 0 3 0 .0 0 5 0 .0 1 5 0 .0 1 0 0 .0 0 5 0 .1 6 3 0 .3 0 4 0 .1 1 2 0 :296 0 .0 8 9

Y Fa 1 .7 1 9 1 .6 5 8 1 .573 1 .8 9 6 1 .3 6 8 1 .2 9 7 1 .2 6 6 1 .2 6 3 1 .273 1 .9 2 9 1 .6 4 0 1 .8 4 6 1 .753 2 .1 8 4
Mg' 2 .0 0 2 2 .026 1 .915 1 .9 3 0 1 .7 4 6 1 .8 5 3 1 .8 6 0 1 .8 0 9 1 .6 8 0 1 .4 1 4 1 .4 3 4 1 .5 1 8 1 .2 3 5 0 . 9 7 6
Mn • 0 .0 0 5 - •0 ,005 - 0 .0 1 3 - 0 .0 7 5 - 0 .0 0 9 0 .0 1 4 0 .0 0 9 0 .0 0 9 0 .013

2 A1 7 .5 4 2 7 .6 7 5 7 .5 5 7 7 .4 0 2 7 .7 1 4 7 .7 6 4 7 .6 5 9 7 .6 9 7 7 .9 0 9 8 .257 8 .039 8 .115 7 .7 5 6 8 .4 8 7
T l 0 .0 1 7 0 .0 1 7 0 .0 0 4 0 .0 1 3 0 .0 0 4 0 .0 0 1 0 .0 1 3 0 .0 0 4 0 .0 5 7 0 ,0 8 9 0 .0 4 9 0 .055 0 .0 8 9
C r - 0 .0 0 5 0 .0 0 5 0 .0 0 3 0 .0 0 3 - - - 0 ,0 1 0 - 0 .0 3 1 0 .0 0 5 -
S i  • 7 .7 0 0 7 .600 7 .784 7 .7 0 5 7 .714 7 .7 6 4 7 .6 5 9 7 .6 9 7 7 .9 0 9 7 .2 9 8 7 .4 1 6 7 .3 8 8 7 .0 0 0 7 .2 5 7

Ca ft O no n 0 1 u • IN •IN • 10
CatNa •0 2 .0 2 •0 2 •UD • u l • v 4 • U z • 10 • 1 *1

Mg *
.55 C ft ft 0 • N 2 •NN • N5 •N1 • 31

Mgtre .5 M .55 • 50 ,30 .60 •3 Z

r/ci - 6 .0 0 .5 N.6 3 .3 - - - 1 0 .0 4 3 . 0 1 2 0 . 0 - - - to
o

TABLE 9: Electron microprobe analyses and structural 
formulas of tourmalines from the Sunflower mining district
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FIGURE 36: Plots of tourmaline chemistries Al-Fe-Mg and Fe- 
Mg-Ca molar ratio ternary diagrams (from Taylor and Slack, 
1984). Fields represent: 1) Li-rich granitic rocks, 
pegmatites, and aplites; 2) Li-poor granitic rocks, 
pegmatites, and aplites; 3) hydrothermally altered 
pegmatites and aplites; 4) metapelites and metasammites 
with an Al-saturating mineral; 5) metapelites and meta
sammites without Al-saturating mineral; 6) Fe+3-rich qtz- 
tourm, calc-silicate, and metapelites; 7) Ca-rich 
metapelites; 8) Ca-poor metapelites, metapsammites, and 
quartz-tourmaline rocks.

■ SFTQ-l
• MF3-B

V ___ VMoAl



122
tourmaline samples all lie near the schorl-dravite tie and 
lie within the fields of Ca-poor metapelites, metapsammites, 
and quartz-tourmaline rocks on the Fe-Mg-Ca plot. On the Al- 
Fe-Mg diagram the tourmalines from the quartz-tourmaline 
vein and the quartz-tourmaline vein breccias lie in fields 
of metapelites and metapsammites with an A1-saturated 
mineral (most likely sericite). The tourmaline from the 
Sunflower vein lies between the fields of metapelites and 
metapsammites, and ferrous quartz-tourmaline rocks, calc- 
silicate rocks, and metapelites. These tourmaline 
chemistries are similar to those found in low temperature 
tourmalinites from lower Proterozoic metasediments of the 
Golden Dike Dome, Australia (Plimer, 1986). The tourmaline 
chemistries are thus most indicative of Alder Group 
sedimentary rocks and do not show granitic affinities 
(fields 1,2,and 3).
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STABLE ISOTOPE GEOCHEMISTRY 

Carbon and Oxygen Isotopes 

Purpose and Methods:
Carbon and oxygen isotopic compositions of eight 

carbonates and three carbonaceous shales were determined in 
order to evaluate the processes involved in the 
dolomitization of the mafic volcanics and associated 
exhalative carbonate and to constrain the sources of the 
hydrothermal fluids responsible for the mercury deposits.

The carbonates were reacted with 100% H3PO4 at 25‘C 
according to the method of McCrea (1950). Calcite was 
reacted for a period of 24 hours while dolomite and ankerite 
were reacted for 48 hours. The CO2 gas was purified in a 
vacuum line and analyzed for oxygen and carbon isotopic 
ratios on a VG602C double collector mass spectrometer at the 
University of Arizona.

Three samples of carbonaceous black shales were 
collected from the zebra shale bed of the Cornucopia 
Formation. A powdered sample (Zsh-1) of the shale was 
subjected to multiple acid digestions in 6N HC1 and 
technical grade HF (L. Warneke, personal communication) to 
assure complete removal of all oxidized carbon and 
silicates. The reduced carbon residue was combusted to COg 
at 800‘C under 0.5 atmosphere of oxygen. Additional carbon
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isotope analyses of sample Zsh-2 and EF-1 were performed by 
David Melander of Chevron Minerals, Inc., Longbeach 
California. Analyses for total carbon (by the Leco Method), 
oxidized carbon (carbonates; by pyrolysis), reduced carbon 
(by difference), and H:C ratios were also determined at 
Chevron Minerals, Inc..

Results;
Sample locations are shown in plate 2. Sample 

descriptions and analytical results of sl3C and 5180 of 
carbonates and S ^ C  of reduced carbon in black shales are 
presented in table 10 and are reported in del (6) notation 
relative to the standards: PDB (Pee Dee Belemnite) for 
carbon and SMOW (Standard Mean Ocean Water) for oxygen.
Whole rock COg contents of the altered volcanics and reduced 
carbon analyses of the black shales are also listed. The 
precision of the isotopic data is + 0.5 %• for both the S-^C 
and 6^®0 of the carbonates and S13C of reduced carbon in the 
shales.

Values of S18o range from +9.5 to +21.4 %» and 5̂ -3C 
from +0.8 to -7.3 %« for the sedimentary, alteration and 
vein carbonates. 6-*-3C values of reduced carbon in the shales 
show a narrow range of -31.5 to -32.4 %•. Although the 
isotopic data are limited, the 6180 vs 6^3C plot (fig. 37) 
reveals some distinctive linear trends which are examined
below.
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TABLE 10: Carbon and oxygen isotope analyses from selected 
carbonates and carbonaceous shales, Sunflower mining 
district, Arizona.

SAMPLE i DESCRIPTION $13c s18o
DELTA

C02(%) 25*C
ibocal- 100 *0 water200*C

SEDIMENTARY;
SM-ls Calcite from sedimentary 

limestone near the Story mine.
-0.1 +11.8 — —18.2 -0.2 +2.8

SF-ls Calcite from shaly sedimentary limestone on road above Sunflower retort.
+0.8 +15.7 -14.3 +3.7 +5.3

ALTERATION:
MFP-1 Total carbonate from

altered pillow basalts in McFarland canyon•
-7.3 + 9.5. 4.3 -12.8 +5.2 +8.2

WFP-1 Total carbonate from altered pillow basalt in 
West Fork canyon.

-2.5 +17.2 16.2 -17.4 +0.7 +3.7

SFB-1 Calcite from chloritic 
schist,Sunflower open pit.

-5.7 +12.7 7.2 - 8.6 +9.4 +12.4

EXHALATIVE:
JD-1 Ferruginous dolomite of 

bedded jasper-dolomite exhalite, McFarland canyon.
+0.3 +21.4 — — - -

JD-2 Ferruginous dolomite of 
jasper-dolomite breccia 
float in McFarland cyn.

-4.5 +12.4

SUNFLOWER VEIN:
SFI-1 Ankerite from quartz-

carbonate-cinnabar vein. Sunflower mine.
—1.3 +16.2 -13.8 +4.2 +7.2

BLACK SHALES: fl3c co2(vt%) C»(vt%)
Zsh-l Carbonaceous Zebra shale unit from McFarland Cyn. -32.4 - -

Zsh-2 Carbonaceous Zebra shale 
unit from McFarland cyn. -32.2 (<0.1) 3.0

EF-2 Black shale interbedded 
w/ cherts. East Fork Cyn. -31.5 (<0.1) 3.6
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FIGURE 37: Plot of 6^3C vs. <S380 for sedimentary and 
hydrothermal carbonates.
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Sedimentary Limestones:

The isotopic composition of carbon in Precambrian 
sedimentary carbonates is generally similar to modern values 
(Faure, 1977). The 613C values of Alder Group sedimentary 
limestone units (-0.10%»; +0.76%«) therefore appear to be 
normal sedimentary values. The 5180 values for these 
carbonates are, however, distinctly lower than those of 
modern marine limestones (+28 to 30%• SHOW; Craig, 1954) 
which are precipitated in equilibrium (or near equilibrium) 
with sea water at 25*C. Several studies have recognized a 
depletion of 3-80 in Precambrian chemical sediments (cherts; 
+20 to 28%• and carbonates; +21 to 26%o) with respect to 
their Phanerozoic counterparts (e.g. Knauth and Lowe, 1978; 
Perry and Ahmad, 1983). These observations could be 
explained by; 1) lower S*80 values of Precambrian seawater; 
and/or 2) higher mean ocean temperatures during the 
Precambrian; or 3) secondary processes involving post- 
depositional exchange with meteoric water.

Post-depositional exchange of carbonate oxygen with 
meteoric waters in the absence of significant exotic carbon 
could explain the light <$̂ 80 values and rather constant, 
near-zero 5^3C values for the sedimentary limestones. This 
would tend to draw the isotopic compositions of the 
limestones along the 63-3c = 0%» axis toward lower 6^80 
values. The magnitude of the shift would be dependent upon 
several factors including the temperature and extent of
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reequilibration, water to rock ratios, fluid chemistry, and 
the isotopic composition of the water of exchange.

Although lower 6180 values of Precambrian seawater 
would result in lower 6-*-80 of contemporaneous carbonate, it 
can not explain the observed scatter of isotopic values of 
the sedimentary carbonates. Temperature variations could 
explain the scatter of 6180 values but would require 
unlikely temperatures of between 154' and 381eC and would be 
result in greater variation in 613C. Thus the scatter and 
low 6^80 values do indeed suggest post-depositional 
exchange.

Altered Volcanics and Exhalative Dolomite:
Carbon and oxygen isotopic variations of the 

dolomitized volcanics and exhalative dolomite define a 
linear trend (fig. 37) which diverges from the trend defined 
by the sedimentary carbonates. Linear regression analysis of 
the five (5) data points of the altered volcanics and 
exhalative dolomite shows a line defined by the equation: 

513C = .62(6180) - 13.0 
with a correlation coefficient of:

r = 0.9848
This line intercepts the 613C = 0 axis at a S180 of +21.0%.. 
The altered volcanics and exhalative dolomite appear to 
define a mixing line between marine carbonate (6 -̂3C = 0.0%.; 
$18o = 21.0%.) and a light carbon-oxygen reservoir.



In addition, 613C and 6180 values of the altered 
volcanics both increase with increasing C02 content (fig.
38). If the marine carbonate mixing line interpretation is 
correct, a seawater dominated hydrothermal system 
responsible for carbonate alteration of the volcanics is 
indicated.

The brecciated exhalite (JD-2) has low S13C (-4.5%°) 
and S180 (+12.4 %«) values and plots low on the altered 
volcanic - exhalite trend. In contrast, the bedded exhalite 
(JD-1) has a marine carbonate S13C value (+0.3%°), the 
heaviest measured 6180 value (+21.4%°) of all samples and 
lies very near the intercept of the trends of the 
sedimentary limestones and the altered volcanics. The 
isotopic composition of sample JD-1 closely resembles 
maximum values obtained from Early Proterozoic carbonate 
sediments elsewhere: Hamersley Basin dolomite (+20.9%°); 
Transvaal Supergroup dolomite (+25.4%°); Coronation 
Geosyncline calcite (+21.1%°) and dolomite (+21.5%°) (Veizer 
and Hoefs, 1976; Becker and Clayton, 1976; Schidlowski et 
al., 1975). This is strong indication that this sample may 
closely represent an original sedimentary isotopic 
composition.

Assuming the bedded dolomite exhalite closely 
represents an original sedimentary composition, some models 
of depositional temperatures and seawater isotopic 
compositions can be tested.

129
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FIGURE 38: Plot of S-^C vs. %CC>2 of the carbonate altered 
volcanics of the Cornucopia Formation.
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Temperature Constraints:

Isotopic fractionation of carbon between bicarbonate 
and dolomite is largely unaffected by temperature (fig. 39; 
Ohmoto and Rye, 1979) and would not vary detectably over 
normal temperature ranges. Assuming equilibrium conditions, 
oxygen isotopic compositions of sedimentary carbonates are 
largely controlled by the isotopic composition of the 
coexisting water and the temperature of formation. The 
equations for the isotopic fractionation of oxygen between 
calcite-water and dolomite-water (Becker and Clayton, 1976) 
are as follows:

Deltacw = 1000 In acw = 2.78x(106T’2) - 3.40 (1)
Deltadw = 1000 In otdw = 3.06x(106T-2) - 3.74 (2)

The plot for calcite-water is shown in figure 40. Using the 
6180 composition determined for seawater at the United Verde 
mine of -1.3 + 2.4%. (Gustin, 1988), the S180 value 
(+21.4%.) of the bedded dolomite would indicate a 
temperature range of formation of between 53° to 84eC (from 
eg. 2). This is not unreasonable in the vicinity of a 
venting hydrothermal system; furthermore the temperature of 
Precambrian oceans may have been more than 40*C (Karhu and 
Epstein, 1986). Surface water temperatures of active 
hydrothermal systems investigated by White (1981) range from 
55 to 100*c. Although rapid heat loss might be expected 
during mixing with cooler basin seawater, salinity- 
stratified bottom layers with temperature ranges from 56” to
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FIGURE 39: Plot of equilibrium fractionation factors among 
various carbon compounds relative to H2CO3 (ap), where 
H2CO3 (ap) = H2CO3 + C02 (aq) (from Ohmoto and Rye, 1979).

(•/KK))2 x I03

600 400 300
FIGURE 40: Plot of the equilibrium fractionation of <Ŝ ®0 
between calcite and water vs. Temperature (from Becker and 
Clayton, 1976).

200
r e c t



133
61°C have been described from the Red Sea (White, 1981). If 
this sample underwent later exchange with meteoric water, 
the temperature estimate would be revised downward.

Isotopic Composition of Proterozoic Oceans:
A model for a distinct isotopic depletion of 180 in 

Proterozoic seawater relative to Phanerozoic values has been 
advanced (Perry, 1967; Perry and Tan, 1972). If a 
depositional temperature of say 25eC were assumed for the 
dolomite, a seawater S180 value of -9.7%» would follow from 
equation 2. This is distinctly lower than seawater 5^80 
values determined at the United Verde mine (Gustin, 1988). 
Assuming higher depositional temperatures of 40" and 100”C 
would yield higher 5^80 estimates of -6.5%° and +2.8%° 
respectively for contemporaneous seawater in equilibrium. 
Without pursuing the arguments of interpretations dealing 
with Proterozoic climate and changes in *80 buffering of 
seawater, elevated temperatures seems more tenable in light 
of the geological evidence of a volcano-exhalative system 
accompanied by hydrothermal activity with or without 
generally elevated Precambrian ocean temperatures.

Light Carbon and Oxygen Reservoirs:
Two possible sources of light carbon are magmatic (-2.0 

to -10.0 %°) and organic (approx. -31.0 %•). The mixing line
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in figure 37 trends toward isotopic compositions of carbon 
and oxygen in igneous carbonates from carbonatites (5180 = 
+6.6 to 7.6 %•; 6*3C = -2.0 to -8.0 %•) determined by Conway 
and Taylor (1969). This suggests a magmatic endpoint of the 
hydrothermal fluid and the mixing trend.

Vein Carbonate:
A single sample of gangue ankerite (SFI-1) from veins 

at the Sunflower mine shows intermediate 6*3C (-1.3%.) and 
5180 (+16.2%.) values. The vein carbonate may be wholly 
derived from dolomitized volcanics and exhalative dolomite 
host rocks, shifted off the volcano-exhalative trend by 
oxygen exchange with hydrothermal waters of meteoric origin. 
Alternatively, the isotopic composition might reflect a 
mixing of carbonate sources (i.e. local sedimentary 
limestones SF-ls and volcano-exhalative carbonate SFB-1) in 
a hydrothermal fluid of uncertain isotopic composition.

Reduced Carbon in Black Shales:
Analyses of black shales (the zebra shale) interbedded 

with Cornucopia volcanics show reduced carbon contents of 
3.0 and 3.6 percent. The 613C values (-31.5 to -32.4%«) 
indicate a photosynthetic origin (Faure, 1977) for this 
material and reveal a potential source of isotopically light 
carbon, however no similar carbonaceous rocks have been 
observed lower in the section.
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Sulfur Isotopes

Purpose and Methods:
Sulfur isotopic compositions were determined for 24 

sulfides and sulfosalts representing all deposit types. 
Mineral separates were made of 14 samples of pyrite, 7 
samples of cinnabar, 2 samples of arsenopyrite, and one 
sample each of chalcopyrite, sphalerite, geocronite, and 
tennantite. The majority of samples contained only one 
sulfide and mineral separates were readily prepared by 
gravity concentration and hand sorting. In the case of the 
polymetallic ores, it was necessary to drill out selected 
sulfides from polished sections that had been micro
scopically examined for purity. Sample 0P2-P contained 
finely disseminated pyrite in a quartz-arenite and it was 
necessary to extract the sulfur by acid digestion with HNO3 
and precipitation as BaS04.

The sulfide samples were reacted with CUgO at 950‘C 
(Robinson and Kusakabe, 1975) liberating SOg gas which was 
purified and collected in a vacuum line. The SOg gas was 
analyzed on a modified micromass VG 602C double collector 
mass spectrometer at the University of Arizona. Calibrations 
were made by mutual comparison of standard NBS-123 (+17.2%°) 
and five laboratory standards from the University of Arizona 
and the University of Tasmania. The standards span a range 
of values of -8 to +18%°. Standards used in the
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Tasmania laboratory had been tested against standards at the 
DSIR (New Zealand), the BMR (Canberra) and the Ontario 
Geological Survey.

The isotopic data and sample descriptions are presented 
in table 11. Sample locations are shown on plate 2. Values 
are reported in del (S) notation relative to canyon Diablo 
meteorite troilite. Analytical precision (2a) is ± 0.3%«.
The 634S distributions of all district sulfides are shown in 
figure 41.

Pyrites:
The 534S values of pyrites from all deposit types fall 

in a narrow range (-1.6 to +4.9%»). Three distinct types of 
pyrites were collected; disseminated pyrite in Alder Group 
rocks, nodular pyrite from the zebra shale, and pyrites from 
hydrothermal veins in the mercury and polymetallic belts.

The disseminated pyrites are from bedded chert, iron 
formation, chloritized volcaniclastics, and chlorite schist. 
These pyrites have a distinctly lower 634S (-1.6 to +1.!%•) 
than the hydrothermal pyrites (+2.1 to +4.9%.) and lie well 
within the range of syngenetic massive sulfides for the 
Early Proterozoic of Arizona (black bar, fig. 41, Eastoe et 
al., 1990). Nodular pyrites from the zebra shale show higher 
634S values, ranging from +1.5 to +4.1%.. Although the 
nodular pyrite of the zebra shale occurs with carbonaceous 
material and appears to be biogenic, it does not have the
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TABLE li: Sulfur isotope analyses of selected sulfides from 
mineralization in the Sunflower mining district.

SAMPLE DESCRIPTION 434S(%.)

DTSSEMTMATBD PYRTTE
Mn-cvm Pyrlt# in chloritiied wall rock frc* straaa naar - 0.8

McFarland canyon workings |2.
SM-BF1 Pyrita in banded iron formation upstream frc* Story ♦ 1.1

mine cabinsite.
SS-3 Pyrita from quarts-veimed red chart at Sumnymide adit - 0.8

w e t  side of road.
SF-CS2 Pyrita dieswinated in chlorite schist free the - 1.8

Sunflower open pit.
MQimtAP PVPTTrc f.wmth

Seh-lP Pyrita frmi sebra shale unit in McFarland canyon. + 4.1
(Additional data of sebra shale nodular pyrites from 
Emstoe at al., ISSOl + l.s , 1.8, 2.3, 3.2$*).

wermmmmtMt. mmrwm

MF1-1P Pyrita f r m  vein at M^arland canyon workings II. +3.3
KF3-B Pyrita from quartr-tourmalins breccia vein in falsie + 3.3

dike at McFarland canyon workings 13.
MFC-FDl Pyrita disseminated in falsie dike, McFarland canyon. + 2.1
SMWA-4P Pyrita from Story nine vest adit, massive arsenopyrite + 2.7

a M  pyrita. + 2.3
SFA-1P Pyrita from carbonate-quarts-cinnabar-pyrite vmin in +4.9

Sunflower adit #1.
SPA-2P Pyrita from sunflower edit 12. + 2.4
RBA-0 Pyrita from Med Rock adit. +2.9
0P2-P Disseminated pyrita in sandstone at the Oneida pit. + 3.1

utrLFTpys awn mtjpegaf.vs tymt nmmnsYTS
SMWA-4A Arsenopyrite from Story mitw vest edit. + 3.3
MFl-lA Arsenopyrite from vein McFarland canyon workings II. + 2.7
smw a-48 Sphalerite from Story mine west edit. + 1.6
SMWA-4G Geocronits from Story mine west edit. + 3.1
MF1-1T Teimantite frmm vein McFarland canyon wrkings II. +2.9
CTWMARAR
SFI-1 Cinnabar from carbonats-clnnabar vein, portal of the -12.3

Sunflower incline. -12.9
SFI-2 Cinnabar from carbonate-cinnabar vein, portal of the + 2.8

Sunflower incline.
SFA-1C Cinnabar from carbonate-quarts-cinneber-pyrits vein in + 0.6

Sunflower edit II.
SF-HT cinnabar from hilltop east of the Sunflower open pit. - 7.6
0P1-C Cinnabar from quarts-cinnabar vein in open pit at - 0.5

Oneida mine. + 0.0
CHALCOPYRTTF FROM CABBPQ
MI-Cp Chalcopyrite disseminated in gebbro intrusion. - 0.1
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FIGURE 41: Plot of &34g values of selected sulfides from 
mineralization in the Sunflower mining district. Black bar 
is Early Proterozoic massive sulfides in Arizona and 
additional zebra shale data from Eastoe et al., 1990.
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low, dispersed 634s values typical of Phanerozoic biogenic 
sulfide.

Polymetallic Deposits:
Isotopic compositions of sulfides and sulfosalts from 

the polymetallic deposits and mineralized rhyolite dikes 
(S34S = +1.3 to 3.3%.), and pyrites from the mercury 
deposits (634S = +2.3 to 4.9%.) lie in a narrow range dis
tinct from the disseminated pyrites, but generally spanning 
the range of nodular pyrites. This indicates that the 
nodular pyrites might be a potential sulfur source, however 
the hydrothermal deposits are well removed from them. A 
distinct magmatic source, possibly related to the Payson 
granite and/or Tertiary volcanism can not be ruled out.

Mercury Deposits:
The 534S values of pyrites and cinnabar from the 

Sunflower, Red Rock and Oneida mines are included in table 
11 and are plotted in figure 41. Pyrites show a limited 
range (+2.4 to +4.9%.), as in the polymetallic deposits. 
However, 534S values of cinnabars (-12.9 to +2.8%.) cover a 
wide range tending towards lower 634S values. This shift 
towards 34S depleted cinnabar in the presence of earlier 
pyrites suggests that the sulfur was derived from the 
pyrites by oxidizing fluids. This would indicate a hydro- 
thermal event distinct from others affecting the district.



DISCUSSION

Conclusions and Genesis:
The field and geochemical evidence presented in this 

study support a penecontemporaneous origin for the 
deposition and alteration of tholiietic basalts and the 
formation of bedded and brecciated jasper-dolomite of the 
Cornucopia Formation.

This volcano-exhalative system appears to have 
developed in a broad basin receiving predominantly 
volcaniclastic and epiclastic materials in what might be 
regarded as a Proterozoic equivalent to a back-arc basin 
environment as indicated by interpretations of trace element 
data of the altered pillow flows and greenstones.

The mafic volcanics are pervasively carbonate altered 
and are cut by pre-deformational veins of calcite and 
dolomite. Carbonate compositions and isotopic variations 
indicate a seawater dominated system responsible for the 
alteration of the volcanic rocks and the deposition of the 
jasper-dolomite. The volcanics have been affected by one 
main carbonate alteration and possibly an earlier spilitic 
alteration.

Several lines of evidence point to a strong influence 
of the country rocks on the chemistry and localization of 
mineralization in the Sunflower mining district. The 
influence of host rocks on the mineralogy of the cinnabar
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deposits is evidenced by the ankerite-calcite gangue 
association in carbonate altered volcanics in the Sunflower 
belt in contrast to the quartz gangue associated with cross- 
bedded sandstones and the Pine Mountain Porphyry in the Pine 
Mountain belt. The mercury deposits are restricted to upper 
formations of the Alder Group. This distribution shows some 
parallels to stratigraphic controls found in early Paleozoic 
rocks of Europe. The lack of granitic affinity of the 
tourmaline chemistries in the rhyolite dikes, McFarland 
canyon vein and the quartz-tourmaline veins of the Mercury 
belts suggests a chemical influence from the country rocks.

The mineralization of the rhyolite dikes and 
polymetallic deposits are mineralogically and chemically 
distinct. The base and precious metal values are elevated in 
the sulfides and sulfosalts of the McFarland canyon veins 
and massive sulfides of the Story mine. The mineralized 
rhyolites are low grade or barren and contain only pyrite 
and arsenopyrite. However, sulfur isotope data and elevated 
arsenic values suggest a genetic association. A chemical and 
mineralogical zoning may be present in the polymetallic 
belt. The hydrothermal system appears to be centered on the 
western end of the southern rhyolite dike with the McFarland 
veins to the north and the Story deposit to the south.

The distinctive mineralogy, chemistry and geographical 
distribution of the polymetallic belt and the mercury belts 
indicate that these mineral trends developed independently.
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APPENDIX A: SAMPLE DESCRIPTIONS

Descriptions and locations for all samples collected in this 
study of the Sunflower mining district. Sample locations are 
plotted in plate 2.

WHOLE ROCK GEOCHEMISTRY
MFP-1 Least altered pillow basalt from McFarland canyon 

down section from jasper-dolomite exhalite. See 
plate 2B.

MFP-2 Altered pillow basalt from McFarland canyon up 
section from jasper-dolomite exhalite. See 
plate 2B.

WFP-1 Altered amygdaloidal pillow basalt in West Fork
canyon interbedded with chert and dolomite. Brown, 
limonitic weathered surface. See plate 2E.

WFP-2 Altered amygdaloidal pillow basalt in West Fork 
canyon. Less altered than WFP-1. See plate 2E.

WFP-5 Highly altered pillow basalt in West Fork canyon. 
See plate 2E.

SFP-1 Highly altered pillow basalt in Sunflower canyon up 
section from jasper-dolomite exhalite. Brown 
limonitic weathered surface. See plate 2B.

MFB-1 Least altered massive flow basalt (greenstone) from 
McFarland canyon. Minor carbonate veining. See 
plate 2B.

MFB-2 Altered massive flow basalt (greenstone) from 
McFarland canyon. See plate 2B.

WFB-2 Altered massive flow basalt (greenstone) from West 
Fork canyon. See plate 2B.

SFB-1 Chloritic schist from Sunflower pit. See plate 2B.
MFC-1 Volcaniclastic breccia from confluence of McFarland 

and West Fork canyons. Sericitic alteration. See 
plate 2B.

MFC-3 Volcaniclastic breccia from McFarland canyon
up section from jasper-dolomite exhalite. Sericitic 
alteration. See plate 2B.
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SFC-2 Volcaniclastic breccia from Sunflower canyon down

OLT-1

section from jasper-dolomite exhalite. Sericitic 
alteration. See plate 2B.
Felsic clasts of lithic tuff of the Onieda 
Formation from West Fork canyon road cut. See index 
map; plate 2.

MINERAL CHEMISTRIES
Carbonates
MFP-2 Altered pillow basalt from McFarland canyon up 

section from jasper-dolomite exhalite. See 
plate 2B.

MFB-1 Least altered massive flow basalt (greenstone) from 
McFarland canyon. Minor carbonate veining. See 
plate 2B.

JD-1 Bedded jasper-dolomite exhalite from the middle 
member of the Cornucopia Formation in McFarland 
canyon. See plate 2B.

SSR-1 Quartz-carbonate-cinnabar-tourmaline vein from 
Sunnyside adit. See plate 2B.

SFA-1 Carbonate-cinnabar vein from Sunflower adit No.1. 
See plate 2B.

SFTQ-1 Quartz-carbonate-tourmaline vein from the Sunflower 
open pit. See plate 2B.

Sulfides and Sulfosalts
SMWA-4 Banded massive sulfide ore from the Story mine west 

adit. See plate 2C.
MF1-1 Quartz-sulfide vein from McFarland canyon workings 

No.1. See plate 2A.
MF3-B Quartz-tourmaline-pyrite vein breccia from 

McFarland workings No.3. See plate 2A.
SFA-1 Carbonate-cinnabar vein from Sunflower adit No.1. 

See plate 2B.
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Massive arsenopyrite vein from McFarland canyon 
workings No.2. See plate 2A.

AC-1 Quartz-tennantite veinlets in andesite dike in
Andesite canyon. See plate 2A.

Tourmalines
SFTQ-1 Quartz-carbonate-tourmaline vein from the Sunflower 

open pit. See plate 2B.
SSR-1 Quartz-carbonate-cinnabar-tourmaline vein from 

Sunnyside adit. See plate 2B.
MF3-B Quartz-tourmaline-pyrite vein breccia from 

McFarland workings No.3. See plate 2A.

STABLE ISOTOPES 
AND Carbonates

SM-ls Calcite from sedimentary limestone near the Story 
mine. See plate 2C.

SF-ls Calcite from shaly sedimentary limestone on road 
above Sunflower retort. See plate 2B.

MFP-1 Total carbonate from altered pillow basalts 
in McFarland canyon. See plate 2B.

WFP-1 Total carbonate from altered pillow basalt in 
West Fork canyon. See plate 2E.

SFB-l Calcite from chloritic schist Sunflower open pit. 
See plate 2B.

JD-1 Ferruginous dolomite of bedded jasper-dolomite 
exhalite, McFarland canyon. See plate 2B.

JD-2 Ferruginous dolomite of jasper-dolomite breccia
float in McFarland canyon. See plate 2B.

SFI-1 Ankerite from quartz-carbonate-cinnabar vein.
Sunflower mine. See plate 2B.



145
S13C Carbonaceous Shales
Zsh-1 Carbonaceous Zebra shale unit from McFarland 

canyon. See plate 2B.
Zsh-2 Carbonaceous Zebra shale unit from McFarland 

canyon. See plate 2B.
EF-2 Black shale interbedded with cherts, East Fork 

canyon. See plate 2D.

634S of Sulfides and Sulfosalts
MF2-CWR Pyrite from chloritized wall rock from stream near 

McFarland canyon workings No.2. See plate 2A.
SM-BF1 Pyrite from banded iron formation upstream from 

Story mine cabinsite. See plate 2C.
SS-3 Pyrite from quartz-veined red chert Sunnyside adit 

on east side of road. See plate 2B.
SF-CS2 Pyrite disseminated in chlorite schist from the 

Sunflower open pit. See plate 2B.
Zsh-lP Nodular pyrite from Zebra shale unit. See plate 

2B.
MF1-1P Pyrite from vein at McFarland workings No.l. See 

plate 2A.
MF3-B Pyrite from quartz-tourmaline breccia vein in 

felsic dike at McFarland workings No.3. See plate 
2A.

MFC-FD1 Pyrite disseminated in felsic dike in McFarland 
canyon. See plate 2A.

SMWA-4P Pyrite from Story mine west adit, massive

SFA-1P
arsenopyrite and pyrite. See plate 2C.
Pyrite from carbonate-quartz-cinnabar-pyrite vein 
in Sunflower adit No.l. See plate 2B.

SFA-2P Pyrite from Sunflower adit No.2. See plate 2B.
RRA-0
0P2-P

Pyrite from Red Rock adit. See plate 2B.
Disseminated pyrite from the Oneida pit. See plate 
2F.

0P2-P
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SMWA-4A

MF1-1A

SMWA-4S

SMWA-4G

MF1-1T

SFI-1

SFI-2

SFA-1C

SF-HT

0P1-C

Arsenopyrite from Story mine west adit. See plate 
2C.
Arsenopyrite from vein McFarland workings No.l. 
See plate 2A.
Sphalerite from Story mine west adit. See plate 
2C.
Geocronite from Story mine west adit. See plate 
2C.
Tennantite from vein McFarland workings No.l. See 
plate 2A.
Cinnabar from carbonate-cinnabar vein portal of 
the Sunflower incline. See plate 2B.
Cinnabar from carbonate-cinnabar vein portal of 
the Sunflower incline. See plate 2B.
Cinnabar from carbonate-quartz-cinnabar-pyrite 
vein in the Sunflower adit No.l. See plate 2B.
Cinnabar from hilltop east of the Sunflower open 
pit. See plate 2B.
Cinnabar from quartz-cinnabar vein from open pit 
at the Oneida mine. See plate 2F.
Chalcopyrite from gabbro intrusion. See plate 2A.MI-Cp
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