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AMERICAN SMELTING AND REFINING COMPANY 

SOUTHWESTERN EXPLOitATION Dl!PARTMl!NT 

113 VALL!:Y NATIONAL BLDG .. TUCSON. ARIZONA 

Novembe r 12, I 962 
J . H . COURTRIGHT 

.SSI)YAN T ( HI!' GfOLOG I S T 

L . I'. !NTWISTL! 

ASSlST ..... T C H I !!' GfOLOO I.$T 

Mr. Allan James 
Bear Creek Mining Company 
802 Tribune Bui Iding 
Salt Lake City 11, Utah 

Dea r Mr. James: 

Enclosed is a draft of my paper on Mission for the coming 
AIME meeting in Dallas. I use the word "draftl l in the sense that 
I have not yet received Company clearance, as the paper has just 
been finished; however, I do not anticipate any changes. 

The paper will appear, then, In this form as a pre-print, 
although In del ivering the talk I will use notes and will probably 
omit the long quotes from Spencer's Professional Paper, particularly 
inasmuch as that district will be covered by Herman Bauer. However, 
Spencer's work is, I bel ieve, important both historically .nd geo­
logically, and for that reason It is included for pre-print purposes. 

I am also sending a copy to Mr. Bauer. 

JEK/kw 
Ene 1. 
cc: KERichard 

Yours very truly, 

JOHN E. KINNISON 



EVIDENCE INDICATING THE HYDROTHERMAL ORIGIN 
OF A "CONTACT METASOMATI C" MINERAL SUITE, 

MISSION COPPER DEPOSIT, ARIZONA 

John E. Kinnison 
Geo1ogist 

American Sme1ting and Refining Company 
southwestern Exp1oration Depa rtmen t 

INTRODUCTION 

The Hi ss ion mi ne, located in southern Ar i zona near Tucson , is a 
developed open pit which produces 15,000 tons per day of copper are 
mine lies on a wide and gently sloping bajada sweep,ng northeasterly 
the Sierrita mountains . It der ives its name fr om the nearby Hission 

recent1y 
The 

from 
San 

xavier del Bac, bui 1t circa 1700. 
The are body is everywhere covered by about 200 feet of alluvium , as are 

the adjacent pima and Palo verde mines. The geology of the Hission deposit 
is known principally through the study of diamond dri 11 holes spaced 150 to 
30

0 
feet apart . The open pit is in an infant stage and has not yet revealed 

much of the deposit, althOugh information obtained there by the operating 
staff, and from a few thousand feet of exploratOry underground workings, has 

added significant ly to the genera1 fund of know1edge . 

permiss ion to publish was granted by the American Sme l ting and Refining 
company. I am indebted to Kenyon Richard and J. H court r' ght for criticism 
of this paper and for the,r direction during tne several years in which I 
studied the Hission deposit. AcknOwledgment is given to cons ultant in petrog-

raphy. Robert L. DuBois of the Univers i ty of Arizona 

The only previous publ ication pertaining directly to the geology of the 
Hi 55 ion depos it appeared in 1959 (R i cha rd and Cou r tr i gh t) , and may not be 
everywhere read, Iy available. cooper (1960) has publ i sh ed a short paper on 

the district . 
SUMMARY 

In the close vicinity of the Hission are deposit, the principal rocks 
are sediments and small bodies of intrusive igneouS porphyries. all of Whi ch 
are pre-ore in age. The bedrock surface is a buried pediment, and on ly a 
few small outcrops protrude fr om the alluvial plain These small and iso lated 
knobs , which are the topS of bedrock hills, 1 ie within a la rge area of perva­
sive alteration and constituted one of the princi pa l explo rati on leads. The 
very simp! ified geologic sketch in Figure 1 shows these f ea tur es . 

Alteration ___ the formation of new minerals or textures and the destruC-
tion of the original rock character --- 's pervasive within the Hission ore 
deposit, and extends a considerable distance beyond the pr, oc ipal area of 
coppe r concen tra t ion. The 1 i milS of the Hiss i on a ltered zone, a 1 though 
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gradational and by no means sharply defined, are shown approximately in Figure 

1. The altered zone is roughly 3 x 2 miles in areal dimension, whereas ore 

or possible ore appears to be I imited to an area not much larger than It by 

1 mi Ie. 

Copper and iron sulphides are disseminated throughout all rocks within 

the altered zone, and conversely, there are no epigenetic sulphides dissemi­

nated outside of the altered lone . This relationship is so singularly con­

spicuous and without exception, that one is of necessity obI iged to regard 

rock alteration and sulphide impregnation as a process which was integrated 

in time as well as space. The Mission ore body represents only that portion 

in which the copper concentration is sufficiently great and which occurs in 

such position that it may be mined by an open pit operation. The average 

ore grade is typical of southwestern disseminated copper deposits. 

Alteration of the feldspathic sediments and igneous rocks produced seri­

cite, clay and intergrowths of metasomatic quartz-orthoclase, whereas the 

alteration of 1 imestones has formed an assemblage of lime si I icates, such as 

garnet and diopside. Both types of al terations occur in a mutual environment, 

and all are veined and impregnated with sulphide minerals. The environment 

as a whole is so typical of porphyry copper deposits throughout the Cordilleran 

region that the occurrence of the commercial ore bodies within sil icated sed­

iments instead of within the porphyry itself should offer no detraction from 

the classification of the Mission ore deposit as a "porphyry copper." 

GENERAL GEOLOGY 

In brief summary, the geologic history has been as follows. Paleozoic 

sediments total ing an estimated 5000 feet were deposited on pre-Cambrian 

granite. These formations are dominantly I imestones or marls, with the 

exception ,of Cambrian and Permian quartzite layers , A thick sequence (5000' 

plus) of clastic sediments -- arkose and siltstone's -- of Cretaceous(?) age 

disconformably overl ies the Paleozoic rocks . Following or during laramide 

folding, thick sequences of unsorted and very poorly bedded silts and volcanic­

pebble conglomerates were deposited on an eroded surface of Paleozoic and 

Cretaceous(?) strata. A second period of major erosion separated these rocks 

from an overlying formation composed of andesitic breccia and welded rhyol ites. 

Volcanism was followed by the intrusion of a large plug of biotite-bearing 

rhyolite packed with foreign inclusions . Larg~ granitoid plutons of "Laramide" 

age form the core of the nearby Sierrita mountains, and are separable into 

pre- and post- volcanic units. The youngest pre-ore intrusive is a quartz 

monzonite porphyry which is emplaced, generally, as sills along bedding and 

structurally weak zones. 

Folding and thrust faulting are 'the dominant pre-ore structures. Major 

post-ore structural dislocations are also evident . 

ROCKS OF THE ALTERED ZONE 

Not all of the sedimentary formations known to occur in the Mission 

vicinity are found within the altered zone . Those which are recognized (and 
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this is with some uncert~inty due to alteration effects} are as follows: 

Paleozoic: Sil icated 1 imestones, marble, and altered 
marl, silt, and quartzite are the dominant host rocks 
for copper sulphide ore. These rocks most probably 
represent the Pennsylvanian and Permian section. 

Cretaceous (7) : I nterbedded arkose and s i 1 ts tone crop 
out in two isolated hills south of the Mission pit, 
and most likely are of Cretaceous age. 

Tertiary: Two units which consist of unsorted silt 
and volcanic-pebble conglomerate are present within 
the' Mission ore body. These rocks are dense and 
fl int-l ike in character, and are referred to as 
argillite or conglomerate for purposes of mine map­
ping. The oldest, the Papago formation, consists 
dominantly of argill ite, while the younger Kino 
formation, which consists dominantly of conglomerate, 
lies beneath a pre-ore thrust fault . Both are as­
signed tentatively to the early Tertiary on the basis 
of district and regional geologic mapping. 

The youngest pre-ore igneous rock within the altered zone is a quartz 
monzon i te porphyry of S tr i ngham' s (1960, p. 1623) lIaphan it i c porphyry" 
class __ a type almost universally present in prophyry copper districts. 

I This rock may originally have more closely approximated a daci te porphyry, 
for its present mineral composition includes much introduced orthoclase. 

The porphyry is seen to form si 11-1 ike bodies which have intruded the 
unconformable contact between the Paleozoic rocks and the overlying Papago 
formation, and also have intruded in a horizontal fashion above and below 
this contact. The sills are thickest near the west margin of the porphyry 
mass, and widely-spaced drill hole information suggests that they may merge 
into a thick dike or plug, which may be inferred to be the principal source, 

or magma ven t. 

A large mass of intrusive biotite rhyol ite forms the host for the south­
ern part of the altered zone . Regional mapping suggests this rock to be most 
closely all ied to early Tertiary volcanism. 

Narrow dikes of post-ore andesite are present . 

A breccia dike crosses the pit in a northerly direction . The dike con­
sists of various rock fragments set in a matrix of finely-ground rock particles, 
the whole of which has been altered. It differs from the surrounding rock in 
that it contains less chalcopyrite and locally contains much galena, sphalerite, 

and argentiferous tetrahedrite . 

AL TERATI ON 

Pervasive alteration may be here grouped broadly in two categories . The 
first, causing the most obvious changes i n the rock bulk , involves the formation 
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of new sil icate minerals -- either I ime or potassium types depending on the 
host. The second is the formation of copper and iron sulphides , An exception 
is the large area of marble in the Mission pit area, in which the only evidence 
of alteration is the coarse grain size of the calcite crystals, representing 
recrystall ization with traces of sulphide impregnation. The general distri­
bution of alteration in the pit vicinity is diagrammatically shown in Figure 2 , 
which also shows the principal structural features. 

Feldspathic Rocks: 

Alteration products in 
quartz, bioti te, and clay. 
argil I ite, and quartzite. 

the feldspathic rocks are sericite, orthoclase, 
The rocks so altered are monzonite porphyry, 

The monzonite porphyry consists of euhedral to subhedral phenocrysts of 
plagioclase and resorbed quartz phenocrysts, set in a recrystal I ized matrix 
of fine-grained quartz-feldspar , Ragged wisps of biotite are usually present. 
The roc~ is flooded by irregular blebs and replacement veinlets of pink ortho­
clase and quartz. The plagioclase phenocrysts are replaced by sericite in 
variable degrees, and to a lesser extent by clay minerals . The metasomatic 
intergrowths of quartz and orthoc!ase replace both the matrix and plagioclase 
phenocrysts. Pyrite, chalcopyrite, and rarely molybdeni te occur as discrete 
grains scattered through the rock, and also in veinlets associated with bor­
ders of quartz and/or orthoclase . The tenor of copper is typical of chalco­
pyrite protore in many porphyry copper mines . There is only a few feet of 
chalcocite enrichment beneath a thin-leached zone . 

Argill ite, both that of the Papa go formation and the thin beds within 
the Paleozoic rocks, is almost totally altered to a very fine-grained aggre­
gate of sericite and/or a recrystall iLed mosaic of quartz-feldspar . Sulphide 
veinlets bordered by a narrow zone of quartz and feldspar give way at the 
outer edges, first to sericite and then to fine-grained biotite . Pyrite and 
chalcopyrite occur both as disseminated grains and in veinlets. The conglom­
erate of the Kino formation, which consists of pebbles in a matrix of argill i te, 
has been simi larly altered, although chalcopyrite is virtually absent, and 
pyrite is the principal sulphide . 

Quartzites in the Paleozoic section were generally quite pure quartz 
sands . Their alteration is evidenced by nearly complete recrystall ization 
of the quartz grains, together with the formation of sericite from a minor 
silt fraction. Sulphides are sparsely disseminated, and also occur as widely­
spaced veinlets. In certain areas, however, chalcopyrite in disseminated form 
grades up to 0.6% Cu. 

The arkose of Cretaceous(?) age has been altered so that the clastic 
quartz grains are set in a soft white matrix of sericite and clay, and the 
fabric is transected by sulphide veinlets bordered by gl istening white halos 
of quartz and sericite. Pyrite and chalcopyrite are both disseminated and 
concentrated in the I ittle veins. 

The biotite rhyol ite in the southern part of the altered zone is altered 
to clay, sericite, and minor carbonate . T.he biotite is destroyed to form 
seric i te. Feldspar phenocrysts are less altered than the matrix, which was 
originally glassy , and also less altered than most of the foreign inclusions . 
Pyrite is disseminated throughout, principally as discrete grains , and cha l co­
pyrite occurs in minor amounts . Assays show that smal I amounts of lead, z inc , 
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and silver are there widespread. 

Limy ftoc~s: 

The Paleozoic sedi~nts, whic~ are principally cherty 1 imestone, pure 
liMestone, and .. rl, have been converted within the Mission altered zone 
to various liMe silicate minerals. Two general gr~ps are dominant: These 
are (I) tactite, which consists chiefly of garnet, and (2) hornfels. which 
consists of diopside and calcite. In the western portion of the ore body 
a silicate zone separating two quartzites is almost entirely of the diopside 
hornfels type, suggesting the rock was originally a dolomite. Elsewhere 
both sharp contacts and broad gradational zones between the bHo types sug­
gest a more complex history, possibly involving migration of Mg. A third 
variety, which I consider to represent weak alteration. is represented by 
white coerse-grained marble with merely traces of disseminated sulphide 
grains. This type possibly has formed from black thick-bedded Permian 
1i.estone, as suggested by residuals of black I imestone of that type. The 
contact between marble and tactite/hornfels is commonly sharp; but in places 
is marked by the presence of wollastonite. 

The tactite type consists megascopically of massive structureless yellow­
brown garnet. of yellow or brown euhedral friable masses. or of red-brown 
garnet. Spectrographic analysis and refractive index place all the types of 
garnet so far tested In the andradite group. A few garnets showed small 
amounts of alumina In the spectrograph. Soft white material commonly ad­
mixed with the garnet was in early stages of exploration mistaken for a 
clay alteration of what ~s. at,that time, thought to be grossularite. The 
alumina content of the tactite appears too low to allow the presence of much 
clay as an alterat~on product, and the soft white mineral has been identified, 
in nunerous samples in thin-section, as fine~grained diopslde. Sulphides 
occur as small disseminated grains, in thin irregular veinlets. in narrow 
replacement fissures, and as large pods of massive sulphides which locally 
assay 5 to 15~ Cu. 

The hornfels type is commonly composed of a hard or soft, white fine­
grained aggregate, which in thin-section proves to be equi-granular diopside 
with variable amounts of calcite ,up to 20~). A variation Is a hard greenish 
variety which In thin-section is seen to be composed of stubby prismatic crys­
tals of dlopslde. The refractive index of the white granular variety is 
slightly higher than that of pure diopslde, and the prismatic crystals range 
about .I~y between the indices of hedenbergite and diopside. Thus iron 
metas~tlsM is obviously a major factor in the formation of both the horn­
fels and the andradite-tactite described previously. 

In the western portion of the ore body a characteristic feature of the 
hornfels is the presence of small veinlets of blue-green actinolite, 1/16 to 
I inch in width, ~st con.only, but not everywhere, having a medially disposed 
stringer of pyrite and chalcopyrite. The actinolite is commonly altered slight­
ly to chlorite. Sulphides are distributed in the hornfels in the same manner 
as In tactite. 

As a group, the limy rocks - tactite and hornfels - constitute the main 
source of copper and have a higher average grade than ore in argillite, which 
is the second pri~cipal copper host rock. 
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Sulphide Impregnation: 

A discussion of hypogene sulphide mineral ization is included here under the general heading of alteration , because it is from an economic viewpoint the most important change, or alteration, of the host rocks. 

Figure 3 shows the distribution of copper grading plus 0.4%, as a dia­grammatic Illustration of copper-grade variation . When viewing the figure, bear in mind that the white areas (with the exception of marble units) may contain about as much total sulphide as do the shaded (plus 0 . 4% Cu) areas and only sl ightly less copper. The reduction in copper content, in some cases,.represents a sl ight decrease in the total sulphide content , but more generally it reflects an increase in the pyrite:chalcopyrite ratio, or a combination of both. 

Total sulphide content obtained by calculations based on chemical analysis of composite samples of drill core is shown in Figure 4. It will be noted that: (1) the total sulphide content is higher in the east part of the pit area . (2) In anyone sample location, tfle total sulphide content is about the saMe in the Irgillite of the Papago formation, as in the tac ­tite and hornfels zones below. The volumetric perce~tage is given (Figure 4) because the difference in specific gravity betwee~ tactite and argill ite introduces an error when comparing weight percentage to the degree of sulphide replacement . (3) There is nO pattern of total sulphide content with respect to the area of porphyry sills . 

There is a paucity of published analytical information on the total sulphide content of porphyry copper ore bodies as a group . Spencer (1917, p. 110) reports the sulphide content of three samples from the Ely district, based on chemical analysis, which appears to represent sulphides by weight . Some assumptions and calculations of mine yield the rough figures of 2.8, 4.0, and 4.9 per cent sulphides by volume for the three samples, which is comparable to the sulphide content at Mission (Figure 4) . 

ORE CONTROLS 

All rocks wi thin the Mission altered zone are recrystal I ized and/or metasomati zed to var ious s iIi cate mi nera Is , and a II are impregnated wi th sulphides. The ultimate source , or feeders, is not yet known. Within this altered mass, the Mission ~ zone displays a few local ore concentrating structures, but for the bulk of copper and iron sulphides the method of implacement clearly did not depend on open channels of circulating hydro­thermal solutions. ~ 

Referring again to Figures 2 and 3, the unconformable contact between the Papago format ion and the underlying sil icated sediments of the Pa l eozoic section has served as a local izing feature. Sulphides follow this contact in greater quantity and more uniformly grade in excess of 0.4% Cu than is I the case at distances above or below the contact. Even the quart zi te beds Lare well mine ral ized whe re they abut this surface. S imi l arly, t he bottom t' sides of quartzite bed s act as local control s . A h igh -angl e fau lt is seen I to cause even the unfa vorabl e marble uni t to become converted to tact i te and hornfels and charged wit h sulphides . 
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In the eastern portion of the ore body certain low-angle faults of thrust 
aspect contain thick (10-40 feet) bands of 1 to 6% Cu above them. The vertical 
fault on the far east terminates the ore body (but not sulphide dissemination), 
and along this fault are concentrations of massive sulphides. Certain pods 
up to several feet in diameter seem to be related to mineral ized fissures. 
And throughout the ore' zones thin fissures of northeast strike contain sul­
phides, but there is no concentration of disseminated sulphides adjacent to 
these fissures. 

That all of these structural features are local sulphide concentrators 
is undisputed; however, the great bulk of copper and iron sulphides 1 ie, at 
great distances from these structures. From this, I draw the conclusion 
that the metasomatism which introduced great quantities-of iron to form 

q iron-lime silicates and iron sulphides, along with sulphur, possibly magne-
sium, copper and other minor metals,-lnvolved_ ionic diffusion as a principal 

(
process. Conduits of open circulation are widely spaced and are regarded 
as features which were important only in their local environment, and not 
necessarily as principal ore feeders. 

y The porphyry, rather than being the direct source of mineral izing 
/~ solutions, is itself most obviously a host rock, for it was altered and 

impregnated with sulphides after sol idification . The porphyry may have a 
J genetic relationship to mineral ization to the extent that it may have been 

intruded from a deeper source of magma, which later furnished the elements 
which were introduced into the altered zone. 

CONCLUSION 

The Mission altered zone is a zone of porp~yry copper-type pervasive 
alteration and sulphide dissemination. The propcsals presented in preceeding 
sections of this paper are that sulphide mineral ization and alteration were 

, all, broadly speaking, a contemporaneous process The mineral ized monzonite 
porphyry does not show a spatial relationship to the altered zone as a whole 
or to the copper ore deposit~. 

Pervasive alteration of the porphyry especially, and also of the altered 
clastic sediments (arkose and argi 11 ite) and of the rhyol ite at the southern 
end of the altered zone, is of a type which few geologists would classify 
as other than hydrothermal. To go further , the minerals sericite, clay; car­
bonate, and pyrite-Chalcopyrite, are commonly placed in Lindgren's mesothermal 
category. But at Mission the host for most of the copper mineral ization is 
a complex of andradite garnet and diops 'ide-hedenbergite, along with minor 
amounts of actinol ite and wollastonite. These minerals, which are tradition­
ally placed in a separate category such as "contact metamorphic", "contact 
metasomatic", or "pyrdmetasomatic", are generally thought of as forming at 
high temperatures and under special conditions, and of being related spatially 
to an igneous intrusive contact, from whence the mineral izing fluids came . A 
commonly stated assumption i s that , since the sulphides in such deposits are 
seen to replace the sil icates, the sulphides may be of some later phase, being 
formed at lower temperatures compatible with the Lindgren classification . The 
s i licates, it then is held, formed early and at high temperatures . 

At Mission , as sta t ed under summary in this paper, the intimate spatial 
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relationship of sil icated I imestones with sericitized feldspathic rocks, and 
their associations with sulphide mineral ization, admits of no other conclusion 
than that all rock alteration including sulphide impregnation was more or less 
contemporaneous. The temperatures existing in all rocks must have been similar. 
At Mission the sulphides, as might be expected, replace si I icates - - both 
potassic and lime varieties. There is no evidence, such as pre-sulphide, post-

/ sil icate brecciation, to suggest that any appreciable time gap existed. As 
a comparison, the sulphides at Butte, although they clearly replace the altered 
rock, are the result of a continuous and contemporaneous process, as so excel­

~ lently proven by Sales and Meyer (1948). 

(
suggest that the criteria of geologic temperature indicators involving 

lime silicate minerals requires reappraisal . The inescapable conclusion at 
Mission is that either lime si I icates form at lower temperatures than commonly 
believed, or else the temperature range of sericite-pyrite-chalcopyrite must 
be considerable higher than generally admitted. 

Similar conclusions were reached many years ago by Spencer (1917) in his 
study at Ely, Nevada, which is a porphyry copper deposit more similar to Mission 
than most others. in that extensive mineral ization in sediments is there present. 

In the Ely district an altered zone about 7 mi les long and a mile wide 
contains numerous separate porphyry masses which have intruded a sedimentary 
series. The following quotes are representative of Spencer's conclusions: 

"The changes in the I imestones comprise (I) loss of color 
and recrystall ization to white fine-grained marble; (2) 
silicification with the formation of jasperoid usually 
carrying large amounts of pyrite; and (3) the development 
of sil icate minerals, including garnet, tremol ite, pyroxene, 
and scapo lite. II 

"The alterations of the porphyry . . ... comprise, in different 
stages, the progressive destruction of hornblend, of plagio­
clase, and of magnetite, and the formation in their stead of 
.... sericite and a brown variety (of mica) al I ied to biotite; 
the deposition of pyrite and chalcopyrite, and of calcite." 

"The distribution of the altered sedimentary rocks is so 
definitely I imited to a zone comprising the medially dis­
posed intrusive masses that no extended argument is required 
to support the conclusion that the metamorphism is causally 
related to these igneous rocks. However, . ... the relation 
is not a direct one as regards the bodies of porphyry which 
appear at the present surface, for it is held that the 

\ 
alterations were effected by hot solutions expelled from 
deep-seated masses of igneous material, of which the ob­
served intrusive bodies are off-shoots." 

"Though the different rocks have yielded to chemical re­
organization and to metasomatic replacement, each in a 
manner depending primarily on its original composition, 
yet the reSUlting products are all heavily charged with 
pyrite, and in the main this mineral is accompanied by 
minor amounts of chalcopyrite . " 
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Another comparison may be made with the Linchburg mine, New Mexico 
(Titley, 1961). Here a zone of I ime-sil icate minerals of classical 
IIpyrometasomatic" or "contact" type, occurs along t~e Linchburg fault, well 
away from a known igneous mass. 

He states, in part: 

"Neither of the alteration stages can be fixed in time. 
There is no direct evidence to indicate either continuity 
of deposition or a time break in the depositional process. 
Certain arguments, however, suggest that a time break, if 
one existed, was of such short duration as to be insig-
n i f i can t . II 

"The alteration, therefore, is considered as a continuing 
process in which the ore-bearing fluids, althoug~ changing 
slightly in their chemical properties, were more influenced 
by the nature of their environment of deposition than by 
any gross change in compositiol'l." 

Titley attributes zoning halos of alteration and sulphides in the Linchburg 
mine ~ continuing growth of each alteration halo, away from feeder-veins, with 
the inner halos expanding and replacing the hal0 adjacent , Note the similarity 
to the Sales-.-yer proposals for the formation of sericite-clay "envelopes" 

~ at- Butte. Titleyls careful work indicates another I ime-silicate assemblage in 
which, contrary to common assumptions of early si I ication followed by fractur­
ing and sulphide replacement, the silication and sulphide formation are contem­
poraneous, and are all the result of a normal hydrothermal process . 

To recapitulate my major conclusions : 

I. The monzonite porphyry within the altered area has no specific 
spatial relationship to either ore or alteration . 

2. Alteration and sulphide impregnation were more or less contem­
poraneous . Alteration, as used here, includes the silication of large masses 
of limy host rocks . 

3. Diffusion was a process of major importance. Major channels for 
open circulation of hydrothermal fluids were widely spaced. 

4 . The HI 55 ion mine is a "porphyry coppe r" depos it. 
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GENERALIZED MAP SHOWING DISTRIBUTION OF SEDIMENTS, 
IGNEOUS ROCKS AND ALTERATION BENEATH THE ALLUVIAL 

PLAIN AS KNOWN THROUGH DRILL DATA 

Figure I J. E. Kinnison 
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EVIDENCE INDICATING THE HYDROTHERMAL ORIGIN 
OF A "CONTACT METASOMATIC" MINERAL SUITE, 

MISSION COPPER DEPOSIT, ARIZONA 

John E. K inn i son 
Geologist 

American Smelting and Refining Company 
southwestern Exploration Department 

INTRODUCTION 

The Mission mine. located in southern Arizona near Tucson. is a 
developed open pit which produces 15.000 tons per day of copper ore. 
mine I ies on a wide and gently sloping bajada sweeping northeasterly 
the Sierrita mountains. It derives its name from the nearby Mission 

Xavier del Bac. bui It circa 1700. 

recent I Y 
The 

from 
San 

The ore body is everywhere covered by about 200 feet of alluvium. as are 
the adjacent Pima and Palo Verde mines. The geology of the Mission deposi t 
is known principally through the study of diamond dri II holes spaced ISO to 
300 feet apart. The open pit is in an infant stage and has not yet revealed 
much of the deposit. although information obtained there by the operating 
staff. and from a few thousand feet of exploratory underground workings. has 
added significantly to the general fund of knowledge. 

Permission to publ ish was granted by the American Smelting and Refining 
Company. I am indebted to Kenyon Richard and J. H. Courtright for criticism 
of this paper and for their direction during the several years in which I 
studied the Mission deposit. Acknowledgment is given to consultant in petrog-
raphy. Robert L. DuBois of the Universi ty of Arizona 

The only previouS publ ication pertaining directly to the geology of the 
Mission deposit appeared in 1959 (Richard and Courtright). and may not be 
everywhere readily available. Cooper (1960) has publ ished a short paper on 

the district. 

SUMMARY 

In the close vicinity of the Mission ore deposit. the principal rocks 
are sediments and small bodies of intrusive igneous porphyries. all of which 
are pre-ore in age . The bedrock surface is a buried pediment. and only a 
few small outcrops protrude from the alluvial plain. These small and isolated 
knobs. which are the tops of bedrock hi lIs. I ie within a large area of perva­
sive alteration and constituted one of the principal exploration leads. The 
very simplified geologiC sketch in Figure 1 shows these features . 

Alteration ___ the formation of new minerals or textur es and the destruc-
tion of the original rock character .-- is pervasive within the Mission ore 
deposit. and extends a considerable distance beyond the principal area of 
copper concentration. The limits of the Mission altered zone, although 
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gradational and by no means sharply defined, are shown approximately In Figure 
1. The altered zone is roughly 3 x 2 miles in areal dimension, whereas ore 
or possible ore appears to be 1 imited to an area not much larger than Ii by 
I mile. 

Copper and iron sulphides are disseminated throughout all rocks within 
the altered zone, and conversely, there are no epigenetic sulphides dissemi­
nated outside of the altered zone. This relationship is so singularly con­
spicuous and without exception, that one is of necessity obI iged to regard 
rock alteration and sulphide impregnation as a process which was integrated 
In time as well as space. The Mission ore body represents only that portion 
In which the copper concentration is sufficiently great and which occurs in 
such position that It may be mined by an open pit operation. The average 
ore grade is typical of southwestern disseminated copper deposits. 

Alteration of the feldspathic sediments and igneous rocks produced seri­
cite, clay and intergrowths of metasomatic quartz-orthoclase, whereas the 
alteration of limestones has formed an assemblage of I ime silicates, such as 
garnet and diopside. Both types of alterations occur in a mutual environment, 
and all are veined and impregnated with sulphide minerals. The environment 
as a whole is so typical of porphyry copper deposits throughout the Cordilleran 
region that the occurrence of the commercial ore bodies within sil icated sed­
iments instead of within the porphyry itself should offer no detraction from 
the classification of the Hission ore deposit as a I~orphyry copper." 

GENERAL GEOLOGY 

In brief summary, the geologic history has been as follows. Paleozoic 
sediments total ing an estimated 5000 feet were deposited on pre-Cambrian 
granite. These formations are dominantly I imestones or marls, with the 
exception ,of Cambrian and Permian quartzite layers , A thick sequence (5000' 
plus) of clastic sediments -- arkose and siltstone's -- of Cretaceous(?) age 
disconformably overlies the Paleozoic rocks. Following or during Laramide 
folding, thick sequences of unsorted and very poorly bedded silts and volcanlc­
pebble conglomerates were deposited on an eroded surface of Paleozoic and 
Cretaceous(?) strata. A second period of major erosion separated these rocks 
from an overlying formation composed of andesitic breccia and welded rhyolites. 
Volcanism was followed by the intrusion of a large plug of biotite-bearing 
rhyolite packed with foreign inclusions. Larg~ granitoid plutons of '~aramlde" 
age form the core of the nearby Sierrita mountains, and are separable into 
pre- and post- volcanic units. The youngest pre-ore intrusive is a quartz 
monzonite porphyry which Is emplaced, generally, as sills along bedding and 
structurally weak zones. 

Folding and thrust faulting are 'the dominant pre-ore structures. Major 
post-ore structural dislocations are also evident. 

ROCKS OF THE ALTERED ZONE 

Not all of the sedimentary formations known to occur in the Mission 
vicinity are found within the altered zone . Those which are recognized (and 
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this is with some uncertainty due to alteration effects) are as follows: , 

Paleozoic: Sllicated limestones, marble, and altered 
.. rl, slIt, and quartzite are the dominant host rocks 
for copper sulphide ore. These rocks most probably 
represent the Pennsylvanian and Permian section. 

Cretaceous (1): Interbedded arkose and s i I tstone crop 
out In two isolated hills south of the Mission pit, 
and most likely are of Cretaceous age. 

Tertiary: TwO units which consist of unsorted silt 
and volcanlc-pebble ' conglomerate are present within 
the' Mission ore body. These rocks are dense and 
flint-like in character, and are referred to as 
argillite or conglomerate for purposes of mine map­
ping. The oldest, the Papago formation, consists 
dominantly of argillite, while the younger Kino 
forma 't ion" wh i ch cons Is ts dom i nan t 1 Y of cong 1 orne ra te. 
lies beneath a pre-ore thrust fault. Both are as­
signed tentatively to the early Tertiary on the basis 
of district and regional geologic mapping. 

The youngest pre-ore igneous rock within the altered zone is a quartz 
monzonite porphyry of Stringham's (1960, p. 1623) "aphanitic porphyry" 
class -- a type almost universally present in prophyry copper districts. 
This rock may originally have more closely approximated a dacite porphyry, 
for its present mineral composition includes much introduced orthoclase. 

The porphyry is seen to form sill-l ike bodies which have intruded the 
unconformable contact between the Paleozoic rocks and the overlying Papa go 
formation, and also have intruded in a horizontal fashion above and below 
this contact. The sills are thickest near the west margin of the porphyry 
~ss, and widely-spaced drill hole information suggests that they may merge 
into a thick dike or plug, which may be inferred to be the principal source, 
or ~gma vent. 

A large mass of intrusive biotite rhyolite forms the host for the south­
ern part of the altered zone. Regional mapping sugge'sts this rock to be most 
close,ly allied to early Tertiary volcanism. 

Narrow dikes of post-ore andesite are present. 

A breccia dike crosses the pit in a northerly direction. The dike con­
sists of various rock fragments set in a matrix of finely-ground rock particles, 
the whole of which has been altered. It differs from the surrounding rock in 
that it contains less chalcopyrite and locally contains much galena, sphalerite, 
and argentiferous tetrahedrite. 

AL TERATION 

Pervasive alteration may be here grouped broadly in two categories. The 
first, causing the most obvious changes in the rock bulk, involves the formation 
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of new silicate minerals -- either I ime or potassium types depending on the 
host . The second is the formation of copper and iron sulphides . An exception 
is the large area of marble in the Mission pit area, in which the only evidence 
of alteration is the coarse grain size of the calcite crystals, representing 
recrystall ization with traces of sulphide impregnation. The general distri­
bution of alteration in the pit vicinity is diagrammatically shown in Figure 2, 
which also shows the principal structural features. 

Feldspathic Rocks: 

Alteration products in the feldspathic rocks are sericite, orthoclase, 
quartz, biotite, and clay. The rocks so altered are monzonite porphyry, 
argillite, and quartzite. 

The monzonite porphyry consists of euhedral to subhedral phenocrysts of 
plagioclase and resorbed quartz phenocrysts, set in a recrystall ized matrix 
of fine-grained quartz-feldspar . Ragged wisps of biotite are usually present. 
The roc,k is flooded by irregular blebs and replacement veinlets of pink ortho­
clase and quartz. The plagioclase phenocrysts are replaced by sericite in 
variable degrees, and to a lesser extent by clay minerals. The metasomatic 
intergrowths of quartz and orthoclase replace bot~ the matrix and plagioclase 
phenocrysts. Pyrite, chalcopyrite, and rarely molybdenite occur as discrete 
grains scattered through the rock, and also in veinlets associated with bor­
ders of quartz and/or orthoclase . The tenor of copper is typical of chalco­
pyrite protore in many porphyry copper mines. There is only a few feet of 
chalcocite enrichment beneath a thin-leached zone . 

Argillite, both that of the Papago formation and the thin beds within 
the Paleozoic rocks, is almost totally altered to a very fine-grained aggre­
gate of sericite and/or a recrystall ized mosaic of qua~tz-feldspar. Sulphide 
veinlets bordered by a narrow zone of quartz and feldspar give way at the 
outer edges, first to sericite and then to fine-grained biotite . Pyrite and 
chalcopyrite occur both as disseminated grains and in veinlets. The conglom­
erate of the Kino formation, which consists of pebbles in a matrix of argill i te, 
has been similarly altered, although chalcopyrite is virtually absent, and 
pyrite is the principal sulphide. 

Quartzites in the paleozoic section were generally quite pure quartz 
sands . Their alteration is evidenced by nearly complete recrystall ization 
of the quartz grains, together with the formation of sericite from a minor , 
silt fraction. Sulphides are sparsely disseminated, and also occur as widely­
spaced veinlets: In certain areas, however, chalcopyrite in disseminated form 
grades up to 0.6% Cu. 

The arkose of Cretaceous(?) age has been altered so that the clastic 
quartz grains are set in a soft white matrix of sericite and clay, and the 
fabric is transected by sulphide veinlets bordered by gl istening white halos 
of quartz and sericite. Pyrite and chalcopyrite are both disseminated and 
concentrated in the I ittle veins. 

The biotite rhyol ite in the southern part of the altered zone is altered 
to clay, sericite, and minor carbonate . The biotite is destroyed to form 
sericite. Feldspar phenocrysts are less altered than the matrix, which was 
originally glassy, and also less altered than most of the foreign inclusions . 
Pyrite is disseminated throughout, principally as discrete grains, and chalco­
pyrite occurs in minor amounts . Assays show that small amounts of lead, zinc, 
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and silver are ther. widespread. 

L I!!X "oci,(s: 

The Paleozoic .edl~nts. whicr are principally cherty limestone, pure 

II ... tone, and .. rl. have been converted within the Mission altered zone 

to various II .. silicate Minerals. Two general gr~ps are dOMinant: These 

are (I) tactlte, """Ich consists chiefly of garnet, and (2) hornfels, which 

consists of dlopslde and calcite. In the western portion of the or. body 

a silicate zone separating two quartzites Is almost entirely of the dlopside 

hornfels typ., .uggestlng the ~k w.s originally a dolomite. Elsewhere 

both .harp contacts and broad gradational zones between the ~ types sug­

ge.t a MOre complex history, possibly InYOlvlng migration of Mg. A third 

variety. which I consider to represent weak alteration, is represented by 

white coar.e-gralned .arble with merely traces of disseminated sulphide 

grains. this type pos.ibly has formed from black thick-bedded Per.lan 

11 ... tone. as suggested by residuals of black 1 imestone of that type. The 

contact be~" .. rble and tactlte/hornfels is commorlly sharp; but in places 

is .. rked by the presence of wollastonite. 

The tactlte type consists megascopically of ~sslve structureless yellow­

br~ garnet, of yellow or brown euhedral friable masses, or of red-brown 

garnet. Spectrographic analysis and refractive index place 811 the types of 

garnet so far tested In the andradite group. A few garnets showed small 

amounts of alumina In the spectrograph. Soft white material ca..only ad­

Mixed with the garnet ... in early stages of exploration mistaken for a 

clay alteration of ~t ~s, at ,that time. thought to be grossularite. The 

alu.lna content of the tactite appears too low to allow the presence of much 

clay a. an alteratton product, and the soft white mineral has been identified. 

in nUMerous sa.ple. In thln-saction. as fine-grained diopslde. Sulphides 

occur as s~II dl.s .. lnated grains. in thin Irregular veinlets. in narrow 

replacement fissures. and as large pods of massive sulphides """ich locally 

assay 5 to l~ Cu. 

The hornfels type is co..only co.posed of a hard Qr soft, """ite flne­

grained aggregate. which In thin-section proves to be equi-granular diopside 

with variable aMOunts of calcite (up to 201J. A variation Is a hard greenish 

variety which in thin-section is seen to be COMposed of stubby pri~tlc crys­

tals of dlapslde. The refractive index of the white granular variety is 

slightly higher than that of pure diopslde. and the prismatic crystals range 

about .I~ between the Indices of hedenberglte and dlopside. Tbus iron 

Metasa..tls. is obviously a .. jor factor in the forMation of both the horn­

fels and the andradlte-tactite described previously. 

In the .. stern portion of the ore body a characteristic feature of the 

hornfels Is the presence of ~II velnlets of blue-green actinolite. 1/16 to 

I Inch in width, MOst c~ly. but not everywhere. having a medially disposed 

.trlnger of pyrite and chalcopyrite . The actinolite is ComMOnly altered slight­

ly to chlorite. Sulphides are distributed in the hornfels in the sa .. manner 

as In tactlte . 

. As a group. the I I rrty rocks - tac t i te and hornfe 1 s - cons t I tu te the .. I n 

source of copper and have a higher average grade than or. in argillite, which 

is the second prl~clp.l copper host rock. 



SU 'I ph i de Imp regna t ion: 

A discussion of hypogene sulphide mineral ization is included here under 
the gEneral heading of alteration, because it is from an economic viewpOint 
the most if'll)ortant change. or alteration. of the host rocks'. 

Figure 3 shows the distribution of copper grading plus 0 4%, as a dia­
grammatic illustration of copper-grade variation. When viewing the figure, 
bear in mind that the white areas (with the exception of marble units) may 
contain about as much total sulphide as do the shaded (plus 0 4% Cu) areas 
and only sl ightly less copper , The reduction in copper content, in some 
caseS, represents a sl ight decrease in the total slJlphide content, but more 
generally it reflects an increase in the pyrite:chalcopyrite ratio, or a 

combination of both. 

Total sulphide content obtained by calculations based on chemical 
analysis of composite samples of drill core is s~own in Figure 4. It will 
be noted that: (I) the total sulphide content is hi~her in the east part 
of the pit area. (2) In anyone sample location, tt,e total sulphide content 
is about the same in the argillite of the papago formation , as in the tac-
tite and hornfels zones below The volumetric percen~age is given (Figure 4) 
because the difference in specific gravity betwee~ tactite and argill ite 
introduces an error when comparing weight percentage te' tile degree of sulphide 
replacement. (3) There is no pattern of total sulpt'lide content with respect 

to the area of porphyry sills 

There is a paucity of published analytical information on the total 
sulphide content of porphyry copper ore bodie~ as a group. Spencer (19

1
7, 

p. 1\0) reports the su1phide content of three sample.:, from the Ely district, 
based on chemical analysis . which appears to represel1t sulphides by weight 
Some assumptions and calculations ot mine vie 1 d tl-je rough fi9ures of 2.8 , 
4.0. and 4 . 9 per cent sulphides by volume for the three sampies, which is 
comparable to the su\phlde content at Mission (Figure 4) 

ORE CONTROlS 

All rocks within the Mission alteFed lone are recrystal I Ized and/or 
metasomatized to various s i licate minerals. and all are impregnated With 
sulphides. The ultimate source, or feeders, !S not yet known. Within this 
altered mass , the Mission ~ zone display" a few loca l ore concent rat i ng 
struct.ures. but for the bulk of copper and Iron sulph i des the method of 
implacement clearly did not depend on open channels of c i rculating hydro-

thermal solutions. 

Referring again to Figures 2 and 3, the unconformable contact between 
the Papago format ion and the underlying si I icated sed iments of the paleozoic 
section has served as a localizing feature Sulphides fo l low th i s contact 
in 9reater quantity and more uniformly grade i n excess of 0.4% cu than is 
the case at distance~ above or below t he contact Even the quart/ Ate beds 
are well mineral i zed wr.e re the'y abu t. thiS Sourface Simi larly , the botton' 
sides of quartzite beds ac t as loca l contro i A high-angle f all . t IS seen 
to cause even the unfavorable ma r ble unit to become c.onverted to tactlte 

,., ,J ~!.. .... "nd •• ,itb~b-,.des_ ._ 
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In the eastern portion of the ore body certain low-angle faults of thrust 
asp.ct con'taln thick (10-40 feet) bands of 1 to 6% Cu above th.... The vertical 
fault on the far east t.rmlnates the ore body (but not sulphide dissemination), 
and along this fault are concentrations of massive sulphides. Certain pods 
' up to several f.et in diameter seem to be related to mineral ized fissures. 
And throughout the or~ zones thin fissures of northeast strik~ contain sul­
phides, but there is no concentration of disseminated sulphides adjacent to 
these f i Slur.s. 

That all of these structural features are local sulphide concentrators, 
is undisputed; howev.r, the great bulk of copper and iron sulphides lie, at 
great distances from these structures. From this, I draw the conclusion 
that the metasomatism which introduced great quantities-of iron to form 
iron-lime silicates and iron sulphides, along with sulphur, possibly magne­
sium, copper and other minor metals, involved ionic diffusion as a principal 
process. Conduits of open circ~lation are widely spaced and are regarded 
as features which were important only in their local environment, and not 
necessarily as principal ore feeders. 

The porphyry, rather than being the direct source of mineralizing 
solutions, Is Itself most obviously a host rock, for it was altered and 
impregnated with sulphides after sol idification. The porphyry may have a 
gene~ic relationship to mineralization to the extent that it may have been 
intruded frOll a deeper source of magma, which later furnished the elements 
which were introduced into the altered zone. 

CONCLUSION 

The Mission altered zone is a zone of porphyry copper-type pervasive 
alteration and sulphide dissemination. The proposals presented in preceeding 
sections of this paper are that sulphide mineral ization and alteration were 
all, broadly speaking, a contemporaneous process . The mineralized monzonite 
porphyry does not show a spatial relationship to the altered zone as a whole 
or to the copper ore deposit~. ' 

Pervasive alteration of the porphyry especially, and also of the altered 
clastic sediments (arkose and argillite) and of the rhyolite at the southern 
end of the altered zone', is of a type which few geologists would <;:l~sslfy 
as other than hydrothermal. To go further, the minerals sericite, clay; car­
bonate, and pyrite-chalcopyrite, a re commonly placed in Lindgren'S mesothermal 
category. But at Mission the host for most of the copper mineral ization is 
a complex of andradite garnet and diops'ide-hedenbergite, along with minor 
amounts of actinolite ahd wollastonite. These minerals, which are tradition­
ally placed in a separate category such as "contact metamorphic", "contact 
metasomatic", or 'tpyrdmetasomatic", are generally thought of as forming at 
high temperatures and under specia l conditions, and of being related spatially 
to an igneous intrusive contact, from whence the mineral izing fluids came. A 
commonly stated assumption Is that , since the sulphides in such deposits are 
seen to replace the silicates, the sulphides may be of some later phase, being 
formed at lower temperatures compatible with the Lindgren classification. The 
silicates, It then is held, formed early and at high temperatures. 

At Mission, as stated under summary in this paper, the intimate spatial 
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relationship of sllicated limestones with sericitized feldspathlc rocks, and 
their associations with sulphide mineralization, admits of no other conclusion 
than that all rock alteration Including sulphide Impregnation was more or less 
conte.poraneous. The temperatures existing in all rocks must have been similar. 
At Million the sulphides, as might be expected, replace silicates -- both 
potalslc and lime v6rietles. There is no evidence, such as pre-sulphide, post­
silicate brecciation, to suggest that any appreciable time gap existed. As 
a cOfllParlson. the sulphides at Butte, although they clearly replace the altered 
rock, are the result of a continuous and contemporaneous process, as so excel­
lently proven by sales and Meyer (1948). 

suggest that the criteria of geologic temperature indicators involving 
.' 11. sill ca te minerals requ I res reapp ra i sa 1. The i nescapab 1 e cone 1 us i on at 
Mllslon Is that either lime silicates form at lower temperatures than commonly 
believed, or else the temperature range of sericite-pyrite-chalcopyrite must 
be considerable higher than generally admitted. 

SI.llar conclusions were reached many years ago by Spencer (1917) In his 
study at Ely. Nevada. which is a porphyry copper deposit more similar to Mission 
than -Ott others, in that extensive mineral ization in sediments is there present. 

In the Ely district an altered zone about 7 miles long and a mile wide 
contains nuneroul separate porphyry masses which have intruded a sedimentary 
series. The following quotes are representative of Spencer's conclusions: 

'~e changes in the limestones comprise (1) loss of color 
and recrystall izatlon to whi te fine-grained marble; (2) 
silicification with the formation of Jasperoid usually 
carrying large amounts of pyrite; and (3) the development 
of silicate minerals, including garnet, tremol ite, pyroxene, 
and scapolite." 

"The alterations of the porphyry comprise, in different 
stages, the progressive destruction of hornblend. of plagio­
clase. and of magnetite , and the formation in their stead of 
•.•• sericite and a brown variety (of mica) allied to biotite; 
the deposition of pyrite and chalcopyrite. and of calcite." 

"The distribution of the altered sedimentary rocks is so 
definitely limited to a zone comprising the medially dis­
posed intrusive masses that no extended argument is required 
to support the conclusion that the metamorphism is causally 
related to these Igneous rocks. However, .... the relation 
Is not a direct one as regards the bodies of porphyry which 
appear at the present surface, for it is held that the 
alterations were effected by hot solutions expelled from 
deep-seated masses of Igneous material. of which the ob­
served Intrusive bodies are off-shoots." 

"Though the different rocks have yielded to chemical re­
organization and to metasomatic replacement, each in a 
manner depending primarily on its original composition. 
yet the resulting products are all heavily charged with 
pyrite. and In the main this mineral is accompanied by 
minor amounts of chalcopyrite," 
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AnOther eQmParison May be .. de with the Linchburg mine, New Mexico 
(Tltley. 1961). Here a zone of lime-silicate minerals of classical 
'tpyrCMleiasOlMticll or "cantactll type. occurs along the Linchburg hult. well 
a-..y frOil a known Igneous mass. 

He states, I n pert: 

IlMelther of the alteration stages can be fixed in time. 
There Is no direct evidence to Indicate either continuity 
of deposition or a time break in the depositional process. 
Certain argUMents, however. suggest that a time break, If 
one existed, was of such short duration as to be Insig-
nificant." 

lithe atteration, therefore, Is considered as a continuing 
process in which the ore-bearing fluids, although changing 
slightly In their cheMica' properties, were more influenced 
by the nature 'of their environment of deposition than by 
any gross change in c~osltio"." 

Tltley attributes zoning halos of alteration and sulphides In the Llnchburg 
Mine to continuing trowth of each alteration halo. away from feeder-veins, with 
the Inner halos expanding and replacing the halo adjacent. Note the sl~ilarlty 
to the Sa'es-Meyer proposals for the forINt ion of serici te-clay "envelopes" 
at lutte. Tltley's careful work indicates another lime-silicate assemblage In 
which, contrary to c~n assUMPtions of early silication followed by fractur­
Ing and sulphide replaCeMent, the s i llcation and sulphide formation are cont~­
poraneous, and are all the result of a normal hydrothermal process. 

To recapitulate MY major conclusions: 

l. The MOnzonite porphyry within the altered area has no specific 
spatial relationship to either or. or alteration. 

2. Alteration and sulphide Impregnation were more or less cont .. -
poraneous. Alteration, as used here, includes the silicatlon of large masses 
of liMY host rocks. 

3. Diffusion was a process of major iMportance. Major channels for 
open circulation of hydrothermal fluids were widely spaced. 

4. The Mission mine Is a ''Porphyry copper" deposit. 
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Note: A f I samples contain pyrite and chalcopyrrte 
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TOTAL SULPHIDE CONTENT- MISSION MINE 

Figure 4 J . E_ Kinnison 
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