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by
Fred A. Michel, Jr.

GEOLOGY OF THE KING MINE
HELVETIA, ARIZONA

ABSTRACT

Sulfide minerals occur in silicated limestone at a 
contact of a quartz monzonite porphyry stock.

Some zoning of the primary silicates was observed. 
Many features of the zoning are difficult to explain on the 
basis of thermal gradients. Some chemical difference in the 
environments of deposition is suggested as an alternative 
explanation.

The silicate mineral assemblage which replaced the 
original limestone was subsequently altered and sulfide ore 
minerals were deposited mainly in the transition zone between 
completely silicated rock and unaltered limestone. The major 
ore zones were controlled by rolls in the porphyry contact 
and associated fracturing.

Host rock favorability appears to have been the major
control of individual ore bodies. It is suggested than an
ideal composition of the host rock brought about by silicate
alteration was the cause of the apparent favorability.
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INTRODUCTION

Location

The King Mine is located at the east end of the Hel
vetia Mining District,which is in the northern Santa Rita 
Mountains, about 28 miles south of Tucson in eastern Pima 
County, Arizona (see Plate 1). It can be reached by travel
ing east from the town of Sahuarita over a well graded dirt 
road. Sahuarita is on U. S. Route 89, 20 miles south of 
Tucson and is a shipping point on the Nogales branch of the 
Southern Pacific Railroad.

The mine is in Section 24, T. 18 S., R. 15 E., Gila 
and Salt River Meridian, in the north-central part of the 
Patagonia quadrangle.

Topography and Climate

The mine is situated on the main ridge of the Santa 
Rita Mountains at an elevation of about 5400 feet in an area 
of steep slopes and great relief. The area is drained by 
tributaries of Helvetia Wash to the Santa Cruz River in the
basin to the west. All streams in the area are intermittent

'■ ' :■ ... V ' .  . . . •

carrying surface water only during torrential rains in the
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summer months. The climate,as is typical of southern Arizona, 
is arid to semi-arid. Temperatures are high during the summer 
season often exceeding 100 degrees. Winter temperatures are 
moderate with only occaisional frosts and short periods of 
light rain. Snow can be expected periodically in late winter, 
but it is light and of short duration.

History

Little is known of the early history of the King 
Mine and few production figures are available for they were 
included with the production of the district as a whole. The 
King and Exile claims, on which the mine is situated, must 
have been located during the beginning of active mining in 
the district in the late nineteenth century, since Schrader 
(1915) refers to them in his report. Most of the workings of 
the upper level of the mine were in existence at that time.

Until 1948, there was little additional work done in 
the mine. In that year the lower tunnel was driven with the 
intention of intersecting and exploring the contact zone.
This was done at two places and drifts were driven along the 
contact. Notable ore was developed in the west end and 
high grade bodies were discovered in the eastern contact area. 

Since that time the major ore bodies have been mined out and
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work is being done to mine extensions of these bodies and 
prospect favorable areas for new ore.

Previous Work

The first published geological study of the Helvetia 
District is included in U. S. Geological Survey Bulletin 582, 
"Mineral Deposits of the Santa Rita and Patagonia Mountains", 
by Frank C. Schrader and James M. Hill, published in 1915.
The mine workings on the King claim at that time were des
cribed in general terms.

Six theses have been done in the Helvetia District 
and the neighboring Rosemont District by students of the 
University of Arizona: Thomas (1931), Dunham (1937), Popoff
(1940), Johnson (1941), Jones (1941) and Heyman (1958). None 
of these give detailed information of the immediate mine area, 
but serve to describe its relations to the district as a whole.

Heyman (1958) studied in detail a large copper deposit 
to the west of the King Mine which is similar in some respects 
to the King deposits. This was the first work done in the 
district which gained important insight into the history and 
control of ore deposition there.

U. S. Geological Survey Bulletin 1027 F, "Copper De
posits of a Part of the Helvetia District, Pima County,
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Arizona" by S.C. Creasey and G.L. Quick, published in 1953, 
includes a description and geological maps of the mine area 
and the workings that were present during the war when the 
field work was done.

Purpose and Scope of Investigation

This study was undertaken as partial fulfillment of 
the requirements for the degree of Master of Science at the 
University of Arizona and is intended to contribute to the 
understanding of the ore forming processes and controls of 
contact metasomatic ore deposits.

Field work was begun in the summer of 1956 while 
in the employ of Lewisohn Copper Corporation and completed 
during the school year of 1957-58. Laboratory studies were 
made in the spring of 1958.

A transit survey of the mine workings was carried 
out and a geologic map prepared at a scale of one inch to 
40 feet. The surface geology was mapped on aerial photograph 
at a scale of one inch to 100 feet. The information was then 
transferred to a topographic base map enlarged from U. S. G. S. 
Bulletin 1027 E to the same scale. Thirty-five polished and 
thin sections were studied and mineral identification was 

supplemented by spectrographic and X-ray analyses.
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GENERAL GEOLOGY

District Relations — ;— :----------— —

The mineral belt of the Helvetia District is an 
area one mile wide extending from the main ridge of the 
northern Santa Rita Mountains to the edge of the pediment 
three miles to the west. This area adjoins a large east- 
west tear fault, the Helvetia Tear Fault, which intersects 
a belt of north - south striking Paleozoic rocks, mostly 
limestones, which are generally younger to the east. The 
ore deposits of Rosemont Camp to the south are associated 
with similar east - west faults which cut a parallel but 
narrower sedimentary belt. These rocks are overlain un- 
conformably on the east side of the range by Middle Cre
taceous rocks. Underlying the sediments west of the range 
and extending westward is granite which is thought to be 
post-Paleozoic and pre-Cretaceous in age (Heyman, 1958).

The ore deposits are genetically related to post- 
Cretaceous quartz monzonite porphyry intrusions. Several 
separate porphyry bodies are exposed in the district. 
Adjacent to the Helvetia Tear Fault on the north, on the

7
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crest of the range at Broad Top Butte, a stock has intruded 
Permian and Cretaceous rocks as well as granite. Heyman 
(1958) gives convincing evidence that a portion of the 
Broad Top Porphyry with the surrounding sediments was thrust 
one and a half miles to the west, a remnant of which now 
forms an outlier, resting on granite, where some of the 
important ore deposits of the district have been discovered.

One and a half miles north of Broad Top Butte, a 
sill-like porphyty body intrudes Cretaceous rocks (Johnson, 
1941). No ore deposits are known in the immediate area of 
this exposure.

At the Saratoga Mine in Rosemont Camp, a 1200 foot 
circular exposure of porphyry in Cretaceous rocks and several 
dikes, in a wide fault zone bounded by the east - west 
Coconino and Chicago Faults, are described by Popoff (1940).

Broad Top Porphyry 

Porphyry Contacts

The Broad Top Porphyry is very irregular in outline 
due to a combination of intrusive and fault contacts (fig.2). 
The greatest dimensions are 1500 by 2000 feet, the longer 
extending in an east - west direction parallel to the
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Helvetia Fault zone which bounds it on the south and has 
caused brecciation of the porphyry to a width of 300 feet.

The western contact with the granite and the Pennsyl
vanian Horquilla Formation is a fault, probably a thrust 
related to a similar north - south faults in the district.

The porphyry is intrusive into Cretaceous rocks on 
the southeast but, farther north, faults form the contacts 
with all the neighboring formations.

The northeast contact becomes increasingly conform
able, ending in a sill. The opposite or northwestern contact 
of this appendage dips gently to the east and southeast. The 
ore deposits of the King Mine are found near this contact.

Shape and Mode of Intrusion

Since the attitude of only a small portion of the 
contact of the intrusive is known, estimation of its total 
shape at depth must be partly speculative. The upper, or 
northeast, contact of the northern appendage of the porphyry 
becomes more conformable to the north with respect to the 
strike of the intruded limestone. Though the actual contact 
is not exposed, a four foot wide dike or sill in limestone 
near the contact trace is probably connected with the main 
body, indicating that the contact is intrusive.
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PLATE 1
THE KING MINE AREA

Main ridge of the Santa Rita Mountains at the King Mine 
looking east. The peak at the upper right is Broad Top 
Butte. To the left is the south end of Sycamore Ridge. 
The lowest point on the ridge is Lopez Pass. The ore 
bin of the King Mine and the road leading west to Hel
vetia are in the lower left.
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The northwest contact is roughly conformable through

out its explored length. Evidence of faulting along the con
tact may have been destroyed by silicate replacement, but the 
lack of strong shearing or brecciation in the porphyry near 
the contact indicates that such faulting, if it did occur, 
was not intense.

The abrupt narrowing of the porphyry body to form 
the sill .together with the fairly regular and flat lying 
lower contact suggest that intrusion occurred along a break 
now represented, at least in part, by the northwest contact. 
The upper eastern rocks were intruded discordantly and proba
bly moved aside or upwards to make way for the invading magma. 
Access may also have been gained along a deep seated break 
now represented by the Helvetia Tear Fault. Later high-angle 
east - west faulting caused the present configuration.

General Character

The rock is porphyritic with large quartz and feld
spar phenocrysts in a fine grained matrix. Grain size varies 
from place to place, especially in the central area where the 
rock becomes quite fine grained and phenocrysts are fewer and 
smaller. This phase is more resistant to erosion and forms 
the prominent outcrops of Broad Top Butte.
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Weathered surfaces are reddish brown because of 
stain produced by the decomposition of pyrite which is uni
versally present in small quantities. Jointing is well 
developed and the rock weathers to angular blocks which 
form rugged talus piles at the bases of outcrops.

Quartz, orthoclase, plagioclase and biotite pheno- 
crysts can be identified in hand specimen. The larger 
grains of the matrix are barely discernible with the hand 
lens.

Petrographic Description

Phenocrysts make up 10 to 40 percent of the rock. 
Quartz occurs in large anhedral grains corroded by a mermek- 
itic intergrowth of quartz and orthoclase in the finer grained 
phase. Orthoclase forms large laths, often 25 nan. in length, 
and smaller subhedral grains. The plagioclase phenocrysts are 
subhedral and distinctly zoned. Measurement of extinction 
angles in thin section shows that the cores are oligoclase 
with narrow, more sodic borders. Biotite is altered to 
chlorite and occurs in grains about a millimeter in diameter.

Both orthoclase and plagioclase are altered to seri- 
cite and clays, the alteration being strongest in the cores 

of the plagioclase.
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The sizes of the phenocrysts have a wide range, 

from one to 25 mm., and average about five millimeters.
The matrix is a granular assemblage of quartz, orthoclase 
and plagioclase with minor amounts of biotite, sphene, 
zircon and iron sulfide and oxide. The average grain size 
is about 0.1 nea. with larger grains up to 0.25 mm.

Following is the average mineral composition of the 
quartz monzonite, including the finer grained phases, as 
estimated in thin section.

Quartz.......   36%
Oligoclase...................30%
Orthoclase...........  30%
Biotite.....................  2%
Sphene, zircon, iron
sulfide and oxides...........  2%

100%

Sedimentary Rocks

As the sedimentary rocks of the Helvetia District 
are well described in previous studies of the area, only 
the rocks included in the present area of study will be 
described.

Plate 6 shows the surface geology of the King 
Mine area. The Scherrer Formation is overlain conformably 
by the Concha limestone and both formations dip about 50 

degrees to the southeast. This situation persists to the
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north along Sycamore Ridge. The porphyry has intruded the 
Concha limestone about 125 to 150 feet above the base, in 
the lower part of the second member.

Scherrer Formation

The Scherrer Formation is Permian in age and composed 
of two quartzites separated by a dolomitic limestone member. 
The quartzites form prominent outcrops and often show good 
bedding. They weather reddish brown, causing an alluvial 
cover that contrasts well with the limestones and aids great
ly in mapping where outcrops are scarce.

Bryant (1955) gives the following description of
the formation in the area from top to bottom.

Orthoquartzite: light gray to white, fine 
grained, vitreous, weathers light brown 
to reddish brown. Small iron-rich con
cretions weather out to leave dark red 
pits in surface................... ........100*
Limestone, dolomitic: medium gray, weathers 
light to medium gray. Has abundant quartz- 
ose and calcite knots. Fossiliferous zone
near middle contains bryozoa, productids 
and Permocidaris spines................... .170'
Orthoquartzite: white, fine grained: has
minor cross bedding: upper part weathers 
light to medium brown, lower part reddish 
brown..................................... 350'
Total thickness 620'
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Concha Limestone

This Permian limestone is pure and thin bedded 
and forms prominent cliffs on Sycamore Ridge to the north 
of the mine. Bedding is difficult to find and the uni
formity of the rock makes the deciphering of small struc
tures very difficult. The lower part of the formation is 
very cherty and chert stringers may easily be mistaken for 
bedding. The formation is fossiliferous throughout, but 
the only fossil zones are high in the section and do not 
occur near the contact in the mine.

Bryant describes the Concha limestone on Sycamore 
Ridge as follows:

Additional beds of Concha limestone on long 
dip slope extending into the valley east of 
Sycamore Ridge.
Limestone: medium gray, weathers same. Chert
content 5%. Neospirifer zone with Meekella
and Derbya about 25 feet above the base....... 50'
Limestone ("tan chert zone"): light to medium 
gray, weathers medium to reddish gray. Chert 
content 30%; light gray nodules that weather 
light pinkish brown......... ..................30'
Limestone: medium gray, weathers medium to 
dark gray. Chert content less than 2%.
Fossiliferous with typical Concha assemblage..150'
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Limestone: medium to dark gray, weathers
same. Chert content 20%. Fossiliferous
with bryozoa and large productids........ ...125'
Total thickness............ .................355'

Faulting

Fault strikes are markedly restricted to the quad
rant between N45E and S45E (pis. 6 and 7). The fault 
pattern, seen best underground, is acute, i.e.,faults being 
inconsistent in attitude, branching and intersecting at 
acute angles both vertically and horizontally. The major 
faults which displace the contact branch along planes of 
weakness such as joints and bedding planes when they inter
sect limestone.

Movement on major faults, indicated by slickensides 
and offsets of the contact, has been predominantly vertical 
with commonly considerable strike-slip component.

North Fault

The porphyry is terminated on the north by the North 
Fault, a wide shear zone dipping 50 degrees to the south as 
observed in exposures in the North End Workings. It is a 
zone of closely spaced slips, separated by gouge and brecci- 
ated wall rock, mostly porphyry. The fault zone and the
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adjacent rocks are slightly silicated and mineralized.

To the east the fault is not traceable in the lime
stone,but a fault of similar attitude, which displaces 
Cretaceous beds, exposed in an open cut on the other side of 
the ridge,may be a part of the same structure. The western 
end is covered with waste. The extension shown is based on 
observations by Johnson and Creasey before the outcrops 
were covered. . ♦

Since the fault involves the porphyry, it is post- 
intrusive in age although it could have been formed origi
nally prior to intrusion and controlled it. No faulted ex
tensions of porphyry are found to the north.

Ridge Fault

A flat fault is exposed in workings to the west of 
the North End Open Cut, where it separates Concha limestone 
from underlying upper quartzite member of the Scherrer Form
ation. It can be traced westward along the slope of Syca
more Ridge through thin cover, where it separates Concha 
from the lower member of the Scherrer, but it is not exposed. 
It is covered to the east where it would intersect the 
North Fault. Continuity of the North Fault both above and 
below its projected intersection with Ridge Fault indicates
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that the North Fault is younger.

Movement on the Ridge Fault, on the basis of offset 
of the upper member of the Scherrer, was about 500 feet.
The upper member of the Scherrer is considerably thicker 
on the north side of the fault so other complicating struc
tures are suspected in this vicinity. Also the strike of 
that formation is different from that to the north.

This fault may be a thrust fault with an undulating 
surface. The limestone near the fault is strongly fractured 
and bleached. The position and attitude of this fault is 
very close to that of the lower contact of the porphyry and 
it is possible that it is the same or an associated structure. 
A similar fault, at the base of the large cliff of limestone 
near the top of Sycamore Ridge, is a thrust fault which has 
brought the "tan chert zone”, normally 275 feet above the 
base of the formation, within 50 feet of the bottom of the 
formation in this vicinity. It is probably the same age as 
the Ridge Fault.

King Faults

Two parallel east - west faults just north of the 
Upper King Adit, the North and South King Faults, displace 
the sill of prophyry. The south fault is the largest with
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an apparent horizontal displacement of about 60 feet. Move
ment was mostly normal judging from the narrowing of the 
Concha limestone caused by convergence of the bottom of the 
lower limestone contact with the flatter porphyry contact 
(Pi. 6).

The faults are exposed in two small workings driven 
along them and both dip 40 degrees to the north. They are 
marked by narrow zones of gouge bordered by sheared porphyry 
which is strongly altered and stained by limonite. The trace 
of the south fault is marked by a gully in porphyry. It ends 
at Lopez Pass where the northeast porphyry contact becomes 
conformable. Part of this contact may be the South King 
Fault or minor related structures.

The northward swing in the trace of the lower por
phyry contact near the Upper King Adit is partly the result 
of faulting evident in the workings below, but is mainly the 
result of a change in strike of the contact at the start of 
the sill on the north. This feature will be discussed later 
in detail.

South Fault

A 60 foot displacement of the contact is caused by 
a large fault south of the Lower King Adit. It is poorly

exposed, in an open cut above the road, as a shear zone of
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unknown width. The exposure is mostly porphyry of the north 
wall and is moderately stained by limonite and copper. The 
shear zone, exposed in a road cut on the hill below, is 
expressed by a wide zone of fractured and bleached limestone 
of the middle Scherrer member.

The dip of the South Fault is unknown and no single 
feature in the workings below can, with certainty, be identi
fied with it although the contact is obviously displaced 
(pi. 7). If the strongly fractured and sheared zone 140 feet 
south of station 102 is part of it, the structure is nearly 
vertical.



DETAIL GEOLOGY

The Porphyry Contact

Since the porphyry contact has been intersected in 
relatively few places, its position must be interpolated over 
considerable distances, an operation which, because of the 
complicated faulting, is difficult to do with confidence.
The somewhat parallel silicate - marble contact is of some 
help, but only in a general way.

The dip of the contact can not be measured with accu
racy at a single exposure because of minor variations and sub
sequent faulting; it must be calculated between exposures.

Shape of the Contact

Extensive drilling in the west end workings shows that 
the contact there has a dip of about 35 degrees. This agrees 
closely with the dip calculated from relations between surface 
and underground exposures. The strike appears to curve in 
this area (pi. 7), but this may be due to faulting noticeable 
near station 186 and that associated with mineralization in 
the lower stopes. Thus, the strike of the contact from the

22
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west end to station 107, is northeast as it appears in the 
contact drift, but the dip steepens to 55 degrees in the lat
ter area.

The eastern stopes are under what is assumed to be a 
roll in the porphyry contact. This assumption is made on the 
basis of the discontinuity of the exposures on the 100 level 
east of station 107 (taking observed faulting into account) 
and the curve of the trace of the contact.on the surface.
This curve is coincident with the narrowing of the porphyry 
exposure on the surface to form the sill-like extension dis
cussed in the previous chapter (pi. 6). Also, a northward 
swing in the contact strike and a flattening of the dip of 
the limestone, exposed in the eastern stopes, from 50 degrees 
to 25-30 degrees at the 100 level indicates a similar change 
in the.contact on the basis of general conformity (pi. 7).

This roll is not a simple anticline but becomes nar- 
rower to the west or northwest. It can best be described as 
a plunging anticline with the angle of plunge decreasing to 
the southeast.

The possibility exists that the situation is entirely 
the result of faulting,but serious complication arises in the 
explanation of all observed features on this basis. The an
ticline may have been caused by folding which occured as the
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result of Intrusion of the porphyry,or it may be a reflection 
of the shape of a plane of weakness, perhaps a thrust fault, 
along which the porphyry intruded. A combination of these 
causes would be another plausible explanation.

Age of Fracturing

As noted before, fracturing displays acute intersec
tions and the patterns are complex (pi. 7). Separation of 
pre-silicate fractures from later ones is done on the basis 
of primary silicate alteration. This shows that pre-silicate 
structure consisted of relatively few fractures most of which 
have shallow dips and are probably tension cracks perhaps in 
some way related to the formation of the anticline just de
scribed. Narrow silicate zones persist on these fractures in
to unsilicated marble beyond the main silicate zone at the 
contact. Clearly, then, these features are pre-silicate,but 
whether or not they are pre-intrusive depends on the relative 
age of the anticline with which they are probably related.

The major period of faulting occurred in the late 
stages of primary silicate alteration. In a few cases, sil- 
ication appears to have been controlled by large faults, but 
usually the silicate zone is offset.

The entire secondary alteration cycle (which includes
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sulfide mineralization) was accompanied by fracturing, begin
ning with offset of the porphyry contact and nearly complete 
silicate zone. The period of time occupied by the process of 
alteration is unknown and whether fracturing occurred in a 
single period or was spasmodic is purely speculative. That 
it was more intense at certain periods is certain. Figure 3 
shows the time relations between fracturing intensity and 
mineral deposition.

The most important of these periods was during the 
time of formation of the major faults which offset the por
phyry contact and silicate zones. As will be seen in the 
discussions which follow, this disturbance was an important 
control of subsequent mineral deposition and alteration.

Mineralogy

This section is intended to be descriptive, but some 
reference to occurrence must be made to make clear variations 
in mineral character which will be mentioned in later dis
cussions.

Garnet
Garnet occurs mostly as fine to medium grained masses 

in an equigranular texture with interstitial residual calcite.
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Dense, very fine grained masses are found in the most intensly 
altered parts of the silicate zone and contain almost no rem
nant calcite of the original limestone.

According to spectrographic analysis, the garnet is 
predominately andradite. A minor amount of aluminum indicates 
presence of the grossularite molecule and a trace of manganese 
was detected.

The mineral is usually anistropic in thin section, 
displaying a biaxial interference figure, but the dense masses 
and small crystals are isotropic. Grains are almost always 
euhedral and show marked zoning, probably due to variations 
in iron content (pi. 2, fig. 1).

Megascopically, the garnet varies in color from very 
dark brown to light tan or green. It is by far the most abun
dant silicate mineral and is replaced along crystallographic 
planes by later alteration minerals. The alteration origi
nates at fractures in the crystals or at the corners or edges 
of octahedrons and proceeds along zone lines. Dense, unzoned 
garnet is seldom altered.

Diopside
Diopside occurs on the outer borders of the silicate 

zone and on faults which occurred late in the primary stage.
It replaces garnet on fractures and along zone lines. Fine
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grained masses with residual calcite occur between the lime
stone or marble and garnetite. It is most common in the 
western part of the mine.

Spectrographic analysis shows some iron, but indices 
of refraction below 1.70 indicate that the mineral is near 
the diopside end of the diopside - hedenbergite series. :

Diopside alters to tremolite and chlorite and is re
placed by calcite in the ore zones, mostly along cleavage 
planes.

Tremolite

Tremolite occurs as an alteration product of both the 
early silicate minerals, andradite and diopside. It is best 
developed in faults or breccia zones intimately associated 
with sulfides.

The mineral takes the form of small fibrous masses 
and is occassionally asbestoform in strongly fractured parts 
of the silicate zone.

Spectrographic analysis shows a small amount of iron 
and a faint green color indicates a composition between tre
molite and actinolite.

Chlorite
Chlorite is an alteration mineral of garnet, diopside 

and of biotite in the quartz monzonite near the contact. It
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is close to tremolite in time of formation, but is more com
mon as garnet alteration than is tremolite. It is most abun
dant in major faults in the silicate zone. Where gouge has 
been formed, chlorite has replaced the rock flour and shows 
slickensides where post-alteration movement has occurred.

Two chlorite minerals have been observed, pennine and 
prochlorite, the latter being the most common.

The silicate zone is extensively altered to a clay 
mineral which,according to X-ray diffraction evidence, is one 
of the montmori11onite group. Spectrographic analysis shows 
considerable magnesium content indicating the mineral sapo- 
nite. Clay alteration has accompanied sulfide mineralization, 
representing the last stages of hydrothermal activity.
. Clay is also a product of plagioclase alteration in
the quartz monzonite surrounding late quartz veins which often 
carry molybdenite.

Iron oxides
Magnetite occurs in one vein in the western end of 

the mine in abundance, but is otherwise of minor importance. 
Hematite, however, is widespread, mostly as a by-product of 
garnet alteration appearing as rims surrounding small altering



garnet crystals. An appreciable amount was formed with the 

primary silicates.
Some limonite occurs in oxidized silicate zones on 

the surface and in the upper level of the mine.

Chalcopyrite
The most abundant sulfide mineral and the only ore 

mineral of importance is chalcopyrite,with the possible ex
ception of pyrite which may be copper bearing. It occurs in 
small bunches and disseminated grains or as bedded replacements 
of altered limestone. It also occurs as massive vein fillings 
on silicated fractures.

Bornite
Somite was observed as very narrow coatings on chal

copyrite and along crystallographic directions. It is very 
minor in quantity, being most prevalent in areas of intense 
secondary alteration of the silicate zone.

Pyrite
The cube is the most common form of pyrite, being 

best developed in veins carrying considerable calcite and on 
the surface of calcite crystals in open vugs. Pyrite has sel
dom been observed in contact with the other sulfide minerals.
It is present as disseminations in the silicate zone and as 
separate lenses in the bedded chalcopyrite ores.
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Sphalerite

The only noteworthy occurrence of sphalerite was 
reportedly discovered in the stopes in the North End Workings, 
now caved and inaccessable. Specimens from the waste piles 
indicate that the ore was in the silicate zone. The little 
sphalerite which was seen appeared to be replacements of gar
net.

In the mine proper, sphalerite was seen occasionally 
as small bunches in silicate veins with chalcopyrite in the 
transition zone between silicate zone and marble. The total 
quantity of visible sphalerite is very small, but spectrogra
ph! c analyses of these veins show much zinc. No sphalerite 
has been observed in the bedded replacements.

Molybdenite
Molybdenite occurs in late quartz veins in the 

quartz monzonite near the contact, as disseminations in veins 
and as small bunches and disseminations in garnet rock on the 
upper level of the mine. Molybdenite deposition followed the 
strongest period of sulfide mineralization.

Other minerals
Malachite, azurite and "copper pitch" are prevalent 

in oxidized outcrops, especially in faults, in the North End
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Open cut. Oxidation is shallow and no oxide minerals are 
encountered below the zero level of the mine.

A small pocket of uraninite is reported to have been 
discovered in the siHeated rock on the contact drift of the 
100 level.

Schorlite has been identified infrequently in silic- 
ated rock.



MINERALIZATION AND ALTERATION

General Statement

This chapter is devoted to the description of the 
types of mineral deposition and alteration,and their distri
bution in relation to one another and to the structural frame
work of the deposit.

The alteration aureole in the limestone that adjoins 
the quartz monzonite shows increasing intensity towards the 
porphyry. The limestone has been recrystallized to fine 
grained marble,and near the contact the marble has been re
placed by andradite, often to completion. This silicate zone 
extends from as little as 15 feet to about 50 feet from the 
contact.

Some diopside accompanied the garnet forming a more 
or less distinct zone between the garnet and unaltered marble 
in some areas. Later secondary minerals replaced the primary 
silicate minerals without extending the altered zone into the 
limestone any appreciable amount. Sulfide deposition accom
panied by silicification occurred near the end of the altera
tion cycle and can be considered as a stage of alteration in 
a continuous cycle of hydrothermal activity.
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At least two periods of fracturing occurred during 
alteration, the strongest toward the end of primary altera
tion and a second, of lesser intensity, before the onset of 
sulfide mineralization (fig. 3).

Primary Silicate Alteration 

Types and Distribution

The silicate zone at the contact is present every
where but varies in thickness and completeness of replacement. 
It is thickest beneath the rolls in the contact and thin 
where the contact is steeply dipping. The thickness of the 
silicate zone is roughly 50 feet in the vicinity of the east
ern stopes of the mine. Where the contact dips steeply, such 
as at surface exposures and the 300 and 100 levels, only 15 
or 20 feet of adjacent limestone has been affected.

Replacement of the original limestone was more com
plete nearer the contact. Following is a typical example of 
the mineral composition of unaltered silicate rock close to 
the contact.

Andradite........................85%
Resisual Calcite ................ 10%
Diopside....................... 2%
Hematite and Pyrite ............. 3%
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Calcite fills the spaces between euhedral andradite 
crystals and small rounded grains of diopside (pi. 2, fig. 1). 
Small hematite blebs and pyrite cubes are scattered irregular
ly; hematite being more prevalent where garnet is crushed 
and altered. The rock is compact and brittle, darker in 
color where garnet is most abundant and light tan or greenish 
where altered.

At the extremities of the zone on the limestone side, 
silicates occur only as widely disseminated grains and bun
ches in otherwise fresh marble and on presilicate fractures. 
Many such occurrences may be at the sites of chert nodules 
or stringers in the original limestone where the silica 
content was already high.

Gradation of the silicate - limestone or silicate - 
marble contact is somewhat proportional to the thickness of 
the silicate zone. Relatively thin portions of the zone us
ually have sharp contacts with unaltered rock. In contrast, 
the wide zone present in the area of the eastern stopes dis
plays a very irregular and gradational contact. The marble 
has been partially altered for 20 or 30 feet and no definite 
limit can be put on the silicated zone.

Irregular silicate bodies protrude from the main zone 
at the contact into unaltered marble. Garnet veins extend in-



PLATE 2
SILICATE ROCKS

King Mine, Helvetia, Arizona

.y

Figure 1. Photomicrograph showing a typical 
garnet rock close to the contact. 
Large euhedral, zoned garnet crys
tals are replaced by quartz and 
calcite on fractures and along 
zone lines. Small mottled areas 
are diopside which replaces garnet 
in some areas but is largely inter
stitial. Circularly polarized 
light, X40.

Figure 2. Photomicrograph of diposide rock.
Large light areas are garnet rem
nants. The remainder is a fine 
mixture of diopside and tremolite 
with interstitial calcite. Plain 
light, X40.
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to otherwise unaltered limestone and have been observed over 
100 feet from the nearest porphyry contact, or roughly five 
times the average width of the silicate zone.

Pervasiveness of replacement grew gradually less 
with distance from the contact unless fracturing was encoun
tered which caused more complete silication to extend to great
er distances than in adjacent unfractured rock. In the lime
stone silicates occur in small pods and stringers surrounded 
by fringes of bleached marble. The garnet veins mentioned 
above are an extension of this same mode of replacement. The 
limestone adjacent to the garnet is recrystallized and bleach
ed. When the veins are in already recrystalized rock, the 
bleaching is still present indicating that the formation of 
marble occurred before silicate replacement began, probably 
representing an early incipient state of hydrothermal activity.

Marble distribution is similar to that of the sili
cates with the largest volumes of recrystalized rock located 
where the silicate zone is widest and its outer contact is the 
most gradational. The most highly recrystallized marble occurs 
in the eastern stopes. Here the grain size has been increased 
several times that of the original limestone when in most areas 
the change is only just noticeable in hand specimen.
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Mineral Zoning

Most of the unaltered silicate rock is of a fairly 
uniform composition consisting primarily of andradite with 
variable amounts of diopside and minor quantities of hematite 
and pyrite. As the outer, or limestone, side of the silicate 
zone is approached, the amount of diopside increases, in some 
areas to the extent of forming a distinct zone between what 
can be called garnetite and unaltered limestone. This zoning 
is best developed in the western part of the mine. In the 
drift west of station 180 the rock adjoining the garnetite 
has the following general mineral composition.

Diopside ..............   50%
Tremolite...........   20-30%
Andradite ............  10-20%
Calcite & Quartz.............  10%

The rock is fine grained and equigranular, very 
light in color; and contains disseminations and stringers 
of chalcopyrite and pyrite (pi. 2, fig. 2). The garnet is 
in small crystals corroded by diopside and tremolite is an 
alteration product of diopside. Most of the calcite is re
sidual.

Elsewhere the diopside zone is less well developed 
or absent as a distinct zone, in which case the diopside is
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present in only small quantities scattered irregularly 
throughout the silicate zone. The latter situation is 
commonly found where the silicated zone is narrow and the 
silicate - limestone contact is sharp. On the upper level 
of the mine where these conditions prevail, diopside occurs 
as small grains in the gametite and is most abundant in 
post garnet fracture zones.

In the shear zone of the South Fault, exposed on the 
surface south of the lower King Adit, the thoroughly frac
tured and brecciated garnetite is strongly altered to diop- 
side.

Replacement of garnet by diopside is prevalent, but 
the frequency of zones of diopside on the outer fringes of 
the silicated zone makes it doubtful that diopside was simply 
the product of secondary alteration of an original garnet 
zone. It seems to indicate instead, that diopside was stable 
in a different environment than that favorable for the formation 
of garnet. It also indicates that the two minerals formed 
contemporaneously.

This difference in depositional environments may have 
been thermal, chemical or both. Considering the narrow sili
cate zone it seems unlikely that a constant thermal gradient 
could have existed over a short distance for a period of time



39
necessary for the limestone to have been replaced so completely. 
It would be expected that the whole mass of rock at the contact 
would be heated to the same temperature eventually.

There might be a considerable chemical difference bet
ween limestone and the replacing fluids concentrated at the 
porphyry contact. This, or possibly a change in the chemical 
composition of the hydrothermal fluids,could account for the 
position of the diopside zone and the replacement of garnet 
by diopside.

Secondary Alteration

Chloritization
Chlorite is the most obvious form of secondary al

teration in the mine. Along major faults, the primary sil
icates, garnet and diopside, are altered to chlorite in 
proportion to the intensity of fracturing and nearness to 
the contact. The contact itself is nearly always marked by 
chloritization. However, even on the strongest cross faults, 
chlorite gives way to tremolite when abundant diopside is en
countered.

Extensive development of chlorite is present in the 
Exile Workings where the silicate zone has been severly shear
ed and much gouge has been produced. In some cases all the



material in a shear zone has been transformed completely to 
chlorite. This chlorite rock is marked by slickensides cau
sed by removement after alteration.

The biotite of the quartz monzonite is altered to 
chlorite, especially close to the contact.

Tremolite Alteration
Tremolite is a common and widespread alteration pro- 

duct, usually as a replacement of diopside, but garnet is 
also affected. When the distribution of tremolite and chlo
rite is compared, it is noticed that chlorite is more related 
to fracturing,and tremolite to the occurrence of diopside.
The two minerals appear to be nearly contemporaneous.

Diopside is replaced by tremolite along cleavage 
planes,and garnet on crystallographic directions. Asbesto- 
form tremolite occurs in faults in the diopside zone in the 
west of the mine. It is closely associated with sulfides here 
but it is not abundant near the bedded replacement deposits. 
Portions of the diopside zone that are extensively altered to 
tremolite contain considerable disseminated sulfides.

Argillation
Clay alteration is common throughout the silicate 

zone and in the quartz monzonite. It is most noticeable in
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in the narrow garnet veins in the eastern stopes. Some bands 
of garnet are more highly altered than others.

In the quartz monzonite, montmorilIonite alteration 
accompanies sericitization of the feldspars in sheaths bor
dering quartz - molybdenite veins. Butte type alteration 
zoning is present with the sericite nearest the veins and 
the clay zone on the outside. This zoning is most apparent 
in hand specimen, the sericite zone being distinctly yellower 
in contrast to the white clay zone. The widest veins are 
only a few inches wide and the altered zones are seldom more 
than this on either side.

Quartz - Calcite alteration
Quartz and calcite occupy fractures in and replace 

the primary silicates and to lesser extent, earlier secondary 
minerals. Borne zones in garnet crystals are replaced and 
diopside and tremolite alter first on cleavage.

Conflicting paragenetic evidence has been observed 
in thin section, but generally silica appears to replace cal
cite. The two minerals are very close in time and character
istically occupy the same fracture, veining the silicate min
erals (pi. 3, fig. 1). Some quartz was probably produced as 
a surplus product of nearby alteration of the primary sili
cates. Calcite was probably more mobile under the prevailing



HATE 3
SULFIDE - SILICATE RELATIONSHIPS 
King Mine, Helvetia, Arizona

Figure 1. Photomicrograph of silicate rock near 
an orebody. Calcite - quartz veins 
cut garnet crystals, Chalcopyrite - 
(black) occurs in quartz which is ap
parently replacing calcite. In the 
upper center, chalcopyrite appears in 
centers of quartz - calcite veins in 
garnet and usually a narrow band of 
quartz separates the sulfides from 
garnet. Inclusions in the chalcopy
rite are quartz and calcite. Plain 
light, X40.

Figure 2. One foot garnet vein in marble. The 
dark bands in the center of the vein 
are sulfides. Notice the unreplaced 
marble at the upper right within the 
vein and the bleached bands and string
ers in the marble adjoining the vein.
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conditions and moved to the borders of the silicate zone 
where large vugs of calcite crystals have been observed. The 
activity of these minerals is closely associated with sulfide 
mineralization and the details of this association will be 
considered with the discussion of ore deposition.

Controls of Silicate Alteration 

Contact Shape

Alteration is more extensive where the dip of the 
porphyry contact is shallower and where a roll in the contact 
has served to increase the volume of limestone subjected to 
altering fluids and provided access by fracturing of the lime
stone. In the central underground workings and in surface ex
posures where the dip of the contact is over 35 degrees the 
silicate zone is less than 30 feet wide. In the eastern and 
western stopes,where shallower dips prevail,the silicate zone 
is much wider. It seems reasonable to explain such a relation
ship by the deflection of the upward path of solutions by the 
shallow contact, causing the solutions to pervade a greater 
volume of rock to maintain a certain rate of flow. Such a 
diffusion would result in a more extensive silicate zone be
cause of a greater area of rock in contact with the altering 
fluids. It would also cause more selective replacement because
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the intensity would be less at any one point than it would 
if the volume of affected rock was smaller. Such selecti
vity is characteristic of a wide silicate zone.

Since mapping was completed, further mining in the . 
western stopes reportedly revealed silicate bodies isolated 
from the zone at the contact. This is probably the result 
of replacement in the most favorable limestone horizons and 
cross cutting structures. This is similar to irregularities 
in the silicate zone in the eastern stopes.

Fracturing

Aside from favorability of limestone for replacement, 
irregularity of the silicate zone is partially the result of 
faults and fractures which existed prior to the onset of al
teration. Narrow seams of garnet continue for considerable 
distances out from the main garnetite mass along fractures 
into otherwise unaltered limestone and marble. The garnet is 
always separated from the wallrock by bleached marble bands 
whose width is proportional to the width of the garnet vein. 
These bleached areas extend outwards along tiny joints and 
fractures for short distances (pi. 3, fig. 2).

These silicate veins are most common and best devel
oped in the marble in the eastern stopes,but they have been
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observed in the adit tunnel and in surface exposures in and 
near the North End Workings at distances of up to 100 feet 
from the porphyry.

Near the end of primary alteration, the porphyry con
tact was faulted to its present configuration and the sili
cates were broken and offset. This newly formed fracture 
system was an important control of secondary alteration, es
pecially silicification and chloritization. It controlled to 
some extent the replacement of garnet by diopside and is evi
dence that alteration continued through deformation.

The brittle nature of the garnetite caused intense 
fracturing of the rock for considerable distance from faults 
forming bodies of breccia and broken ground. Much of the 
fracturing is microscopic and not always recognizable in 
hand specimen except for the alteration which it induced.

Secondary alteration seems to be related to the ex
tent to which the primary minerals are fractured. Quartz and 
chlorite seldom replace garnet unless the garnet crystals are 
fractured. This is not always true of alteration in dioside 
rocks, for tremolite replacement of diopside is commonly pre
sent in unfractured portions of the diopside zone.

Slight silicification and bleaching has been observed 
in well broken or brecciated portions of limestone, usually
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accompanied by disseminated sulfides
Apparently, fractures in the silicate zone were fill

ed with calcite after their formation,and quartz, as well as 
other secondary minerals, replaced both the calcite in the 
veins and the adjoining silicate minerals. As has been point
ed out above, calcite also replaced the silicates, particular
ly diop side and tremolite.

Rock Favorability

Isolated silicate bodies or irregularities in the 
silicate - limestone contact are frequently associated with 
fractures, but in the majority of instances no such feature 
is evident. Some portions of the limestone must have been 
more favorable for silicate replacement. Careful comparisons 
of rock texture, structure and composition fails to show any 
but subtle differences. Limestone that showed some lamination 
or bedding seemed to be more extensively altered. Also the 
garnetite in some places has a bedded appearance as though it 
has replaced and preserved the limestone structure (pi. 4, 
fig. 1). No evidence of this is seen in thin section. The 
bedded ores are similar and are probably closely related.

There is some agreement between the grain size of 
garnet crystals and that of nearby marble, indicating that



PLATE 4
EASTERN STORES

King Mine, Helvetia, Arizona

Figure 1. Bedded silicate rock in pillar in the 
eastern stopes. The darker beds con
tain sulfides.

Figure 2. Four inch silicate - sulfide vein 
cutting barren marble at a small 
angle to the bedding in the eastern 
stopes. This is a common feature 
of this area of the mine.
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replacement began at many centers and proceeded grain by 
grain rather than by wave-like attack.



SULFIDE MINERALIZATION

Distribution

The major orebodies in both stoped areas lie in the 
silicate - limestone transition zone. The largest ore zone 
is roughly outlined by the present stopes in the eastern 
part of the mine (pis. 7 and 8). A series of irregular ore- 
bodies lie along a fairly well laminated part of the original 
limestone which is inclined 10 to 30 degrees to the south or 
southeast. The ore is made up of a series of alternating 
beds of chalcopyrite and quartz. These high grade sequences 
are separated by silicate rock or marble.

In the western stopes, ore is reported to have occur
red in irregularly distributed pods in the silicate zone and 
in isolated silicated patches. Recent mining offers evidence 
of a roll in the contact in this area and conditions are ex
pected to be similar to those encountered in the eastern ore 
zone.

Sulfides are found as disseminations throughout the 
silicate zone and as veins in well fractured areas. These 
veins have often led into larger sulfide bodies. Some garnet 
veins have in their central portions narrow seams of chalco
pyrite which thicken at changes in the attitude of the garnet

49



50

vein. This is the result of favorable movement of the walls 
which caused additional opening. The sulfide veins are 
usually flat lying, cutting limestone bedding at small angles. 
They are fairly persistent features of the ore zones (pi. 4, 
fig. 2).

Some ore has been mined from faults and fracture 
zones in well silicated rock where pyrite and chalcopyrite 
occurs in veins, veinlets, disseminations and small bunches. 
Small stopes on the upper level represent ore of this type 
which was mined.

Composition of the Ores

There appears to be gradation between two ore types: 
those which contain silicate alteration minerals and those 
which do not. The silicate ores are lower grade and contain 
visibly less chalcopyrite. Chalcopyrite - pyrite ratios in 
the two are similar.

The high grade ores consist of alternating bands of 
chalcopyrite - quartz, quartz and calcite - pyrite. The 
chalcopyrite beds are usually not massive but granular and 
mixed with quartz grains of similar size. The intervening 
quartz layers are slightly finer grained but otherwise very 
similar in texture. Calcite beds are coarse grained, con-
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taining often, but not invariably, cubes of pyrite. Pyrite 
is present in only minor quantities in the chalcopyrite beds.

In some cases, the bedding or layering is fine and 
regular, caused by alternating zones that contain more cal- 
cite than adjoining bands of silica and chalcopyrite (pi. 5, 
fig. 1). In the more thinly laminated ores, chalcopyrite is 
finer grained.

Areas nearer the silicate zone have similar though 
a coarser and more irregular structure. They consist of 
similar alternating layerings, but the chalcopyrite bearing 
zones contain considerable garnet. Silicification is less 
intense than in the high grade ores and diopside occurs only 
rarely. Calcite layers are wider and coarser in texture con
taining little pyrite.

Ore followed into the silicate zone becomes less 
silicified. The bedded ores give way to those in which more 
massive sulfide form veins and veinlets or occur as dissemi
nations in fractured and/or brecciated silicate rock near 
major faults (pi. 5, fig. 2).

In thin section the garnet appears as remnant bands 
severely corroded by calcite, quartz, and some chlorite. 
Between these bands are coarse grained mosaics of quartz, 
calcite, and chalcopyrite. All are traversed by irregular



PLATE 5
ORE MINERALIZATION 

King Mine, Helvetia, Arizona

Figure 1. Photomicrograph of a section of 
bedded ore. The center band is 
mostly calcite with chalcopyrite 
on either side. These are the 
edges of quartz - sulfide beds 
which extend off the photograph 
to either side. Circularly 
polarized light, X40.

Figure 2. Fractured garnet rock with veins 
of sulfides south of station 180.
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and narrow veins of late calcite.

There is considerable evidence in thin section that 
silicification and sulfide mineralization proceeded by re
placement of calcite more than the silicate alteration minerals 
(pi. 3, fig. 1). Quartz has very similar distribution to 
calcite and shows similar relations to the silicate minerals 
such as grain contacts. It,furthermore, is rare to see sul
fides in contact with garnet or the other silicates. It is, 
instead, closely associated with quartz and calcite.

Control of Sulfide Mineralization 

Structure and Rock Favorability

The most impressive feature associated with the ore 
zones in the mine are rolls in the porphyry contact. In the 
eastern stopes, the bedded ores pinch out on the eastern and 
western flanks of the structure and where the contact steepens 
at the 100 and 300 levels. Recent work will probably bear 
this situation out in the western stopes as well, although 
the structure there is not known accurately as yet.

Channeling of ore fluids by the rolls and favor- 
ability caused by greater fracturing in the limestone beneath 
seem reasonable explanations for ore occurrence with the
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evidence at band. Equally as well explained is the coin
cident, extensive occurrence of marble. Another possible 
explanation exists, however. Limestone beds that were in
herently more favorable could have been the hosts. One 
would suspect, however, the presence of these horizons in 
such a limited area. More scattered orebodies throughout 
the entire contact zone would be expected, for the porphyry 
contact is nearly conformable with the underlying limestone. 
Rock favorability does offer an explanation for the seeming
ly capricious occurrence of individual bodies within the ore 
zone.

Little direct evidence of structural control of 
these orebodies exists as it does for the vein ore in the 
silicate zone proper. The ore commonly occurs associated with 
weak fractures, silicated and unsilicated, but is not necessar
ily bounded by them. Many similar fractures are completely 
barren. Massive sulfide veins in the ore zone running be
tween orebodies are in some way associated, possibly as 
feeders, but they traverse long distances between orebodies 
in barren rock which is well bedded and fractured and appears 
favorable.

The beginning of the ore zone on the 100 level at a 
major fault is one instance, however, where structural con
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trol seems to be demonstrated. Near station 121 the silicate 
zone has been faulted down against relatively unaltered lime
stone and bedded ore containing silicate alteration minerals 
begins quite abruptly and has been mined from the small stope 
in which station 121 is located. The main ore zone extends 
down dip from this point. In the same area a flattening of 
the dip is noticeable in the bedding of the ores as compared 
to that in nearby limestone. It is possible that the shallow
er dip of the porphyry contact plus a damming effect of the 
downfaulted monzonite block was more important than the pre
sence of the fault.

Smaller structures similar to the one just described 
can be traced in the backs of the stopes, but evidence as to 
their association with ore has largely been destroyed. Where 
they can be followed to the walls of the stopes and examined 
closely, little sign of ore mineralization is apparent ex
tending into the wall rocks.

Mineralogical Controls

The occurrence of ore-on the limestone side of the 
silicate zone, in the transition zone between more or less 
complete silication and unaltered marble, could be in some 
way related to the mineral composition of the rock. Not
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only the original nature of the limestone but its composition 
after silication would influence rock favorability for sulfide 
mineralization. As has already been explained, silication 
has been controlled to some extent by limestone favorability.

Thin section evidence shows replacement of primary 
and secondary silicate minerals by calcite, and calcite in 
turn is replaced by quartz which accompanied the sulfides. 
Furthermore, there is evidence that quartz and, less clearly, 
the sulfides often preferred to replace calcite rather than 
the silicates. The evidence for this is mainly the similar 
distribution of early calcite and quartz - sulfides, and the 
textural relations of all these minerals to their silicate 
host.

The intermediate calcite stage, may be the result of 
the breakdown of the silicates —  nearly all calcium minerals. 
Iron would be taken up in part by chalcopyrite which was 
forming, or was soon to form, nearby.

Calcite commonly occurs between silicates and quartz.
If quartz replaced the silicates directly, it might be ex
pected that it be in contact with the mineral it is replacing. 
Since quartz does contact other silicates in many cases, the 
evidence is inconclusive.

If it is conceded that at least in the majority of
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instances, calcite was the preferred mineral, carbonatiza- 
tion of the transition silicate zone would seem to be favor
able preparation of these rocks for ore mineralization.

If this was the case, completely unaltered limestone 
would be even more favorable.

Some bedded ores are completely free of alteration 
silicate and may have occurred in unaltered marble. These 
ores are still close to the silicate zone, however. Perhaps 
the silicates, with their high iron content, supplied a 
stable chemical environment for sulfide deposition.

Many gaps exist in the knowledge of the environments 
of deposition of silicate as well as sulfide minerals at the 
King Mine. Knowledge of the chemical as well as thermal 
stability fields of the minerals involved and some idea of 
the composition of the hydrothermal fluid are necessary to 
explain relations between the various mineral assemblages 
observed.

Only a single period of hydrothermal activity is 
necessary to explain all the changes in mineralogy observed. 
Overlap is present in all stages and it seems that the sul
fides are very closely related to the alteration and depo
sition of the earlier minerals.
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FRACTURING

ANDRADITE
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TREMOLITE
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FIGURE 3
GENERALIZED PARAGENESIS

Showing time and relative intensity of fracturing.
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