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SILICATION AS AN ORE CONTROL 
UNCHBURG MINE 

SOCORRO COUNTY, NEW MEXICO

by

Spencer R. Titley

; ABSTRACT

Sulfide minerals occur in silicated limestone beds in the Linch« 

burg mine locality* Principal control can be related to feeding faults 

and fractures through which the hydrothermal fluids were introduced 

into certain favorable limestone beds in the Kelly formation* Zoning 

of both silicate and sulfide minerals was observed in which certain 

sulfide minerals could consistently be correlated with certain minerals 

of the silicate suite* The most persistent favor ability noted was that of 

sphalerite for garnet* This favorability is evidenced by confinement 

of sphalerite to areas characterized by garnet and by a possible crys« 

tallographic control exerted by garnet*

It is suggested that a reaction gradient was the most influential 

control upon deposition of all hydrothermal minerals* This gradient 

may have been only slightly influenced by temperature change but was 

strongly influenced by pH or Eh changes which it is shown could have

ii



existed.

Development of silicate zones is explained from the standpoint 

of ion behavior. Development of sulfide minerals is explained upon the 

basis of cited experimental work. It is suggested that sulfur, carried 

into the limestone horizons as a complexer of metal cations, reacted 

with early«formed silicates, in an acidic environment, altering them 

to amphiboles and chlorites. These reactions polymerized the com

plexes resulting in deposition of sulfides.

in
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FRONTPIECE

Hand specimen, nearly actual size, showing development 

of typical mineral zones found in the Linchburg orebody* Garnet 

(brown bands near top) represent fractures, some of which have 

been subsequently replaced by sphalerite. Pyroxene (green) has 

been altered to amphibole and the zone contains disseminations of 

galena, sphalerite and hem atite.. At bottom (white and tan) is a 

zone of calcite and quartz. Thin hematite and magnetite bands 

are present along the contact between limestone (white) and the 

altered zone.





INTRODUCTION

The features of contact metamorphic or pyrometasomatic ore de

posits have received considerable attrition during the past fifty years 

with the publication of such notable papers as those on the Oslo Region 

(Goldschmidt, 1911), Clifton-Morenci (Lindgren, 1905) and Hanover 

(Schmitt, 1939), In considering details of these deposits, most students 

of the problem have recognized the close spatial relations that prevail 

between early metamorphic minerals and sulfide or oxide ore minerals. 

The exact nature of the control exerted is variable but field observations 

have indicated that in a number of instances this close association of 

silicate and sulphide minerals can be related to tectonic events. Early 

formed silicates have broken or brecciated under the application of 

stress, preparing ground for the later deposition of sulfide minerals. 

Some workers, notably Lindgren (1905) have observed features that have 

been interpreted as indicating essential contemporaneity of silication and 

development of sulfide minerals.

An orebody in the Magdalena Mining District was studied in some 

detail to gain an insight into the influence of silicate minerals upon dep

osition of sulfide minerals. This orebody -r—— in the Linchburg mine — 

is unusual in several respects. It is pyrometasomatic in all features 

except for the presence of an intrusive body to which the hydrothermal
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minerals and alteration can be attributed. All of the alteration seen ap« 

pears to be metasomatic rather than a combination of metamorphic and 

metasomatic as is so often the rule. The presence of an intrusive body 

somewhere below the mineralized area is unquestionable but the impor« 

tant fact is that all of the alteration was brought about by fluids which 

have travelled some distance prior to effecting the changes observed. 

Regular zoning of both high temperature silicate minerals and sulfide 

minerals is evident but the zoning is directly related to faults which 

have served as feeders to the various ore shoots comprising the orebody. 

Control of silicate alteration was effected by faults and fractures which 

transect the favorable limestone horizons but this control has apparently 

been limited to merely acting as channel ways for the fluids which brought

about the changes. Secondary tectonic control-----fracturing or brec«

dating of silicated horizons ------is not apparent. Within the orebody,

the principal control of ore deposition has been that of chemical con

trast, related to some degree to silicate minerals.

It is suggested that this control is a reflection of a reaction 

gradient that may be only slightly dependent upon any thermal gradient 

which might have existed across the altered zone. The reaction gradi

ent may be a reflection of many factors, among which can be listed the 

cummulative affect of breakdown of the host rock, the behavior of metal 

cations under certain conditions; of Eh and pH, and the .changes which 

may have taken place in composition of the ore-forming fluid.
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Data upon which definite conclusions with respect to the ore- 

forming process might be based are scarce. It is possible to present 

certain ideas which are premised to some extent upon the known behav

ior of elements at standard conditions, and which are well based upon 

geologic observation. A large problem is to make all pieces fit the

puzzle------ this problem has not been resolved. There are certain

features that persistently defy explanation upon reasonable grounds, not 

only as applied to this problem but to the problem of ore deposit chem

istry in general. Further, it should be realized that in many instances, 

suggested explanations are pyramided assumptions, but in the problems 

of the type being considered, there seem to be no other alternatives. 

Data are not available.
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GENERAL GEOLOGY 
MAGDALENA MINING DISTRICT

The Magdalena Mining district is located near the towns of Mag« 

dalena and Kelly in Socorro County, New Mexico (see Fig. X, p„ 6)« 

District geology has been described in some detail by Loughlin and 

Koschmann (1942) in U,S. G.So Professional Paper 200« Descriptive 

detail that follows has been taken in general from that Paper, but the 

information relating to the details of the south end of the district was 

gained from some six months of field work.

The district is situated almost entirely within the Magdalena

Mountains----- a basin and range feature of some 3, 000 feet of relief

that lies near the southern edge of the Colorado Plateau, Long, usually 

continuous, north^striking longitudinal faults, along which vertical dis

placements on the order of 500 to 1,000 feet are common, are a charac

teristic feature of these mountains. Some faulting with easterly strike 

and minor vertical displacement crosses the longitudinal faults, A 

Precambrian core, exposed along the ridge tops and the eastern side of 

the mountain range, retains its cover of later sediments on the west 

where the longitudinal faults have dropped blocks in step-like manner.

Mid and late Paleozoic sediments comprise the sedimentary sec

tion and are.deposited upon a Precambrian surface of slight relief.

5
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Deposits of questionable Cenozoic age are present but, so far as has 

been determined, the entire Mesozoic section is absent.

Two principal rock types make up the Precambrian complex, 

one, an older sediment of shaly sands called the "greenstone," and the 

other, a granite which intrudes the sediments as dikes and small stocks. 

Lesser amounts of basic igneous rocks and rhyolites are present. The 

entire surface was bevelled prior to deposition of the earliest Paleozoic 

rocks.

The Kelly limestone (Mississippian) forms the first recorded 

deposition on the Precambrian surface. It consists of a number of 

mappable units, the lowest of which is the basal member of the forma

tion, locally termed the "footwall beds." This basal unit is a thin, sandy 

and argillaceous limestone which ranges from 2 to 6 feet in thickness 

and is very persistent in its occurrence. It is overlain by 50 to 60 feet 

of coarsely crystalline crinoidal limestones interbedded with occasional 

silty limestones and dense, fine-grained units. At the approximate cen

ter of the formation and overlying the lower crystalline unit is an 8 foot 

thick bed of dense dolomitic limestone known as the silver pipe horizon. 

It forms a conspicuous marker and, although similar in some respects 

to other beds which lie above it, is distinctive enough to be readily rec

ognized. The upper crystalline unit overlies the silver pipe horizon and 

comprises most of the remainder of the Kelly section. It is a unit simi

lar in practically every respect to the lower crystalline limestone.
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Locally, the Kelly formation may be capped by a dense argillaceous 

limestone but such occurrences while not rare , are very erratic. The 

usual thickness of the Kelly formation is very close to 125 feet but owing 

to occasional thinning and thickening, it will vary and ranges from about 

120 feet to 140 feet,

Overlying the Kelly limestone with only slight disconformity is 

the. Sandia formation of the Magdalena Group, Pennsylvanian in age, 

which consists of some 400 feet of interbedded shales, quartzites and 

limestones. The lower»most beds of the formation vary widely so that 

the nature of the rock type overlying the Kelly formation is no distinctive 

criterion for determining stratigraphic relationships. Three different 

rock types have been observed to lie in contact with the upper crystalline 

unit of the Kelly, one a black carbonaceous shale, one a fine-grained 

quartzite and the third, an argillaceous limestone of questionable age.

The upper unit of the Magdalena Group is the Madera formation. 

This formation consists of interbedded massive foraminiferal limestones 

and impure limy shales. The transition from the Sandia to the Madera 

is difficult to establish precisely. Locally, however, the two units may 

be separated by the presence of a limestone conglomerate.

The Permian System is represented by conspicuous red beds of 

the Abo formation. No complete section has been measured but a mini

mum thickness of 150 feet is known to be present. Its contact with the 

underlying Madera formation is usually occupied by a quartz-latite sill
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of probable Tertiary age. The Abo beds are extensively faulted but are 

present at most localities in the district, being most abundant in the 

southern areas,

A wide variety of igneous rocks are present and Loughlin and 

Koschmann outline a rather complex history of intrusion and extrusion. 

Details of the igneous, rocks in the south end of the district will be treat

ed more.completely under the general topic of the Linchburg Mine but 

certain generalities can be made which will serve as a basis for further 

discussion.

The first and earliest igneous activity in the district took place 

either contemporaneously with or later than the initiation of uplift and 

initiation of faulting. The exact timing of this event is in considerable 

doubt because of lack of post Permian deposition but it is considered as 

"Laramide and Tertiary," Extrusion of the "purple andesite” onto the 

Abo surface at this time, may have been accompanied by minor intrusion 

of some latite dikes. Formation of the andesite cover was probably com

pleted prior to a second stage of igneous activity and faulting.

Intrusion of a monzonite stock initiated the second phase of ig

neous intrusion and the emplacement of the stock was followed by later 

intrusion, during the same stage of activity, of M ites, rhyolites and 

granites. This sequence of formation agrees in general with the chem

ical changes taking place in a consolidating magma as noted in the Pro

fessional Paper (p. 45), . Much later, intrusion of white rhyolites and
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lamprophyres took place,,

Three major stock-like features are recognized in the district* 

One, near the center of the most intense sulfide mineralization in the 

district, is a monzonite, the Nitt stock* Two other stocks, both gran

ite, are located north of the principal areas of ore deposition*

Lindgren (1933, p. 724) includes the Magdalena District under 

his general discussion of pyrometasomatic deposits and notes that Gordon 

(1910) believed intrusion of granite porphyry dikes to be related to the 

ore-forming process* However, Loughlin and Koschmann (1942, p. I l l )  

have not ascribed any particular rock type as being the progenitor of ore 

but instead recognize that the most intense mineralization is located in 

and around the various stocks in the district*

Ore deposits have been subdivided in the Professional Paper into 

two major types, each with further subdivisions based upon the intensity 

of formational environments* . One of the major subdivisions includes 

those ore deposits of supergene origin which have been of economic im

portance in the principal areas of ore deposition* Prim ary or hypogene 

deposits constitute the second of the two major divisions and these de

posits are subdivided as follows: hypothermal deposits, mesothermal 

deposits and leptothermal deposits* Although the Professional Paper 

does not recognize a low temperature (epithermal) environment, those 

writers (p* 105) observed that some ore was ’’deposited at relatively low 

temperatures by solutions that had already deposited ore at moderate
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tem peratures,u .

Practically all of the major ore deposits have been formed in the 

Kelly limestone and the entire thickness:of the Kelly section has been 

mineralized at one place or another. However, the formation shows a 

tendency in some mines to have units which are more favorable than 

others for ore deposition. Only minor amounts of sulfide mineraliza

tion have been encounter ed in the r  emaining portion of the Paleozoic 

section, , - .

The intersection of favorable strata with the major longitudinal 

faults constitute the most.favor able loci for ore deposition. Other ore 

controls have apparently been active but the manner and extent of their 

influence is not clear. Such a control is the folds. In the north end of 

the district, some ore has been localized along anticlinal crests in the 

Kelly formation. As will be noted in the discussion of the Linchburg 

Mine, folds may exert more influence upon ore localization there than 

has been observed in the other parts of the district.

Hyp other mal orebodies in the district are characterized primarily 

by the presence of magnetite and specular it e. They are limited in ex

tent and occur primarily near the centers of igneous intrusion. They 

are locally associated with an earlier high temperature phase of silicate 

alteration that has turned the host rock into a mass of wollastonite, di

op side, garnet and hedenbergite. These minerals do not serve to de

limit any ore zone but the presence of hedenbergite and andradite appear
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to be more closely associated with the ore than do the other minerals, 

Loughlin and Koschmann (p, 105) have noted that the distribution of the 

magnetite masses indicates two centers of hydrothermal activity— — 

one near the Nitt stock and the other at the intersection of two major 

faults in the central part of the district. The hypothermal deposits are 

relatively unimportant ore producers.

The mesothermal ore bodies account for the major amount of 

production of lead«zinc ores. These ore types are found along the main 

north-south trends of the longitudinal faults and persist in general, from 

one end of the district to the other.

Ore minerals found in the mesothermal deposits are primarily 

sphalerite and subordinate amounts of galena and chalcopyrite. Pyrite 

is locally abundant, particularly near the hypothermal deposits, but it 

does not constitute an important accessory elsewhere. Gangue minerals 

are commonly hedenbergite, garnet and marbleized limestone.

Leptothermal or. cooler mesothermal ores are characterized by 

abundant amber sphalerite that is presumably lower in iron than the 

hotter mesothermal type. Galena and chalcopyrite are both present but 

like pyrite are subordinate in importance and abundance.. Characteristic 

gangue minerals of this deposit type are calcite, barite, local fluorite 

and sometimes abundant hematite. The leptothermal ores in contrast 

to the mesothermal ores does not form continuous orebodies in the 

limestone but, rather, are pod-like, discontinuous and often vein-like
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in their habit, They persist throughout the district without too much re 

gard for stratigraphic favor ability. From an economic aspect, they are 

second in importance to the hotter mesothermal types. Their control is 

erratic except where deposition has been in veins and prospecting for 

them is difficult. In general, they lie outside of or on the. cooler side of 

the mesothermal ores.

The ore-forming stages have been well described in the Profes

sional Paper (p. 111-115) and will be briefly outlined here for the pur

pose of background information.

The first stages of mineral deposition apparently took place dur

ing the final consolidation of the monzonite and granitic stocks. This 

stage was accompanied by the development of silicate minerals, partic

ularly tourmaline, wollastonite, di op side and grossularite. This first 

stage of mineral deposition took place principally around the intrusive 

centers where the Kelly limestone had been intensely altered. However, 

its effects are widespread and can be observed in other portions of the 

stratigraphic section and for long distances away from the intrusive cen

ters. The writers believe that jointing and fracturing in the stocks per

mitted the fluids to gain access to the limestones along adjoining breaks 

and bedding planes.

The second stage of mineral deposition took place after consolida

tion and profound fracturing of the stocks. Near the intrusive centers, 

development of hedenbergite, andradite and recrystallization of calcite
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took place. This type of mineralization is most conspicuous along the 

main ore zones of the district which are represented by the major north* 

south fault systems. Development of the silicate minerals took place so 

long as the energy levels in the fluids were high enough to form them. 

However, as the fluids cooled and continued to move to the outer mar

gins of the district, only deposition of silica took place forming jasperoid 

and minor amounts of crystalline quartz. This stage of alteration is 

widely distributed, particularly throughout the south end of the district.

At a few localities, the monzonite has been silicated. The other igneous 

rocks in the district, however, only rarely exhibit the early silicate al

teration.

. Following the second stage of silicate alteration, deposition of 

specularite and magnetite took place near the centers of igneous activity, 

accompanied by the formation of epidote, some chlorite and abundant 

quartz. . Most of this mineralization is concentrated in the Kelly lime

stone but minor amounts are found in the Precambrian argillite and gran

ite. The occurrence of specular ite and magnetite are used by the writers 

of the Professional Paper to infer the position of the centers of minerali

zation.

The sulfide alteration phase appears to have formed pyrite, 

sphalerite, galena and chalcopyrite in that general order. Loughlin and 

Koschmann (p. 112) believe that the relation of pyrite to specularite in

dicates a gradual transition rather than an abrupt change between the
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ore-forming stages and the preceeding stage of magnetite-specularite 

deposition. Pyrite is found in abundance only around mineralization 

centers in the middle of the district where fluids that carried the ma

terial deposited it in the limestones adjacent to specularite-magnetite 

masses. Pyrite replaced some interstitial calcite in the silicated rocks 

and, to a lesser extent, the silicates themselves.

Deposition of sphalerite, which followed pyrite, was the most 

widespread and extensive of any of the ore-forming stages. The zinc

bearing fluids apparently followed the same channels as did the earlier- 

mineral-bearing fluids and replaced those earlier formed minerals to a 

slight degree. In general, near the active centers, sphalerite replaced 

all of the minerals that had not been earlier replaced by pyrite. Coin

cident with sphalerite deposition, quartz was dissolved, moved away and 

redeposited with minor amounts of amber sphalerite, fluorite and barite. 

Sphalerite formed near the intrusive centers is of a higher iron variety 

than that found in the areas some distance away.

Deposition of galena and chalcopyrite, according to the Profes

sional Paper, exhibit relationships to each other that indicate possible 

contemporaneity. However, the idea that the chalcopyrite was deposited 

in one surge is not accepted by these authors and it is their opinion that 

copper may have been introduced in more than one stage.

The alteration which took place in the igneous rocks of the district 

during the time of sulfide mineralization in the sedimentary rocks is
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markedly different from that which took place in the limestones and other 

sediments. Development of feldspathic dikes and veins in the monzonite, 

and tourmaline in the fractures of the monzonite and argillite may cor

respond with the earliest stages of alteration of the limestone. The 

second silicate stage shown in the limestones does not have an obvious 

counterpart in the igneous rocks. However, the specularite and ore- 

forming stages in the limestone have equivalent stages in the igneous 

rocks, and are represented generally by sulphide.veins instead of dis

seminations. Development of sericite along these veins in the monzonite 

is believed to be closely related to the deposition of pyrite or possibly 

even the entire sulfide sequence. Sericite alteration grades outward ; 

from the veins into a chlorite-epidote alteration whose timing is some

what in doubt,

In the southern end of the district beyond any known intrusive 

body of conspicuous size the same general mineralogical data hold true, 

as do the ore deposit types and stratigraphy. Some important deviations 

from the generalities are present, however, and these will be discussed 

in detail in the sections which follow. 1



GENERAL GEOLOGY 
THE LINCHBURG MINE

Introduction

The Linchburg Mine, owned by the Empire Zinc Division of the 

New Jersey Zinc Company is located along the southern extensions of 

the main fault zones that have controlled ore deposition in the northern 

and central parts of the Magdalena district, It is well beyond the limits 

of any known intrusive body and Loughlin and Koschmann estimate the 

horizontal distance from such intrusive bodies as from 10,000 to 12,000 

feet (see Fig. 2)« However, the orebodies in this mine show the same 

intense type of silicate alteration and ore deposition found in the northern 

end of the district,

Since the mine exhibits many of the features of ore deposition 

that are present in the district and described in the Professional Paper, 

and is  in most respects typical in its structural and stratigraphic control 

of ore deposition, the details of some of the stratigraphy and major 

structure will be omitted* The foUowing discussion will be concerned 

primarily with details of the ore deposits and their immediate geological 

and mineralogical features. The treatment is concerned principally 

with the mineralogy, alteration and apparent ore controls in order to

17
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establish a basis for later discussion of the control of the silicate altera

tion upon ore deposition.

Location and Development
i

The Linchburg Mine which is located in the Magdalena Mining 

district, Socorro County, New Mexico, lies almost wholly within Te 3 S., 

Ro 3 W., N, Mo P, M, It can be reached by road through Magdalena 

and Kelly, New Mexico and lies on the western slope of the Magdalena 

Mountains* It is by far the most important mine developed in the south

ern part of the district and since 1950 has been the major producer of 

lead and zinc.

Development has been from one level and stopping of the orebody 

has been done above and below that level* A 1, 200 foot adit connects with 

approximately 3,000 feet of drifts which lie in a north-south direction 

along a major fault zone* The ore has been developed by numerous short 

crosscuts and raises which have provided access and transfer facilities 

to the ore shoots, all of which lie in the limestone horizons*

Stratigraphy

Within the mine, only three sedimentary horizons are of concern 

for the purpose of discussing ore control. These are the Precambrian 

/"greenstones" or argillite, the Kelly formation and in the Magdalena 

Group, the Sandia formation (see Fig, 3), The Precambrian argillite
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is included in the following descriptions because of its possible impor

tance in the origin of the basal Kelly formation, the.Kelly limestone 

since it is the principal ore-bearing formation and the Sandia formation 

which overlies the ore-bearing horizons.

• v ' -  : .

Precambrian

The argillite or "greenstone" is the oldest and most widespread 

of the.Precambrian rocks in the area of the Linchburg Mine. Locally, 

it has been intruded by a Precambrian granite and in a few localities by 

basic Precambrian rocks. However, in the vicinity of the mine workings 

where it has been exposed, it is uniform in composition and color, de

spite the fact that in other locations in the district (Loughlin and Kosch- 

mann, 1942, p. 7, 8) it has been metamorphosed to a sericite schist.

The formation is a dull green color and usually shows bedding of 

some sort that attests to a highly folded nature of the rock. Very rarely 

does it effervesce with acid and the only carbonate ever observed in it 

has been scattered calcite veinlets. Viewed megascopically, the grain 

size of the rock is uniform except for ra re  beds less than a quarter of 

an inch in thickness in. which the quartz and feldspar grains may attain 

sizes up to l/8  of an inch.

. Microscopic examination shows that the argillite consists of 

minute grains of rounded quartz, a minor amount of rounded feldspar 

fragments and abundant chlorite. Sericitization is locally very intense
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and may replace much of the feldspar present. Biotite is sparingly pres

ent along with small amounts of apatite, zircon and magnetite. Most 

specimens examined showed rude orientation of the quartz grains that 

may reflect bedding. Specimens examined which were taken from ex

posures a considerable distance from the projection of any known fault

ing exhibit very little or no recrystallization of quartz* However,. those 

specimens taken from near major faults exhibit widespread recrystalliza

tion of quartz and usually are characterized by a vermiform texture. In 

these, biotite is lacking or absent but chlorite is usually abundant.

The argillite along major structures and below the orebodies has 

usually been hydrothermally altered and contains numerous small veins 

of epidote and calcite. "Where-these minerals are present minor amounts 

of microscopic pyrite can be observed. However, pyrite is the only sul

fide observed in the argillite, even.where the overlying Kelly beds have 

been intensely altered.

Mississippian

The Kelly limestone, the principal ore-bearing formation of the 

district, is the only unit of the Mississippian System present in the 

Magdalena area. As has been noted previously, the formation varies 

in its thickness in the Magdalena Mountains. However in the vicinity 

of the Linchburg workings its thickness is a persistent 125 feet with 

local variations that apparently do not exceed 4 feet. No single complete
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section of unaltered Kelly is exposed in the Linchburg Mine, hence, 

much of the original stratigraphy cannot be worked out® However, there 

are enough scattered exposures of portions of the entire section to pro

vide some sort of picture of the stratigraphic sequence (see Fig. 3).

The basal portion of the Kelly limestone, deposited upon the P re- 

Cambrian basement, ranges from a minimum of one foot in thickness to 

a maximum of some 8 feet. This footwall bed consists of an arenaceous, 

argillaceous limestone that varies locally from 25 percent quartz up to 

80 percent quartz. Cementing material is  usually calcite although minor 

amounts of an unidentified clay, probably illite may comprise a portion 

of the groundmass. Randomly scattered throughout the horizon are 

grains of zircon, apatite and magnetite. The calcite is usually of two 

varieties. One, a finely crystalline aggregate that makes up part of the 

cementing material and the other, a coarsely crystalline calcite that 

occurs as veins. Epidote may be sparingly present, usually in veins.

Some exposures of the basal Kelly contain small amounts of 

detrital feldspar and occasionally a fragment of the granite or argillite. 

In the more altered portions of the horizon, a pyroxene mineral —

probably diop s id e -----—- and some fine-grained actinolite along with

recrystallized quartz and calcite make up the primary mineral constit

uents of the rock.

The variable thickness of this horizon may be due to gentle undu

lations on the Precambrian surfac e. However, no contact between the
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Mississippian and Preeambrian rocks has been observed in the mine in 

which the sandy beds have been absent.

Lying above the footwall beds and usually in sharp contact with 

them is a 50 foot thickness of limestone. This span of limestone, known 

locally as the “lower crystalline, ” is usually a coarsely crystalline pink 

limestone containing abundant crinoid stems. Inter bedded with the low

er crystalline unit, and usually lenticular in cross section, are numerous 

beds of dense, microgranular gray limestone. Some of these dense beds 

persist along their strike for 50 to 100 feet. A few lenses of a dark gray 

to black chert, occasionally veined by calcite or sometimes by quartz 

are present.

The lower crystalline is  locally marbleized. Such occurrences 

of the marble, however, usually cannot be traced for more than a few 

tens of feet.

Petrographic examination of the lower crystalline limestone in 

its typical facies indicates that it consists primarily of coarsely crys

talline calcite, much of which has been recrystallized. Scattered quartz 

grains and minute amounts of unidentified clays are present but usually 

scarce. Specimens of the unit from some areas of the mine, particularly 

near the orebodies, show intense recrystallization and in the orebodies, 

have been completely silicated. The entire thickness of the lower crys

talline has at one location or another been subjected to silicate altera

tion and ore deposition. Particularly favorable for ore deposition have



been the coarsely crystalline horizons very near the top of the lower 

crystalline unit. .

In contact with the top of the lower crystalline section is the 

’’silver pipe" horizon, a bed of very dense, lithographic dolomitic lime

stone, usually dark gray to black in color. It appears to have a uniform 

thickness of 8 feet and, in the Linchburg Mine, can be divided into three 

distinct units —■—- a lower 3 foot unit of dense, relatively massive 

lithographic limestone, an intermediate 3 foot unit that consists of inter- 

bedded dense limestones and shales and an upper unit, 2 feet thick, of 

blue, thin-bedded limestones with occasional discontinuous shale strata.

Loughlin and Koschmann (1942, p. 16) note that the silver-pipe 

horizon is an ’’impure dolomitic limestone containing considerable clay

like m aterial.” No analyses have been made as part of the present study 

but the lack of effervesence of the denser members of the horizon would 

indicate that it has a dolomitic nature. The silver-pipe beds are wide

spread and conspicuous enough to serve as an excellent marker horizon 

within the Kelly formation.

In contrast with the northern areas of the district where it has 

been locally replaced by hypogene and secondary minerals, there is no 

known ore occurrence in the silver-pipe in the Linchburg area. Very 

commonly, the horizon will bottom ore which lies above it and at the 

same place cap the ore which lies below. It may be intensely broken or 

bleached but so far as known, is not replaced by sulfide minerals.

25
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Lying above the silver-pipe beds is a 55 foot sequence of lime

stone beds known as the upper crystalline limestone. This is a series 

of beds quite similar to the lower crystalline beds and except for the 

intervening presence of the silver-pipe horizon would be indistinguish

able from them. Chert lenses and marbleized horizons are present and 

near the top of the section a few dense horizons resemble the silver- 

pipe in appearance. The dense beds do not persist horizontally but in 

certain areas of the underground workings, particularly to the south, 

they comprise an excellent set of marker horizons. Unlike the silver- 

pipe beds, however, these upper dense beds are often replaced by sulfides 

or are altered to silicate-oxide minerals. Some of these upper dense 

beds may lie within a few feet of the top of the upper crystalline unit, 

but the most persistent one is a bed 2 feet thick whose top lies approxi

mately 8 feet below the top of the Kelly formation.

These upper dense horizons are all similar petrographically 

and they are slightly more coarsely crystalline than the microgranular 

silver-pipe. They consist of fine aggregates of calcite, disseminated 

clay minerals and usually some crystalline quartz that appears to be 

both epigenetic and syngenetic in origin.

Neither silicate alteration or silicification has been observed in this

horizon except in sparing amounts very close to sulfide mineralization,,
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; Pennsylvanian

The Sandia formation of the Magdalena Group conformably overf

lies the Kelly limestone. Although this formation exhibits a highly varied 

sedimentary record through its 400 feet of thickness, only the lower units 

of it will be considered in this discussion because of their importance in 

outlining the process of ore deposition®

Three different rock types make up the highly variable base of 

the Sandia formation and each may be found in contact with the Kelly for

mation® There is no apparent pattern to the distribution of the three 

rock types® Some contacts between the Sandia and the Kelly are known 

to be the sites of bedding plane faults and from this fact, some clue to 

the erratic nature of the Sandia-Kelly contact may be gained®

A black carbonaceous shale, intensely folded and slicked, is 

most commonly the basal Sandia type® Less commonly, the Kelly lies 

in contact with a dirty, impure limestone bed whose relationship in 

time to the Sandia or the Kelly is in doubt® Rarely, a bed of quartzite 

is present as the basal unit of the Sandia®

Carbonaceous shale

A sequence of black shales, interbedded with thin quartzite strata

has been observed to overlie most of the exposures of Kelly in the Linch-
: : - -  '  - - . - - - -  - ( " ^  -  - -  '

burg area® These observations are further supplemented by drill hole
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data in which the shale appears to be the most abundant of the three 

Sandia types. Microscopic study of the shale has shown that in the vi

cinity of orebodies the original quartz-calcite-carbon mixture has been 

altered to a fine-grained mixture of chlorite, quartz and minor amounts 

of calcite. The carbonaceous material has apparently been completely 

leached away or oxidized. Occasional fragments of black shale remain 

as angular pieces in the quartz-chlorite assemblage.

In many exposures, the black shale is seen to be intensely folded 

and appears to have ”flowed" over the top of the Kelly formation. The 

occasional quartzite stringers interbedded with the shale are intensely 

shattered. Such occurrences are noted where the underlying strata 

have some westerly dip* This intense folding is interpreted as repre

senting strain which accompanied bedding-plane movement at the contact*

In no way can the black shale be interpreted as "capping" ore- 

bodies since on only very ra re  occasions does sulfide mineralization or 

silication persist to the top of the Kelly formation. Alteration of the 

shale into chlorite indicates that some solutional activity has taken 

place in the basal shale, further indicating penetration by fluids, pos

sibly hydrothermal in origin.

Limestone

In most of the instances where the black shale is missing, its 

position is occupied by a bed of impure, dense limestone. The
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disconformity between the limestone and the underlying Kelly formation 

is usually easily observed and there is some indication of a disconform« 

ity between the top of this limestone and the overlying carbonaceous 

shale. Hence its age must be placed in some doubt, The strongest evi

dence of its age as being Pennsylvanian is the fact that in at least one 

instance, a similar bed of limestone occurs within the black shale a few 

feet above the Kelly-Sandia contact,

Examination of the limestone bed has shown that it consists of a 

mixture of finely crystalline calcite, quartz and clays. Quartz occurs 

both as rounded and probably detrital fragments and as well developed 

prismatic forms, "Where altered by hydrothermal attack, the limestone 

bed has been changed to a mass of epidote and chlorite. Diopside and 

actinolite(?) may be sparingly present. In spite of the apparent acces- 

sability of this bed to attack by hydrothermal activity, no sulfide min

eralization has been observed in it.

Thickness of the horizon is variable within narrow limits and 

usually averages close to 5 feet.

Quartzite

Very rarely, quartzite beds of variable thickness directly over- 

lie the Kelly formation. No such instance has been observed near the 

openings developed as a result of mining but a few instances are known 

from drill hole data and in a few exposures that lie at a distance from
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the orebodies.

Igneous Rocks

, Igneous rocks which occur in the Linchburg Mine, while many 

and varied in type, do not present a complete sampling of the igneous 

rocks in the district. Most rocks noted have been exposed by mine 

workings in the vicinity of the orebodies, so it is difficult to obtain un

altered specimens of the rock, . Consequently, they are described as 

they exist in their altered facies, .

Precambrian

The oldest known igneous rock type exposed in the mine is the 

Precambrian granite. This rock is intrusive into the greenstone com

plex and both the granite and greenstone are truncated by a Pre-M issis- 

sippian erosion surface. In the underground exposures of the Precam

brian complex about half of the amount of rock appears to be the granite. 

In megascopic appearance, the rock is highly siliceous, light pink to 

pink in color and may ordinarily be distinguished from other granites 

of the district by its high quartz content. This particular characteristic 

of the rock appears to hold true even though an exposure may lie at some 

distance from known major structure. Most commonly the granite is 

coarse-grained, almost pegmatitic in appearance, except in its contacts 

with the greenstone where it is occasionally fine-grained, almost aplitic.
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Without exception, exposures of the granite exhibit a mottled, 

appearance that is characteristic and occurs as a result of disseminations 

of green biotite. In most specimens examined, some feldspar was ob

served although where the granite adjoins the major structures that may 

have acted as feeders to the orebodies, feldspar is scarce or even absent 

as a result of intense silicification of the rocko

: Microscopic study of the granite shows that in its typical facies, 

it consists of a mass of inter grown quartz in rather typical vermiform 

texture* In all of the sections studied, quartz comprises at least 40 per

cent of the rock and in some instances, approaches a figure of 80 per

cent of the total mineral composition. The remaining minerals are 

orthoclase, minor amounts of microcline and very rarely, plagioclase 

feldspar with a.Y index of 1. 533 (albite). Some of the potash feldspar, 

particularly near hydrothermal conduits has been markedly zoned al

though the. composition of the zones has not been determined. The 

minor amounts of plagioclase are sometimes altered.to sericite. Green 

biotite is invariably present and represents in many instances, altera

tion of biotite to chlorite and serpentine. Hornblende is common in 

small amounts and pyroxene minerals are present but scarce. Acces

sory minerals are rutile, zircon, magnetite and apatite. Sphene is con

spicuous by its absence in the Precambrian igneous rocks.

No ore has been found in the Linchburg Mine in the Precambrian 

granitic rocks. There are some questionable instances, however, in
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which ore occurs in intensely silicified zones adjacent to or within the 

fault zones in the mine. The original nature of the silicified rock along 

these faults remains open to question since the silicified zone extends 

across the zone of breaking and may represent either the granite or the 

adjacent limestones. Granite adjacent to the silicified zones contains 

very minor amounts, usually disseminations, of pyrite, chalcopyrite 

and, very rarely, sphalerite.

Tertiary (?)

An age of Tertiary (?) has been assigned to the igneous rocks 

which are discussed in the following section. Such an age has been 

given although no stratigraphic relationships are observable to either 

confirm or discount this assumption, A wide variety of such igneous 

rocks exist, many of them so highly altered that it is difficult to ascribe 

an original compositional name to them. They will be discussed in 

what may represent a timewise sequence of origin, although such as

sumptions as to the precise place in the differentiation sequence must 

also remain open to question since no cross-cutting relationships or 

other stratigraphic data are available to give an age more precise than 

’’post-Perm ian,u
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Purple Andesite

The oldest Tertiary(?) igneous rock in the district appears to be 

the purple andesite. It was deposited upon the post-Permian (Abo) sur» 

face and was apparently present prior to the time at which some of the 

faults, associated with the development of the mountain range, were 

active. It occurs in scattered outcrops throughout the district, both 

on the surface and underground. Its surface exposures exhibit a strong 

dependency upon the extent of faulting and erosion, and it is most com

monly found capping some of the deeper down dropped blocks.

Its  relationship to ore deposition and the other hydrothermal 

processes is not clear but the alteration which it has undergone would 

tend to indicate that no direct causative relationship exists.

Observed megascopically the rock is red to purple in color and 

consists of small nearly equal sized phenocrysts of feldspar and sparse 

hornblende. The red color, characteristic of the rock, has been the re 

sult of widespread development of hematite. The rock may represent, 

in part, depositional conditions beneath water as some of the basal por

tions of the flows are glassy and include fragments of well sorted and 

rounded fragments of the Abo formation (Permian),

Petrographic examination has shown that the rock consists 

typically of oligoclase-andesine feldspar with a Y index of 1, 550 (An^g), 

Feldspar phenocrysts comprise approximately 25 percent of the rock
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in a groundmass of hematite, sericite and both altered and unaltered 

plagioclase. Some late quartz, either introduced or an alteration prod

uct, is subsidiary. Occasional samples of the andesite show a very 

small amount of orthoclase. Hornblende phenocrysts are present but 

have usually been altered to calcite and possibly hematite.

With the possible exception of silicification of the Kelly lime

stone, the hematite alteration present in the purple andesite is the most 

prevailing and widespread alteration phenomena in the district.

Latite Porphyry

Latite dikes occur in widely scattered areas in the mine. Their 

relationship to ore deposition is obscured by lack of mutual relationships 

but from alteration data, most of them appear to be pre-ore. Their 

form is usually tabular and they occur primarily as dikes that cut the 

orebodies. Their emplacement in such instances is along faults in which 

there has usually been some vertical displacement, due either to move

ment or to dilation.

, Observed megascopically the latite is a dark green rock with 

conspicuous phenocrysts of shard-like biotite and hornblende. Small 

amounts of feldspar crystals are usually visible. "Where the rock is 

altered, the mafic minerals have been changed to calcite and the rock 

is conspicuous for the light-colored tabular calcite pseudomorphs.

The least altered of the latite porphyries in the mine have shown
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under microscopic examination that they consist of about 10 percent of 

phenocrysts, about half of which are oligoclase feldspar with a Y index 

of 1,545 (Angg), Hornblende crystals and psendomorphs are sometimes 

present and biotite, invariably altered^ is abundant. The groundmass 

consists of a felty mass of plagioclase, orthoclase and minor amounts 

of quartz.

Alteration of the latites has been varied and locally is intense 

(see PL HI), Those latite bodies which occur in the orebodies have 

been changed to a mass of chlorite, probably of a composition of pro- 

chlorite with the biotite altered, usually, to a mass of pennine. Iden

tification of these latites has been made only by determination of a few, 

rare , unaltered phenocrysts of plagioclase. Chlorite alteration of these 

ore-cutting latites has been intense and accompanied in some areas by 

deposition of magnetite but in some areas the chlorite appears to have 

been subsequently altered to sericite and some quartz. In the orebodies, 

dikes that are tentatively assumed to be latite, have very locally been 

silicated with development of hedenbergite and quartz, Epidote is 

absent.

In the southern part of the mine. crosscutting has exposed a thick, 

sill-like intrusion that occupies a stratigraphic position between the 

Magdalena Group and the overlying Abo formation. The fault relation

ships in this area are not yet too clear, but one interpretation of the 

structure indicates a thickness in the range of 500 feet for this silL



PLATE HI
PHOTOMICROGRAPHS----  LATITE DIKES

A.

Latite(?) from dike transecting orebody0 Feldspar (F) outline 
barely visible as a result of intense chloritization (C)„ Widespread 
development of magnetite (M) is common. White material is mixed 
carbonate and quartz. Uncrossed nicols, XI80,

B.

Latite from dike, unassociated with ore. Both feldspar (F) and 
biotite (B) altered to mixtures of chlorite«calcite and chlorite- 
hematite, Uncrossed nicols, X200,
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Ranging from latite to quartz-latite, the sill can be considered to repre

sent a composite intrusion* Its relationship to ore is not known*

At its outer edges, this sill consists of 20 to 30 percent of 

oligoclase phenocrysts of the composition Angg (Y index of 1.545), 20 

percent of biotite and 10 percent of hornblende, both usually highly al

tered, and about 50 percent groundmass that consists of a felty mass 

of plagioclase, some orthoclase and very minor amounts of quartz* 

Accessory minerals are usually magnetite, apatite and sphene. The t 

texture of this outer edge of the sill is usually very fine-grained porphy- 

ritic with conspicuous altered phenocrysts of mafic minerals and 

plagioclase.

Near the area that is  assumed to represent the center of the sill 

the character of the rock has changed imperceptibly to a quartz latite 

that consists of about 10 percent of oligoclase (Angq), 10 percent of 

orthoclase, 20 percent of biotite, 10 percent of hornblende. Both 

hornblende and biotite are usually altered. Near this same area, the

texture has changed---- — phenocrysts have become enlarged and the

groundmass fragments have increased three-fold in size. Quartz does 

not occur as phenocrysts but its presence in the groundmass is unmis

takable as about 40 percent of the minerals present, along with shards 

of plagioclase and orthoclase* ;

Alteration of the sill exhibits a general but definite pattern. On 

the edges of the structure and near some of the faults, biotite and
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hornblende have been completely altered to pennine, magnetite and slight 

amounts of adularia(?)e Plagioclase has altered to carbonate and a low 

birefringent clay, possibly illite, and some of the material in the ground- 

mass has been partially changed to chlorite, probably prochlorite* Near

the center, the sill has been a lte red------ plagioclase to some sericite

and carbonate, biotite and hornblende to chlorite and sericite and there 

is extensive pitting and corrosion of quartz and feldspar. Across the 

width of the sill and particularly noticeable near major faults which cut 

it, oxidation of the magnetite to hematite has taken place, Veining by 

quartz and calcite is common and widespread.

White Rhyolite '

One white rhyolite dike was observed in the mine but more may 

be present, so highly altered as to make identification of them difficult. 

Where observed, the dike is a white, highly silicified fault-filling fea

ture along a major zone of breaking. Much of the silicified and altered 

material which occurs along some of the major breaks in the mine may 

represent white rhyolite dikes but the extent and completeness of silicifi- 

cation makes the assignation of a definite rock type almost impossible.

According to Loughlin and Kpschmann (1942, p, 43) the white 

rhyolites are the youngest igneous rocks in the district. In the mine, 

they are highly silicified, a feature that may attest to the late age of 

much of the silicification in the district.
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Lamprophyre

One lamprophyre has been observed in the mine but it occurs 

a considerable distance from any known area of commercial mineraliza» 

tioiu Its host is the Kelly limestone^ hence any other relationship to 

features in the mine cannot be determined,

Megascopically, the rock is very-fine-grained and of a dark 

green color* The only minerals which can be distinguished by eye are 

very minute phenocrysts of hornblende, approximately 1 mm long* 

Microscopic examination of the rock shows that it consists of a felty 

groundmass of plagioclase of an undetermined composition with pheno

cr y sts of hornblende and pyroxene* Very rarely a small phenocryst of 

plagioclase somewhere near the composition of AngQ may be observed* 

Hornblende and the pyroxene have been altered to prochlorite and there 

are scattered areas in the rock in which the groundmass has been almost 

completely altered to sericite. Hematite and magnetite are sparingly 

present*

Structure

Structural features in the Linchburg Mine can be considered 

under two major headings—;—  faults or fractures, and folds* Both 

types have been influential in the ore-forming process and both may be 

related some way in their origin*
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Faults and Fractures

The most obvious and gross structural feature in the mine is the 

Linchburg Fault, This is one of the major longitudinal faults in the dis

tric t and is the break that has brought the Paleozoic section into contact 

with the Precambrian complex at the mine elevation (see PL. I), It has 

a dip displacement on the order of 500 feet and a strike slip of an un

known magnitude. Generally speaking, the fault is vertical in attitude 

but dips measured in the mine indicate an occasional steep dip to the 

west or more rarely to the east.

Various names have been given to the fau lt----- the Professional

paper uses the name "Young America Fault" which may correlate further 

south with the "Grand Ledge Fault," Usage in the New Jersey Zinc 

Company, however, has been to favor the term  Linchburg Fault,

Strictly speaking, the Linchburg fault would be more aptly term 

ed a fault zone since it consists of a number of closely spaced, nearly 

parallel breaks along which, the composite displacement is of the order 

of magnitude previously mentioned. The distance across which the 

breaking has taken place has not been precisely determined but appears 

to be in the range of 100 feet. Vertical displacement has been determined 

from measurements on the lower crystalline unit and the silver pipe hori

zon, Strike slip, not measured, is indicated by persistent development 

of slickensides, observable in the mine, all of which plunge some 20°
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to the south and southwest, The fault appears to be of pre-ore age 

since the zonal development of hydrothermal minerals can be related 

directly to the position of the break. There is some evidence that in

dicates recurrent movement along the structure. No broken or altered 

sulfide fragments have been found in the zones of fracture but extensive 

areas in the fault plane are filled with broken and brecciated silica and 

rhyolite(?) fragments, indicating some movement either during or since 

the time of development of those materials.

Transverse faulting, described in the Professional Paper (1942, 

p. 57), is not represented, so far as has been determined, anywhere 

near the Linchburg orebody. Apparently accompanying the development 

of the Linchburg fault and possibly related to it, however, is a system - 

of northwesterly and northerly striking, en echelon breaks, all of which 

dip steeply eastward (see PL I). There has been very little displace

ment along these fractures except that caused by dike dilation. :

Exposures in the mine indicate that these northerly and north

westerly striking breaks originate along the principal fault zone and 

either parallel or curve gently away from it. Persistence of the frac

tures beyond the limits of the orebodies has not been determined in all 

cases but in general they do not persist into the barren walls and most 

of them appear to die out a short distance from the ore limits.

The origin of these oblique breaks can be related to the movements 

and forces developed as a result of the breaking which took place along
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the Linchburg fault zone* Since many of the fractures, particularly near 

the north end of the orebody are dike~filled and dilated, they can prob

ably be considered tension openings. The indicated direction of move

ment of the west wall of the Linchburg fault (to the south and downward) 

is of a type which would develop tension breaks conforming to the pattern 

of the_en echelon breaks just described.

Erratically distributed through the orebody are prominent, ver

tical, north-south striking shears or fractures. In some areas, they 

can be observed to cross the transverse faults. Movement along them 

has been negligible and their origin is obscure except for the possibility 

that they may be post-ore adjustment to stresses set up by the ore-form

ing processes and subsequent areal tectonic activity. Relationship of the 

breaks to ore is not persistent and the breaks cut across mineral zones 

and persist into barren limestone.

The Linchburg fault zone and its related features can probably 

be considered to represent the Cymoid Loop (McKinstry, 1948, p, 315), 

A couple was set up by southward movement of the Paleozoic block with 

respect to the easterly Precambrian unit, At the point where the main 

Linchburg fault swings to the east, a north-south break continues and 

encloses the other oblique breaks and the principal orebodies. Further 

south, the Linchburg fault zone returns to its northerly strike and the 

westerly break curves gently to meet it (see PL I),
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; - :• ' . '.r • : , Folds . - ■ ' : .

' V / : ; : ' .. " ' ! ; : - ' ' ' ' « - ' . ' - ' '! ' ' ' '
The ore«bearing horizons in the Linchburg orebody have been 

gently arched upward into a slight anticline in which there is some 

minor attendant folding of the beds along each limb* Length of the 

anticline can be best expressed by consideration of the position of the 

silver pipe horizon which intersects the main level elevations along 

the strike of the horizon at two positions, 1, 700 feet apart* The ampli

tude of the fold can be likewise demonstrated by the position of the silver 

pipe horizon which rises from the main level workings to a distance of 

70 feet above them near the mi^joint of the orebody* The anticline 

plunges very gently westward and the minor undulations on the limbs 

show the same direction of gentle plunge*

The fold has been faulted across the direction of the plunge by 

the numerous breaks which constitute the Linchburg fault zone* Each 

faulted slice, however, maintains the same configuration of folding that 

is present in the slice above it and in the slice below it* This constitutes 

strong evidence for dating the fold as pre-ore*

Age and origin of folds in the district is not precisely known* 

Loughlin and Koschmann (1942, p, 57, 66) consider them to be older 

than the faulting in the district but younger than Paleozoic in age* No 

further data are available* That the folds in the Kelly formation may 

represent deposition over irregularities on the Precambrian surface 

does not seem likely in view of the persistent stratigraphic relationships
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at the base and the top of the formation* The basal sandy member of 

the Kelly formation appears to be uniformly distributed in the area of 

the mine* Further, the distance from the silver pipe horizon to the 

overlying contact with the Pennsylvanian sediments appears uniform 

regardless of the position of the measurement with respect to the loca~ 

tion on the fold* Had the folding which is shown in the undulations pres

ent on the silver pipe horizon been a result of differential compaction or 

slump over Precambrian highs, the sand present at the base of the for

mation would not be expected to be so uniformly distributed nor the 

distance from the silver pipe horizons to the overlying Pennsylvanian 

contacts to be so consistent*

Hence, the folding can be tentatively considered as tectonic in 

origin but of an unknown age* It is possible that it is related in some 

way to ’’Laramide” deformation, but there is no known evidence to com

pletely substantiate such an idea*



DETAILED GEOLOGY, LINCHBURG OREBODY

General }

The mineralized zone in the Linchburg Mine is a continuous 

north-south belt of some 2? 000 feet length and variable width and height 

which occurs in the Kelly limestone horizons, usually the upper crystal

line member* Actually, the mineralized zone can be considered a single 

orebody that is composed of a number of north and northwest trending 

oreshoots or orebodies of high grade sulfides which have been localized 

by the faults and fractures of the same trends* In the intervening areas, 

lower grade replacements are present which serve to constitute the con

tinuously mineralized belt (see PL I)«

Across the orebody, the ore shoots are discontinuous as a result 

of the dilation displacement of the controlling faults. Thus the common 

cross section is a picture of stepped ore shoots, gently tapered down

ward, separated by dike-filled fractures* There is no positive control 

of the termination of the ore shoots away from the main faults and most 

of them have been found to disappear gradually into barren limestone 

where not terminated temporarily by faults* Intense mineralization 

against a fault wall has generally been indicative of more sulfides on 

the other side of the fault in the same limestone horizons* Most of the

45
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ore shoots can be considered to have a tabular cross section, the tops 

controlled by the dip of the strata over- and underlying the favorable 

horizons and the sides controlled on one end by a fault and on the other 

end, either by a fault or barren limestone (see Fig® 4),

Sphalerite and subordinate amounts of galena are the predominant 

ore minerals® These occur in a mixed gangue of garnet, pyroxenes, 

amphiboles and hematite-magnetite®

Since the problem under consideration relates directly to the 

factors which have controlled ore, the Linchburg orebody is discussed 

on the following pages from the standpoint of physical ore controls such 

as faults and from the standpoint of mineralogy®

Mineralogy

Minerals which have been developed as a result of hydrothermal 

activity in the Linchburg mine are typical of those found in pyrometa- 

somatic deposits. Since the orebbdy is deeply buried, development of 

oxidized minerals has been limited and is best noted in and along a few 

faults within the orebody® As a result, oxidized minerals do not con

stitute more than a small fraction of the hydrothermally associated min

erals present® Within the orebody, abundant sulfide minerals are as

sociated with lesser amounts of silicate minerals, sparse oxides,

sulphates and halides------- all products of hydrothermal processes.

The minerals occur in definite and persistent zones within the
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orebody and such zonal arrangement will be considered under a separate 

subheading. However, any discussion of the mineralogy must include 

some descriptive material relating to association and occurrence and as 

a result, some overlap cannot be avoided.

Silicates

General Considerations • — •

Silicate minerals, which comprise the first obvious effects of 

hydrothermal alteration, occur in a belt of variable thickness and width 

adjoining and paralleling the principal faults and fractures in the Linch« 

burg mine. Their most intense development has been in the Kelly lime

stone where bedding selectivity has usually been marked. Immediately 

adjoining such major breaks as the Linchburg fault, silication has been 

effected across the entire stratigraphic thickness of the Kelly formation 

but where only minor breaks are present, silication has taken place only 

in certain portions of the section.

As noted, the silicates are the first obvious manifestations of 

hydrothermal alteration but this does not preclude the fact that some 

silication has apparently persisted throughout most of the time of depo

sition of sulfide minerals and perhaps even beyond the close of the main 

ore-forming period. Most of the later-formed silicates, however, ap

pear to be the result of either recrystallization of, or alteration of,
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silicates deposited prior to the time of ore deposition.

The following discussion treats the silicate minerals as mineral 

groups, where possible, and a few are discussed separately.

Garnets

Earliest formed of all the silicates and probably the second most 

abundant next to pyroxenes are minerals of the garnet group. Principal 

areas of garnet formation are located close to the major and minor faults 

where replacement of the host rock has been intense and almost complete, 

with formation of garnet to the exclusion of other minerals except for 

very minor amounts of quartz and calcite. Beyond this main zone of 

garnet formation, the mineral is present in decreasing quantity and is 

associated with other silicates until it eventually dies away or becomes 

of very minor significance in the total silicate assemblage.

Observed megascopically, the garnet is of varying shades of 

brown, from a dark, almost black variety to a very light brown or al» 

most honey«yellow type. Under the microscope, the garnet is anisotropic 

and some sections show a garnet with a 2V or almost 5°. It occurs as 

fine-grained masses, sometimes having a shattered or brecciated texture 

but more commonly as good euhedral crystals partly replaced by sphalerite 

and locally altering to amphibole and chlorite.

Spectrographic data indicate that the garnet, although containing 

some aluminum, is predominantly of the andradite variety. Careful
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sampling of the garnet, and subsequent spectrographic analysis indicates 

the amount of pure grossularite garnet in the Linchburg orebody is neg

ligible* However, the amount of aluminum appears to increase in the 

garnets present at some distance from the major feeders* The garnets, 

then, must be considered as lying somewhere between pure andradite 

and pure grossularite in composition. Of possible, but undetermined 

significance, is the spectrographic presence of more than negligible 

quantity of manganese in the garnet*

Pyroxenes

Three pyroxene types are present in the Linchburg mine* 

Paragenetic relations are not absolutely clear but it appears that the 

earliest formed pyroxene is manganoan hedenbergite which commenced 

forming during the time of garnet deposition* Hedenbergite was followed 

by johannsenite, possibly after a time lag. Developing in a different hori

zon but probably contemporaneous with johannsenite formation was the 

formation of diopside* Actually the paragenetic data with respect to 

pyroxenes cannot be considered as absolutely reliable since the distribu

tion of pyroxenes is zoned with respect to feeding structure and it appears 

that some of the "later" pyroxenes could have formed contemporaneously 

with the garnet but possibly in areas of different chemical potential*

Determination of the pyroxenes has been based to some extent 

upon the data presented by Allen and Fahey (1957, p. 885, 887) and
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from spectrographic and petrographic analyses. The most abundant 

pyroxene present in the upper ore horizons is manganoan hedenbergite. : 

It usually forms a wide horizontal zone and is commonly associated with 

an dr adit e garnet and lesser amounts of quartz and calcite. Indices de

termined from four representative samples did not deviate significantly 

in the third decimal place. These indices are: X, 1, 720 + ,002; Y,

1, 732 + , 002 and Z, 1.750 + . 002, The error indicated for these figures 

is that of instrumentation, and may not be as large as indicated.

Occurring in the same stratigraphic horizons as the manganoan 

hedenbergite, but to a lesser areal extent, are zones of johannsenite. 

Much of it appears to replace the hedenbergite and more rarely the 

garnet. Separation of johannsenite for optical study was not effected 

but in general the mineral observed agrees in all of the optical character

istics given by Allen and Fahey (1957, p. 886).

Diop side is present in the Linchburg alteration assemblage in 

only one restricted bed, the footwall portion of the Kelly formation.

Here it is associated with andradite, lesser amounts of manganoan 

hedenbergite and cummingtonite. Indices measured for representative 

diopside specimens were X, 1.683, Y, 1.690 and Z, 1.700,

Amphiboles

A common alteration product of both andradite and hedenbergite 

is an amphibole that may be cummingtonite, the magnesium-iron
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amphibole. Although widespread in its occurrence in the upper lime

stone horizons its most intense development has been in the footwall beds 

of the Kelly formation. Indices measured for this mineral were X,

1,620, Y, 1,638 and Z, 1,649,

Minor amounts of another amphibole are present but in such 

small crystals as to make analyses, either quantitative-spectrographie 

or petrographic, extremely difficult. This amphibole, presumably 

actinolite, occurs as an alteration of diopside in the footwall beds and 

as an alteration of hedenbergite in the upper Kelly horizons,

Epidote ; ■

Occurrence of epidote in the orebody is erratic but the mineral 

appears to be confined to fault intersections with lime beds. It is usu

ally developed along faults in areas in which major feeding structures 

such as the Linchburg fault are not present. Timewise, it appears to 

be contemporaneous with the manganoan hedenbergite with which it is 

usually associated. Of particular interest is the observation that 

epidote does not appear to have resulted from alteration of igneous in

trusions sometimes present. Most commonly it is found in the southern 

areas of the orebody with no observed relationship to igneous intrusions.

The mineral occurs as fine-grained masses in which well developed 

crystals have formed with no apparent preferred direction of orientation. 

Its most common associate is quartz. Its relation to garnet is obscure.
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Chlorite

Chlorite minerals are widespread in the silicate zone and are 

abundantly present as alteration minerals in the shale horizons over- 

lying the Kelly formation and in the igneous rocks near the orebody*

In the silicated zones chlorites have apparently formed as a result of 

alteration of both amphibole and hedenbergite and have developed in 

sparing amounts from garnet. In the igneous rocks they have formed 

as an alteration of hornblende and biotite* Chlorites belong to a later 

time of formation than do the other silicates. Since most of the chlorite 

developed in the silicated zones has been derived from pyroxenes, little 

is found within the rocks composed principally of garnet except where 

that mineral has altered to amphibole.

Chlorite found in the silicated zones is of two v a rie ties------

Pennine and prochlorite. In the igneous rocks, it appears to be prima

rily pennine. The time and causes of chlorite formation appear to be 

more closely related to the time and processes of ore formation than 

to the period of silication as determined from mutual relationships.

Oxides

Magnetite masses were found at only two closely related localities 

near the longitudinal center of the orebody and closely related to the 

Linchburg fault zone. Aside from these two locations, it occurs as a 

disseminated mineral in most of the ores. It is most abundant close
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to the feeders and decreases in amount in the ores that lie at a distance 

from them but does, locally, increase in quantity away from garnet zones. 

Except for the two locations mentioned above, the mineral is quantitatively 

unimportant.

Hematite is the most abundant and widespread of the iron oxides. 

Where found close to faults, it appears to be derived from oxidation of 

magnetite. In the areas of pyroxene, where magnetite does not seem to 

be so abundant, hematite is almost massive and accounts for a consider

able percentage of the total mineral assemblage. In these locations the 

derivation from magnetite is not apparent and the hematite appears to 

be either introduced or to be a product of alteration of either garnet or 

the pyroxenes or both.

Magnetite predates deposition of sulphides, however, its forma

tion covers a wide time range, possibly predating garnet and post-dating 

pyroxenes. Time relations of hematite to other minerals are not clear 

in all of their details but hematite pre-dates, is contemporaneous with 

and post dates deposition of magnetite, Paragenetic data may be mis

leading because of the zonal aspect of magnetite-hematite and the question 

that prevails with respect to the manner of hematite formation. Some 

of the hematite appears to even encroach upon the time of sulphide depo

sition, particularly the time of sphalerite formation. This problem, 

however, will be more completely considered in a later portion of the

paper.
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Sulphides

Sphalerite

Sphalerite is the most abundant of the sulfide minerals present 

in the Linchburg orebody0 It is present in varying amounts in all of the 

ores throughout the stoped area. Its color ranges from almost black 

(high iron) to honey~yellow (low iron). Such megascopic differences 

are easily visible and can be seen to form a definite pattern with respect 

to feeding structures. The lighter variety is more abundant along the 

waste edges of the orebody and the darker types are more common very 

near the presumed centers of hydrothermal activity.

The sphalerite, together with pyrite, is the earliest formed of 

any of the sulphide minerals but the fixing of the time of termination of 

formation has not been possible. It appears to have covered the entire 

time span of sulphide formation.

A peculiar and persistent feature noted in thin sections of the 

sphalerite is the presence of an opaque rim  of variable but usually small 

width, not visible in polished sections. Since the width of these rim s is 

very small, determination of the causes for them has not been made. 

However, it may well be that these rim s are a reflection of the amount 

of iron contained in portions of the sphalerite crystal* In other words, 

it expresses a visible iron zoning in the sphalerite. Galena, which post 

dates sphalerite and replaces it, has had a peculiar effect upon the rim s
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in that the sphalerite which is present in contact with the galena does 

not show the darkening apparent elsewhere.

Sphalerite has formed almost exclusively in garnet-bearing 

areas of the silicated zones and in such areas, shows a marked prefer

ential replacement of the garnets. This is true in the silicated areas in 

which garnet is the most predominant mineral as well as in the silicated 

areas where garnet is only subsidiary. Sphalerite may replace minerals 

other than garnet in the silicated zones but such relations are the excep

tion rather than the rule. Outside of the silicated zones some small ore- 

bodies occur in which sphalerite is present associated with fluorite, barite 

and calcite. These orebodies occur as bedding replacements and are 

apparently unrelated in control to the main orebody.

Sphalerite found in these orebodies is of a very light color and 

apparently of low iron content. Relation of the sphalerite in the small 

orebodies to the sphalerite of the main orebody has not been determined 

but both may represent the same time span of deposition.

Galena

: Second most abundant sulfide mineral is galena which, in all ob

served instances, post dates or. is.contemporaneous with sphalerite. The 

mineral is widespread along the orebody but restricted in its lateral oc

currence to a zone that lies generally beyond the areas characterized 

principally by sphalerite. Unlike sphalerite^, galena has not been found
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as the principal sulfide constituent of a particular zone but rather is 

most commonly found associated with sphalerite and lesser favorability 

is shown to epidote and hedenbergite-bearing areas.

Galena is present, both as a replacement of sphalerite and com

monly as a replacement of either hedenbergite, or more commonly, 

epidote. In no instances has galena been seen to replace garnet and it 

is conspicuously absent from those areas composed of that mineral.

Chalcopyrite

A large body of chalcopyrite ore in an area unaccessable at the 

time of field work, was once ex tracted .A ssays indicate that copper in 

this orebody was anomalously high for Linchburg ore. This show of 

chalcopyrite occurred in the upper Kelly horizons near the longitudinal 

center of the orebody closely associated with the two occurrences of 

massive magnetite.

Elsewhere, chalcopyrite is present in most of the ore in sparing 

amounts, occurring chiefly as an "exsolution" from the darker sphalerites. 

Microscopic study indicates that chalcopyrite is probably contemporaneous 

with sphalerite, with continuous deposition through the time of galena 

formation. In general, it probably does not constitute more than an 

estimated one percent of the total sulphides present in the higher grade 

zinc ores.
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Pyrite

This mineral is sparingly present in the ores and is distributed 

erratically* It occurs primarily with both the high iron and low iron 

types of sphalerite* Timewise, pyrite appears to cover the span of 

sulfide mineral deposition from the earliest sphalerites with which it 

appears to be contemporaneous up to and through the end of galena depo

sition* Actually, the mineral cannot be considered to be present in any 

abundance in the ores, iron apparently having been taken up as the higher 

valent state in hematite or as the lower valent state in sphalerite or 

chalcopyrite* The most common form of occurrence of pyrite is as 

fine-grained crystalline masses that occupy vugs or coat portions of 

the walls of faults and fractures*

Associated with pyrite is recrystallized quartz and epidote, ra re  

even in the most intensely silicated areas*

Other Minerals

Other minerals of minor economic importance are found in the 

ore shoots* Barite and fluorite occur on the walls of the major faults 

where open spaces have been formed and are also found in caves or vugs 

in association with quartz and light-colored sphalerite* These latter 

occurrences are usually isolated and where observed are generally a 

considerable horizontal distance from the major ore shoots. Both
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minerals are late in the depositional sequence but appear to be contem

poraneous with each other.

Willemite has been observed in very sparing amounts in the sili- 

cated zones, particularly in association with the pyroxene assemblages.

Zoning

It has been possible to correlate in space, the relation between 

sulfide and silicate types. The result of such mineral correlation has 

been the establishment of zones characterized by abundance or lack of 

certain silicate, oxide and sulfide minerals. It should be emphasized 

that this classification of minerals has been made without benefit of 

assay and has been done entirely by eye and petrographic examination. 

There is no finite edge to any of the zones discussed, hence, gradations 

between the established zones exist, . However, for the purpose of 

mapping the orebody, the classifications which have been established 

are easily recognizable and provide a clear picture of the spatial re 

lationships of the minerals. As will be further noted, characteristic 

silicate mineral suites are present in close association with certain 

sulfide ore types in which quantitative ratios are persistent within broad 

limits. - -

From the zonal relationships established, it has been possible 

to map, without too much error, where a particular mineral assemblage 

fits into the zonal picture, even though the minerals present may be
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composed entirely of sulphides or entirely of silicates. Since not every 

occurrence of mineral types can be considered ore in the strict sense, 

the mapping of the zoning patterns was done from a mineralogical aspect 

rather than from an economic aspect. Since much information has been 

lost in the process of ore extraction during the past decade, many of the 

extensions of mineral zones have had to be inferred by projection from 

pillars and stope walls.

Zonal mapping of the orebody indicates that the different mineral 

zones have definite spatial relationships within the section (see Fig, 5) 

and to feeding structures (see PL H and Fig, 5), The usual case, how

ever, is one in which one or more of the mineral zones is absent. 

Missing zones are usually the ones at either end of the zonal sequence 

rather than ones which interrupt the zonal sequence. Transitions and 

not abrupt changes are the rule. Further, where two feeding structures 

are close to each other, development of the lower intensity zones has 

not taken place and only one or two zone types may be represented in 

the intervening limestone.

Both ore mineral and silicate mineral types are included in the 

zonal descriptions since the most common occurrence is as associated 

groups. Zonal descriptions apply, in the main, to silication and sulfide 

deposition in the upper Kelly beds. Some of the mineral assemblages 

are typical of other portions of the section and such associations and 

occurrences will be noted.
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Zone 1

This is the zone of intense silicification that adjoins major faults.

It is seldom of commercial importance although locally, it may contain 

replacements of slight amounts of sphalerite, galena and pyrite. It sel

dom exceeds a known 10 feet in width and is most commonly around 1 or 

2 feet in width. The zone is present across most of the stratigraphic 

thickness of the Kelly formation, along the entire length of the Linchburg 

fault zone. It is only sparingly present along the tension fractures which 

turn away from the fault zone.

Zone 1 is the only type in the group of zones in which there is 

some doubt as to the true expression of "hydrothermal intensity, " Origin 

of the silica is not c le a r ------the problem of whether that material repre

sents substances which migrated through the major fault zones under 

high physical conditions (i, e ,, high temperature and pressure) or whether 

it is a late, low temperature feature has not been resolved.

Petrography

The quartz of zone 1 exhibits considerable strain and evidence 

of recrystallization, A number of generations of growth appear to be 

present but determining the number of stages and correlating them with 

other events has been too complicated to consider as part of the present 

problem.
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Good euhedral boundaries can be seen on much of the quartz which 

adjoins the fault wall. Within the fault zone, however, much of the quartz 

has been intensely broken or crushed and recrystallization has been 

widespread, Pyrite and sphalerite are occasionally present and exhibit 

relations which indicate them to be either contemporaneous or of alter

nated deposition. . , , .

Zone 2

This zone is characterized by widespread and almost complete 

development of andradite garnet. It is not always present along the 

Linchburg fault zone and the associated breaks but it does appear to be 

more widely distributed than zone 1 which is found prim arily along the 

major fault zone. The width of zone 2 is variable, ranging from a few 

feet up to 20 feet or more, most commonly 15 feet more or less. Com

mercial mineralization in this zone consists of the dark sphalerite oc

curring generally along the outer or pyroxene-bearing edge of the zone. 

Under ideal circumstances, or those which would permit develop

ment of all zones in the ascribed order, zone 2 would adjoin a fracture 

or zone 1 on one side and, at its other side, would abut or pass into a 

zone characterized by pyroxene. Zone 2 is rarely of economic impor

tance since it consists of close to 100 percent garnet. At its outer or 

pyroxenated edge, however, the amount of sphalerite increases locally. 

The term "intensity" may be introduced at this point in order to indicate
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the conditions under which the zones are believed to have formed*

Zone 2, closest to the feeder channels, lies in areas which would 

receive the "freshest” fluids and would be under the most intense physi

cal conditions* The garnet zone, then, is interpreted as representing 

the highest grade of recognized metamorphism* Such an idea is not 

without precedent as Bowen (1940) and Goldschmidt (1911) have pointed 

out*

Petrography

Typical examples of zone 2 minerals, show, under the micro

scope, complete replacement of the host rock by garnet, nearly equal 

granular at any particular location. Garnetization is practically com

plete with the only other minerals present being minor quantities of 

quartz and calcite that fill ra re  intergranular openings in the garnet 

assemblage. Sphalerite is the only sulphide mineral which occurs in 

the zone 2 assemblage except for occasional chalcqpyrite* These sul

phides occur on the fringe of the zone, near the zone 3 assemblage*

Very commonly, the garnet can be seen altering to cummingtonite 

or other amphiboles which in turn have altered to sparse amounts of 

disseminated prochlorite* This form of alteration occurs across the 

width of the zone but is most obvious on the outer edge where there is 

associated sphalerite deposition.

Sphalerite appears to replace garnet in two different manners.



PLATE IV
PHOTOMICROGRAPHS-----  ZONE 2 MINERALIZATION

A.

Zone 2 mineral assemblage showing relations of zoned garnet (G), 
quartz (Q) and sphalerite (S), Typical of the relations of sphalerite 
to garnet in which no intermediate alteration from garnet to sphalerite 
is visible,, Calcite occurs locally. Uncrossed nicols, X200,

B o

Zone 2 mineral assemblage illustrating apparent replacement and 
corrosion of zoned garnet (G) by sphalerite (S)o Quartz is sub
ordinate, Uncrossed nicols, X200,
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Generally veins or stringers encroach upon the garnet boundaries or are 

separated from the garnet boundaries by a thin selvage of amphibole and 

chlorite. Elsewhere replacement of garnet along preferred crystallo

graphic directions gives rise to euhedral sphalerite cores or to pseudo- 

morphs(?) of sphalerite after garnet.

Hematite is occasionally found in the zone 2 mineral assemblage 

and may have been derived from three different processes: oxidation of 

magnetite appears to be one obvious source; it may be derived in part 

from the release of ferric iron upon breakdown of garnet; or it may be 

present as a result of direct deposition of the material from iron (ferric) 

rich fluids.

Zone 3

The gangue mineral assemblage in this zone consists primarily 

of andradite, manganoan hedenbergite, johannsenite, hematite, cumming- 

tonite and prochlorite. Very sparse amounts of calcite and quartz are 

present. Relative abundances of the minerals vary across the zone de

pending upon the position with respect to the preceeding garnet zone or 

the zone which lies beyond and is characterized by pyroxenes and 

hematite. The distinguishing characteristic of this zone is the fact that 

both garnet and pyroxenes are megascopically present. Near the common 

border of zone 2 and zone 3, the sulfide minerals are sphalerite-galena 

with the sphalerite predominating. Toward the outer edge, or the common
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border with zone 4, the sulfide mineral assemblage remains the same 

but the ratio between sphalerite and galena changes with galena usually 

becoming more abundant, although it has not been seen to exceed the 

amount of sphalerite present. The sphalerite encountered in the more 

pyroxene rich areas of this zone, that is to the outside of the zone, usu

ally contains most of the chalcopyrite that is present in the orebody.

Zone 3 represents a degree of contact metamorphism lower than 

that of zone 2 but of a higher grade than that exhibited in zone 4 and 

represents a transition zone between zones 2 and 4, zones composed 

principally of garnet on the one side and pyroxene on the other. Zone 

3 represents the only alteration type which has been found in the footwall 

horizons of the Kelly formations, the other zonal types being absent in 

the footwall horizons except for occasional thin zones composed only of 

pyroxene. Zone 3 is widespread in the upper Kelly beds where, together 

with zone 4, it constitutes the major width of the economic zone of min

erals. .

Petrography

Typical specimens of this zone exhibit a mixture of andradite 

and hedenbergite, locally andradite and johannsenite and in some places, 

the garnet in combination with what appears to be diopside. This latter 

combination is more predominant in the footwall horizons of the Kelly 

formation than it is in other portions of the section. Some of the
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pyroxenes appear to be essentially contemporaneous with the formation 

of andradite although most of the garnet appears to be later than heden- 

bergite, as judged from mutual relationships. Hedenbergite is wide

spread but johannsenite occurs only locally. Causes for the deposition 

of the johannsenite in preference to hedenbergite is not known but it may 

represent local variations in the amount of manganese.

Minor amounts of quartz and calcite are present but probably 

make up less than 5 percent of the average rock type. Cummingtonite 

and chlorite occur as alteration minerals of both the hedenbergite and 

the andradite and in the footwall beds of the Kelly as an alteration of the 

diopside.

In a typically altered sequence of minerals, the relations are as 

follows: andradite alters to cummin gtonite with further alteration to 

chlorite or the andradite appears in many instances to have altered 

directly to chlorite; alteration of the andradite is accompanied by wide

spread development of hematite; hedenbergite has altered to chlorite 

and rarely cummin gtonite with concommitant development of hematite; 

johannsenite usually alters to chlorite.

Hematite in this zone can be seen to be derived from alteration 

of the silicates. However, it is developed to an equal extent by the 

oxidation of minute grains of magnetite which are present in the assem

blage. Two methods of hematite development are therefore present but 

it has not always been possible to determine from petrographic relations



their position in time with respect to each other. From a statistical 

point of view, magnetite alteration appears to predate silicate altera

tion but there are a number of instances in which the data cannot be 

accurately evaluated,

Calcite and quartz are interstitial to the other minerals and may 

represent unsilicated remnants of the host rock, or just as likely, may 

represent the products of the process of silicate destruction which ac

companied deposition of the sulfides.

In this zone, as in zone 2, the preference shown by sphalerite 

for areas composed principally of garnet is marked. At least 80 per

cent of the sphalerite occurs as replacement of garnet, the remainder 

as replacement of galena. Galena has replaced either uralitized garnet 

(rare) or more commonly, pyroxenes. This is true in spite of the fact 

that much garnet remains unattacked by sphalerite. In this zone and 

the zone which will be described that lies beyond zone 3, the preference 

of the two principal sulfides for a particular silicate or sulfide assem

blage is strikingly exhibited-------sphalerite for garnet and galena,

galena for either sphalerite or the pyroxenes and amphiboles,

Loughlin and Koschmann (1942, p, 112, 113) have considered 

that development of sphalerite took place along the ”same courses as 

the earlier minerals, replacing them to a slight degree and thoroughly 

replacing interstitial calcite and limestone that had previously escaped 

replacement,” This may be true as a general statement for other parts
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PLATE V
PHOTOMICROGRAPHS------  ZONE 3 MINERALIZATION

A,

Zone 3e Sphalerite (S) enclosed by garnet, and galena (G) enclosed 
by garnet altering to amphibole. Quartz (Q) subsidiary, Calcite 
veinlets cut sphalerite* Uncrossed nicols, X200,

Bo

Zone 3, Hedenbergite (P) replaced by galena (G), both of which 
appear to be replaced by garnet* Calcite subsidiary* Uncrossed 
nicols, XI80*
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PLATE VI
PHOTOMICROGRAPHS------  ZONE 3 REPLACEMENT TEXTURES

A,

Zone 3o Garnet (Gar) replaced by sphalerite (S) and hedenbergite 
(P) replaced by galena (G)„ Typical of the apparent favor ability 
shown by specific sulphides for specific silicate minerals* Un
crossed nicols, XI80*

B*

Zone 3* Sphalerite (S) replacing garnet (G) with a suggestion of 
near contemporaneity of garnet and hedenbergite (P)* This photo 
illustrates, together with figure A* plage IV, the persistent nature 
of physical relations between sphalerite and andradite garnet* 
Sphalerite crystals appear to be closely related to the same crys
tallographic directions in andradite, both as replacements and 
"pseudomorphsoM Uncrossed nicols, X200*
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PLATE VH
PHOTOMICROGRAPHS------  ZONE 3 SILICATE ALTERATION

A,

Zone 3« Alteration typical of that seen in pyroxenes of zones 3 and 
4o Hedenbergite altering to hematite (H) and minor amounts of fine
grained amphibole. Galena (G) replaces both pyroxenes and amphi- 
bole in this type of assemblage. Uncrossed nicols, X180o

Bo

Zone 3, Alteration typical of that seen in zone 3, Garnet (G) re 
places hedenbergite (P), and both garnet and pyroxene are altered 
to amphibole (A), Relations between pyroxenes (P) and hematite 
(H) are not clear but in other parts of the sections seen, heden
bergite appears to post date the oxide. Uncrossed nicols, XI50,
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PLATE VIQ
PHOTOMICROGRAPHS--------  ZONE 3 REPLACEMENT TEXTURES

Ao

Zone 3e Fine-grained garnet (G) replaced by sphalerite (S), 
Garnets are euhedral and appear to be contemporaneous with 
hedenbergite (P)0 Galena (G) replaces amphibole (A) which ap
pears to be an alteration product of hedenbergite (P)„ Uncrossed 
nicols, X2006

B o

Zone 3«> Sphalerite (S) replacing garnet (G) around the rim* 
Calcite veinlet (C) transects both garnet and sphalerite* Dark 
areas in garnet are hematite* Replacement of garnet has ap
parently taken place prior to veining by late calcite* Uncrossed 
nicols? X180*
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PHOTOMICROGRAPHS
PLATE IX
---- ZONE 3 REPLACEMENT TEXTURES

Ao

Zone 3e Sphalerite (S) replacing either garnet (G), pyroxene (P) 
or calcite (C)o Pyroxene altered along cleavage to amphibole0 
This photo illustrates the late time of sphalerite to both principal 
silicates. Uncrossed nicols, XI50,

Bo

Zone 3, Galena (G) replaced by sphalerite (S) which replaces both 
garnet (Gar) and amphibole (A), Amphibole apparently derived 
from garneto This photo illustrates a common feature seen along 
the outer edges of zone 2 where mutual relations can be interpreted 
to represent a wave«like manner of both silication and development 
of sulfides. Uncrossed nicols, XI50,



PL IX



75

of the district but the evidence at hand for the Linchburg mine seems to 

favor the idea that replacement has been principally of silicates and not 

of carbonates* This evidence is based primarily upon mutual grain re 

lations and the strong statistical evidence which can be observed in many 

thin sections where sphalerite definitely shows a marked preference for 

garnet bearing areas* Perhaps the strongest evidence for the idea of 

silicate replacement is the fact that mineralization of zones 2? 3 and 

4 shows favorability for certain horizons, themselves intensely silicated, 

and sulfide mineralization persists both upward and downward within 

these beds to marbleized horizons at which point sulfide mineralization 

ceases abruptly*

Zone 4

Zone 4j, except for the occasional overlap of the zone 3 galena- 

sphalerite—chalcopyrite mineralization, consists primarily of galena 

and sphalerite, or very rarely, galena alone as the predominant phase 

of sulfide deposition* Alteration minerals are principally hedenbergite, 

johannsenite and hematite. Garnet is usually present but is never 

visible in hand specimen, occurring chiefly as minute, disseminated 

grains* This ore-gangue type is characterized megascopically by the 

great amount of hematite which it usually contains and further, by the 

complete lack of megascopic garnet. :

Within this zone, it may be possible to distinguish a sub-zone
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that is primarily hematite and magnetite aad another sub~zone that is 

primarily pyroxene* Such variation, however, is very irregular and 

is difficult to map. Further, interpretation of two zones, where intermix

ed, would appear to be meaningless in view of the large areas in which 

they occur unseparated. One exception to this observation is common, 

however. At the outer edge of the zone, gangue minerals are principally 

hematite and magnetite with only minor amounts of pyroxene. This 

strongly hematized sub-zone is widespread along the edges of the high 

grade ore shoots and in past mining has accounted for a moderate tonnage 

of fair grade ore, usually high in lead. Within this outer sub-zone of 

strong hematization, the iron mineral tends to become increasingly 

abundant as a gangue mineral, and the line between zone 4 and the next 

outer zone may sometimes be difficult to establish. The change repre

sents more of a transition from a hematite-pyroxene assemblage to a 

zone of essentially pure hematite with only minor amounts of pyroxenes —  

hence, the exact dividing line between zones 4 and 5 is usually difficult 

to establish. This zone boundary is the one exception to relatively sharp 

zone distinctions that otherwise prevail.

Petrography

Hedenbergite is the most important mineral present, garnet 

occurs sparingly and is seen only under the microscope, Calcite and 

quartz comprise a small percentage of the total quantity of minerals
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present, Petrography and alteration are essentially the same as that 

described for zone 3 except that amphibole-chlorite alteration has be

come more pronounced, Sphalerite continues to show its preference 

for the minute amount of garnet present and locally for galena, and 

galena shows preference for pyroxene-amphibole-bearing areas. No 

chalcopyrite as "exsolution" blebs has been observed in the zone 4 

sphalerites which in general are of lighter color than those of the preceed- 

ing zones. Sphalerite continues as the dominant sulfide mineral but the 

sphalerite to galena ratio is considerably smaller. :

Some epidote occurs in this zone. It appears to be more closely 

related to faults than to any other feature, but its occurrence is  erratic 

and discontinuous. Epidote forms in masses of minute crystals which 

have not intermixed to any appreciable extent with pyroxenes but are 

usually associated with scattered crystals of andradite and abundant 

quartz. Galena appears to be the most abundant sulfide mineral associ

ated with epidote-bearing areas.

Zone 5

Zone 5 consists primarily of hematized limestone with scattered 

and minor amounts of pyroxene and locally abundant prochlorite. The 

zone extends beyond the limits of the orebody as a broad fringe in which 

hematite usually gives way to marbleized limestone. Magnetite is 

present as a discontinuous band along the inner margin of the hematite-
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bearing areas. Sulfide minerals are usually scarce and occur as dis

seminations of galena and sparse sphalerite together with disseminated 

hematite. Chlorite occurs erratically along the edge of the zone, some

times as masses and more commonly as scattered grains. In many of 

the ore shoots, the zone 5 mineral assemblage caps the ore-bearing 

silicates in alternating bands of hematite-chlorite and marble.

Petrography

Hematite is the most widely developed mineral in this zone and, 

in contrast to other zones, only small amounts of it appear to be derived 

magnetite. Rather, the mineral occurs as uniformly sized scatterings 

in a matrix of coarse calcite. "Where chlorite occurs, it does so in 

masses and not disseminations and bears no consistent relation to either 

calcite or hematite. Sulfides which occur are replacements of calcite* 

Locally barite and fluorite are present in small quantities both post- and 

pre-dating the other sulfides.

Ore Control and Sequence of Events 

General Considerations

Control of ore in the Linchburg Mine is  classical in that the 

factors which have effected emplacement of sulfide minerals are combina

tions of structure, stratigraphy and subtle contrasts provided by physical
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chemical variations. The most favorable loci of ore deposition have 

been the intersections of certain faults and fractures "with favorable 

portions of the Kelly formation. Quantity of sulfides, and to a lesser 

extent, grade of ore, has been influenced to an undetermined extent by 

folds. Further favor ability has been exhibited within the stratigraphic 

section by localities that are composed primarily of altered silicate 

minerals. Each of the three factors will be considered with a view to 

its relative importance.

Stratigraphic Favor ability

AH of the ore found in the Linchburg Mine, with the exception 

of scattered low grade showings in the veined Precambrian complex, 

has been located in the Kelly limestone. This does not preclude the 

possibility that commercial mineralization may exist in other units of 

the stratigraphic section since, to quote McKinstry (1948, p. 289):. 

"Although you can use a stratigraphic guide to excellent advantage once 

it is established, you will rarely be safe in assuming that no other hori

zon will be or e-bearing. "

The favorability within the Kelly formation is  best illustrated in 

the areas of the ore shoots that lie some distance away from the major 

fault zone. In these distant areas, ore is localized in two portions of 

the Kelly section with such a favorability evidenced along the entire 

length of the orebody.
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The portion of the Kelly limestone some 35 feet thick which 

bottoms some five feet above the silver pipe horizon is the most favor

able, Lesser favor ability is shown by the footwall beds of the forma

tion, Local favor ability is exhibited for other portions of the section 

such as in the north end of the orebody where considerable amounts of 

sulfides have been localized below the silver pipe horizon in a ten foot 

span of section. Important feeders may contain commercial amounts 

of sulfide minerals through the entire thickness of the Kelly section.

Such lack of selectivity, however, is not persistent and is limited to 

the proximity of feeding structures. No ore has been found in the silver 

pipe beds, even where these adjoin the major breaks or have been locally 

intensely brecciated and recrystallized. ,

Folding

The strata have been gently folded upward along the strike of the 

major fault zone. Accompanying the major fold are slight undulations 

on each limb. Some correlation of high grade ore shoots can be made 

with the position of the crests of the minor folds. Such a correlation, 

however, may be indicative of influences other than low compression 

zones developed as the result of folding. Further, many of the fold 

crests are not characterized by higher grade sulphides. Nevertheless, 

the relation of some of the high grade ore shoots to fold crests requires 

consideration of folds as a potential ore control.
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In the northern part of the district, Gordon (1910) observed that 

some of the major ore trends were located along two westerly plunging 

anticlines. Here, the ore may be controlled to a greater extent by the 

fractures associated with but not necessarily related to the folds. Hence 

the question as to the true influence of folds in the mine as well as in the 

district must remain open to question, .

Faults and Fractures

The conclusion that ore is related to faults and fractures in the 

Linchburg Mine is inescapable in any examination of the ore occurrences, 

AH of the shoots, and thus the orebody itself, are intimately associated 

with fractures or faults. The principal fault control is effected by the 

Linchburg fault zone which has acted as a conduit for ore-bearing fluids. 

This appears to be true along the entire known length of the structure 

as it is known in the underground workings. Within the favorable por

tions of the section, commercial mineralization is continuous adjacent 

to the structure.

Tension breaks which either parallel or strike obliquely away 

from the fault zone have been influential in controlling the trend and 

occurrence of the high grade ore shoots. In these situations, as with 

the major fault zones, stratigraphic favorability has combined with a 

deep "tap" to localize ore.

Evidence for the idea of feeding from these breaks is weU
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substantiated by the zonal picture of hydrothermal alteration. Both 

silicates and sulfides are zoned with reference to the faults or fractures* 

In other words, the faults form a persistent and, what I consider to be, 

indisputable and necessary part of the zonal arrangement. All areas of 

the mine in which the zones were mapped have shown that the transition 

from low grade metamorphic rocks to the higher grade facies, always 

reaches a peak in a fault or fracture.

This picture leads to an obvious conclusion that the faults and 

fractures are a necessary part of the major plumbing system through 

which ore fluids passed to deposit silicate and sulfide minerals in the 

limestones. :

Influence of Silicate Minerals

Within the selected portions of the section the influence of 

silicates upon ore deposition is pronounced, yet subtle in its character

istics, Several lines of evidence are present to indicate that this 

favor ability is not mechanical but is a definite tendency of sulfide min

erals to replace certain silicate minerals present in the alteration 

suite.

Of first consideration in concept of control is the idea that

mechanical competency might have been the most influential control----

that is, a horizon once silicated would be more competent than horizons 

above and below which had remained unaltered. Under stresses set up.
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the more competent horizons would fracture rather than yield In plastic 

flow as those above and below might be expected to do, thus creating 

broken and fractured ground, more permeable and presenting more sur

face area for chemical reactivity. In the Linchburg Mine, all evidence 

indicates the contrary. Fractures and faults that are present and which 

might have acted to fracture the ground are the source of the altering 

fluids. Zoning can be directly related to their positions. Fractures, 

therefore, existed prior to the time of silicate and sulfide deposition 

and remained as relatively permeable channelways through which the 

altering fluids passed. Intensely altered unbroken dikes which are 

present along many of the faults are strong evidence for the idea that 

most of the movement that may have taken place, took place prior to 

the time of sulfide deposition and probably prior to the time of silicate 

deposition. These fault zones which are related to silicate alteration 

are the only ones which have been found in the mine except for minor 

post ore breaking. Any stresses which may have broken the silicated 

horizons subsequent to the time of silicate emplacement are not evident, 

either in the orebody or in the surrounding limestones. Post-silication 

movement along most of the fracture zones has been negligible and where 

present, appears to be largely the result of dilation by dikes. It does 

not seem, therefore, that fault movement could have been responsible 

for any fracturing that might have taken place in a competent horizon, 

if such a thing happened.



The other aspect of the idea of mechanical breaking is that fold

ing acted to provide stresses that would either establish low compression 

zones over a fold or possibly break the competent horizons. It cannot be 

shown beyond doubt that folds did not act to set up stresses that might 

fracture silicated beds prior to the time of sulfide deposition. Several 

observations can be set forth and interpreted, however, to indicate that 

little ground preparation took place as a result of openings developed by 

folds. It is largely a question of timing since the silicates themselves 

may have been influenced to a certain extent by folding but not necessarily 

the sulfides. . v. :

Although there are no data to precisely determine the age of the

folding, Loughlin "and Koschmann, (1942) consider it to be probably

Mesozoic. Several observations may be interpreted as indicating that 

folds are at least of pre-faulting age. Preservation of the pattern of 

folds in each down-faulted slice in the Linchburg fault zone indicates 

a strong probability that folds existed prior to the time that they were 

faulted.

Had the folds created open ground after development of silicates, 

such areas of greater permeability would be expected to be present at 

the fold crests with subsequent development there of high grade mineral

ization. Further, a general pattern might be expected wherein the fold 

limbs and the flats between fold crests would be less broken and hence 

contain mineralization of lower grade or no mineralization at all. Such
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is not the case in the Linchburg orebody where mineralization is con

tinuous over the crests, down the limbs and in the flatse Development 

of ore in the north end of the mine where beds below the silver pipe have 

been extensively altered may represent conditions of intense mineraliza

tion between two closely spaced feeding structures. Interpreted in this 

manner, the erratic distribution of high grade ore may represent dif

ferences that existed in the permeability of the rock prior to alteration 

with more subtle influences operative after silicate development to con

trol subsequent sulfide deposition, :

Mechanical aspects of silicate control can thus be ruled out 

directly in the case of faults and indirectly in the case of folds. Unless 

some other unknown and undetermined cause exists, mechanical influences 

can be ruled out all together as agents of the apparent stratigraphic selec

tivity, Immediately prior to the time of hydrothermal alteration, the 

picture was one of gently folded horizons, well faulted and open locally 

to fluid attack.

Development of silicates took place in selected horizons for 

reasons which have not been precisely determined in the present study. 

Silicates in the horizons affected have abrupt contacts above, below and 

laterally with the limestones. Beyond the silicate minerals are thin 

selvages of marble or very slightly altered limestone. In the orebody,

silicate and sulfide minerals are coextensive ------- there has been no

development of sulfide minerals in the orebody beyond the altered zones.
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Had mechanical forces set up ideal situations of open ground in the 

silicated horizons, it would seem logical, from nothing more than a 

statistical point of view, that even in an incompetent horizon such as 

the overlying and underlying limestones, some opening or other manner 

of ground preparation would have taken place in which sulfides would 

have developed in the unaltered limestones. At every exposure of the 

silver pipe except for one, that horizon is compact, unbroken and 

apparently unaffected by any forces which may have been operative in 

effecting ground preparation* At one location, however, the beds have 

been brecciated and healed by calcite. This occurrence is limited in 

horizontal extent and not associated with any known faulting. The 

broken beds directly underlie silicated upper crystalline limestones 

which have been replaced by large amounts of sulfides. The brecciated 

silver pipe at this location contains neither silicate minerals nor sulfide 

minerals. Hence, provided that timing of brecciation is early, in the 

one location where ground has been seen to be prepared by breaking, it 

remained unaffected by the hydrothermal processes.

All of the evidence available and which has been presented thus 

far indicates an ore-bearing fluid which deposited its components in a 

silicated horizon rather than an unaltered horizon and did so without 

a requirement for mechanical ground preparation. Further evidence 

indicates a relationship between sulfide and silicate minerals that is 

not mechanical in nature, but rather, related to other;factors__—
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physical chemical control.

Excluding the minor amount of ore deposited in erratically located 

pods and veins, the sulfides of the Linchburg orebody are intimately re 

lated to silicate minerals. Commonly silication will persist for slight 

distances beyond the confines of the sulfide-bearing areas but the converse 

is not true. Sulfides do not cross the silicate-limestone boundary. The 

relations that prevail among certain silicate and sulfide minerals, as 

observed both in the large picture of zones and in the petrographic as

sociations indicates control of sulfide deposition was that of some property 

of the silicate mineral assemblage, not mechanical but controlled by 

physical properties of the silicates themselves.

At first glance, zoning outward from the frac tu res-----of sphalerite

to sphalerite-galena —---- would indicate a possible dependence upon a

thermal gradient. Within zones 3 and 4, however, favorability shown by 

sphalerite for garnets and by galena for sphalerites and pyroxenes in

dicates that a simple temperature gradient is not the answer although it 

may be of some importance as a part of the complete picture.

Strongest arguments for the idea of a physical chemical control
'  r= ■ -

of sulfide deposition in silicated zones are the mutual relations between 

garnet and sphalerite. Confinement of sphalerite to zones: composed 

principally of garnet rather than distribution of the sphalerite among 

all of the silicate minerals, coupled with the strong suggestion of 

crystallographic control exerted by garnet upon sphalerite deposition
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are the two strongest suggestions of silicate influence. Further evidence, 

less direct, is the absence of favor ability of galena for garnet zones, in 

part possibly related closely to thermal properties but, at the same time, 

no less dependent upon physical chemical factors.

Obvious control of sulfide deposition appears, then, to be related 

to certain characteristics of the silicate alteration suite of minerals as 

contrasted with the limited control of the limestone and the fault and 

fracture systems developed in the limestones. Control of the deposition 

of silicate minerals appears to be closely related to the same faults and 

fractures, to some unknown property of the original limestones which 

permitted certain beds within the section to be preferentially altered, and 

possibly to structural weaknesses developed as a result of folding.

The basic aspects of silicate deposition in certain portions of 

the Kelly section have not been considered as part of the present prob

lem but the process of silication in the limestones has to be considered 

geochemically since it is directly related to phases of the ore-forming 

process.

Par agenesis

It has not been possible to make a precise determination of the 

sequence of mineralogical events in the Linchburg Mine from the evi

dence available in microscopic relationships. In order to gain further 

insight of the associations, the nature of the chemical equilibria that



PLATE X
PHOTOMICROGRAPHS-------SILICATE ALTERATION

Ac

Zone 3. Alteration of typical silicate assemblage in zone 3 in 
which both hedenbergite (P) and garnet (G) alter to amphibole 
(A) which contains disseminated hematite. Nicols at 45°, XI50.

Be

Zone 2. Alteration and corrosion of garnet (G) to amphibole (A) 
and chlorite (dark gray). Some hematite (black) appears to be a 
product of the alteration. Typical in some outer areas of zone 2* 
Uncrossed nicols, XI50,





PLATE XI
PHOTOMICROGRAPHS----- SILICATE ALTERATION

A.

Zone 3e Intense alteration of garnet to amphibole (A), chlorite (C) 
and hematite (H)0 Much of original assemblage may have been 
pyroxene. Sphalerite is the principal sulfide found in such areas 
and appears to prefer chloritized zones. Uncrossed nicols, XI50.

B,

Zone 3, Typical intense alteration of garnet (G) altering to hema
tite (H) and amphibole (A)0 Sphalerite replaces altered garnet* 
Uncrossed nicols, XI80,
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may have prevailed have had to be considered as important as mutual 

relationships. Although it may be possible to place with some precision 

the relative time positions of two minerals on the basis of their associa« 

tion, such a relation is misleading in the sense that these two minerals 

could quite possibly be forming at the same time but under differing 

chemical environments in different zones. Such a situation appears to 

have prevailed in deposition of the Linchburg ores and is evidenced in 

the mineral zones which have developed and in the apparently conflicting 

data present in mutual relations of minerals.

There appear to have been two major types of hypogene mineral 

deposition, and within certain limits, each can be treated separately. 

F irst of these two features is the phase of mineral deposition that ap« 

parently prepared ground for the later changes which took place. This 

phase of mineral formation, which resulted in deposition of andradite, 

hedenbergite and hematite and which marbleized the limestone, is 

characterized by the addition and fixation of silica and iron and is 

termed the progressive phase of alteration. The second alteration 

phase which is considered is termed retrogressive and includes two 

different manifestations of alteration whose relationships to each other 

are not well enough established to effectively separate them for individ- 

ual study. Retrogressive alteration is characterized by fixation of 

magnesium in various silicate minerals as one stage and the develop-* 

ment of the base metal sulphides as the second stage.



PLATE Xn
PHOTOMICROGRAPHS-------PARAGENETIC SEQUENCE

Ao

Zone 3» Zonal pattern of alteration of garnet (G) to amphibole 
(A) which has been replaced by sphalerite (S)e Replacement is
apparently preferential---- silicates rather than calcite (C),
Hedenbergite makes up a portion of the assemblage* Uncrossed 
nicols, XI50*

Bo

Zone 3* Polished section showing encroachment of sphalerite 
(S) upon galena (G). Chalcopyrite (C) closely associated with 
sphalerite b u t,Texsolution” texture is not apparent in this sec
tion* Wave-like tendency of chalcopyrite is interpreted as 
contemporaneity with sphalerite but indicating an origin other 
than ”exsolution*” X125«



9 2

i
PL X U

A.



PLATE Xin
PHOTOMICROGRAPHS------- PARAGENETIC SEQUENCE

A,

Zone 3e Polished section showing replacement of galena (G) by 
sphalerite (S)e Chalcopyrite (C) apparently contemporaneous 
with sphalerite* X180o

Bo

Zone 3, Polished section* Possible contemporaneity of galena 
and sphalerite illustrated* Chalcopyrite blebs in sphalerite* 
Magnetite (M) and garnet (dark) in gangue mineral assemblage* 
X180*
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Neither the progressive nor the retrogressive alteration phases 

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 ideas can be used for argument, however, which would indicate 

that a time-break, if one exists, was of such short duration as to be 

insignificant.

If a time break existed, the fluids responsible for the changes 

manifested in the retrogressive alteration exhibited the same favor ability 

for the selected portions of the section as did the progressively altering 

fluids. Further once a process of differentiation is established in which 

fluids are assumed to be released from some source to form an ore de

posit, time breaks would seem to be only accidents------ in other words,

the ore deposit in the Linchburg Mine is assumed to represent the image 

of a continuous reaction* There is no more evidence to assume there 

was a time break in deposition than there is to assume there was no 

time break. I choose, therefore, to consider the alteration as a con

tinuing process in which the ore-bearing fluids, although changing 

slightly in their chemical properties, were more influenced by the 

nature of their environment of deposition. At least two changes are 

indicated which are either reflections of the chemical environment or 

are reflections of change in the nature of the fluid* Early, iron and 

silica rich minerals were deposited followed by deposition of magnesian 

and sulfide minerals* Overlap of silicates and sulfides in the zones 3
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and 4 mineral assemblage, accompanied by the formation of the selective 

sulfides, would tend to give credence to an idea of a fluid which, although 

probably changing slightly at its source and through its reaction with the 

rocks of the channel, was probably influenced to a greater extent by a 

changing physical-chemical environment at the sites of mineral deposi

tion.

The picture derived from mutual relationships of minerals in

dicates that such an idea of a changing environment is well founded.

Zone 3, the transition zone between silicate alteration characterized by 

an dr adit e and hedenbergite, is  one in which the mutual relations of min

erals indicates essential contemporaneity. This zone is interpreted as 

representing encroachment of mineralization of a zone 2 character upon 

a suite typical of zone 4. Thus, at a given instant in time, andradite 

garnet was forming; contemporaneously with manganoan hedenbergite but 

under a different chemical environment. Replacement of the original 

carbonate in all zones but zone 2 was not complete. Relations of garnet 

and hedenbergite would indicate contemporaneity. After a given time 

lapse, with the process continuing (i. e ., deposition of hedenbergite and 

andradite), the "interface” between the two mineral zones would have 

moved outward, possibly as a result of addition of heat or, more likely, 

addition of material. Interface relations would indicate contemporaneity, 

with hedenbergite and andradite forming at the same time. "Within the 

zone of andradite formation, however, much of the earlier-formed
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hedenbergite is either assimilated or is replaced by garnet. Manganese 

present in the garnet along the edges of zone 2 and within the zone may 

represent material that was originally present in the hedenbergite but 

which was incorporated in the process of mineral change. This is the 

picture that prevails in the zone 3 assemblage. The essential idea is 

that of alteration that proceeds in a wave-like fashion, minerals formed 

under one set of conditions encroached upon and assimilated by minerals 

more stable under the changed chemical environment. It accounts for 

the sphalerite-galena-sphalerite sequence; for the garnet-hedenbergite- 

garnet sequence and for the hematite-magnetite-hematite sequences.

It implies a set of thermal conditions in which both minerals of any of 

the three mentioned groups are stable.

Such a picture of alteration compares more favorably with the 

concepts of change put forward for Butte by Sales and Meyer (1948), 

than it does for the Tintic concept as outlined by Lovering (1949). At 

Butte the changes which took place in the wall rock of veins are the 

same regardless of the apparent age of the alteration, whereas at 

Tintic, alteration is pictured to be resurgent with a constant change in

the quality of fluids. Both ideas involve a wave-like set of changes----

at Butte, the same fluid acting to prepare the ground the ground under

going a set pattern of change due to one original fluid and at Tintic, a 

fluid of differing composition acting in the same manner as the single 

fluid at Butte.



Par agenesis of the major silicate, oxide and sulfide minerals is 

shown in Figure 6e The pattern of par agenesis can be deduced from the 

right hand boundary of zones 2, 3 and 4 and along the calcite boundary in 

zone 50 These lines give the existing paragenetic data as interpreted 

from polished and thin sections. Any straight line across the diagram, 

parallel to the base, illustrates the sequence and position of reactions 

taking place at a given time. Thus moving a line parallel to the base 

from the bottom of the diagram (early) to the top of the diagram (late) 

will give some idea of the apparent change which has taken place in the 

character of mineral deposition. No inference as to zone width is in

tended since it is highly variable from one place to another.

The time gradient may reflect some change in the thermal gra

dient. In other words, the system became cooler with passage of time. 

Barite and fluorite were observed in only three persistent relations to 

the orebody ■— —— lining fault or fracture zones, occurring with quartz 

at considerable distances from the orebody or occupying vugs in portions 

of the silicated zones. Hence, they cannot be considered as likely in

dicators of the changes taking place in the silicated zones. Their posi

tion in the figure, then, is meant to indicate a general lowering of 

temperature, brought about either as a result of passage of time or by 

formation long distances from feeders.

97
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Figure 6.

GENERALIZED PARAGENESIS 
LINCHBURG OREBODY
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Summary

Commencing with fracturing of the ground and the tapping of an 

unknown source, silicate deposition commenced in certain favorable 

portions of the Kelly section and was controlled either by permeability 

of the sediments or by openings developed by earlier folding or most 

probably by a combination of the two. Contemporaneous with this event 

and continuing after movement had ceased, deposition of sulfides took 

place in the silicated portions of the section and was controlled by the 

presence or absence of certain silicate minerals.

Univ. of Arizona Library



; GEOCHEMICAL CONSIDERATIONS

Introduction

Relations of sulfide minerals to silicate minerals such as prevail 

in the Linchburg Mine are not unique* The orebody is pyrometasomatic 

in practically all respects and as such falls in the category of other 

better described deposits such as Hanover (Lasky and Hoagland, 1948), 

Clifton«Morenci (Lindgren, 1905) and Iron Springs, Utah (Lieth and 

Harder, 1908)* Certain characteristics of the mineral assemblages 

present within these deposits are the same as those which prevail in 

such hypothermal deposits as Broken Hill (Gustafson, et al», 1954) and 

Sullivan, B* C* (Schwartz, 1926), This common relationship is that in 

which sulfides are present in silicated zones, associated with, if not 

observed as replacements of, the silicated mineral suite* Within broad

limits, par agenesis of the silicate-sulfide sequence is the sam e------

sulfides depositing after formation of silicate minerals.

Peculiarities of the spatial relationship of the sulfides within the 

silicate zones and of the relation of certain sulfide-silicate assemblages 

have been observed and discussed in a number of papers, Goldschmidt 

(1911, p, 41-43) observed the tendency for sphalerite to form in hedenbergite- 

andradite-rich areas of the ore deposits near Hakedal, Norway* With

100
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minor changes in the mineralogy, Goldschmidt's observations parallel 

those made of the mineralogical features in the Linchburg Mine* Umpelby 

(1916) noted some of the features of pyrometasomatic deposits with re

spect to their relation to enclosing limestones, and Lieth and Harder 

(1908) suggested the depositional processes that may have taken place 

at Iron Springs, Utah. The Pewabic Mine was thoroughly described 

by Schmitt (1939) who noted the large extent of metasomatism present 

there and proposed a logical process of deposition. Recently, Terrones 

(1958) described the relations of sulfides to silicates in the Peruvian 

Cordillera. The list of descriptions is by no means complete but it does 

represent typical papers treating salient details of these deposits.

Consideration of the miner alogical problem in certain hypothermal

deposits has been made by Gustafson, Garrety and Barrel (1954) at

Broken Hill where mineral ratios of certain sulfides could be correlated

with certain silicate mineral characteristics of the horizons replaced. ;

At Leadville, Emmons et al. (1927) have classified certain of the high
2.temperature deposits as pyrometsomatic on the basis of the presence 

of magnetite and the proximity of it to intrusions. The deposits at Lead

ville, however, are discussed with certain of the hypothermal deposits 

by Loughlin and Behre (1933, p. 43-47). Lindgren (1933) considers 

many of the high-temperature silicates characteristic of pyrometaso

matic deposits as indicators of a hypothermal environment. Thus, there 

is no sharp dividing line between certain mineral deposit types as they
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are presently popularly classified. It is desired, however, to point out 

the similarity of mineral assemblages in high temperature ore deposits 

of Mdissimilar" origin. The problem considered is not one of classifica

tion but one of mineralogical control of sulfide deposition--------a feature

which may be present in a number of deposits regardless of current 

classifications.

Early attempts to explain some of the phenomena associated 

with high temperature limestone replacements, of which the Linchburg 

Mine is typical, have been made. Butler (1923) suggested a mechanism 

which would explain the high amounts of ferric iron in the contact zones. 

Knopf (1933) noted the possible effects of mineralizers upon sulfide depo

sition and noted earlier work upon characteristic temperatures of deposi

tion. Goldschmidt (1911, p. 218, 219) noted the persistent features of 

par agenesis and suggested temperatures of formation of certain contact 

deposits. Recent work by a number of authors on the general chemistry 

of ore deposition suggests an approach to the problem from a standpoint 

that is largely chemical.

The present study has indicated that the processes of silication 

and ore deposition at the Linchburg Mine are time divided to a certain 

extent but appear to be parts of one continuing process. Thus the prob

lem will be considered from the period of initiation of calcium-iron 

silicate minerals to the apparent completion of the hydrothermal process 

or development of sulfide minerals. In order to consider the alteration
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problem as completely as possible, certain of the basic concepts of ore 

deposition have to be evaluated both generally and as they apply to the 

problem in the Linchburg Mine,

Physical Conditions

General Considerations

The favorable horizons of the Kelly formation (those replaced by 

hydrothermal minerals) are considered as representing an open system® 

Implications of such a consideration are (a) that there is opportunity for 

release of pressure, (b) opportunity for a certain amount of heat dissipa

tion which may act through a fluid partially saturating the host rock, and (c) 

that there remains throughout the process, a certain amount of open space 

in the host rock, either in fractures or in intragranular openings through 

which gaseous or liquid material (fluid) can continually move.

Some assumptions are required to justify the above consideration 

of an open system but such assumptions are not completely without basis, 

being premised on physical laws and field observations.

Pressures

The Linchburg fault zone, which served as the major feeder to 

the Linchburg orebody, is exposed at the surface, some 500 feet above 

the replaced beds. If it can be assumed that the ore-bearing fluid was
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a column of that height, then it can be treated from the aspect of static 

hydraulicso The column would be subjected to four principal forces: a 

driving pressure from the source of the fluid, brought about either as 

the result of mechanical forces or as a result of pressures due to high 

temperatures* The driving pressure would be reacted upon (impeded) 

by internal friction of the fluid itself, a hydrostatic head, due to the 

height of the column of fluid, and friction created by irregularities in 

the wall of the channel* If the column ever came to rest, friction of

both types would be negligible------- the column being in balance as a

result of equality of driving pressure and hydrostatic head.

It is not known for certain whether the fluid column which occupied 

the Linchburg fault zone ever reached an equilibrium state during the 

process of ore deposition — — that is, one in which the driving pressure

was counter-balanced by the hydrostatic head —------ but in view of the

scattered "leakage" mineralization found along the fault outcrop there 

were at least some times during which material was supplied to the 

upper reaches of the fault. So many variables exist that no precise cal« 

culation can be made of the pressures that may have prevailed at a depth 

of 500 feet, the depth below the surface at which Linchburg ores are now 

found* However, consideration of static hydraulics supply minimum 

figures that are instructive, at least indicating an order of magnitude.

Density of steam at 220° C is approximately 0* 7 pounds per cubic 

foot* If the height of a column of steam is considered as 500 feet, a
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pressure can be calculated without consideration of density change due 

to pressure of the column, giving a figure of 350 pounds per square foot

at 500 feet of depth. If a fluid of the density of water is considered------

48 pounds per cubic foot at 220° C ------- a figure of the order of magni

tude of 25,000 pounds per square foot at 500 feet of depth is indicated. 

Thus an absolute minimum pressure of 350 pounds per square foot is 

not unreasonable and is probably as high as 25, 000 pounds per square 

foot (12 atmospheres), dependent upon the physical condition of the fluid 

and the height of the column.

Contrasts in the lithology of the Kelly section from dense lime

stones to coarse-grained units, coupled with the apparent favorability 

of the fluids for the more coarse grained units would seem to indicate a 

favorability influenced at least initially by a permeability contrast. Ohle 

(1951, p„ 908) showed that among 3 rock types in the East Tennessee 

District, dense, fine-grained limestone was less permeable than more 

coarsely crystalline varieties of dolomite and has inferred that the 

favorability of ore fluids for recrystallized beds may be largely a re 

sult of increased permeability. No analytical work was undertaken in 

the present study but it is tentatively assumed that either permeability 

or porosity was an influential factor in the determination of specific 

favorable horizons in the Kelly formation.
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Temperature

Zoning of both silicate and sulfide minerals in the Linchburg ore 

shoots may indicate a temperature gradient that had its high at the feed

ing fractures and its low at the limestone edges of the orebody* Actually, 

the magnitude of the gradient is not known and it may be that the mineral 

zoning exhibited is more a reflection of chemical conditions that prevail

ed rather than a sharp drop in temperature.

Initially, ore-bearing fluids, presumably hot would definitely 

create a temperature contrast between the center of their channel of 

travel and the adjoining host rock of the channeL The initial contrast

would be quite sh a rp -------- hot fluids and cold rocks. However, if the

fluids permeated a considerable volume of rocks, as they did in certain 

portions of the Kelly section, heat was transferred to the rock through 

fluids and the high heat content of the fluids was thus distributed through 

the host rock until both host and fluid were at the same temperature.

This is a situation that must have prevailed whether or not fluids them

selves actually flowed through the host rock* If the fluids were actually 

in movement then heat was added to the host rock quite rapidly. If the 

fluid was static, then heat was added more slowly through a process of 

convection or conduction or diffusion.

In the Linchburg orebody the ore shoots range in width from 

several tens of feet to a few inches. Regardless of the size, most 

exhibit a complete pattern of zoning ranging from garnet to marble.
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A large amount of material has been added and an equally large amount 

of material has been carried away,

Ramberg (1952, p, 210) has supplied information that is instruct 

tive if ionic diffusion is to be considered as having taken place in the 

Linchburg orebody. He has shown that a plate of sodium 100 meters 

thick could be deposited during a period of 100 million years through a 

process of diffusion. Time factors for deposition of Linchburg ores 

are not known but it is believed that the orebody formed during a con

siderably shorter period of time. This belief is based upon the relative 

short duration of most known volcanic activity, and the rapidity with 

which minerals are known to form in fumarolic environments. The 

width of the Linchburg orebody, in one place, actually 200 feet wide, 

would indicate a duration of mineralization of some 80 million years, 

assuming linearity of deposition. It cannot be shown conclusively that 

this time span would be incorrect but it does not seem reasonable. 

Although it seems possible that ionic diffusion could take place through 

a fluid that is static the large amounts of material added and carried 

away would seem to require an explanation that invokes something more 

than diffusion. Further, the fact that silicate minerals are in beds that 

appear to be more permeable than unreplaced horizons, indicates that 

the fluids did gain access to the rock. Hence flow of the ore-bearing 

fluid possibly coupled with diffusion, would seem to be the principal 

manner of introduction of material to the host rock.
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If the fluids moved through the rock, the heat which they contain

ed would be transferred to the host rock until both fluid and host rock 

were at the same temperature* With continued flow of material more 

and more of the host rock would be heated. Unless the concentration of 

elements in the fluid is very high, a considerable amount of fluid would 

be required to add all of the m aterial which is not indigenous. Further, 

a considerable flow would be required to transfer dissolved material 

away from the site of deposition. If this is the situation, it can be seen 

that heat was added to the host rock at a faster rate than was material 

and most heat was added to those rock units through which the fluids 

passed. Taking this process somewhat further, a portion of the host 

rock could have been thoroughly heated prior to the time that any depo

sition of minerals took place. Reaction took place initially at the edge 

of the channel at which time the ore fluid lost many of its components 

in the process of mineral formation. Heat was added to the fluid as a 

result of crystallization (exothermic reactions) and some heat was taken 

from the fluid as a result of solution of the host rock (endothermic re

actions). Lovering (1955) concluded, with respect to intruding magmas, 

that heat introduced to the wall rock by a moving magma cannot be 

carried off by conduction as rapidly as heat is supplied to it. This 

simply means that the host rock will be heated. The only question is 

one of degree. It may be that a situation could exist, through addition 

of heat, in which temperature of the rock may be nearly uniform across
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a broad zone of the host rock in which no reactions are taking place, a

thermal front that proceeds a reaction fro n t------- heat flow taking place

independently of reaction.

Time is a factor that has not been considered and it should be 

emphasized that a concept such as that developed above, is dependent

upon both time and concentration-------unknown factors. The concept

is simply speculative, but it is intended that it serve a purpose. Actually, 

a gradient of temperature probably did exist across the Linchburg ore 

shoots. It is desired, however, to illustrate the idea that temperature 

change may not have been as important a factor in development of

silicate zones as were changing chemical environments--------a topic

discussed in a later section of the paper.

Chemical Principles '

Portions of the suggested explanation for development of the 

hydrothermal mineral suite have premised upon certain chemical prin

ciples. The two fields most heavily relied upon are: F irst, those deal

ing with the actual behavior of elements and ions as explained by ionic 

size, charge and electronegativity; and second, that which relates to 

the stability fields of ions and compounds as expressed by conditions 

of Eh and pH.
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Crystal Chemistry

Goldschmidt (1937) suggested rules which govern the diadochic 

nature of ionic behavior in magmas* The most important of these is

the one which recognizes the importance of ionic s iz e -------- in order

for two ions to be diadochic, their ionic radii must not differ by greater 

than 15 percent* Recently, Ringwood (1955) has pointed out the effect 

of bonding upon diadochic behavior. Goldschmidt* s proposals assumed 

a purely ionic bond. Ringwood, however, has noted that the bonds treat

ed in the compounds or minerals formed are not purely ionic and are 

subject to a certain amount of weakening due to the influence of a co

valent character* This weakening can be expressed by means of electro

negativity (Pauling, 1948), a factor which expresses the ability of an 

element to attract electrons to itself. The greater the electronegativity 

of a cation, the more covalent it becomes in combination and hence is 

a weaker bonded substance* In a compound, AB, this can be shown by 

considering that the difference of -  x^, the electronegativities, gives 

a rough approximation of the percent of ionic character of a bond when 

used as shown below:
3 r i

* / percent ionic -  ¥  (x^ -  Xg) - 0 . 4
character L

Ringwood has applied the idea of mixed bonds to a moderate degree of

* / A relationship suggested to the writer by Dr. Millard Seeley 
of the Chemistry Department, University of Arizona*
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success in explaining the behavior of elements during magmatic crys

tallization and suggests the following principle: "Whenever diadochy in 

a crystal is possible between two elements possessing appreciably dif

ferent electronegativities the element with the lower electronegativity 

will be preferentially incorporated because it forms a stronger and 

more ionic bond than the other, " Such a principle is applicable when 

diadochic elements differ in electronegativity by more than 0, l e

Ionic potential is an empirical factor that is derived by dividing 

ionic charge by the radius of the ion. It is an expression of the behavior 

of small highly charged cations which have a tendency to attract more 

anions to themselves than do others. The higher the ionic potential 

the greater this tendency will be. On this basis, certain cations can 

be considered as complex formers because of their ability to shield 

themselves with available anions. These data from Ringwood (1955) 

are summarized in Table 1 for the principal silicate-forming cations 

present in abundance in the Linchburg ore suite.

Table 1, Ionic Radii, Ionic Potentials and Electronegativities,

Element (ion) Ionic Radius Ionic Pot, Electroneg.

Fe+3 0o 64 4.68 1.8

Mg*2 0.66 3.40 1.2

Fe*2 0.74 2.70 1. 65

Mn*2 0.8 2. 50 1.4

Ca*2 0.99 2.02 1.0
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Oxidation Potentials ^ .

Relationships which prevail between compounds of different oxida

tion states or between ions in different oxidation states can be shown by 

means of Eh -  pH diagrams provided sufficient thermodynamic data are 

available* The method has been used to an increasing extent in geologic 

literature and for detailed information regarding the mechanics of it, 

the reader is referred to other papers, particularly by Garrels (1954) 

and Krumbein (1952)* The basic principles upon which this procedure 

is based can be seen in such textbooks on thermodynamics as Glasstone 

(1947, p„ 283, 468)* Information shown by such diagrams is useful in 

demonstrating the dependence of certain geologic reactions upon physical 

conditions but it is limited in its use by the sparing amount of thermo

dynamic data available for reactions that take place at elevated temper

atures* Some data are available for elevated conditions, based primarily 

upon Cp equations, many of which have been compiled by Kelley (1949), 

These values can be used to show principles but caution should be ob

served in basing any conclusions on them*

Progressive Alteration

General Considerations

The process of progressive alteration has resulted in addition 

and fixation of large amounts of iron and silica and lesser amounts of
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manganese as silicate and oxide minerals. Four minerals have develop*

ed in abundance--------andradite, manganoan hedenbergite, hematite and

magnetite. Zonal relations indicate a gradient that reflects a changing 

chemical environment manifested by mineralogy and changing oxidation 

states of iron. According to classic thought, the gradient might also 

be considered as thermal as shown by the change from andradite to 

hedenbergite.

Magnetite is present, associated with hematite and hedenbergite 

but only rarely with andradite. Overlap of andradite and hedenbergite 

exists but each is present as the principal mineral of a silicate zone.

The problem of mineral formation during this alteration stage can be 

approached from two aspects.

Definite zoning of iron is exhibited in which the highest oxidation 

state (F e^) is present in abundance at each edge of the altered zone.

In addition, sharp contrasts in crystal structure are present in the 

silica types which are correlative with zoning of manganese and iron. 

These relations are shown in Table 2,

Table 2, Mineral Characteristics

Zone 2 Zone 3 Zone 4 Zone 5» ,

nesosilicate transition inosilicate

high Fe+3 High Fe+2, low Fe4"3 equal Fe+2 and Fe43 low Fe+2_

Oxidation increasing

high Fe+J
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Crystal Chemistry :

Garnets are neso s ilica tes------- they consist of discrete SiO^

tetrahedra linked by metal cations is six« and eight-fold coordination 

with oxygen* In andradite, Ca"r is in eight-fold coordination and Fe 

in six-fold coordination with oxygen which is shared with Si*^* Man

ganese present in the garnet may proxy to a limited extent for Ca4̂  but 

the extent of proxy is controlled by both charge and size*

Pyroxenes are inosilicates that consist of chains of silica tetra

hedra sharing a single oxygen between two adjoining tetrahedra* Metal 

cations, usually bivalent, link adjoining chains by sharing oxygen in six

fold coordination* Manganoan hedenbergite consists of Fe+^ and Ca+^ * 

in six-fold coordination with oxygen and Mn+^ is probably diadochic to 

a limited extent with Ca+ «̂

A sharp contrast in structural type is thus seen in two silicates, 

both containing iron but in a different oxidized state — —  garnet with 

unconnected silica tetrahedra and a pyroxene with linked tetrahedra* A 

clue to the manner of formation of these silicates might be gained from 

a consideration of the metal cations present in them* In the zone closest 

to feeders andradite is  the principal mineral and contains ferric iron* 

This zone invariably represents complete replacement of the host rock 

and is marked by the absence of ferrous iron*

Ringwood (1955, p* 243) has illustrated the effect of certain
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complex ions upon a silicate melt in establishing a surplus of certain 

anions. This is achieved Airing crystallization when ions of low poten

tial surrender their shielding anions to smaller and more highly charged 

atoms. The metal cation is thus liberated and acts as a free ion.

Ridge (1956) has suggested that ferric iron may exist in the ore 

fluid as a complex, FegO^*^, a shielded ion. Ferrous iron may exist 

as a free cation. Ferric iron and silica were apparently the most abun

dant elements introduced during the earliest metasomatic stages. Be

cause of their high ionic potential, both elements are much more capable 

of complex formation than are the other elements present in the altera

tion assemblage. During the late stages of magmatic crystallization 

many cations are incorporated in the rock-forming minerals yielding 

some oxygen and the hydroxyl ion which serve to shield the more highly 

charged cations not incorporated in the minerals being formed in the 

igneous rocks. From this concept, it is  possible to suggest a mechanism 

of the progressive alteration process that took place in the Kelly beds.

Fluids, derived from the source rock and which were rich in 

iron and silica, moved through the permeable horizons. Limestone 

adjacent to the channel was dissolved and the replacement process in

itiated. Catalysis of the reactions is a process that is poorly understood. 

Garrels and Dreyer (1952) have suggested the influence of very slight 

changes in the pH of an ore fluid to be of extreme importance in lime

stone solubility. In their work on low temperature replacement processes
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they proposed that the fluid may be slightly a c id -------pH of around 6.

At higher temperatures, the influence of pH may be more critical and 

influenced to a certain degree by the extent of limestone breakdown 

under heaU The physical nature of the ore fluid is  not known, but it 

can be seen that the fluid did permeate the lime horizons. In order to 

do this, it is suggested that an area of lower pressure existed within 

the favorable horizons. If the fluid which reached the favorable horizons 

was in the gaseous state, which it might have been at some high temper« 

ature, any phase change it may have undergone could have liberated a 

considerable amount of heat. This heat liberated in the replaced hori

zons might have had considerable influence upon breakdown of the car

bonate, This is merely speculation but it is desired to point out that 

certain physical changes in the state of the fluid could have played as 

important a part in initiating and providing energy for the replacement 

which subsequently took place, as did the chemical state of the fluid.

Another explanation.for initiation of the replacement process is 

suggested by the apparent favor ability of silica for limestone horizons. 

This is a feature commonly seen in many Cordilleran mining districts 

where development of jasperoid in limestone is a widespread manifesta

tion of the alteration process. The replacement process might come 

about from the complexing of silica in the ore fluid by calcium which 

would form a strong bond with oxygen, much more so than would ferric 

iron. Calcium might form a bridge that would link silica tetrahedra.
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This too is speculation but the favoraMlity of silica for limestone hori

zons cannot be questioned — it is just a question of the basis for 

the favor ability, chemical or physical? , ,

Once breakdown of limestone was initiated by some process, 

possibly related to those mentioned above^ ferric iron, available in 

the system, would be largely stripped of its oxygen shield by silica 

which has a much greater ionic potential and the immediate result 

would be establishment of an elemental assemblage in which oxygen 

is in abundance. Actually, each tetrahedra might be completely satis

fied in its quest for oxygen. Ferric iron, would still be a strong com

petitor for oxygen and would combine with the silica tetrahedra or, if 

they existed, the calcium-silica complexes —------the result with order

ing would be andradite garnet. This, explanation, if correct, is greatly 

oversimplified but certain characteristics of the elements present should 

be re-emphasized, Andradite, the highest grade of silicate mineral 

present, contains silica and ferric iron, the ions of highest ionic poten

tial and contains calcium, which of the other elements present, forms 

the most ionic or strongest bond. One can only speculate as to how and 

under what conditions the silicate is formed. However, the temperature 

of formation is probably high, since the mineral is closest to the feeding 

channels.

Waste products and m aterial which did not react in garnet forma- 

tion were Fe+%, M n^, COg and some C a ^ . Minor amounts of complexed
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or uncomplexed Fe+'* may have been available, depending upon its orig

inal concentration in the fluid* Silica which reached zones 3 and 4 was 

oxygen poor by contrast with that which was fixed in zone 2. Thus an 

environment was present in which conditions were different from those 

which prevailed during formation of garnet* Since the silica was de

ficient in oxygen, chain silicates might have formed in which each 

tetrahedra was required to share two oxygen ions,. one with each neigh

bor* In zone 3, one in which the silicates are noticeably poor in ferric 

iron, the controlling features of mineral formation are the presence of 

the products which have passed from zone 2*

In zones 3 and 4, ferric iron loses to silica in the competition 

for oxygen because of its lower ionic potential* A minor amount of 

ferric iron is tied up in the hedenbergites (Allen and Fahey, 1957, p. 

886) but some explanation is required to account for its paucity in the 

zone 3 and zone 4 pyroxenes„ Either it was not available for incorpora

tion, or it could not be incorporated to an appreciable extent because of 

the requirements of the pyroxene structure* It is not known which of 

the alternatives is true* Ferric iron is present in these zones to a 

minor extent in hem atite--------some of which appears to be contempo

raneous with pyroxene. Were temperature levels or chemical condi

tions in zone 2 sufficient to uncomplex iron and insufficient in zone 3?
+3This question cannot be answered* Hematite, consisting of Fe -  O 

bonds is present in the outer zones, the same bond that is present in
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zone 2, Perhaps, the ferric iron was recomplexed in zone 2 by oxygen 

liberated in the breakdown of calcite - —■— this could have given rise  

to a lowering pH away from the channel and could have resulted in for

mation of hematite, merely by the acquisition of oxygen indigenous to 

the host rock#

Ferrous iron, manganese and calcium would have been incorpo

rated in the pyroxenes forming strong ionic bonds. The contrast in

silicate types------- garnets and pyroxenes -———  might have been

brought about by the availability of oxygen and possibly by the absence 

of ferric iron in a complexing state. Thermal factors cannot be con

sidered important because of the apparent mutual relations of the two 

silicates in zone 3, Here, most of the garnet present occurs as re

placements of both hedenbergite and calcite. But, some of the pyroxene 

shares mutual relations with garnet. The suggestion is contemporaneity 

of formation, which strongly suggests controlling factor s other than 

temperature.

Iron Zoning

In zone 5, the oxidation state of iron at the limestone side of the 

zone is as the ferric ion in hematite and not uncommonly, the reduced 

form —— — magnetite. Hematite prevails across the zone and into zone 

4 where the amount of hematite decreases sharply with a corresponding 

increase in magnetite that persists into zone 3. In zone 3, ferrous iron
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is the prevailing state while in zone 2 (andradite), the oxidation state is 

universally that of the trivalent ion* Thus, at each extreme of the alter

ed zone, iron exists in its oxidized state. The most conspicuous change 

is that which exists between the hedenbergite-bearing zone and the 

andradite-bearing zone. The extent of oxidation of iron decreases 

abruptly at that place but gradually increases in amount as the outer 

edge of the altered zone is approached,

In the ore fluid, ferrous iron is believed to be abundantly present 

as the free ion (Ridge, 1952, 1956). Turner and Verhoogen (1951, p. 

239) have pointed out that continued differentiation of a silicate melt re 

sults in an increase of the FeO/MgO ratio.

It has been brought out that the zone which adjoins feeders is 

rich in ferric iron in contrast to the ferrous ion. If the fluid which 

transferred the iron to the host rock is assumed to be continually re 

plenished by iron in both valence states, the ferric iron is retained in 

the first zone (2) while ferrous iron, not incorporated in minerals 

passes through it. The fluid which reaches the area of hedenbergite 

formation is enriched in ferrous iron with respect to the amount of 

ferric iron. Presence of abundant ferrous iron in the zones beyond 

garnet indicates an environment in which the ferrous ion was stable.

In such an environment, trivalent iron entering would be reduced to 

some extent to the ferrous state. Another alternative, already sug

gested is that ferric iron reaches the zone as a complex and because
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of a different environment does not uncomplex.

Some idea can be gained of the stability field of hematite-mag

netite through the use of Eh-pH diagrams. Employing the data of Kelley 

(1949) and Latimer (1952) on thermodynamic properties of magnetite- 

hematite at elevated conditions the general trend of stability can be 

shown. Using the equation:

2Fe304 + HzO —-  3Fe20 3 + 2H+ + 2e” 

free energies can be calculated at temperatures for which data are avail

able, This was done for temperatures of 25° C, 200° C, 500° C, 600° C 

and 700° C, through the general thermodynamic relationship

A F = AH -  TAS

in which F is free energy, H is enthalpy, S is entropy and T is temper

ature (Kelvin), Substituting calculated free energies for these temper

atures into

A F  g - n f  E

in which (n) is the number of faradays (f) will yield a value for E# As

suming unit activity for hematite and magnetite, relationships can be 

determined for Eh and pH by use of the expression

Eh -  E + RT log pH

The results are reproduced in Figure 7, Examination of this figure 

shows the considerably expanded field of stability of magnetite at higher 

temperatures. Hematite could be stabilized by either an increase in pH 

or by a temperature drop or by an increase in the oxidizing nature of the
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fluid® Krauskopf (1957) has suggested that the presence of both mag

netite and hematite at a granite contact can be explained by very slight 

differences in the oxidizing nature of the fluid in contact with the min

erals® Such a situation appears to have prevailed in the Linchburg ore- 

body where both minerals are mutually associated® The only condition 

that Krauskopf would require for the presence of both minerals would

be an environment ’’slightly more oxidizing than normal” --------thus

the fluid which was present during the time of formation was probably 

in a fairly delicate balance along the boundary between the two states of 

iron shown® Increasing amounts of hematite in the altered zone as the 

outer edge is approached suggest that the environment became increas

ingly oxidizing to permit the stability of hematite.

Liberation of large amounts of COg took place in breakdown of 

calcite which may have affected the nature of the reaction. The manner 

of influence, however, must be questioned since Hawley and Robinson 

(1948) have shown that oxidation of magnetite to hematite by COg appears 

to be an improbable reaction. Ratios of concentration of COg to CO at 

25° must be in the ratio of an excess of one million to one for such a 

reaction to take place. However, they have shown that at 700°, the 

ratio drops to 20 to 1. This latter figure is based upon thermodynamic 

data which is of questionable value but a trend is indicated. Either CO,

once formed has to be removed from the system or COg has to be present 

in considerable abundance. The idea of reaction by COg, therefore has
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to be considered but with some question as to its validity.

The ideas expressed above present a possible explanation of the 

phenomena observed in zones 3, 4 and 5, No precise idea can be gain

ed of the chemical nature of the environment except that it is strongly 

oxidizing, becoming increasingly so as the outer edge of the altered 

zone is approached.

Discussion and Summary

If the idea is accepted that alteration phenomena can be explained 

through reaction gradients, then an explanation becomes apparent for the 

silicate relations in zone 3, the transition zone. Reaction would take 

place closest to the walls of the channels and would move outward away 

from the point of initiation as material becomes available. The picture 

is one of encroachment of zone 2 upon zone 4 with resultant overlap of 

silicate minerals in zone 3. As the zones encroach upon each other, 2 

upon 4 and 4 upon 5, a changing environment, possibly increasing tend

ency for oxidation, breaks down the ’’lower intensity'1 minerals, and 

’’higher intensity” minerals take their place. Temperature effects cannot 

be evaluated since it has been pointed out that there appear to be some 

temperature ranges in which the two adjoining silicate zones are stable.

Some aspects of the process are unexplained. The effect of 

mineralizers has not been considered from lack of data. It may well be 

that they were of considerably more influence than is now apparent. The
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influence of carbon dioxide present in some abundance cannot be accu

rately evaluated because of lack of consistent thermodynamic data. If 

CO2 were available in the ore fluid, coupled with CO2 being liberated 

by breakdown of limestone, perhaps the concentration ratios (required 

for oxidation of a part of the magnetite) could have been maintained.

The pH of the system is unknown. During crystallization of a 

magmatic melt, the trend would be to establish an increasingly lowering 

pH through incorporation of oxygen in minerals being formed. The ini

tial pH can only be surmised. The effects of temperature on the pH at 

which calcite becomes unstable are not accurately known, but Graf and 

Lamar (1955) have pointed out that the effect of either salts or gaseous 

water vapor accelerated decomposition. The pH could have been high 

(alkaline) with salts or mineralizers present aiding decomposition.

Mechanics of the breakdown of calcite are not understood nor are 

the catalytic factors which initiated deposition of the silicate minerals. 

Speculations have been made that have only theoretical backing - —— 

experimental evidence was not uncovered. . ^

Retrogressive Alteration 

General Considerations

Following the progressive alteration in which iron and silica were 

introduced and fixed on a large scale, two types of reactions took place,
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one of which was fixation of magnesium in certain amphiboles and chlo

rites, and the other, development of the sulfide minerals. These two 

stages are considered retrogressive in the sense that they are changes 

effected through later reactions by components either indigenous or 

transported into the host rock. Further, paragenetic relations indicate 

that magnesian alteration and development of sulphides has been imposed

upon the entire altered span of lim estone-------- garnets and pyroxene

altering all alike to the magnesian amphiboles and chlorites which in 

many instances were subsequently replaced by sulfide minerals.

It is possible to separate the two reactions for the purpose of 

consideration of mineralogy. However, there is some evidence to indi

cate certain of the magnesian minerals, particularly chlorite, may have 

developed concomitantly with formation of sulphides and that the two min

eral groups--------chlorites and sulfides----------are genetically related.

Time relationships of retrogressive alteration to progressive 

alteration are not clear. There are certain indications that point strong

ly toward an idea that both progressive and retrogressive alteration took 

place at the same time but at different places in the system. This idea 

will be further amplified. Since the two processes may be related to 

each other, it is not possible to discuss them as completely isolated 

phases and discussion will entail some overlap.
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Magnesian Alteration

Manganoan hedenbergite and andradite have both altered to what 

appears to be the monoclinic magnesian amphibole5 cnmmingtonite*

Minor amounts of actinolite and tremolite may be present as replace

ments of the garnet and pyroxene but the identification of those amphiboles 

is not positive* Cummingtonite has subsequently altered to chlorite as 

has andradite but hedenbergite does not commonly exhibit this tendency.

Kerr (1955) has noted that hydrothermal dolomitization of lime

stone and chloritization of intrusives marks the earliest recognized 

phase of alteration in a number of mining districts* The situation at 

Magdalena is similar except that large amounts of iron and silica were 

introduced previously*

Goldschmidt (1911, p* 201-210, 352-357) observed the transition 

from pyroxenes to amphibole in numerous contact aureoles in the Oslo 

region* Lindgren (1933, p. 701) lists tremolite as a common accessory 

mineral in pyrometasomatic deposits and at Hanover, some amphiboles 

are developed outside of the areas composed principally of pyroxene.

. At Magdalena, alteration of both garnet and hedenbergite has 

resulted in formation of amphibole and closely associated hematite*

Other products of this alteration appear to be minor amounts of calcite 

and quartz* No analyses of cummingtonite were made but it is presumed 

that in view of the development of chlorite and the amphibole, introduc

tion of magnesium into minerals during the later stages of hydrothermal
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alteration took place. Three possible conditions may have prevailed 

during mineral formation which serve to explain the behavior of mag« 

nesium during the alteration process. One implies that concentration 

of magnesium in the ore fluid changed radically at some point in the 

differentiation history of the magma. Another explanation is that the 

concentration of magnesium in the ore fluid remained essentially un

changed from the onset of silicate alteration but that conditions which 

prevailed during silicate alteration changed to an environment in which 

magnesium was fixed. A third alternative is one which involves a com

bination of the above two fac to rs--------that is, magnesium may have

been present in some quantities from the onset of alteration but that due 

to a changing environment and slight changes in concentration, a certain 

point may have been reached in which magnesium was stabilized.

An ore fluid which escapes from a mass of differentiating material 

would change its composition through the reactions which take place dur

ing consolidation and formation of minerals in the parent rock and might 

also change its composition through reaction with the wall rock of the 

channel through which it passes. The effects of the first process could 

be brought about fairly rapidly through rapid dissipation of heat which 

would influence reactions in the magma* However, the early fluids 

might have a qualitative composition not differing too distinctly from 

the fluids released at a later time. Thus there is indicated a change 

in composition of the ore fluid but not a sharp change in the qualitative

128
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content of metal ions. Effects of the second process would depend upon

two fac to rs------- the reactivity of the wall rock of the channel which

would be influenced by the physical character of the fluid. The amount 

of this change would be directly influenced by the amount of wall rock 

available for reaction dependent upon length of the channel and by the 

length of time during which reaction took place.

Minor amounts of magnesium are present in the hedenbergite 

of the Linchfourg Mine (Allen and Fahey, p, 886). If the general con

dition of increasing iron to magnesium ratios as stated by Turner and 

Verhoogen (1951, p. 239) pertains, then an explanation is required to 

account for the relative unreactivity of magnesium during the time of 

iron fixation. This explanation is sought as an alternative to the idea 

that a sudden drastic change takes place in the composition of the ore 

fluid, a concept envisioned by Lovering (1950). It is more reasonable 

in view of mineral relationships to assume an ore fluid, nearly uniform, 

than it does to postulate one which suddenly changes composition and 

for that reason the following explanation is suggested.

Examination of Table 1 (p. I l l )  shows that except for ionic po-
4-2 4-2tentials and a slight difference in size. Mg and Fe are similar.

Due to its slightly smaller size, however, Mg+  ̂possesses a higher 

ionic potential and thus its tendency to complex is slightly greater than 

is the tendency in Fe+^.

Silicate structures which formed in zone 2 did not incorporate
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+oFe because of the low strength of its bonds as compared to those

formed by calcium ------- the same reasons could be advanced for non«

incorporation of magnesium. In spite of its size which is close to that 

of ferric iron, its charge of 2 would not satisfy the requirements of the 

garnet structure. Incorporation of Mg+  ̂ in amphiboles of zone 3 and 4 

suggests a relationship with water. Magnesium in the ore fluid, an 

environment which is presumed to contain water, could complex with 

certain anions available. These anions could be OH" or O"^. BE, as 

Graton (1940) suggests, the hydrothermal fluid is initially alkaline^ 

sufficient OH~ would be available for screening Mg"1"̂  and the complex
m

Mg (OH) 4 ^  is suggested. Oxygen present in the original fluid would 

gradually be incorporated in complexes or, as has happened, in silicate 

minerals. Such a reaction in the orebody or with the wall rock would 

gradually increase the concentration of H* in the zone of mineral forma

tion. Through reaction with the magnesium complex, the excess protons 

would form water and release magnesium for incorporation in certain 

silicate structures. .

Extrapolating the process a bit further, development of Mg+  ̂

amphiboles in the silicate suite could represent a transition period in 

the depositional environment in which H"*" becomes increasingly available, 

decreasing the pH.

Igneous rocks present in the orebody and elsewhere in the mine 

exhibit extensive alteration to chlorite ——— pennine and prochlorite.
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This mineral has developed from mafic minerals present originally in 

the dikes and in some instances has been accompanied by or has been 

proceeded by extensive development of magnetite. Dikes in the orebody 

are intensely altered and some of them consist of little more than . 

pennine-magnetite assemblages, with subordinate calcite or dolomite. 

Such alteration, particularly development of chlorite reflects a consider** 

able addition of magnesium.

Experimental data on chlorite formation do not give much concrete 

information with respect to formational environments. Chlorite has been 

formed from garnet in alkaline solutions (Lindner and Gruner, 1939) from 

montmorillonite in alkaline solutions (Caillere, 1949), from pyroxene 

and amphibole in alkaline environments (Freidel and Grand jean, 1909) 

and in an acidic environment from biotite, almandite and chloritoid 

(Lindner and Gruner, 1939). Kerr (1957, p» 137) infers that the process 

of chloritization at Marysvale represented a high pH environment in the 

late stages, of alteration. It is  difficult in view of the wide variety of 

formational environments to make any concrete statement about the 

environment in the Linchburg dikes under which chlorite was formed.

Development of chlorite in the silicated zone, considered apart 

from the development of that mineral in the dikes, took place by altera

tion of an dr adit e and amphibole. Almandite and hornblende were altered 

to chlorite by Lindner and Gruner (1939) in alkali sulphide solutions at 

300° of temperature. This work was carried out in both acidic and .
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alkaline mediums. Alteration of this aspect will be considered more 

fully in the discussion that follows but it should be pointed out that the 

chlorite developed in the silicated zone is closely related, spatially, to 

the sulfides subsequently formed, and that concomitant development of 

hematite indicates an oxidizing environment,

Sulphide Alteration

Four sulphides have developed in the Linchburg orebody------

galena, chalcopyrite, pyrite and sphalerite. Of the elements repre

sented by these minerals, only iron is present in abundance in the sys

tem from the start of the alteration process. Addition of Zn, Cu, Pb 

and S have thus to be accounted for in the depositional sequence.

A number of workers have considered the idea of transport as 

and deposition from complexes. Ridge (1956) has illustrated the poly

merization of zinc-sulfur and lead-sulfur complexes and Hemley (1953) 

has treated the formation of and character of certain lead-sulfur com

plexes.

Ridge (1956) has shown that the possible complexes ZnSg"^ and 

Zn(8H)4 ^ breakdown under acidic conditions to ZnS and HgS as follows: 

ZnS3~4 + 4H+ -  ZnS + ZHgS and
n

Zn(SH)4~ + 2H+ -  ZnS + 3H2S.

In much the same manner, the complexes of lead, PbgSĜ ** (Ridge, 1956)
n

or Pk(SH)2~ (Hemley, 1953) would deposit galena under conditions of

6
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decreasing pH* Hemley (1953) has shown the critical point of solubility 

of lead-sulfide complexes at a pH of approximately 8 with decreasing 

solubility at higher pH* The implication that pH changes are influential

in effecting deposition of sulfides is strong--------an acidic environment

the most favorable.

The data of Kullerud (1953) on the FeS-ZnS system indicate a 

relation between temperature of formation of sphalerite and the amount 

of pyrrhotite contained in the molecule. Recently, limitations have been 

proposed upon the value of the concept by Fryklund and Fletcher (1956) 

who point out the importance of iron availability, and by Lyons (1958) 

who questions the concept upon the basis of time requirements for pres

ervation of the solid solution characteristics. Iron saturation in the

Linchburg orebody cannot be established —-----doubt exists that excess

iron in a state suitable for combination in sphalerite (ferrous) was avail

able, However, representative sphalerites of the Linchburg orebody 

were analyzed by X-ray techniques and a marked difference in the amount 

of iron contained in that mineral is apparent. These data, combined 

with the values given by Kullerudrs charts (Fig. 8) are shown in Table 3.
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Table 3. X-ray Data,

Sample Location Cell edge mol percent FeS Temp, of Fm.

Zone 4 5.402 8 ■. 250

Zone 3 : 5.405 18 525

Zone 3 5.405 20 575

Footwall beds 5.407 24 625

Zone 2 5.407 24 625

1 cos^P cos^O x
(N. B. Cell edge extrapolation made from function "2 sin 0 6

T h ese  data indicate that a gradient of some type can be shown in 

the iron content of the sphalerites in the orebody. Whether or not the 

gradient is a reflection of temperature of formation or an indication of 

iron available cannot be shown, Pyrite is uncommon in the Linchburg 

orebody ——— most of the iron is in the form of either silicates or 

hematite-magnetite assemblages. With a single exception, the amount 

. of ferrous iron present in the silicates can be correlated roughly with 

the iron shown to be present by X-ray data in sphalerites. The one 

exception is the amount of iron present in the zone 2 sphalerites. Iron 

in this zone is present originally in the ferric  state in andradite. Two 

alternatives are thus indicated to explain the large amount of iron pres

ent there. Either the sphalerite containing high iron in zone 2 is a re 

flection of reducing conditions operative during the time of breakdown
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of the garnet with the contained iron reduced and incorporated in the 

sphalerite, or it is a reflection of non-oxidizing conditions during 

sphalerite formation in which zinc and ferrous iron were brought in 

together. It has previously been suggested that there is a strong pos

sibility that sulfides were deposited under conditions of low pH, This 

would indicate, in view of the iron-stability diagram, that conditions 

were strongly oxidizing. Reduction of any iron originally present in

the system is improbable------- iron contained in sphalerites must be,

at least in part, introduced at the time of formation of that mineral. It 

cannot be conclusively demonstrated that iron saturation prevailed dur

ing the time of fixation of zinc sulfide.

These data are instructive, however. The high amount of iron 

contained in zone 2 and footwall-bed sphalerites can be considered as 

reflection of temperature and provides some idea of the minimum temper

atures extant at the time of sphalerite formation. In view of the narrow

ness of many of the altered zones, it is unlikely that a temperature gra

dient as steep as that implied by the data (600° to 250°) was present,

Chalcopyrite occurs in sphalerite in what appears to be ”ex- 

solution11 textures (Bastin, 1950). Without exception, however, the 

chalcopyrite blebs so typical of this type of texture occur near vein

like structures of chalcopyrite. In these instances, the chalcopyrite 

in sphalerite appears to post date sphalerite. The work of Lyon (1958) 

has shown that interpretation of the concept of exsolution must be
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seriously questioned because of the aspect of time# He found that unless 

samples of solid solutions or inter growths which had been heated at high

temperature were cooled very rapidly —----- a matter of hours--------

many of the exsolution phenomena could not be duplicated# Lyon’s work 

is still subject to interpretation but a basic question has been presented 

with respect to interpretation of certain ore textures# hi view of the 

question, the problem as to whether or not chalcopyrite present repre» 

sents exsolution from sphalerite is  left open# An alternative explanation 

is offered, it too subject to interpretation, that chalcopyrite was intro

duced later than sphalerite. Its confinement to the areas of high iron 

sphalerite suggests a relation either to temperature or to the availability 

of iron# Copper introduced would crystallize when the amount of iron 

needed for formation was made available, either as free ions derived 

from breakdown of sphalerite or by incorporation of pyrrhotite inter- 

growths present in sphalerite#

The electronegativity of Cu is 2*0, that of Zn, 1. 7, If, in the 

areas of high iron concentration (zones 2 and part of 3), ferrous iron 

were in excess, sphalerite would incorporate so much of it as the 

temperature would allow. Copper present would remain uncombined 

so long as Zn was present since, because of its higher electronegativity, 

it would not form a bond as strong as that present in sphalerite. Once 

iron was in excess, above sphalerite requirements, chalcopyrite would 

form. Confinement of chalcopyrite to the areas of high iron sphalerites
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suggests that it was only in those areas that excess ferrous iron was 

available, ' ; ; w

Silicate Control of Sulfide Deposition

Any discussion of replacement phenomena must take into account 

a number of aspects of the problem. If the term  replacement is examin

ed it implies substitution of one substance in the place of another. In 

ore deposits this substitution is that of minerals introduced into the host 

rock. In any sequence of ore deposition, separate generations of min

erals appear to be present, which follow a sequence of deposition that may or 

may not be clearly defined, one mineral Mreplacing” another, "When one 

mineral appears to replace or take the place of another the basic problem 

is that of what mineral was there originally. This problem is rarely 

ever solved beyond doubt since the replaced mineral is gone. Only from 

the standpoint of multiple criteria  can any accurate inference be drawn 

as to what mineral may have originally been present. Strong evidence 

upon which assumptions can be made are the development of pseudo- 

morphs; or the chemical balance which might be shown by evaluation of 

the elements present in mineral assemblages. Or it may be shown on 

the basis of a number of lines of evidence, such as mutual penetration 

textures that imply but seldom ever prove such an idea beyond a doubt.

In the Linchburg Mine, the thesis is that silicate minerals exerted 

a control upon the depositional process that was more influential than
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was the control exerted by calcite or other host minerals, and was more 

influential than tectonic affects. The evidence for such an idea, although 

weighty is not conclusive.

As a consequence of the suggestion of replacement, the actual 

mechanisms have to be considered in which one mineral might take the 

place of another. Further, any process of replacement must provide a 

mechanism for removal of material as well as the introduction and fixa« 

tion of the minerals introduced. Certain mechanisms are suggested by 

mineral relationships and by alteration data but there are some gaps 

in the proposed explanations that cannot yet be filled. Two possible 

manners of replacement are suggested. One mechanism would involve 

an atom for atom or molecule for molecule type of replacement. The 

other mechanism would be the actual breakdown of one mineral into 

intermediate phases by chemical activity with deposition of the replacing 

mineral in what open space may be available. The two mechanisms may 

be closely related but separated simply in a manner of degree. In other 

words, intermediate phases may exist but be of such small size as to 

be invisible under ordinary optical examination.

The first alternative, atom for atom replacement, can be treated 

from the basis of mutual mineral relationships. There are a number of 

instances in which the ore and gangue minerals examined in the Linchburg 

thin sections reveal what appears to be "pseudomorphs’! of sphalerite 

after garnet. These •’pseudomorphs” have the same crystallographic
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orientation as the enclosing garnet and strongly suggest a replacement 

that involves no easily discernible intermediate phase (PL VT, Fig* B), 

Two possible explanations are suggested.

Certain crystallographic directions may exist in which garnet is 

more easily dissolved than it is in others (PL IV, Fig. A). Actual solu

tion of garnet along these directicms followed by deposition of sphalerite 

along the interface may take place.

The other suggestion is that actual molecule for molecule replace

ment occurred in which sphalerite replaced certain complex groups with

in the garnet structure. Weyl (1951) as quoted by Ridge (1952) has sug

gested the tendency for sphalerite to exist as a tetrahedron in silicate 

melts analogous to silicon-oxygen tetrahedra. Neumann (1949) has sug

gested the four-coordination of zinc with oxygen and a bond that is largely 

covalent. If a zinc-sulfur complex exists as has been suggested, it would 

seem reasonable to infer that a tetrahedron of zinc-sulfur may in some 

manner be incorporated at some position in the garnet lattice, possibly 

occupying first the location of the silica tetrahedra.

Beyond these two suggestions, there are no more data available 

to indicate whether either of the two suggested processes could take 

place. It is suggested, however, that such a possibility of "pseudo- 

morphic" replacement exists between the garnet and sphalerite struc

tures and that it may have been operative. -

The second suggested mechanism - ——— breakdown of garnet
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into visible intermediate phases followed by deposition of sphalerite 

and the breakdown of certain of the pyroxenes and amphiboles in a

similar manner-------—- has some backing from laboratory work,

Lindner and Gruner (1939) carried out experiments in order to deter

mine the solubility of certain silicate minerals under conditions of 

elevated temperature and in an environment of sulfur. Most significant 

of their results in the light of the present work was the fact that garnet 

(aim an dine) altered to chlorite and magnetite-hematite at 300° in an 

acidic environment. Under the same conditions, magnetite altered to 

pyrite and marcasite was the alteration product of hematite.

Equations for reactions involving silicates and sulfides are dif

ficult to write in view of the lack/of knowledge of chemical behavior of 

silicate minerals. However, certain points of the discussion can be 

drawn together at this time that may serve in lieu of equations them

selves. If the base metal cations are considered as sulfur and hydro- 

sulfide complexes, their action upon silicate minerals would be expected 

to parallel the reactions studied by Lindner and Gruner. It is suggested 

that the sulfide complexes are themselves responsible for the silicate 

destruction with subsequent deposition of the sulfides as a result of 

polymerization.

In summarizing the evidence upon which this suggestion is made, 

a number of facts should be re-emphasized. If zinc-sulfur and lead- 

sulfur complexes exist, they may, as has been shown, break down under
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acidic conditions with liberation of HgS. Hydrogen sulfide acts to break

down silicates as Lindner and Gruner suggest in the following equation

FOgSiQ^ + ZHgS + 2S a 2FeS2 + SiOg + 2HgOo 

Complete data are not available for sphalerite but the pH effects upon 

solubility of galena as shown by Hemley indicate that lowering pH de

creases solubility. An acidic environment is  indicated during the time 

of part of the alteration sequence in the Linchburg orebody if the manner 

of suggested complexing is considered. The complexes originally con

sidered are oxygen complexes. Oxygen was incorporated in early devel

opment of silicate minerals. This implies, depending upon the composi

tion of the original ore fluid, that either hydrogen (H1) was unavailable 

to act as an important complex with oxygen (OH”), or if it was available, 

it was released to the fluid upon incorporation of oxygen in the early- 

formed silicates. This gave rise  to a decreasing pH. The complexes 

proposed resulted in liberation of H+ during formation of the sulfides 

with still further increase in H+ concentration. Some H* may have been 

retained in the limestone system as HgCOg if adequate pressure was 

available. The trend was toward an acidic environment in the host rock 

whether or not pH*s below 7 were ever reached. As pH decreased, the 

oxidizing nature of the fluid increased as is inferred by the stability 

fields of magnetite-hematite. The acidic environment is the one in which 

chlorite was formed from aim an elite garnet.

Zoning of sphalerite-galena may be reflections of changing pH
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across the altered zone. Such a pH change is indicated in the apparent

increase in the ferric-ferrous iron ratios.



CONCLUSIONS

Certain speculations and conclusions can be made with respect 

to the ore«forming process in the Linchburg Mine. Some of the con« 

elusions are well justified, others, based upon evidence subject to 

further interpretation, should be considered as tentative.

Silicate minerals have influenced the place and manner of for

mation of sulfide minerals. The degree and manner of this control is 

varied and depends upon the aspect of the problem being considered. 

Silicated horizons are ore-bearing and the unsilicated host rock, in 

this case limestone, is devoid of mineralization. Schmitt (1939, p.

811) has made the same observation at Hanover. At the Linchburg 

Mine, the favorability can be explained, regardless of whether or not 

the ore fluid changed its characteristics. If the fluid changed its com

position between the process of silication and the process of sulfide 

deposition, the favorability of the later fluids for the silicated host is 

obvious. Such a favorability is not a reflection of tectonic shattering. 

The most intensely silicated zone (zone 2) is the one which contains 

the least amount of sulfide minerals. It is not until the pyroxene-bear

ing edge of the zone is reached that sulfides become important. Zone 2 

(andradite garnet) would be the zone most likely to shatter under con

tinued movement of the faults and fractures, not the silicated areas

144
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adjacent to it. If the process of alteration is  considered as a continuing

one ------possibly simultaneous development of silicates and sulfides —

the processes in the replaced horizons are more easily rationalized. 

Such a process requires no intermediate tectonic breaking but only a 

changing chemical environment, a factor easily accounted for in view 

of the complexity of the ore fluid and the reactions taking place in the 

limestone horizons.

Development of the silicated zones has been explained in this 

paper from the standpoint of ionic behavior and crystal chemistry. Yet, 

many questions must remain unanswered. The influences of tempera

ture upon the silicate minerals and their development has not been taken 

under consideration. The effects of pH on silicate development can only

be speculated upon from the standpoint of complexing------  early com-

plexing by oxygen and/or the hydroxyl ion, later complexing by hydroxyl 

ions and still later by hydrogen complexes. The term  ’’later" has been 

used here but might it more aptly be phrased "in a different part of the 

system?" Thus in the high oxygen low silica parts of the system such 

as garnet zones, oxygen is  removed while those fluids passing through 

pick up available hydrogen and form SIT* or OH” complexes.

It is proposed that a reaction gradient is more influential than 

a thermal gradient. This is in direct opposition to ideas recently sug

gested by Sullivan (1957). The effect of temperature or heat in forma

tion of the Linchburg orebody appears to have been that of providing a
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minimum amount of heat for the reactions to take place. ; In considera

tion of the problem of temperature of formation and the amount of heat 

involved, one is faced with the problem of transporting heat away from

the system —------a problem as great or greater in scope than that of

providing a mechanism for removal of waste material. If a gaseous 

phase is involved to any extent in the process, the amount of heat pres

ent is considerable. Further, involvement of a gaseous state in the ore 

fluid would mean that under some conditions, a considerable amount of 

heat could be added to the host rock system before any temperature 

drop would take place.

A temperature gradient may have existed across the Linchburg 

orebody but the amount of gradient is believed to be small. This is 

premised upon the.fact that complete development of all zones can be 

seen in hand specimens. Could a temperature gradient have existed on 

a hand specimen scale which mmld have permitted thermal development 

of all of the zones? I do not think so. The most reasonable picture is 

one in which the ore fluid is stripped of its components by reaction with 

the host rock. Reaction taking place once a certain minimum tempera

ture is reached, and afterwards proceeding independently of the heat 

content.

The extent of change in the ore fluid is not known. If it did 

change appreciably in composition, much of the assumptions based upon 

visual examination of paragenetic data in minerals must be reconsidered
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since there is a strong suggestion in the Linchburg Mine that some 

garnetization may have taken place after development of sphalerite. If 

the fluid remained qualitatively unchanged, were sulfides being deposit

ed contemporaneously with silicates in different parts of the limestone 

systems? Cooper (1957) has speculated that the effect of COg, present 

in the system in some quantity, might have been to increase the solubility 

of metallic components. The.question is left open with suggestion that 

quantitative changes of material may have taken place in the ore fluid 

but that qualitatively it did not change materially.

The sulfides in the Linchburg orebody were probably deposited 

under acidic conditions in an oxidizing environment. Conditions probably 

became more acidic as the outer edge of the altered zone was reached. 

This is based partly upon the presence of hematite and magnetite at the 

outermost fringes of the altered zones. Sulfur complexes were important 

in breaking down silicate minerals with a visual favor ability of sphalerite 

for garnet and favor ability of galena for other silicates. The garnet zone 

itself is not extensively replaced but garnet in the mixed silicate assem

blage exhibits definite control upon sphalerite deposition. This suggests 

an influence upon deposition that is a combination of the silicate with 

some other factor, possibly presence of calcite.

Temperature of formation of the sulfide minerals can be tenta

tively assumed to be in the range of 600 degrees. A temperature gra

dient cannot be conclusively shown.



Influence of halides has not been considered because of the gen

eral scarcity of halogen minerals in the main orebody* Some F was 

present and is exhibited by fluorite in outlying orebodies. The extent 

of its behavior in the main orebody cannot be determined.
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