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INTRODUCTION

General Statement

Throughout historical time men have attempted to
explain the origin of mineral deposits, Many thoories‘were
presented during this period, to be contested or supported
sccording to the experience or beliefs of the critic, but few
have been discarded because the genesis of mineral deposits can
be explained in many ways. Thls lack of agreement on the origin
of mineral deposits testifies to their diversity, to the ambig-
ulty of information we gather concerning them, and particularly
to our lack of knowledge of the earth's internal structure,

composition, and physical-chemical processes,

Rapid technologicel advancement in the last thirty
Years has permlitted us to attaln certain conditions which sim-
ulate natural geologic environments, Studies of phase relations
of minersls, mineral assemblages, solubilitlies, states of equil-
librium under different pressure-temperature conditions, solid
state diffusion, and a host of other studies have added greatly
to our knowledge; yet we are rsrely able to state the specific
mechanisms active, or the physical and chemical conditions

present, during the primary emplacement of a mineral deposit,



Experiments with sulphides have not'contributed
greatly to an understanding of the processes involved in their
transport and deposition, Moreover, it 1s not possible from
the informetion we have to eliminate any of the theories of
sulphide ore genesis, although experimental results have placed
restrictions upon the effectiveness of proposed methods of

transport,

Hydrothermal theories require that great quantitiles
of water traverse the host rocks to produce small sulphide
bodies, for the solubilities of sulphldes 1n water are extremely
low and appear to remaln so at moderste temperatures desplte the
presence of compounds or lons which increase solubllities,
Highly alkaline or highly acidic solutions increase solubility,
but most fleld evidence indicates that near-neutral conditions
existed during mineralization, Transport of metals as soluble
compounds 1in concentrated solutions as hsglides or sulphates, to
be precipitated later as sulphides, has been suggested to over-
come the water volume problem; but it is difficult to visualize
how such solutions could be formed at depth if in equilibrium
with a sulphide phase. :

Theories of colloldal transport recelve some support
from fleld observations, and experiments show that colloids could
be potent agents of transport. Gaseous transport of minerals
implies that high temperatures would have existed near the site
of deposition, but temperature determinations rarely indicate

that they did, Volatilization of the halides of many metals

takes place at acceptable temperatures, however, and movement



as halide vapours in equilibrium with sulphurous vapours is

quite possible,

Theories of transportation of sulphides as melts have
recelved the least support of s8ll, even though the concentration
problem does not exist with melts and most mineralogical rela-
tionships can be explalned, Mobile liquid phases are not
present in common sulphide systems at the temperatures of deposi-
tion assumed for most ore deposits. It has been_shown, however,
that many double alkali sulphides melt at relatively low temp-
eratures, and it is possible that such melts exist 1n nature,
Failing this, the ore magmatist must search for a means of
mobllization which will effect transport at sub-liquidus temp-

eratures.

Evidently no single theory of ore genesis can explain
ell the features observed in a mineral deposit, because several
different processes may have been operative throughout its
history., By correlating experimental information and fileld
observations, however, we may ultimately be gble to trace that

history.

Scope of the Present Study

The lack of agreement on the fundamental processes
of transport and deposition of sulphides indicated to the writer
that further experimental studies were necessary to assist in
understanding this basic problem, Some comparisons between the

abllity of different materlals to effect transport of sulphldes

under condltions which could feasibly be obtained in geological



environments appeared to be needed, This required that an open
system be set up in which a sulphide source could be connected

to a site of deposition, a temperature difference could be main-
talned, pressure could be applied, and transporting media could

be varied,

Hydrothermal solutions appear almost invarlably to
have been assoclated with ore deposition, and therefore most of
the work was directed toward studying the relative effectiveness
of different solutlons 1in mobllizing sulphlides, Two pressure
vessels connected in series with a hydraulic pump provided all
the conditlons needed, 8ix different solutions were used, all
of which had g pH greater than 7. Natural chalcoclte, bornite,
pentlandite, pyrite and pyrrhotite were used as source sulphldes,
and igneous rock materials, quartz, and calclte were used in

the sites of deposition.

Further work involved study of the movement of
sulphides by surface diffusion and directive pressure at sub-
solidus temperatures, The activating medium used was elemental
sulphur, These systems were essentially closed, as equilibrium
conditions were desired, but movement could be effected, Invest-
igation in these experiments as with hydrothermal experiments,
was confined to the Cu-Fe-8 and Cu-Fe-Ni-S systems,



THEORIES OF GENESIS OF ORE DEPOSITS

General Statement

A complete summary of the detalls of theories
on ore genesls would require more time and space than was avall-
able in this thesis, Within the past few years, moreover, msny
eminent geologists have realized the need for gathering together
the views and Informgtion of the theorists so that comparisons
could be masde more easily than previously. Of the recent pub-
lications containing these important reviews and discussions
the broadest coverage on the genesls and classification of ore
deposits is given by: (1) Reports from 18th International
Geological Congress (1950); (2) 50th Anniversary Volume of
Economic Geology (1955); (3) Third Inter-University Geological
Congress Papers (1955); and (4) Symposium on the Genesis of
Mgssive Sulphide Deposits (Can. Inst. Min. and Met., 1958),.
Singewald (1956) and Edwerds (1956) should be noted particularly

for thelr reviews and discussions of classifications and theories,

Prior to the last quarter of the 1l9th century students
of ore deposits classified them largely on the basis of morphology,
Agricola being the most notable fore-runner of that school., Near
the turn of the century the modern genetic groupings appeared,
which quickly relegated morphologlicel fegtures to & secondery
role in classifying deposits. Kemp (1893), Posepney (189%),

Vogt (1895), Beck (1903), Lindgren (1907), Emmons (1908),
Spurr (1923), and Niggli (1923), to mention & few, expounded

their theories of origin, drew up classifications, and generally



cleared the way for a better, if only rudimentary, understanding
of the process of ore deposition, A brief review of the dominant

theories on the source and evolution of mineral deposits follows,

Abyssal Theories

Most theories of ore genesis consider the ore
metals to have risen from g sub-crustal source, where they had
been concentrated by unknown processes, Studles of mineralized
basic rocks such as the Skasergaard, Bushveld, and Stillwater
intrusives indicated that in these rocks sulphides and oxldes of
heavy metals were syngenetic, Segregation of the valuable
minerals was thought to have been accomplished partly by separation
of lmmiscible liquid silicate and sulphide phases and partly by
fractionation during crystallization, to glve a sulphide-rich
residual liquid or "ore magma" (Vogt, 1914; Spurr, 1923;
Wager, 1955) which could be mobilized independently and deposited
beyond the confines of the primary chamber, C.H., White (1945)
postulates that sulphides and other ore minerals separated from
the silicates as a liquld phase during cooling of the primeval
earth, and localized within the mantle prior to consolidation of
the crust, Later, during earth movements, this abyssal source of

sulphides would be tapped by major fault systems,

J.S. Brown (1950) further revived the ore magms,
theory in his provocative book "Ore Genesis"., He visualized,
also, a segregation of sulphides and arsenides during early cooling
stages of earth history, This molten ore magma formed a layer up

to 1500 feet thick somewhere between the top of the peridotite



layer (60 Km) and the base of the granitic crust (25-35 Km),
The magms 1s thought to have separated into three phases:

matte (Fe-Cu-2Zn sulphides) on top, speiss (various arsenides)
in the central part, and lead-silver sulphides gt the bottom,
anaiogous to the separations found in metsllurgical furnsces.
Irregularities produced by warping of the earth during cqoling
could eliminate or collect, by squeezing, one or more of the
layers within this ore magma shell, Later tapping of the layer
would yleld only the remaining fractions,

Mineral deposits having such a source as those
postulated by White and Brown are considered to be associated with
igneous activity only in that related crustal dislocations gnd
high temperatures would facllitate movement of the "ore magma"
to the upper crust of the earth, Water 1s not considered necessary
as a sulphide transporting medium, but it 1s likely to be picked
up at higher levels, where 1t becomes a potent agent of metaso-

matism,

Posepney (189%) considered that heavy metals origin-
ated in a deep-seated 'barysphere" similar to Brown's segregated
shell and were brought to the surface through fissures by juvenile
waters, Van Hise (1900) attacked this theory, because he con-
sidered that the pressures at great depth would close off any
openings; he felt that movement of the metalliferous materials
to the present sites was accomplished largely by circulating
connate water, and the materlasls had first to be brought within
the earth's upper fracture zone, probably by msjor orogenic

processes or volcanic ejectlon,



Magmatic Theories

Fundamental Processes

The more popular theories of ore genesis relate
mineralizing "solutions™ directly with more recent igneous
activity. During emplscement of intermediate to basic magmas
crystallization and differentiation processes are thought to
graduslly remove the higher temperature magnesium, iron and
calcium minersls (Bowen, 1933; Osborn, 1950) and the resldual
liquid phase becomes progressively richer in sods, potash, silies,
most ore-forming elements, and volatlle materials, Removal or
localizatlon of this residual acidic magms followed by further
crystallization of the granite-forming minersls leaves the primary
ore solutlions concentrasted and ready to move into the overlying

rocks to form ore deposits,

Hydrothermagl Theory

The classical hydrothermal theory, championed by

Lindgren (1909-1936), Emmons (1908-1929), and others, sprang from
this concept of crystallization-differentliation of s magma, No
other theory has enjoyed such wlde snd lasting scclaim, Its mgin
thesis 1s that water 1s & major constituent of juvenile ore sol-
utions, and 1s therefore the principal medium of transport of the
ore minerals. Evidence of the effectiveness of water in dlssolv-
ing, transporting, and re;depositing materiagls is found in any
supergene deposit; observations of active volcanoes show fairly
conclusively that water 1is frequently evolved in large quantities

from magmas; and the development of hydrous minerals in the



vicinity of ore deposits offers sbundant proof of the presence

of water in the channels of the ore-forming flulds, It 1s not to

be wondered that the hydrothermsl theory was and still is popular,
as 1s reflected in the mass of literature published on the subject

in the last hundred years (Bischof, 1866 to Schwartz, 1959),

Yet, the theory has certaln grave shortcomings, of
which the most serious are the extremely low solubility of
sulphides 1n water and the reverssl of deposition of minerals
according to their solubility in water, Lindgren was one of the
first to admit the difficulties., Ingerson (1954) sought to over-
come such negative evidence by proposing that volatile materisls
(H20, H28, CO» etc.) would be expelled first, condense, and be
replaced by metals carried as soluble compounds in solution

introduced later,

Volatile Transfer Theory

Fenner (1933) neatly bridged the gap between the ore
magmatist and the hydrothermalist, He visuslized g magma ss
separating into several fractions, which are as follows:

(1) immiscible sulphides which may form bodies of orthomagmatic
ores; (2) silicstes and oxides that form rock bodies or oxide
minersel deposits; (3) residusl liquid portion of magms (pegma-
titic fractlon); and (4) gaseous emsnations., The residusl liquid
end gaseous fractlons are believed to collect most of the con-
stituents of mineral deposits and therefore represent the mineral-
izing solutions, slthough the gases are considered to be best
adapted for moving the materisls, Bubbles of Hy0, COp, HC1l and

HoS rising through the magms are thought to collect other gases
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of very small vapour pressure and "sweep" them out of the magnms
chamber into the surrounding rock. Condensation at cooler levels
would result, but the materials would contlinue to move as solu-
tions or be remobllized as gases agaln with 1ncreased temperature,

Meteoric water could be incorporated in the upper levels,

Fenner's theories were not greeted enthusiastically,
chiefly because the existence of a moblle gas phase within s
deep-seated magma is difficult to accept. The theory of movement
of materials as vapour distilletes has been recelived more favour-
ably (Zies, 1929; Brown, 1950), but the ability of gases to éause

rock replscement has been consistently doubted,

Remobilizatlion Theories

Many writers in the last two or three decades have
stressed the importance of remoblilization of heterogeneous mat-
erials, whether sedimentary or igneous, in producing mineralizing
solutions., Such thinking.is e natural off-shoot of the theories
of granitization which have developed in opposition to the mag-
matist's 1ldeas of vast intrusive bodies of magma. Probably
the ore metals originglly were distributed sparsely through the
primary rock aggregate, but upon deep burisl, melting, and
mobilization of the rock mass they were localized into ore deposits
by some unknown process of segregatlion, perhaps by natural af-
finity, or by water freed during the metamorphic processes,

Locke (1941), Dunn (19%2), Guimaraes (1947), Goodspeed (1952),

and Gavelin (1955) are a few proponents of these theories,

Sullivan (1948) has several suggestions to make 1n

support of remobilizatlion. He proposes that the chalcophlile
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and slderophile elements in the upper crust progressively

increased as basic source materiasl from deeper levels of the
crust moved upward, Granitization processes would remobilize
the rocks of a given area and the chalcophile and siderophile
elements would be rejected from the lattices of the common rock-
forming minerals., This reasoning added nothing new to the gen-
eral theory or to the possible methods of concentration of ore
minerals, but in a later paper Sullivan (195%) introduced the
idea that the metallic elements migrated under the influence

of an electrical potential, He states (page 566), "---graniti-
zatlon and ore deposition are viewed as the neutrallization of an
electrochemical disequilibrium set up during sedimentatlon and
volcanlc activity™. 8till later (1957) he expanded the idea

of "electrochemical_directionalism“, suggesting that the relsat-
lvely electropositive cations of the ferromasgnesian minerals
migrated downward (up the thermal gradient), while the relatively
electronegative chalcophile and siderophile cations migrated
upward (down the thermal gradient). Sullivan suggested glso
that the melting point of an element 1s an indication of the
temperature at which it may begln or cease to move., The studles

of Ingerson (1955) indicate that such is not the case,.

Experimenters are at present not in s position to
comment effectively on such theories, but a continustion of more
practical studies such as those of Shaw (1953), Saull (1955),
and Cameron (1956) could possibly bring s note of credence to

this sort of reasoning,

A metamorphlic source for ore minerals, presuming

the rock materlals are mobilized by total or partial melting,
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18 no more difficult to visuslize than a msgmatic source, since
primary and secondary (anatexis) magmas probably would undergo
similar processes of differentiation. Hawley (1956) compares
the two, but favours the_magmatic source becsguse it explains more
readily metallogenic provinces and the textural relations of ore
minergls, Proof of the effectiveness of metamorphic processes
in mobilizing disseminated metals 1s meagre or lacking (Shaw,
1953), but Hawley grants 1t for the re-distribution of previously

formed deposits.

Hillebrand (1955) suggests that sulphide minersliz-
gation 1is related to granitization only indlrectly, He believes
the sulphides were originally segregated in the sub-crust, but
were plcked up during 'magmstion' processes involving both

crustel and sub-crustsl material,

Miscellaneous Theories

Sedimentary Origin Concepts

The remarksbly continuous distribution of metallic
minerals 1n perticular strata of many sedimentary rock formstions,
such as those of the Kupferschiefer, Witwatersrand, and Rum
Jungle beds, led to proposals that the maln sources of ore min-
erals were sedimentary basins (Desns, 1950; James, 1954; Knight,
1957; Walpole, 1958; and others). The ore metals are thought to
have been leached from the surrounding sparsely mineralized rocks
by surface water, and were carried to the basin and precipitated
as sulphides or oxides, Volcanic activity is thought to play an
important role in the supply of metals to the sedimentary basin,

because thelr concentration within specific stratigraphic horizons
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is most easily explained by correlastion with an outburst of
volcanism (Remdohr, 1953; Friedman, 1959; McAllister, 1959).
Later metamorphism and metasomatism may have been necessary to
produce the present minerals, or to cause locglization 1nto con-
centrated deposits whose festures are exclusively eplgenetic
(Schneiderhohn, 1941; Guimaraes, 1947; Skinner, 1958). Schouten
(1946) favoﬁrs later replacement of syngenetic iron sulphides by
eplgenetic ore solutions; an alternative process may be the
replacement of syngenetlc oxide or hydroxide mlnerals by epigen-

etic sulphur-bearing solutions,

The field evidence is far too sbundant to discard
sedimentation as s major factor in localizing ore minerals in
specific strata, Whether or not they can be mobilized to form

massive deposits 1s, however, a separate problem,

Cosmic Origin Concept

Skerl (1957) wrote an article suggesting that the
origin of minerals was extra-terrestrial, He visuslized intense
bombardment of the earth, at lrregular intervals, by metallic
meteorites originating from the break-up of cosmlec bodles. The
target areas developed into metallogenic provinces either directly
es8 sedimentary deposits or indirectly through later assimilsgtion,

granlitization, or hydrothermal action.

Skerl realized that one theory 1s as good as another

until proven wrong.
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Conclusions

No single theory of ore genesis can satisfactorily
explain all the features of an ore deposit; the more detailed
1ts study, the more complex appears its depositional history.
New theories, or modificatlions of old theories, are constantly
being introduced to explain separate festures, untll graduslly
the array of hypotheses of transportation and deposition has

become formidable indeed,

Part of the problem is thlis: we most often inter-
pret that which we see 1n ore deposits as representing that which
once was, Whereas there may not be the least resemblance between
present and past mineral associations, The statement made by
Williams (1955) should sober the most enthusiastic of theorists:

"It is, indeed, intriguing to reflect on the mineral-
oglcal and textural changes that may be 1lnduced by
the metamorphism of sulphide ores, and rather distur-
bing to realize that the true origin of theilr originsl
emplacement can be wholly masked by post-deposition
metamorphlc effects."
Perhaps because of this geologists have repeatedly overlooked
details which would yileld informstion regarding the true origin

or minersl deposits,

The lack of experimental data to support hypotheses
of ore deposltion has also been a major factor in producing the
great diversity of opinions regarding them, Advancing technology
is now providing the means of studying geologlc processes, but

progress 1s necessarlly slow because the fleld of study is vast
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and complex., In deeling with naturasl processes we usually
must deal with multi-component systems, and knowledge of
thelr physical chemistry is generally lacking, It is egsier
to theorize, At the same tlme, however, we should recall
Galileo's words:

"0one econclusive experiment will batter to
the ground a thousand probsble theories. "
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EXPERIMENTAL INVESTIGATIONS RELATING
TO ORE GENE3IS

Despite the slow progress made by experimenters
in the study of geologlcal processes, the results achleved are
beginning to influence our interpretation of geological inform-
ation., Ambiguous or ilnconclusive experimentasl results are being
checked carefully by using different techniques, and new dis-
coveries are being examined even more closely., The total effect
on fleld study 1s to reduce generalization and to Induce a more

critical evaluation of geologic and minerslogic detalls,

The experiments carried out in the present study
vere intended to test, by comparison of results, a wide renge
of theories of ore transportation and deposition, To describe
even 1ln brief detail 8ll experimental contributions to the study
of ore genesis within this broad field would be impossible here.
therefore only the more significant general investigations, and
those dealing with the systems examined in the present experi-

ments, willl be mentioned.

Clgssification of Experiments

Experimental studles hasve been highly diversified,
but they can be classified generally into three major groups.
(1) Solubility and Mobilization Experiments. These

include studies of ilonic, colloidel, 'complex' and
gaseous solutions and thelr effect on different meterisls,

Their ultimate purpose 1s to test theories of transport-

ation, deposition, and replacement,.
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(2) Phase Relatlons Experiments, These studles are

made to define the conditlons of formstion of minerals
or mineral assemblages. Experiments designed to
examine states of equilibrium, solid-liquid-gas
relations, critical conditions, mineral sssociatlons,
solld solution phenomena, and solid state transform-
ations, to mention a few, may be included here,

(3) Statistical Analyses. Although not truly

experimentsal, studles of the distribution of minerals,
elements, and isotopes in specific areas may event-
ually contfibute more to our knowledge of geological
processes, geochemical conditions, and paragenesis
than all other types of experiments, Examlnstions of
the zonal distribution of elements or of minersl and
element gradients, ratios of specific elements, agé
determinations, liquid inclusion compositions, and
other comparative studlies involving quantitative
analyses of natursl materials are included in this

group.

The present study deals with transport and deposition

of sulphlide minerals, The following resume of experimental work

is therefore largely confined to a review of the studles lncluded

in the first group.

Thermodynamic Calculations

The application of thermodynamic and thermochemilcal

calculations to determlne equilibrium relations between components
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in any system 1s recelving increasing attention as the calcu-
lated data are confirmed or corrected by experiments, In many
fields of study we are stlll dependent solely upon data compiled
by cslculation or extrapolation with the ald of thermodynamics,
and experimenters at least owe much to the works of Verhoogen,

Ingerson, Kracek, Kelley, Goranson, Krsuskopf, and many others,

Because of the exlistence of unknown specles or of
unknown complexing factors, the physical chemlist 1ls most often
forced to work with simplified systems, which probably leads
to some inaccuracy in his extrgpolated results, There is no
doubt that his contributions will become increasingly important
as experimental studles converge on multicomponent systems,

The work of Holland (1959) is i1llustrative of thils fact.

Hydrothermal Solutions Studies

Experimental work involving water was begun long
before the classical hydrothermal theory was presented., Daubree
in 1841, for example, showed that cassiterite formed by reaction
between perchlorate of tin and water vapour., Such studies were
few, however, until experimental technliques and equipment were

improved in the early 1900's,

Tonic and Complex Solutions

General Studiles

Stokes (1907) was an early worker in the field of

ionic solutions., He examined the effect of slkali carbonste

solutions on pyrite and marcaesite, and found that these minerals
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decomposed to hematite and other oxides, hydroxides, and
sulphides. Thiosulphate and sulphate apparently formed, while
sulphur was freed as HpS and elementael sulphur. He considered
that these products could react later with metallic salts to
give alkell sulphates and sulphides, O0xidlzing agents were

apparently not necessary to convert pyrite to limonite,

Wells (1915) examined the effect of solubility on
precipitation and sequence of deposition of ore-forming compounds,
He noted that pH changes varied the sulphlide ion concentratioﬁ
conslderably and that components of precipltated mixtures can be
separated by heating to dissolve compounds successively., Both
pH and temperature, therefore, could be lmportant factors in
controlling deposition of minerals from solution., Wells tested
the solubilities 1in water of sulphides of P4, Hg, Ag, Cu, Bi,
Pb, Zn, N1, Co, and Pe. Weigel (1907) had previously tested the
solubllity of Hg, Ag, Pb, Cu, Zn, Ni, Fe and Mn sulphldes and
found that the sequence of deposition in nature did not follow
the solubility sequence. He suggested that the formation of
multi-metal compounds during ore deposition might cause these
discrepancles, and implied that synthetic solutlons differed

from natural hypogene solutions,

Alksline and Complex Basic Solutions

S.F, Emmons (1886) and Becker (1888) noted the high
solubility of certain alkall sulphide fusion products, and laid

the foundation for the alkalil sulphide theories of transport.

Allen, Crenshaw and Merwin (1912) formed crystals of

ZnS by heating amorphous ZnS in a solutlon of NapS at 350°C.
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Freeman (1925) examined the double sodium sulphides of lead and
zinc, and showed that they are decomposed by water to form NapS
solution and unstable colloidasl solutions of lead and zinc sul-
phides., Foreman (1929) indicated that neither pyrrhotite nor-
pyrite are soluble in NaoS solutions at hlgh temperatures and
pressures. This was confirmed by pyrrhotite in KoS solutions by
Schouten (1934), but Stevens (1933) reports that a dark green
colloid forms when pyrite is treated with NasS solutions whereas
there 1s no effect with NaHS. Gruner (1933) found that NaHS is

produced when 8105 is present 1in NasS solutions,

Lindner and Gruner (1939) examined the effects of
HoS, NaHS, and NanS solutions on thin sections of fourteen 1lron-
rich minerals at 300°C and 85 atmospheres pressure., Silica dis-
solved 1in all solutions and d1d not, as suggested previously,
appear-to prevent dispersion or solution of iron. The NapS sol-
ution produced hematite and magnetlite preclpitates with FeS and
silica in colloidal suspension, but the NaHS and HpS solutlons
ylelded abundant pyrite and minor amounts of Fe3, magnetite and
hemgtite, Gold from the contslner was readily dissolved by the
NaHS solution (up to 2500 parts per million), but was not dis-
solved to any great extent by the other two solutions. The
experiments suggested that oxldation of sulphur played an lmport-
ant role in the alteration of minerals; any iron removed formed

pyrite, magnetite, or hematite,

Smith (1940, 1943) studied the effect of alkali
su%phide solutions on many common sulphide minersls, His methods

consisted of charging soluticns of (1) soluble salts of metals,
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(2) Na,S-metal sulphide fusion products, and (3) shavings of
the more soluble metgls into a closed system bomb containing
Nags solutions. The bomb was heated, cooled slowly, and all
products were analyzed., Smith drew up solubility tables, group-
ing the minerals as follows:

(a) Sulphides poorly soluble in Na,S, melts;

(b) Sulphides very soluble in NayS, melts but

insoluble in aqueous solutions of polysulphides;
(¢) Sulphides very soluble in Na,S,_ melts and in

aqueous solutions of polysulphides,

His conclusions were that metals are carried in the double sul-
phide form and are preclipltated as simple sulphides when the
double "complex" is broken down. Dilution by meteoric water,
reaction of concentrated sulphide solutions with host minerals,
escape of H,3, and sulphur oxidation would tend to reduce sul-

phide concentratlon and cause preclpitation,.

More recently, emphasis has been placed upon sulphur
complexes higher than the double sulphides proposed by Smith.
Garrels (1S44) suggests from a study of H8ltje and Beckert's
(1935) results that Cu.?>3J+ exists 1n copper sulphide solutions,
but Cloke (1958) determined the complexing ion to be CuS5"4,

Beland (1943) and Robinson (1S48) respectively
synthesized the sulphantimonites of lead and sulpharsenites of
silver, using Smith's methods. Both sulphosalts and simple
sulphides could be produced, simultaneously or indlviduslly

devending on the ratios of metals used., An increase in sulphide
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lon increased the solubility of the metals In NayS solutions;
alsc, higher pH and higher temperatures favoured more rapid
solution and deposition, Robinscn examined slso the effect of
cl-, HCO3', and 003= ions on the formetion of lead sulphanti-
monites. He found only a small increase in yleld with Cl™; the

other ions did not appear to affect the rate of growth,

Olshanskii and Rafalsky (1956) studied solution and
deposltion of a few minerals in 0,5 - 1,0 N solutions of sodium
thiosulphate at 300°C, Covellite, galena, and bornite recrystal-
lized on a glass rod suspended near a quartz ampoule contalning
the minergls, The writers state,

“"One way or another the portion of the sclution
touching the surface of the rcd slovwly changed
its composition, and this apparently causes a
decrease In the solubility of the sulphide,
wvhich immediately crystallizes,"
This is fairly convincing evidence of solution and migration of

sulphides, whatever the lonlc or molecular state may have been,

Hemley (1953) tested the solubllity of lead sulphide
in HpoS-saturated saline solutions, He showed that the ccncentra-
tion was approximately 106 gram per litre through a pH range of
1 to 8 at atmospheric pressure and temperature, This solubility
is conslderably 1n excess of the calculated vslue glven by
Verhoogen (1938 - See Table 1) or Czamanske (1959 - See Table 8),
The existence of the complexes Pb(HS), and Pb(HS)3' is indicated
from Hemley's concentration curves, The effect of pH on the
solubility of some sulphldes, as determined by Hemley, 1s shown
In Table 2,

Barnes (1958) measured the solublility of ZnS in



TABLE 1

Solubility of Sulphides up to L00°C,
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for a pH of 7 (grams/litre)
Sulphide  25°C 100°0 200°C __300% 400°¢
ZnS LL@o™")  3,6(07%  2,2(107%) 0s 8 549
oS 8.6(10™%)  8,9(107°)  2.1(107°) ' 1.6(10°°%)  2,1(207%)
CuS  2.4(107%?)  L1(107*) L6(107*)  2,3(107%)  7.8(107%)
HgS 1_.0(10‘18) 2.2(107*7)  6,L(107*®) 5,6(107%)  3,1(1071%)
Ag S 3,8(107*)  5,7(1071%)  3,3(107%)  1.L(107*)  2,3(107H)
Cu S L.8(1071°) L, 0(207*Y)  5,6(107%°)  2,6(107°)  7.3(107°)
(after Verhoogen, 1938)
TABLE 2
Solubility of Some Sulphides
in 0,1 M H_S Solution
(Gramsimtre)
pH Ca P Ag Hg
b L(10)~33 2(10)" 8 1(10)"® 1(10) 74
7 3(10)"*2 2(10)7° 3(10)7° 7(10)7°
10 2(10)" 4 L(1o)~1* 2(10)72 1(10)”°
(After Hemley, 1953)
TABLE 3
Copper Concentration of Vein Solutions
in Moles/ILitre with Different Sulphur Content
Sulphur
(mg./1.) pH 1 pH 5 pH 7 pH 11 pH 13
0.1.0 2(10)7%¢ 2(10)734 6(10)" 18 1(10)"1° 1(10)"®
0s 010 2(10)718 2(10)" %3 6(10)"?° 1(10)7*2 1(10)°®
0,001 2(10)"*4 2(10)73%? 6(10)"32 1(10)"%* 1(10)7%°

(After Garrels, 19LL)
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HoS-saturated water, and found that at 75°C and 300 psil the
solubllity was 10 mg, per litre. This figure is 100 times the

calculated value for water slone (Czamanske, Table 8). Complex

lons of the type ZnS.XHpoS are suspected.

Acldic Solutions

— et b e et mm e e e

Transport of sulphldes 1n acidlc solutions has re-
celved far less attention, experimentally, than has transport in
basic solutions, Most students of geology admit the likellhood
of rapld neutralizstion of acid solutions while traversing host
rocks, but others suggest the possibility of local changes
(Graton, 1940), total change from originally basic to acidic
solution (Graton, et al, 1936), or total change from originally
acld to basic solutions (Schmedeman, 1935). Zies (1929) noted

an abundance of acid gases in the volcanic exhalstlons et Katmal,

Calculations of solubilities from solubility product
data (Garrels, 1944) indilcate that acidic solutions are capable
of carrying notable quantitles of metals only if acid 1s present
in high concentrations, His results for copper are shown in
Table 3. Increasing temperature incresses the solubllity, but
markedly less than increasing the sulphur content, or the pH

when above the neutral point.

Experimen£s with gold were carried out by Ogryzlo
(1935)., He found that gold can be dissolved in dilute HC1
solutions at 300°C and 10 atmospheres pressure; oxygen alds
the reaction, NsaHS solution appeared to be a far stronger sol-

vent, hovwever, and 012 in steam also attacked gold readily.
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Kristofferson (1936) conducted some notable experi-
ments with sphalerite, galena, and lead in acid environments.
He passed a stream of gaseous 20% HCl across the minerals placed
on a boat 1n a tube furnace and measured the weight loss over
two to four days. Some of his results are given in Table 4,
Chlorides were formed invall cases, and 1t is aséumed the metals
were transported in the volatile state. At higher temperatures
H,S end chlorides were driven off, Chloride solutions could pre-

sumably condense out at lower temperatures if HpoS were removed,

The wildespread occurrence in ore deposits of sulphates
(Butler, 1956) and scid-stable minersls (Jichs, 1951), and of
chlorides or fluorides in fluid inclusions (Smith, 1954) indicates
that more experimental work should be carried out with acidic

solutions.

Colloidal Solutions

Some writers have stressed the importance of colloidal
solutions as agents of transport of metals., Clark and Menaul
(1916) were carly experimenters in this field with respect to sul-
phides., They placed a known weight of a finely ground sulphide

in a bottle with 0,01 N KOH solution, passed H,S intermittently

2
through the solution for several weeks, and analyzed the result-
ing liquid, All minerals examined, with the exceptlon of argentite
and proustite, went into colloidal solution., The concentrations

are shown in Table 5.

It was found that the colloids coagulated when HoS

was driven out of the solution; also, limestone either 1nhlbited

formation of the collolds or precipitated them,



TABLE L

Weight Losses of Sulphides
in a Stream of Gaseous HCL

2kg

vieight loss Change in Jeight Jeight Loss
Temperature © ZnS PhS P letal
300°C 0 ,11% Gain (PoCl,) -
Loo°c 3-5% Gain (FbCL,) -
L50°C 6 - 125 Gain of 5% 10%
500°¢C 20 - 30% Ioss of 6% 75%
(After Kristofferson, 1936)
TABLE §
Concentrations of Sulphides in Suspénsion
in H25-Saturated Oel M KOH Solution
Mineral Percent of Original Concentration
in Susnension e, /1itre
Bormite 3,795 3.8(10)" %
Covellite 28,882 2;9(10)'3
Smaltite 16,72 1.7(10)"3
Tetrahedrite 34165 3,6(10)7 %
*Sphalerite ~ 15,88¢ 1.6(10)72
1prrite 20,13¢ 2,0(10)72
Stannite 29777 3,0(10)7°3
Pyrrhotite 24227 2.2(10)7%
Realgar 2L T1% 2,5(10)7°

1 0,001 N KOH Solution

(After Clark and Menaul, 1916)
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Colloids have been recognized in most alkaline
solution studies, and it 1s possible that thelr importance has
been underestimated., Garrels (1944) suggests that colloidal
solutions have the ability to penetrate; therefore, they could
be far more important than lonic solutions as transport media
because the metal concentratlon of collolds is much greater,
Boydell (1925) and Lasky (1930) noted from literature and field
studies that colloids should be seriously considered in theories
of ore deposition, One major difficulty 1is that‘colloids tend
to precipltate gels rather than replace minerals; however,
colloldal features could be largely or entirely obliterated by
post-depositional metamorphlsm, or, as Garrels proposes, the
metals could migrate outward as lons from sols held in 'trunk'
fissures and be deposited as crystalline minersls, leaving no

trace of thelr colloildal origin,

Non-Sulphlide Systems

Hydrothermal experimentation with non-sulphide systems
has been more extenslve than 1t has with sulphide systems, This
would be expected because an understanding of stabllity and phase
relations of rock-forming minerals 1is prerequlsite to an under-
standing of magmatic, metamorphic, and metasomatic processes,

A knowledge of the geochemlstry of minerals commonly assoclated
with sulphide minerals 1s, moreover, of great lmportance to the

study of ore deposits,

A satisfactory treatment in summarizing the work of
the many individuals who have studled silicate, oxlde, carbonate,

and other systems 1s not possible here, A few of the more
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important studles and summaries are those of Griggs (1941),
Kennedy (1950), Fairbairn (1951), Yoder (1957), and Boyd and
England (1958) on metamorphism; of Ingerson (1930), Smith (1953),
Morey (1957), Yoder (1957), and Roedder (1958) on solubilltles,
and of Jaffe (1951), Van der Heurk (1953), Shaw (1953), and
Schairer (1957), on phase equilibria and stability'relations.

Gaseous Transport Studies

A number of volatiliéy studles have been made on
minerals because much field evidence suggests gases are important
agents of transfer., For example, Zies (1929) noted that in 1919
a magnetite deposlit exlsted at one particular(fumarole at Katmal;
C.N. Fenner visited the same fumarole in 1923, and found no mag-
netlte, but encrustatlons of sillceous materials on which were
deposited well developed crystals of Pb3, Zn3 and copper sulphides,

The exhalation temperature was 97°C at the time of Fenner's visit.

Kristofferson's (1936) experiments, described earlier,
indicate that transfer of some minerals can be effected by vol-
atllization of the metal chloride. He also notes that zoning in
ore deposlits 1s sometimes reversed from that expected from the
vapour pressures of the chlorides; obviously other factors
influence deposition 1f transport were due to chloride vapouriza-
tion alone. 0Ogryzlo (1935) found gold was transported by gaseous
chlorine in steam, Krauskopf (1951) determined from thermodynamic
principles that mercury sulphide cannot exist above 250°C; the
mercury and sulphur move independently even at much lower temp-

eratures.



Volatilities of Metals and Metal Compounds in Equilibrium
with Solid Sulfides, Silicates and Oxides at 600°C

TABLE 6

Vapour Pressures in Atmospheres

26a

Name and  Vapour pressure Metal vapour in Vapour pressure V,p, of chloride
Valence of of sulfide equil, with sul- of oxide in equil, with
Yetal fide if (8.) 107° most stable solid
2 (H,5=30, HC1=10 At)
Fe II 1,82(10)" 1 3.,98(10)72° Low 7.95(10)7
I II  8,32(10) % 6430(10)"*° Low 2,51(20)7°
Co II  3,80(10)72° Yo data Low - 10)7°
M IT 3,30(10)"7 Mo data No data 1.58(10)"®
Cu I Le57(10)"° 3.98(10)" 2 Lowr 6.30(10)"1°
Su IT Depsd, Depsd, No dafc,a Depsd,
Ag I No data 6¢30(10)"1° Depsd, 1.99(10)77
Au I Depsd, 1(10)" %6 Depsd, Depsd.
201l 7,76(10)7° 1(10)°® ' Low 5,01 (10)" %
cd II 2,19(10)77 3493(10)"° 1.99(10)"7 3.,98(10) 4
Hg I,II Depsd, - High Dcpsd, High
S II 5.50(20)7° 2451(10)77 No data 7.95(10)"*
Sn IV Depsd, Depsd, Low 7.95(10)3
Pb II 2,19(10)"° 1.99(10)7®8 1(10)”7 1,99(10)72
lo IV 1.,12(10)"*® 1(10)”3¢ No data No data
As III cas. 0,1 lio data High ca, 0.1
So TIT  3,32(10)"% 1.99(10)'5‘ 3.16(10)" % 0u 7

'High' means >10_atm,
'Iow' means <107 (M, D, > 1,100002)
'Depsd, ' means decomposed at 600°C

(After Krauskopf, 1957)
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- Hawley (1941) studied the effect of heat on sulphides.
He observed that crystals of pyrite and pyrrhotite were deposited
in cracks developed while heating pyrrhotite in a dry atmosphere,
He concluded that the iron sulphides had moved to the sites of
deposition in the vapour state. Hewitt (1938) had reached the
same conclusion from similar results obtained in his pyrrhotite

phase relations studies.

Hsalo and Schlechten (1952) measured the rate of
welght loss of many metgllic sulphides by heating them in vacuum,
Using the experimental values, they calculated the vapour pres-

sures of the sulphides with Langmuir’s formuls

Wt = welght per unit of time
P = vapour pressure (mm,Hg)
Wt = P/ M , where M = molecular welght (gms
. 2RT R = gas constant
T = agbsolute temperature

By comparing these vapour pressures with dissocilatlon pressures
obtalned by thermodynamic calculations, they were able to deter-
mine approximately the welght loss due to volatilization. The
minerals tested were divided into two groups:

1. Volatiles: Zn8, CdS, HgS, SnS, PbS, As233 , Sbo33

2. DNon-Volatiles: MnS, FeS, CoS, Cu23, Nis, MoS2

The apparent vapour pressures for the volatiles were much higher
than the celculated dissoclatlon pressures; for the non-volatiles,
the vapour pressures were lower than the dissocistlon pressures.

The values are listed in Table 7.

Later experiments by Schlechten (1954%) showed that

in a non-oxidizing atmosphere certain metal sulphides volatilize,



TABLE 7

Apparent Vapour Pressures of Certain Sulphides

Tempera't%re Pressure Range
Sulphides Range, “C in Atmospheres
VOLATILE SULPHIDES |
7nS 70l - 1006 2,146(10)7® to 1,02 (20)7"
CdS 503 - 70L 1.,20(10)77 to 1,90(10)™°
HgS 230 - 330 3.39(10)" 7 to 5,01(10)"°
SnS 503 - 704 1,62(10)"7 to 1,07(10) 73
PoS 503 - 65k Le79(10)"® to 2,95(10)°°
as_S 180 - 330 11e57(10)”® to 3,47(10)
Sb_S 352 - 553 3.39(10)"® to L,78(10)°°
NON = VOLATILE SULPHIDES
MnS 9oL - 1106 8,12(10)"° to 2,76(10)77
FaS 80k - 1006 9,11(10)™° to 2,L0(10)77
CoS 80l - 1006 1.29(10)7% to 1,78(10) "¢
NS 60, - 8al 5,37(10)”7 to 6.61(10)7°
ou_S 60l - 90l 5.75(10)7® to Le57(10)77
oS, 90l - 1106 3431(10)7° to 6431(10)7°
(After lisaio and Schlechten, 1952)
TABLE 8
Solubility of Sulphides up to 600°C
for a pH of 7 (grams/litre)

Sulphide 259¢ 100°C 200°C hoo®c 600°c
ZnS 1.49(10)~7  1,18(20)7 1,21(10)"¢ L.11(10)"® 1,01(10)"®
Pbs | 7.85(10)7° 1.52(10)77 2,05(20)"° L.36(10)7° 2,75(10)"%
Cus 2436(10)7*2 9,67(10)"*2 2,52(10)7*° 1,06(10)°° 9.95(20)"®
HgS 1,25(10)7%% 5,75(10)" 1% 8,19(10)"*% 2,89(1L0)"** 2,89(10)”°
Ag,S 1,LL(20)"** 5,63(10)7° 8,90(10)°% 2,83(10)7° 7,28(10)"%
Cu_S 2,07(10)™** 1,70(10)7*° 7,36(10)"° 5,23(10)77 6,11(10)"°

(After Czamanske, 1959)
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and may be separated from each other and from non-volatile
materials by a process of distillation, Ge, Hg, As, 3b, C4,
and Zn sulphides lose weight almost 1n proportion to theilr mol-
ecular weights and the sulphides re-condense, Other sulphides,
ineluding those of Fe, Ag, Cu, N1, Co, and Mn, lose sulphur upon
heating, leaving a lower sulphlde or the metal 1tself in the
non-volatile residue, Another group, including Th? Hf, Zr, Ba,
and rare earth sulphides, have 1ittle tendency to volatilize or
lose sulphur, The most effective temperatures for volatilizstion

were found to be high, ranging from 800°C to 1000°C,

Studies of metallurglical and blast furnace linings
(Davis, 1915, and others) have yielded fairly convincing proof
of volatile transfer of lead and zinc. Weyl (1955) notes that
crystals of greenocklte, marcasite, and arsenldes are produced

synthetically for commercigl purposes by volatllization,

The solubility of seversl minerals 1n super-heated
steam at high pressures was studled by Morey and Hesselgesser
(1951), Silicates were shown to dissolve more readily with
Increasing temperatures and pressures, Several sulphides were
tested at 500°C and 1000 bars using a closed system; they remailned
unaltered wilth the exception of pyrite, which converted to

pyrrhotite.

Wilson (1954) and Koop (1956) synthesized copper and
lron sulphldes from their respective silicates by passing HES
across the silicates. Temperatures of 600°C or more were
required, Some migrastion of sulphides into cracks was evident,

MacDougall (1957) caused copper and iron minerals to migrate
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into cracks 1n adjacent rock material at temperatures of
450-550°C, He suggested that volatile transfer was largely

responsible,

Smith (1949), from liquid inclusion decrepitation
studies, found that Cornish ores apparently were deposited at
temperatures of 265-390°C, He considered, therefore, that the
transporting media were 'flulds' and not high temperature gases,
Several investigators claim decrepitation temperatures are

erroneous, and most often low (McCulloch and Briggs, 1958).

Krauskopf (1957) calculated the possible composition
of & vapour phase 1n equilibrium with a cooling instrusive at
600°C, uslng proportions of constituents glven by previous ansly-
ses or calculations of volatiles given off by heated rocks and
volcanoes. Some volatile metals are present in vapour at 600°C
in sufficient quantity to form ore deposits, but the low volatil-
ities of most free metals and metal sulphldes suggest that another
means of transport 1s likely, Verhoogen (1938) had reached this
conclusilon earlier, Table 6 (after Krauskopf, p. 800) lists the
vapour pressures expected of several metals when in equilibrium

with their most stable compounds,

Diffusion Studies

Diffusion as a major means of transport of materials
has received only minor support in theocries of ore genesls, An
energy gradient 1s necessary to effect diffusion, whether it is

an electrical or chemlcal potentlal, or a concentration gradlent,
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and there 1s little evidence 1n ore deposits to indicate that
the continuous gradients required to effect movement over great
distances existed at the time of deposition, Some field studles
suggest that elements do migrate from wall rocks into mineral-
ized areas, but dominantly the movement is in the opposite

direction and only of local extent,

Whitman (1928) studied the rate of ionic migration
of potassium lodide through a slab of unfractured, water-saturated
Vermont marble by analyzing the water in test holes placed at
various distances from a ‘source’ hole containing potassium
iodide crystals. The rate of diffusion was 135 mm, in 100 days,
vhich 1s approximately equivalent to that of KI diffusion through
pure water; this indicated that the lons migrsted freely out from
the center of concentration through water-filled pore spaces,
The experiment -proved that dense rocks were permesble to lons,
but it also provided an excellent example of how ore deposits

can be removed,

Duffel (1937) and Garrels, Dreyer and Howland (1949)
carried lonic diffusion studies farther, The latter writers
found that although the rate of advance of KMnOj through limestone
vwas Independent of permeability or porosity, the total emount of
material transported vas dependent upon these factors and also
upon the maintenance of & concentration gradient. Under the
1deal conditions of a concentrated source and removal of dlffusing
ions by preclpitation or channelways, they determined experiment-
ally that the maximum distance traversed by an lon would be
2% miles per million years, st 100°C, The amount of material

vhich could be deposited at this distance from the source is

very smell,
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Migration slong trunk channels must be invoked
as an end process of diffusion, otherwise dispersion of elements
will result rather than sccumulstion, A change of environment
in such channels could then cause localigzation of minerals by

precipitation,

The importance of diffusion in effecting local changes
1s fully recognized, Replacement of minerals requires that mat-
erials diffuse in and out of the mineral; crystal growth in any
medium indicates that diffusion toward a preferred position takes
place; and solld solution or exsoclution studies render ample
proof of the migration of elements to form stable compounds, Few
experimental studies, however, have provided informstion regard-
ing the processes of diffusion, psrticularly with reference to
replacement, Relative stability of minerals in & given environ-
ment, electrical or chemical potentials, and concentration grad-
lents alone or together could not effect diffusion and cause

replacement, were not some means of migration possible,

Douglas, Goodman, and Milligen (1946) conducted
experiments to study this problem. They immersed a copper grid:-
anode in copper sulphate solution, and suspended & bakellte-mounted
pyrite block above it, A hole drilled through the bakelite
connected the pyrite with the well of a glass tube cemented to
the side opposite the pyrite. The tube was filled with weak HCl,

a platinum cathode was inserted, and a 6-volt potential was applied
across the system, 3Study showed that native copper was deposited
on the surface of the pyrite, but beneath 1t a film of CupoS
developed, Abundant iron ions appeared in the glass well, The

conclusion reached wss that a copper ion, upon entering the pyrite
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lettice, ‘shunted' & line of iron atoms along without disturb-
ing the sulphur atoms, and displaced one iron atom from the

opposite face,

Wagner (1952) carried out conductivity experiments
with Ag, Pb, Ba, and alkalil halides, and found that both cations
and anions migrated under the influence of an electrical potential.
He suggests that cations and anlons may jump to interstitial
(improper) lattice sites, push adjacent lons to interstitial sites,

or move to vacant positions in the crystal lattice,

Such studles reveal possible means of diffusion of
elements 1n replacement processes., Experimental work in the field
of oxidation—reduction'and electrical potentials is only begin-

ning, as far as minersligzation processes are concerned.

Studies of Sulphide Melts

Much negative evidence 18 found to oppose theories
of transportation of sulphide minerals as melts, The most signif-
icant evidence is the apparent lack of high temperature alteration
of host rocks, and the apparently low deposition temperatures of
the sulphides themselves as determihed from crystallographic
inversion points, unmixing relations, vacucle fillings, ratios
of elements in minerals, and other means., Ingerson (1955)
reviews the various methods used. Uncertainty exlsts, however,
as to the accuracy of these methods of determining temperatures,
psrticularly because post-depositional changes may have taken place,

and the ideas of emplacement of massive sulphide bodies by mesns

of melts still persist strongly.
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Melting or decomposition temperatures of all common
sulphlides were determined long ago, and are listed in standard
references (Kracek, 1942) or individual papers (Ingerson, 1955),
A few studies have been made to determine the lowering of the
melting points of sulphides by adding different materisls such
as certain volatile compounds or components which form solid
sclutions, The addition of water to anhydrous systems, for
example, usually lowers the melting point of the components,
particularly the silicates; antimony and ersenic form low-temp-
erature sulpho-salts with many refractory sulphides; and excess
sulphur is an important reducer of the melting point of many sul-
phides, as phase relations studies have shown, Water seems to be
the only one of these ’mobilizerq' to appear in quantity in the
ma jority of ore deposits, but this does not exclude the possibility
that it could have been introduced independently, or that sulphur
or Sb, As, and other low-temperature sulphides could have been
expelled from the system during crystallization of a complex ore
‘magma’ containing them,

Most experimentation with melts has ylelded unsuccess-
ful or inconclusive results. Hewitt (1938) reports that pyrrhotite
and galena form a eutectic at approximately 770°C., Olshanskii
(1948) in his studles of the FeS-Fe0-310, system determined that
FeS could exist as a liquid at 800-900°C, and Vogel and Flllling
(1948) found FeC and FeS separating as immiscible liquids down
to 950°C, Even the lowest of these temperatures, however, 1is

considered too high for most mineral deposits.

W.H., White (1943) after examining the distribution

of gold, galena, and other sulphides in 27 major gold mines,
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reached the conclusion that metal-rich differentiates from
quartz-rich magmas were sufficiently moblle at 250-300°C to move
into cataclastic zones in quartz bodies, Blchan (194%) proposed
his silico-thermal theory on the basis of White's studies and
on the fact that a gold alloy containing 6% silicon remains
liquid down to 320°C and gold slloys containing up to 85% lead
can remaln 1iquid down to 220°C (Int. Crit. Tables). It 1is
possible that\silicon and lead could exist in the elemental state
in natural environments, but there is no evidence of it 1n the

visible portions of the earth's crust,

Freeman (1925) and others noted the great reduction

of melting point of several sulphides by fusion with Nao3., His

experimentel results are glven 1n Table 9, Precipitation of the

TABLE 9

Comparison of Melting Points of Some Sulphides
with Respective Double Sodium Sulphides

Sulphide M.P,°C Double Sulphide M.,P,°C
PbS 1130 Pb3.Nao3 650
FeS 1000 FeS.Nas3 660
Zn3 1650 Zn3 ,NaoS 620
Cun8 1100 Cup8.Naps 560

(After Freeman, 1925)

metallic sulphide and removal of the alkall sulphide is effected
by introducing water into the system, Such compositions appear
unlikely for natural melts, because the distribution of sulphides

in rocks of known magmatic origin give no clue that they were
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present. On the other hand, little is known of the stability
relations of complex silicate-sulphide systems,

Apart from the possible existence of low temperature
complexes such as double sulphides, there 1s little to support
theorlies of ore magmatism, even though they can answer the concen-
tration problem with ease, The study of phase relations in many
sulphide systems has shown that low temperature melts are not
obtalned 1in simple systems contalning refractory sulphides, Should
fully dependable geothermometric methods show undoubted proof of
lov temperature emplacement of the common sulphides, the ore mag-
matist will be forced eilther to abandon his theories or produce
evidence that mass transport of sulphides can be effected below
thelr melting points,

Solid State Transformations

A vast amount of experimental work has been carried
out on phase relatlions of sulphides in solidus and sub-solidus
regions, The lmportance of this work in determining the conditions
of equilibrium of components in a system need not be stressed, for
such fundamental knowledge 1is essential to an understanding of the

conditions of mineralization and replacement,

It 1s necessary, however, to handle the informatlion
with caution when ore transportation and deposition are being con-
sidered, Minersals can be deposited in different ways, at different
times, yet subsequent metasomatism caused by solid state diffusion

under certain thermal or chemical conditions may completely oblit-

erate those features by which the primary history of deposition
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could be traced, The work of Ross (1954) on the formation of
intermediats sulphide phases by diffusion in the solid state
illustrates the point well, It is doubtful that primary textures
cdn be differentiasted from similar secondary textures st the
present time; in thls respect, careful field study of a minersl
deposit could yleld informgtion that would solve the problen,

The present study includes perts of the Cu-S, Cu-Fe-3,
Fe-38, Fe-Ri-8, snd Cu-Fe-Ni-38 systemé. Thé more recent studies
relating to these systems are those carried out at the Geophysical
Laboratory, Washington, D,C.; the results appear in the Institute's

annual reports,

Summary

The many experiments that have been carried out to
study possible means of transport and deposition of metallic
sulphides have not limited the number of acceptable theories to
any great extent, They have defined nelther the physical and
chemical nature of the ore-transporting medium, nor the causes
and processes of movement from source to site of deposition, The
studies have, however, provided us with some knowledge of the

effectliveness of postulated mesns of transport.

At present the problem of transport and deposition of
sulphide ores 1s not resolved., Hydrothermal transport, the most
popular of all theories, requires that vast quantities of water
be impelled through the enclosing rock because of the extremely
low solubility of sulphides in water, Complexing materials

increase solubllities of several metallic sulphlides, but few
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sulphides appear to be present in ratios greater than one part
to one million, Solutions with high pH and high sulphur econtent
appear to be more effective solvents than acidic solutions for
some sulphldes, but many writers maintaln field evidence dces not
support the alkaline'sulphide theory., The composition of fluid
inclusions and volcanic gases indicate that near neutrsl conditions
probably existed, If this is so, much water and also much time
would be required to deposit large sulphide bodles, assuming that
the water 1s avallable to transport the sulphides,

Transbor'cation of the metals as soluble compounds such
a8 halides and sulphates has been suggested, the precipitation as
sulphides taking place when sulphur-bearing solutions or gases
are encountered or when replacement 1s effected, This theory has
merit, The concentration problem 1s overcome to a great extent,
and diffusion processes could operate at optimum rates, However,
it may be questioned that halides and sulphates are present in
quantity at any great depth in the earth and therefore that they
could be dominant in primary solutions,

Colloidal solutions have been shown to be capable of
transporting large quantities of sulphides; however, evidence of
their existence in primary ore bodies 1is not ccmmon, and therefore
few geologists ccnsider them to have played more than s minor role
in ore deposition, It is to be noted that post-depositional

changes could have removed all traces of their presence.

Gaseous transport theories require high temperatures
to cause vapourization of most sulphides, although the presence of
HCL conslderably reduces the temperatures necessary to volatilize

certain sulphides, Laboratory studies and studies in fumarole



38
areas show that heat 1s not dissipated readily by rocks, and
that extremely high temperatures are easily maintained in trunk
fissures slong which vapours travel; consequently, conslderable
volumes of sulphides could in time be transported as gases desplte
low vapour pressures, Experiméntal work apparently supports
volatile transfer theories to the extent that locsal movement has
been effected in completely dry systems at temperatures which
'produce only lov vapour pressures; however, definite proof that

volatilization occurred 1s still lacking,

‘ The theory of transport of sulphides as melts has
little support experimentsally because high temperatures are always
necessary to produce a liquid phase from the more refractory
common sulphides, Because field evidence generally suggests much
lower temperatures existed at the time of deposition, the magmatic
theory is not widely favoured; however, the possibility of moving
large quantities of sulphides with only minimum amounts of liquids
or gases 1s sufficlent reason to search for a possible means of

achieving mass transport by movement gt sub-liquidus temperatures.

The problem of sulphide transport and deposition
remgins unsolved, None of the more dominant theories of hydro-
thermal, gaseous, or magmatic transport have been eliminated as
a result of laboratory studles, although limitations of thelr

effectiveness have been defined,
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EXPERIMENTAL APPARATUS

General Statement

The high costs of research apparatus, particularly
of high pressure-tempersture vessels and thelr necessary scces-
sories, frequently prevents experimental work from being carried
out in many deslirable fields, This problem 1s being graduslly
overcome with the appearance of less costly, commercislly-produced
equipment, and by the increase In funds provided for apparatus by

governments and other organigations,

All basic equipment for high pressure experimentation
was available at McGill University, and a government research fund
vas avallable to purchase additional apparatus for specific pro-
jects., A brief description of the high pressure, anglytical, and

other equipment used in the présent experiments 1s given,

Hydraulic Pump Circult

Components and Utllity

An Americen Instrument Compény electrically driven,
total displacement pump capable of delivering either 15,000 or
30,000 psi was used to supply pressure to the reaction vessels,

The pump circuit inciuded the Aminco pump, 30,000 psi (minimum)
tubing, control valves, tubing jolnts, pressure gauges, an aﬁto-
matic pressure control apparatus, a dead-weight pressure relier
apparatus, and & 30,000 psi surge tank which could also be employed

as g fluld separator, These parts are shown in Figures 1 and 2,
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Figure 1

A General view of pump and pressure
vessel systems,

Figare 2
Circuit for Open System Experiments

1. Hydraulic Pump

la, Manual operation bolt
2, Pump control box

3. One-way line valve

i, Pressure gauge

5, Fluid collector

6, Fluid reservoir

B,1 High temperature vessel
B.2 Low temperature vessel
Lol Thermocouple switches
T2

Vol Gircuit met

7.2 reuit metering valves
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This pump circuit can supply hydraulic pressure to
any number of experimental systems at g specific pressure, or at
different pressures when individusl systems are isolated, Simul-
taneous operation of more than one dynamic system can be carried

out only if the desired pressures are similar,

Pressure Relief Apparatus

A safety feature designed perticularly for use with
the open system bombs 18 the dead-welght pressure relief apparatus
shown in Figure 3, The removable lever arm, which has a mechan-
ical advantage of 10:1, forces a 60° coned shaft into the seat of
a standard T-jolnt connected to the pump pressure line, A pan
attached to the lever can be loaded with any desired welight to
close the aperture against the pump pressure, Thils type of
pressure release has an advantage over the blow-out type in that
pressure will be maintained within the system should the upper

.

pressure limit switch fall to shut off the pump,

Automatic Pressure Control

A sensitive, positive electrical contact for energlz-
ing the relay solenoid of the pump control box is necessary for
automatic pump operation, otherwise excessive chattering of the
relay results., Commerclal pressure control relays are costly
because of the precision required in manufacture, The system
used here incorporated a low cost, highly sensitive electronic
relay designed by E.J, Serfass (1941) and constructed by
Dr, V.A. Saull of McGill Uhiversity.. The electronic relay is

connected to the automatic pump relay, and 1is sctivated during
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Figure 3

Differential Pressure Vessel in oper-
ating position, external furnace
removed.

1, Pressure vessel

2. High pressure surge tank
3. Pressure relief apparatus
i, Temperature controller

5, Hydraulic jack

64 Steel frame

Figure
Pressure Control System

1. Electronic relay
2. Pressure gauge
3. Electrical contact leaves
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pumping when the needle of s standard pressure gauge forces
together two copper leaves mounted on the face plate of the gauge
(Pigure 4). The moving leaf 1s shaped soc that the needle can
continue past it, thereby shutting off the pump permanently should

a blow-out in the bomb system occur,

Additionsl Equipment, and Modifications

A large volume pressure intensifler was manufactured
to produce pressures between 30,000 and 120,000 psil, but repeated
fallures of the steel prevented 1ts use, The intensifier has
been re-designed for future use, A drawing of the modified vessel

is included in the Appendix,

Much difficulty was encountered with the Aminco pump
through leakage from the pump cylinder, The plastic sealing
vashers usually employed in the cylinder were finslly replaced
by polythene-impregnated leather washers, and the difficulty was
overcome, Other modifications to the pump included the insertion
of hardened steel bushings 1in lever arm plvots, and the introduction
of a bolt (Figure 2, la) in the pump motor shaft to permit manual

operation of the motor,

Should future replacement of this hydraulic pump
become necessary, or if additional pumps are required, 1t should
be noted that relatively inexpensive air-driven pumps can be pur-
chased from Sprague Englneering Limited*'. These pumps are highly
efficlent, dependable, and produce & steadler pressure than the

Aminco type.

*Distributors: Rousseau Controls Ltd,, Montreal
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The standserd Aminco pipe coning tool produced rough
cone surfaces which frequently leaked under pressure, Thils tool
should be discarded and replaced by a superior double-sided
coning tool distributed by Autoclave of Canada, Limited, Toronto,
When possible, pipes should be mounted in a lathe for proper
coning with a file and fine emery cloth.

Pressure Vessels

Two different types of pressure vessels, or 'bombs'
were used in the experiments, according to the conditions required.
These were:

(1) Open-end, high pressure-temperature vessels,
used for open system experiments or when confining pressures only
were needed;

(2) A high pressure-tempersture, differential pressure ves-
sel, used when & positive moving force was required in addition

to & confining pressure,

These pressure vessels were used 1n circult with the

hydrgulic pump described earlier,

Open System Vessels

e - et ——t

An sssembly drawing of the open-end pressure vessel
designed by the writer is included in the Appendix, and a simpli-
fied diagram is given in Figure 8. This bomb was constructed so
that the entire vessel could be heated, thereby reducing temperature
gradients within the bomb to & minimum, A large internal dlameter



43
was desirable, so that a considerable volume of experimental
material could be accommodated, but at the same time the vessel
had to withstand high pressures and temperatures, The bomb hed
to be open at both ends to permit the passage of flulds or gases
through 1t and to allow its connection on eilther end with other
parts of a c¢ircult, particularly with a second bomb in seriles,

A thermocouple entry port, sufficlently close to the interior to
glve falrly accurate temperature resdings, was necessary, PFin-
8lly, the vessel parts had to be extremely resistant to corrosion,
These requirements were agll met, although some not too satis-

factorily,

—— - — v —

The vessel body was magnufactured from the highly
corrosion-resistant, tough eobalt-nickel-chromlium alloy No, 25
produced by Haynes Alloys Company, Kokomo, Indiana, With one
exception, described later, the bomb wes almost completely
unaffected by the solutlions and pressure-temperature conditlons
used in this series of experiments, The alloy also possesses
great strength at high temperatures, which permits the design of

pressure vessels having large inside to outside diameter ratio,

Pressure Seals

The large internal diameter of the bomb made it
necessary to use, at the access end, a seal whose closure vwas
mgintained by the internal pressure, A modified Bridgman
unsupported-area type of seal (Bridgman, 1931; Morey and
Hesselgesser, 1951) was used in conjunction with a removable stem,

This seal proved to be highly effective, and nb failures occurred
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during the experimental runs, The sealing washers could be made
of any desired material on a small lathe, provided that they were
smoothly finished, Copper or nickel washers were used in these

experiments,

At the exit end of the vessel and at the small end
of the bomb stem, simple 60° cone-in-cone compression seals were
used to attach the bomb to standard high pressure line fittings,
These cone seals leaked frequently at high tempersture connections,
elther when the effective sealling pressure was reduced by creeping
of the pipe cone metal, or when a surge of cool fluld rapidly

contracted the pipe cone.

Bomb Stem

The bomb stem was made from 316 stainless steel,
because a 5/64-inch diameter hole could not be drilled through
& 3%-inch length of the cobalt alloy at the time of manufacture
of the vessel, The stainless steel was generally unsatisfactory
because 1t corroded essily and plerce holes, which were difficult

to locate, commonly developed.

The thermocouple well was placed in the screvw head
of the bomb édjacent to the bomb stem (see Vessel Assembly Draving).
This position sllowed penetration of the thermococuple to within
one-half inch of the end of the central cavity, and d41d not weaken
the vessel walls, A test run revealed only a 2-degree temperature
difference between the interior of the bomb and the external

position of the thermocouple,
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The major modificatlion suggested for the existing
open-system vessel 1s to substitute a more resistant alloy for
the present bomb stem metal, Tungsten-carbide tipped dental
drills cut the tough new alloys readily, and could be employed to
drill long, fine holes of 3/32 or 5/64-inch diameter when mounted
on special shanks (Figure &, No. 6). The round-end burr is the
best type to use for this work, The short length of plpe used
to connect two or more vessels should also be made of material

superior to that provided in commercial high pressure tubing,

Differentigl Pressure Vessel

The differentiasl pressure vessel used was an extern-
ally heated, large dlameter bomb designed by Cameron (1956) and
Wolofsky (1957) at McGill University. With this vessel, a
directive force from a jack can be lmpressed on the experimental
msterisls while a confining pressure 1s being applied, and at
the same time fluids or gases can be passed through the experi-
mental chamber, The vessel was designed to reproduce conditlons
of hydrothermal-dynamic metamorphism, using an open system, In
the present experiments the central, open clrcult was closed off,
The component parts of the vessel are shown diagrammstically in
Flgure 9, and a plcture of the vessel in operating position is
given in Figure 3,

Serious difficulties were encountered with this
vessel in maintaining a seal at the moving end when temperatures
exceeded 350°C, The seal, an unsupported area type, consisted
of copper and teflon washers, The teflon washer volatilized near

this temperature, and upon movement the copper alone was unable
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to fill the 1irregularities in the bomb wall sufficiently quickly
to maintaln the pressure. For more critical experiments, the
bomb should be reamed out, plated with cadmium or nickel, and
honed internally to a 5-micron finish, or be replaced by a ves-
sel made from a more corrosion-resistant materisl such as the

Haynes cobalt alloy,

Strength of Materisgls

The determination of the strengths of pressure ves-
sels under high temperature and pressure conditions has received
much attentlon in the past twenty years, No completely satis-
factory equation is available for determining the limiting condi-
tions of operation for thick-walled cylinders, but for general
purposes the equation glven by Timoshenko (1956) can be used to
calculate stresses set up by pressures and temperatures, The
resulting values can be compared with strengths of s material at

given temperatures as published by the manufecturer,

Timoshenko shows that the tensional snd rsdiasl stres-
ses set up in a thick-walled cylinder by an internsl pressure of

P1 will be approximately as follows,

St = a2 PL x (1-Db2) (1)

b2 - g2 22
= 2 2
Sr = 85 P1 x (1 - b%) (2)
bz- a2 r2
St = tensional stress
Sr = radisl stress
r = arbitrary radius
b = external radius
a = internal radius
Pl = 1internal pressure
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As there 1s not a large thermal gradient between
the inside and outside of an externally heated bomb at equil-

ibrium, thermal stresses need not be consldered.

Calculations to determine the pressure limitations
of the open system bomb were made, using the manufacturer's
ultimate tensile strengths of the cobalt alloy at various temp-
eratures. Equation (1) was used because the tenslonal stress is
the greater of the two, PFor the arbitrary radius (r), the inter-
nal diameter was used since the equation shows it to be the radius

of greatest stress. Reductlion of the equation glves:

P, = St x (b° - a2)
a2 - b2

or
Pi = 0,923 St
for the bomb, where 3; equals the ultimate strength, Some pressure

limitations obtained in this way are given in Table 10,

TABLE 10

Some Calculated Pressure Limitations
of the Open System Pressure Vessel

Temperature Pressure Temperature Pressure
TO°F 139,000 psi 1500°F 60,6000 psi
1000 100,000 1650 39,400
1200 89,800 1800 30,400
1350 68,200

The stress-rupture graph in Figure % was drawn from
the manufacturer's ruptural stress values for fallure in 10 hours,
These emplrical yield points, as would be expected, are consider-

ably lower than those indlicated from the ultimate strengths,

Tests of cold seal bombs at McGill University revealed, however,



that the bombs could withstand pressures of 72,000 psi at
1350°F (732°C) for minimum periods of 24 hours with no detect-
able increase of external diameter, This value exceeds even the
ultimate strength of the vessel, as calculated above, Obviously

 bombs made of the cobalt alloy will be quite safe when operated
at the upper limits given by the graph in Figure 5,
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Figure 5

Stress-Rupture properties of Haynes Alloay 25 at higher
temperatures, From Manufacturer's data for rupture in
10 hours,

Calculations of strengths of the differential pres-

sure vessel have been made by Cameron (1956)., At 550°C the yield
strength is 30,000 psi.

The weakest points in the hot seal bomb systems will
be the heated pipes leading from the bomb, or the bomb stem itself
when that 1s made of inferior metsl., The upper pressure limits-
tions of the system should therefore be set by the yleld strengths

of plpe materials in the critlcal areas; similar to the pressure

vessels, these yleld strengths should give an ample pressure
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safety factor.

Cleaning Equipment

Tools for cleaning and polishing cone seats, clogged
pipes and stems, and the interiors or sealing surfaces of pres-
sure vessels are indispensable to the efficlent operation of the
pressure systems, Figure 6 shows several small tools used for
different cleaning purposes., The unfinished interiors of bombs
were cleaned with & Wwire brush, or with a mounted cloth impreg-
nated with coarse g:inding'compound’such as that seen in

Figure 6, No. 4,

Low Pressure Apparatus

Two experiments were carried out in a water-free
environment at atmospheric pressure, The experimental apparatus
consisted simply of high-temperature glass tubing 1lnserted in
a ceramic shield, the latter belng placed in a tube furnace,

Figure 7 shows the various parts,

This apparatus 1s well sulted to atmospheric pressure
experiments, It can be set up rapidly, and the experimentsl
materials can be subjected to any desired liquid or gaseous

environment.

Anglytical Equlpment

All equipment necessary for the study of specimens

and experimental products was availsble at McGill University,.
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Figure 6
Tools for Cleaning Pressure Vessel Circuit Parts

1 60° Carbide tipped drill for cone seat reaming
2. 60 Hone for fine grinding of cone seats
3, 60° Polisher, cloth tipped
Polisher for’ cleaning seal wall of Open System Bomb
S. Toothed Augur for removing coagulated materials
from Open System Bomb
6. Dental drills for clearing pipes and bomb stems

Low Pressure Apparatus

1, Tube furnace 2, Temperature controller
3s Ceramic shield connected to gas lines
i, Glass tube containing experimental materials
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A General Electric XRD-3 X-ray diffractometer was used to deter-
mine by diffraction the crystalline products formed, and to
assess semi-quantitatively by fluorescence the distribution of
certain transported elements, Diamond polishing equipment
enabled the production of good polished surfaces on frisble pro-
ducts, which would have been difficult to achleve otherwise,
Quantitative chemical anslyses were msde in the department's

geochemical laboratory,
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EXPERIMENTAL PROCEDURES

Preparation of Materials

Natural mesteriels were used 1ln all experiments, as
it was desired to observe any changes in textures and mineral
relationships produced by the experimentasl conditions, Purity
of materlal was not & requisite, but the proportions of minor
constituents 1n minerals to be used 1in the primary~reaction ves-

sel was kept below ten percent,

Mineral specimens for use in 'primary' environments
were crushed and scfeened to obtain graeins ranging from 2,5 mm,
to 4,0 mm, in diameter, This minimum diameter was necessary to
prevent the grains from moving out of the reaction vessels and
through the pipes, The grains were tumbled briefly to bregk off
loose particles, were washed, and exsmined under the binocular
microscope, Gralns which contained a high percentage of impur-

ities were rejected,

Rock or mineral specimens for use in 'depositional!
environments were crushed and screened to obtain grains ranging
in diameter from 2,5 to 6.0 mm, These grains were also tumbled

and washed to remove loose particles.

Operational Procedures

The experiments in this study fall into three

different groups:
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1. open system, hydrothermsl experiments,
2, closed system, dlfferentisl pressure experiments,

3. closed system, low pressure experiments,

The experiments of the first and second groups were carried out
in pressure vessels, and those of the third either in pressure

vessels or in glass tubing.

Open System Hydrothermsl Experiments

The open-end pressure vessels were used when 1t was
necessary to pass solutlions or gases through the reaction vessels
while they were belng subjected to specific conditions of temp-
erature and pressure, The vessels were charged with the experi-
mental materials and connected in series to the pump clrcult,
as shown in Figure 8. The -pressure vessels and externsl circuit
were filled with the fluid or gas to be used, the exit metering
valves were closed, and pressure was built up to check for lesks
in the system, The external tube furnaces were then closed and
the bombs hested to the temperatures required, The pressure was
maintained during heating by bleeding off the excess liquid through
the metering valves,

When the desired pressure-temperature conditions were
reached the hydraullc pump was set to operate automatically, one
metering valve was opened fully, and the other was adjusted to
control the rate of flow of solutlon through the bombs, For more
experiments a flow rate of 0.2 to 0.4 ml, per minute was main-
tained when possible, A lesser rate of flow, although deslrable,
resulted in rapid blockage of the system because fine materials

precipitated from solution readily clogged the meter valve openings,
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Blockage of the circult cccurred frequently from
collection of materials at the control metering valve, By
closing the idle valve and opening the control velve fully the
blockage could be cleared without allowing a surge of fluid to
pass through the vessels, The sudden passage of s large volume
of 1liquid commonly caused leekasge when the hot cone seats con-
tracted; it also dislodged materials deposited in lower parts
of the system, When blockage of other parts of the circult

occurred, however, the experiment was usually terminagted,

Closed System Differential Pressure Experiments

Differential forces to cause & directed movement of

experimental materlial were produced in two ways,

One method used was to subject a two-compartment
sealed capsule, of which only one end was collapsible, to a
hydrostatic pressure (Experiménts N and 0), The material to be
tested was placed 1n the collapsible end, while the non-collapsible
end and central restriction were left empty. The capsule wsas
velded shut, inserted in a pressure vessel, heated, and subjected
to pressure, A peristaltic force developed as the charged end
collapsed, causing materials to flow through the restriction
into the rigid end, PFigure 39 shows a section through the

collapsed end of such a capsule.

The second method of producing s deforming force
required the use of the differentlsl pressure vessel described
previously, Complete 1lnstructlions for its operation are given

by Wolofsky (1957). In the present experiments (Q,R,S,T) the
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driving plug was lengthened to give & larger displacement, and
the reaction tube was cut from thick-walled pipe to provide

more resistance to deformgtion, Grains of refractory materisls
wvere loaded in the static end of the tube to maintaln open spaces,
and the sulphide minerals were loaded at the dynamic end, as
shown in Figure 10, The bomb was assembled and connected to the
hydraulic system (Figures 3 and 9), pressure was bullt up against
the Jjack ram, and heatlng wes begun, When equilibrium tempera-
tures were reached, steady pressure was spplied by the jack and
the driving plug vas moved slowly into the tube chamber against
the central hydrostatic pressure and frictional resistance of

the moving seal, The tube collapsed or wgs compressed as the
plug moved, and a directive force was thereby continuously applied

on the experimental materials,

Closed System, Low Pressure Experiments

Lov pressure experiments were made to determine
whether or not confinlng pressure had an effect on the mobiliza-
tion of sulphide minerals or theilr elements., When possible, an
electricael potential was also.placed across the resction chamber

to examine its effect on the movement of msterials.

Pressure vessels were used in the U series of experi-
ments; these experiments were conducted to determine the effect
of full sulphur vapour pressure on mobllizing different sulphide
minergls, The minerals were charged into the bombs with sulphur,
the bombs were connected to & pressure gauge, and heating was

begun, No attempt was made to exhaust alr from the system,

The atmospheric pressure experiments, M and W,

were run to study the effect of lack of water, temperature
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Figure 10

Assembled internal components of
differential pressure vessel, showing

cut-avay of reaction tube, Moving
end 1s to the right,.

I
Al Electrode Electrode Al

VHre Glass Tubing Wire
Figure 11

Atmospheric Pressure Experimental Set—up

Gb: Peridotite Cc: Chalcocite Bn: Bormite
Cp: Chalcopyrite Asb: Asbestos



55
gradients, and electrical potential on the migration rates of
sulphides, The sulphlide grains were introduced into Vycor
glass tubing, and were enclosed on either side by perldotite
grains, aluminum electrode plates, and ssbestos wocl packing,
as shown in Figure 11, The electrode wires were extended out
elther end of the tube and connected through a variable resistor
to a direct current source of 110 volts. The tubes were then
pleced in the furnace and heated, In these two experiments the
use of a thermocouple was avoided by testing and pre-setting

the temperature controller,



56

ANALYTICAL PROCEDURES

Selection of Material

The procedure for selection of experimental materisl
for analysis varied somevwhat with the type of experiment, Closed
system and differentisl pressure experiments requlred only:

(a) the close examination of products under the stereocscopic mic-
roscope; (b) the selection of individual grains or particles for
preparing X-ray mounﬁs and polished sections; or (c) the mounting

of the entlre recovered specimen as a polished section,

The selection of products for analysis from open
system hydrothermsl experiments required far more care, However,
because direct comparisons between experiments were to be made,.
The procedure used was as follovws:

(1) Experimental materiesls were removed sectlon by section
from the pressure vessels, Mineral or rock grains placed
in certain sections of the bombs were then separated from

the different grains of adjacent sections;

(2) A careful study under the stereoscoplc microscope was
made of all materisls from the bombs to detect megascoplc-
ally any evidence of solution, glteration, transportation,

or deposition;

(3) Semple grains were taken from the various sections and

mounted for polished section study;

(4) The remaining grains of a glven section were tumbled
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gently in a glass vial to remove for X-ray analysis any

deposited material;

(5) Bomb stems, plpes, and joints were examined critic-
ally for alteration and deposition, and products were

selected for analysis when necessary;

(6) Discharge fluids were flltered, The solids recovered
were mounted for X-ray snalysis, while the liquids were

stored for chemical analysils,

Preparation of Samples

Polished Sections

Grains selected for polished section study were
arranged gs desired in a small contslner along with a few grains
of natural minerals for compsrison, Quick-setting liquld plastic
wvas poured into the contalner to form the mount. When hardened,
the mount was ground doﬁn to the deslred level, polished, and
labeled. Gendron (1959) describes a similar method of preparing

mounts,

X-Ray Mounts

The volume of materisl recoverable from various parts
of the reaction vessels was rarely enough to mount on standard
dished X-ray slides (Klug, Alexander, 1954). A special technlque,
which also partly compensated for the great range in volume of
the samples, was therefore used in mounting the experimentsl

products.

A smgll conlcal dispenser which held gpproximately
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0.01 cc was masde so that the volume of material used for each
mount could be controlled, Paper discs for powder mounts were
cut from a high grade filter paper to obtaln a basal material
having a low radiastion background, The discs were cut a standard
one-half inch in dilameter so that a constant surface area would

be presented to the radiation,

Materlals to be X-rayed were carefully examined to
remove recognizable, unwanted minerals or rock fragments., As it
was desirable to know the total amount of a deposited element in
a glven section of s vessel, every attempt was made to remove
particles of originsl materials so that the total volume would
not exceed that of the dispensing cup. The cleaned sample vas
ground finely in an agate mortar, and the resulting powder was
mixed with collodion on the paper mounting discs, When there
was agn excess of powder, the fraction measured for analysis was
noted; 1f the volume was less than the volume of the dispenser,

flour was added.

Materisls mounted only for X-ray diffrsction identi-
fication of minerals were not closely controlled with respect to

volume used, unlike those to be analysed by X-ray fluorescence,

X-Ray Fluorescence Analyses

Standard mounts of known copper and iron content
were made so that g semi-quantitative evaluation of the content
‘of these elements in the experimentsl mounts could be obtained

by X-ray fluorescence., These standards were run esch time g

sulte of experimental mounts were X-rayed, The total metals
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content in each mount was then determined by comparing the
characteristic radiation intensities with those of the standards,
Normally, readings on individual peaks were made, the values
being taken directly from the X-ray geiger scaler unit, but an
occasional mount was scanned to check for interference by other
elements 1f they were expected to be present., Figure 12 shows

such a graph,.

No great accuracy was to he expected from this method
of gnalysis, Loss of materisl, elther during selection of the
sample or removal of the various sections from pressure vessels,
probably would cause the greatest error, Variation in particle
size and irregularity of the irradiated surface were probably
important sources of error, although re-orlentation of the stand-
ard mounts on the machine seldom changed line intensities by more
than 2%, A few non-systemstlic errors became apparent when chem-
ical analyses of the mounts were obtained; in these instances the
X-ray analyses are likely suspect, X-ray fluorescence and chemical
extraction analyses for copper in mounts from the hydrothermal

experiments are compared in Tables 15 to 26,

Although chemical and X-ray eanalyses of the same mount
differed by as much as 30%, a comparison of results from experi-
ment to experiment clearly shows that X-ray fluorescence analysis
of selected mounts is sufficiently accurate to detect the effects
of changing the environment in studies of transportation and
deposition of materigls, If greater accuracy is required, an
internal standard should be used, One method of introducing the

standard is to add s drop of solution of the standard element to

the minersl powder, when the latter 1s being mounted,.
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Chemical Analyses

Chemicsl analyses were made on different experi-
mental products either when a check on X-ray fluorescence
analyses was desirable, or when tests for specific ions or rad-

icels were required,

The standard procedures of dry fusion, acld extraction,
and colorimetric analysis using diphenyl-thiocarbazone were used
when analyzing X-ray mounts chemically for copper content, The
snalysis of discharge liqulds from the open system experiments
was more difflcult, because 1t was desired to know the relative
amounts of sulphur radlicals produced during an experiment, The
spontaneous break-down of HoS to sulphur and oxidized radicals
proceeded quickly, giving positive tests in most cases., The
sulphide ion produced during the experiment was finslly precipi-
tated by cadmium ion placed in the collecting flask, and a falrly
reliable anaslysis of the sulphur radicals existing at the discharge
point was then obtalned,

Separate tests were made for the copper content of
the discharge liquids. Using the standard colorimetric 'dithizone’
method, The liquid under test Wwas evaporated with HNO3 and the
copper lons extracted with HCL, Only qualitative tests were made
for other elements in solution, such as cobalt and nlckel; these
two elements would sppear When the vessels corroded. Table 14

sumgrizes the results of all analyses of the discharge liquids,
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Minersl Identification by X-Ray Diffraction

Minersls crystallized or re-deposited in various
parts of the reactlon vessels were sometimes identified by
pollished section study, but the ma jority were recognized only
by their characteristic X-ray powder diffraction patterns. The
graphlical recording unit of the General Electric XRD-3 diffract-
ometer greatly facilitated the study of patterns from these

multi-minersglic fractions,

Graphical powder patterns of the several common

minerals used or expected to appear in these experiments were

run in order to eliminate these minersls, by direct comparison,
from the patterns of the X-ray mounts, The 20 values of uniden-
tiflied peaks on any graph were then checked against the‘ASTM
tables for 1dentiflcation of unknown minersls, A typlcal graph
sheet containing the diffraction patterns of several mounts appears
in Pigure 13, Tables 15 to 26 give the lists of minerals detected

in the X-ray mounts from the open system experiments.

The X-ray method was fast and normally effective, but
occasionglly the identificatlon of unknown minersls was difficult
or impossible, In some instances the X-ray pattern was weak
because the minersl was elther poorly crystallized or present
only in minor amounts, In other instances the X-ray pattern was
masked by patterns of more abundant minerals, Such a situation
exlsted, for example, when X-ray fluorescence revealed that
copper was abundant but no copper mineral was identified from the

diffraction pattern,
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RESULTS OF EXPERIMENTS

Grouping of Experiments

The main purpose of this resesrch was to produce
date from which a study could be made of the relative ablility of
different materials to mobilize or transport sulphide minerals,
The experiments can be divided into four groups according to the
environmental or physical conditions used, The divisions ard
corresponding experiments are a&s follows:

1. Hydrothermal Experiments - Low Sulphur Environments
Experiments A to I, inclusive,

2, Hydrothermal Experiments - Excess Sulphur Environments
Experiments J, K, L, P and V,

3. Non-Aqueous, Low Pressure Experiments - Excess Sulphur
Envlironments
Experiments M,W, and U seriles,

4, Differential Pressure Experiments - AqQueous Environments
Experiments N, O, Q, R, 3 and T,

The hydrothermasl experiments include those in which
water was the main sgent of transport; the system was usually
open and subjected to high pressure, The low-sulphur group in-
cludes experiments in which nc sulphur was sdded to the system,
The excess sulphur group lncludes those experiments in which sul-
phur in one form or another was Ilntroduced so that the proportions
of sulphur or sulphur compounds in the bomb gtmosphere would exceed
the probable equilibrium proportions for the sulphldes alone,

At the temperatures and pressures used, water exlsted as & vapour

whose density for the high pressure experiments ranged from 0,32

to 0,39 g/cc,
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The low-pressure experiments were made to test the
degree of mobilization of sulphides in atmospheres contalning
little or no weter, but sbundant sulphur, The differential
pressure experiments were conducted to test the ability of experi-
mental materisls to move resdily by physical deformestion when a

positive, directive force was applied,

An outline of the experiments 1s inecluded in the
Appendix for immedlate reference, All the physical and chemicel
conditions of each experiment are given, In the following para-
graphs the conditlions and results of each experiment are describ-

ed briefly,

Hydrothermal Experiments - Low Sulphur Environments

Chemical and X-ray snalyses of the products of these
experiments are given in Table 1l gnd Tables 12 to 19 inclusive.
Table 1l lists chemlicel anslyses of discharge liquids and welght
losses of 'primary' copper sulphides, Tables 12 to 19 list
X-ray, chemical, and mineralogical data obtained from different

sections of the pressure vessels,

EXPERIMENT A

Purpose: To test solubllity of chalcocite and its degree
of mobilizatlon in pure water, and to examine
features of solid state diffusion which might
occur between pyrrhotite and chslcocite,
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TABLE 11




TABLE 11

COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

Welght Ioss of Primary Sulphide and
Discharge Iiquids Analyses

Expt, Wi, Ioss Time Volume pH Copper Sulphur Compounds Present Remarks
Ca Sulpkide Bm Ifiquid of  in 50 S0 30 SO  Other Iohs
from B,1 (hrs,) Collected Soln, Solution 2 2 3 23 in Solnm,
(Percont;) (m1.) (nge/1) (mg./1) (mg./1) (mg./1) (mg./1)
Lo% SULPHUR ENVIRONMENT
A — 1L M1 — — — - _— — Closed
System
A | -
B 0,05 18 1250 8,2 1.0(10)"7 10 U 27 50 Fe
, . Abundant
c a3 72 1250 8,7 1.0(105°7 5 22 39 200 Fe,S10_
D 0.07 10 150 7.8  L,0(10)"7 Trace 18 L 100 Fe
E 1k 5 8o 9,2 1.0(10)"® TWot L 9  Not Fe,CaCl
Detected Detected 2
F 0.8 us 850 8.5 1.L(0)"7 13 21 25 32 Fe
G 0.3 15 110 8.3 1,2(10)"7 3 2 3 5 Fe
H Q.8 26 900 8,2 2.,5(10)°7 60 8 7 25 Fe
(Bornite) '- Not ,
I . 10,5 220 8.1 5.,0(10)"7 120 17 LO Detected Fe, Cr,ln
EXCESS SULPHUR ENVIRONMENT
passed
(Gain) -
K 3.3, .6 2L 7.9 1.5(10)"7 Present L 12 Not Fe
‘Detected
(Gain) _ ,
L . 96 10 8.2 1.8(10)"7 Present 8§ 20 10 Fe
P 2.1 12 200 12,2 5.0(10)"7 Present Not Present lNot Co, Cr, 1t ,
. Tested Tested Fe,ln
(Pn, Cc) ' ' -
' . 27 100 8.1 2,0(10)"7 Present 5 50 20 Fe
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Materlals Chalcocite' and pyrrhotite grains 1n contact
and in high temperature 'primsry' vessel ; peridotite
Conditions: in low tempersture ‘'depositional' vessel
Environment: Distilled water
Temperatures: B.,1®= 510°C; B.2°= 210-160°C*
Pressure: 15,000 psi, Time run: 1% hours
No liquid collected

Results:

A leak developed 1n the low temperature vessel and
the system was closed, but the run was continued to examine any

diffusion products which might form in the primary vessel,

The chalcoclte fragments had remalned angular, snd
had altered only slightly during the run, Some minute crystals
later identifled as chalcoclite had developed locally on corners
and faces of the original chalcocite, A dark tarnish covered
some grains, All grains had recrystallized; on their irregular
surfaces, minute crystal faces had developed which were crystal-
lographicelly oriented over diameters of 1 to 2 milllmeters,

At the contact between pyrrhotite and chalcocite the chalcocite
grains ususlly were attached to pyrrhotite grains and to each
other, The pyrrhotite grains were blackened but otherwise

unchanged,

Polished section study revealed that chalcopyrite
and bornite had formed where chalcoccite and pyrrhotite grains

1 A1l naturel chalcocite used contalned minor bornite,
pyrite, and quartz.

2 Hereinafter termed 'B,1l',

3 Herelnafter termed 'B,2°',

% High temperature at entry end, low tempersture at
exit end.
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were in contact., The originally 1sotropic chalcocite had

become g mossic of slightly anisotropic chalcocite grailns.

EXPERIMENT B

Purpose: To test chalccclte mobillization as in Experiment
A, and to examline the effect of different
meterisls in preclpltating copper sulphides,

Msterials B.1l: Chalcocite at entry end, pyrrhotite grains

and in contact at exit end

Conditions: B.2: Peridotite nearest entry; pyrrhotite in

center; peridotite at exit
Environment: Distilled water
Temperatures: B.l1l = 520°C; B.2 = 200-160°C
Pressure: 16,500 psi, Time run: 48 hours
Volume of liquid collected: 1250 ml,

Results:

Bomb 1, The chalcocite grains in the primary vessel presented
the same features of tarnishing, recrystallization, local cohesion,
and scattered growth of fine surface crystals as had been observ-
ed in experiment A, In the pyrrhotite zone, however, an abund-
ance of fine black crystals had developed on the surface of the
grains and on the bomb stem at the exlt end, A few unidentified
yellow crystals were also scattered on the surface of the bomb
stem, The analyses of fractions selected from various parts of
the system (Table 12) revealed that magnetite had formed in the
pyrrhotite zone, and that copper had been deposited as chalcopyrite
and bornite at the exlt end of the vessel, There was g loss of

0,01 gram (0,05%) of chalcoclte from the primsry vessel.

Polished sectlion studies of chalcoclite and pyrrhotite
grains which were in contact revealed that bornite and chalcopyrite

had formed along the common boundary (Figure 14%), These minerals

could only have been produced by solid state diffusion of copper
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Figure 1
Experiment B (20 X)

Diffusion of iron and copper at boundary of chalcocite (Ce)
and pyrrhotite (Pr) grains, producing mixed phases of 7
chalcopyrite (Cp) and bormi.te (Bn), and iron-rich chalcocite

Figure 1

Experiment B (90 X)

Deposition of pyrrhotite (white) and magnetite (speckled)
on irregular surface of peridotite grain,



TABLE 12

COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

65b

5 ols
Minerals : See ’iable
No. 2

B-x : X-ray Mount

Black crystals on stem ba:'se‘.
loss of chalcocite from B,1: 0,05%,
Apparent solubility of CuS: 2,1 (20)™* gm/1,

EXPERTMENT B
. ' X~Ray Copper X-Ray
Distribution Positions Mount Fluorescence Analyses Diffraction
of Materials of X-Ray Counts per Second (ng Minerals
within Bombs Mounts Qu K o | Xe~Ray MM
l B-3 Lk 190 12,050 | 0,08 - Mg, Pr
51l B-2 108 . 520 13,250 | 0,30 —~ | Mg, Pr, Cp
| Ppr—— B3 Bl 1520 9200 1950 | b0 = = | B
R ﬁ | :
B=7 3b 120 7840 | 0,05 - | &
@ B7 B-8 43 170 8460 | 0.07 0,08 Pr
B.2| P—— B8 | B9 51 220 7290 | Q1o - g
@—— B-9 | <
B=10 39 1o 560 | 0.05 0403 Sulphur
\ B-10
Remarks

39
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and iron from thelr respective minerals,.

Bomb 2, Peridotite fragments and pyrrhotite grains in the
secondary vessel appeared to be unaltered, and only a thin coat-
ing of fine crystsls had been deposited on the entry end perido-
tite; polished section study (Figure 15) and X-ray analysis

(Table 12) revealed that the coating contalned magnetite and
pyrrhotite, The analyses showed no significant increase of copper

through the vessel,

The liquid recovered was yellowish and contalned
abundant HpS. A dark grey precipitate which settled out slowly
was later identified as sulphur., Anslysis of the liquid (Table 11)
showed a copper concentration of less than 0,1 mg, per litre,
Sulphite, sulphate, and thiosulphate lons were detected at the
time of analysis, The discharge precipltate contained only
0.03 mg, of copper,

X-ray fluorescence analyses of fractions selected
from the vessels (Table 12) showed that little copper had moved
into or through the second vessel, although the copper content
of the lower peridotite section was higher than normal (see Table 24).

EXPERIMENT C

Purpose: To test chalcocite mobilizstion in g distilled
wvater enviromment, particularly in the pyrrhotite
zone in the primary vessel,

Materisals B.l: Chalcocite at entry end, separated from
and pyrrhotite grains at exit end by an
Conditions: elundum filter,

B.2: Peridotite, pyrrhotite, and calcite layers,
successively from entry end
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Environment: Distilled water

Temperatures: B.1l = 620°C; B.2 = 200-140°C
Pressure: 16,000 pgi. Time run: 72 hours
Volume of liguid collected: 1250 ml,

Results:

Bomb 1. Chalcocite gralins presented the same general appear-
ance as in experiments A and B; however, & greater gbundance of
new, fine, black crystals had developed on polnts and faces of
original grains, and the grains were often cemented loosely to

one another, Polished section study showed the cementing mat-
erial to be chalcocite (See Experiment D). Pyrrhotite grains
were tarnished as previously, and adhered together near the exit
end of the vessel, where an abundant growth of fine, black crystals
had taken place, Black specks had appeared on the remnants of the
filter, which had largely decomposed, There was a welght loss of
0,05 gram (0,3%) of chalcocite from the chalcocite section,

Bomb 2, Surfaces of fragments of peridotite at the entry end
vere slightly stained and lightly coated with dark, loose, scale
and powder, most of which was magnetic, Both magnetite and pyr-
rhotite had been deposited (Table 13). The pyrrhotite grains
lower in the vessel were stalned irridescent on some surfaces,
but no deposition had occurred, The calcite fragments had been

corroded, and only one-half of the originsl remsined.

The discharge liquid was agsin yellow, contained
abundant HoS, and deposited a grey-black precipitate, Analyses
(Table 11) revealed a copper concentration of less than 0.1 mg,
per litre, Sulphite, sulphate, gand thlosulphate lons were present

at the time of analysis, The dlscharge precipitate contalned

0.06 mg, of copper,



TABLE 13

COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

Mstribution Positiona
of Materials of X-Ray
within Bombs Mounts

B.1

B.2 |\ Pr 07

Smbols

Minerals : See Table
No. 2l

C-x ; X-ray liount
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Remarks
1 Contaminated by Cu from sealing washer,
® Blowout material,
Fine, black. crystals on stem base,
Loss of chalcocite from B,1: 0.3%.

EXPERIMENT C_
Mount. Flui;;ﬁenoe Ar_uicopgxpsga : Difkiz{i on
Counts per Seeond J_m_(%m Minerals
| CuKg OQuKec  feKo | X= | Detected
c=3 53 248  17,000| 0,10 - - Mg
C-h | 143 205 18,100 0,06 - - g, Pr
c-5 | 121 665 19,900| 0e3h @ - - Mg, Pr, Cp
c-6 88  L70 7,490| 0,20 - 0.1k Mg, Pr, Op
Cc-7 51 240 15,300 0,10 - - Pr
C-9 | L3 195 11,000| 0,07 - - Mg, Pr
c-10| L1 170 180| 0,05 0, Ol Ca .
cin| L9 210 7,300 0,08 0,06 Indeterm,
3c-8 |1660 9,940 7,400 | 5,0 s Mg, Bn

Apparent solubility of Cu_S: 2,8(10)~* em/1,
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Table 13 shows the analyses of mineral fractions
extracted from the vessels, It appears that copper had again
moved through the pyrrhotite zone, as 1in experiment B, and dep-
oslted at the exlt of the primasry vessel, A copper concentration
higher than normal was found at the entry end of the low tempera-
ture vessel, indicating that there had been some movement of

copper through the connecting line,

EXPERIMENT D

Purpose: To test the abllity of salt solutions to mob-
ilize chalcocite, and to study further the
movement of copper in the primary vessel,

Materlials B.l: Chalcoclite and pyrrhotite separated by
and alundum filter; pyrite in contact with
Conditions: pyrrhotite at exit end

B.2: Calcite at entry end, followed by pyr-
rhotlte and perldotite layers

Environment: Artifical sea water, less sulphate

Temperatures: B.l = 620°C; B.,2 = 200-140°C

Pressure: 16,000 psi, Time run: 10 hours

Volume of liquid collected: 150 ml,

Results:

Constant blocking of lines caused much difficulty in
keeping the flow steady. Temperstures and pressures vere maln-
tained for 48 hours, of which time only 10 hours of flow was

realized,

Bomb 1, The chglcoclte grains remalned angular, and were
recrystallized as in previous experiments, but were coated more
thickly with powder and fine, dark crystagls, In the vicinity of
the fllter recognizable prismatic and octahedral forms had devel-

oped; these crystals often coalesced and attached adjacent chalcocite
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Figure 16
Experiment D (65 X)

Development of secondary chalcocite crystals and
masses on surfaces of original chalcocite grains,

Figure 17
Experiment D (20 X)

Total replacement of pyrrhotite grain,
Rim: Chalcocite (Cec) and digenite (Dg)s Inner Band:
Magnetite (Mg) and digenite, Core: Digenite, and bormite (Bn)
of varying iron content, Native copper is present in veinlets .
and minute masses,
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grains to each other, and occaslonslly rounded the edges of
grains. Polished section study (Figure 16) showed them to be
chalcocite, Magnetite was also present. At the filter much
coalescence of these surface crystals had taken place, and small
masses of newly-formed chalcocite penetrsted the filter, 1In one
area g mass of chalcocite had grown out from the chalcoclte grains
and around the edge of the fllter, assuming the contour of the
vessel, Where it contacted pyrrhotite grains on the downstream
side, these had been either converted to chalcopyrite and bornite
or had been replaced by an Intimate mixture of digenite and bornite
(Figures 17 and 18)., Native copper was glso present in minute’
masses and velnlets., Magnetite which had formed previously on
the other pyrrhotite surface had not been replaced, The loss of
chalcocite was 0,01 gram, or 0,07% by weight of the original

chalcoclte,

Pyrrhotite grains in the vessel had been blackened
and were coated abundantly with fine magnetite crystals; the
grain forms remained angular, Polished section study revealed
that much of the pyrrhotite had been converted to magnetite. The
pyrite had been completely converted to columnar pyrrhotite and
magnetite (Figure 19).

On the face of the bomb stem at the exit end of the
vessel much deposition had taken place., Minute crystals of nat-
ive copper appeared on the outer rim, succeeded by bornite and
then chalcopyrite (Table 14) toward the exit hole. It was evid-
ent from this depositional serles that copper had migrated not
from the chalcocite zone, but from the copper sealing washer

1/2 inch higher on the bomb stem, The concentrstion of copper
at the same place in experiments B and C is likewise explalned,
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Figure 18
Experiment D (20 X)
Partial replacement of pyrrhotite grain, first by

magnetite (Mg) and later by chalcopyrite (Cp) and
bornite (Bn), ILate native copper (Cu) is also present,

Figure 19
Experiment D (20 X)

Cellular texture of pyrrhotite (Pr) after pyrite, and
subsequent replacement of chalcopyrite (Cp) and lgornite
(Bn) adjacent to bomb stem (straight edge).
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COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

Mstribution Positions
of Materials of I-Ray
within Sombs Mounts

B.1

B.2 Pr1— D6

Symbols

Minerals : See Table
NO. 21]. )

D—=x: ZX-ray lount

69b

EXPERTMENT D
Y~Hay Copver f-FRay
| Mount Fluorescence Analyses Mffraction
Counts per Seoond (mg dinerals
| CuKp QuKe  feKa | f-fav  Cheudoal| Detected
D=3 | 395 2570 bho | 1.2 e e
| D-2a 1930 11,300 16Lk0 | 5.0 s |
D-2b | 2230 12,100 935 | 5.8 £ Cc, Bn
D-1 L7 225 14,500 | 0,09 -~ | BrgiNE
| 1SD=l | 1050 6050 7250 | 3.0 = Bn, Pr, Cu
' SD=2 | 820 L650 10,300 | 2.8 -~ | Opy'lg
[ SD=3 99 540 17,800 | 0426 = Mg, Pr, Cp
| DX | 37 15 10,700| 0,05 - - |Pr, Mg
| b4 | ;. 10 13,200 GOk - |Pr
| D5 % 155 9,700 | GO - (NENEG
|
| D=6 59 290 9,600 | 0,12 il Py
| D7 58 280 7,550| 012  0s0 | Pr
! D-8 66  3Lo 880 | 0,15 0,05 | Sulphur
|
| Aemerls
| *SD 1-3: Crystals on stem base,

loss of chalcocite from B,1: 0,07%

Apparent solubility of CuS: 2.1(10)"® gn/l,
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Bomb 2, The calcite fragments at the entry end of the
secondary pressure vessel had been little affected, and were
coated with a light-coloured material and abundant fine yellow-
ish crystals (Figure 20), X-ray diffraction revealed that
pyrrhotite was present near the entry, succeeded partly by pyrite
lover in the caleite section., The pyrrhotite and peridotite
grains remained unchanged, and little or no deposition had taken

place on then,

The discharge liquid was clear after and an abundant

tan-coloured sediment had settled out, Only traces of Hn3 were

detected by the lead nitrate test, Sulphlte, sulphate, and thio-
sulphate ions were present (Table 11)., Anglysis for copper
showed a concentration of 0,40 mg, pér litre, The discharge
residue contalined 0,05 mg, of eopper.

Analyses of fractions selected from the vessels
(Table 14) showed that copper had not moved far, in appreciable
quantity, from 1ts original site, Migration around the filter
was restricted to less than 1/4 inch, and terminsted at pyrrhotite
graing, The movement from the copper washer along the stem was
almost 1/2 inch, It appears, however, that more copper wss car-
ried in solution than in previous experiments, for the concentra-
tion increased in successively lower fractions of the secondary
vessel, The concentration of copper in the discharge residue
was no higher than in previous experiments, If the total asmount
of copper deposited in the secondary vessel, pipes, and discharge
residue had been transported in solution, the approximate solubil-
ity of chalcocite at 620°C in this sea water would be 2.4(10)-3
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Figure 20
Experiment D (90 X)

Deposition of pyrite and pyrrhotite (white) on
disrupted surfaces of calcite (Ca) grain,

Rigure 21

Experiment E (65 X)

Unusual cone structure suggesting expulsion of hessite (He),
carrollite (Cr),and an unknown mineral (X) from recrystallized
chalcocite (Cc), forming a nodule on the surface,
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gram per litre,

EXPERIMENT E

Purpose: To test the degree of mobillization and sol-
ubility of chalcocite in chloride solutions,
Materials B.1l: Chsalcoclte alone; alundum filter at exit
and B.2: Diabase at entry end, followed by calcite
Conditions: at exit end

Environment: 1,0 N solution of NHyCl
Temperatures: B.l = 550°C; B.,2 = 220-150°C and

) . 350-250°C
Pressure: 14,400 psi. Time Run: 5 hours
Volume of liquid collected: 80 mi,

The primsry vessel was reversed so that the stem
would be at the entry end; also, nickel sealing
washers were substltuted for copper washers,

Results:

The lines blocked frequently because of rapid depos-
ition of material preclpitating from solutlion, Temperatures of
the secondary vessel were increased later to 350-250°C so that

volatilization of NHjyCl might take place, but blockage continued,

Bomb 1, Chalcocite grains remained angular; occasionally sonme
corrosion appeared to have taken place at grain edges, but else-
where in the upper parts of the bomb small growths of fine dark
crystals were observed, Minute, pinkish metallic nodules were
opserved on a few grains., Two minerals In the nodules were
identified, with reservation, as carrollite and hessite; a third
could not be identified, The distribution of the minerals sug-
gests that they had been expelled from the lattice of the
recrystallizing chalcocite (Figure 21); theilr original distribution
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in the chalcocite was unknown, A mat of fine, yellowilsh, |
elongated crystals, mixed with dark crystals, was deposited on
most gralns nearer the lower end of the vessel, The light-
coloured crystals were tested, and proved to be chlorides,

Minute masses of chalcoclite had been deposited on both the up--
stream and downstream sides of the filter., The bomb stem (at the
entry end) conteined abundant black flakes and crystals, which
were ldentified as magnetite, The weight loss of chalcocite from

the vessel was 0,32 gram, or 1,4%.

A few minute flakes of native copper were observed
in the powder extracted from the plpe and joint connecting the

vessels,

Bomb 2, An abundance of brown powder composed chlefly of
chlorides had been deposited in the bomb stem and throughout much
of the upper two-thirds of the vessel. The powder was leached
with dilute HCl; a dark insoluble fraction remsined, which con-
tained much magnetite (Table 15), The dlabase, when washed, was
noted to have occaslonal black unldentified spots which lncreased
in number toward the calcite section. In the boundary zone of
dlabase and calcite small amounts of green copper carbonate vere
precipitated. Some solution of calcite had taken place, and
magnetlte was deposited as a black powder on the calclte grains

along with the chloride mentioned earlier,

The discharge fluld was colourless after a tan-coloured
sediment had settled out, Ammonia Wwas present 1n abundance, but
no HoS was detected, Analysis of the fluld (Table 11) showed that
minor sulphite and sulphate were present, but thlosulphate was

absent. The copper content of the fluild was 1,0 mg, per litre,
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TABLE 15

COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

EXPERIMENT E
; {-Ray coprer L=Hay
B sivitmtion Positdons 5lkmnt Fluorescence Analyses M ffraction
of Materials of I-Ray | Counts per Second ("xggl finerals
within Bombs Mounts | =~ | QuKs QuKoc eKec | X-Rav  ‘hemdcal| Detected
Jismn I |
| |
r'—i*ﬂ C '
; | *E-1 2080 12,600 1310 | 5,3 - - Ce
1‘
|
Bl1| ¢g | B2 230 1340 16,500 | 0,65 S Mg, Cu
' a
e £ B3 76 380 21,400 | 0,18 - - g
'——E—Z |
| E-l 88 510 15,300 | 0,12 0,15 Vg
- L.—_"T— E-3 l : .
m—r—u ! E=5 L5 200 16,500 | 0,08 Oe 1L Vg
ool — | |
' |2E=6 37 120 2360 | 0,05 0s35 Ca
Ca——E-5 |
| |
J °E-7 27 120 2500 | 0,03 0o Olt Indeterm,
ey e ) |
v E-7 |
Remarks
Symbols 3
by-passi ter,
Minerals : See Table Weeal Brepmating £3 4
No.2L 2Discharge residue.

3Blowout material,
loss of Cec from B,l: 1.L4%
Apparent solubility of Cu_S: 1,1(10)™ gm/1.

E-x : X-ray lount
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The discharge resldue contalned 0,35 mg, of copper,

Anglyses of fractions selected from the vessels
(Table 15) show that copper had moved in appreciable quantities.
In this experiment there had been no contamination from a copper
sealing washer, hence all copper had originated in the primary
vessel, and had been transported by the ehloride solution,
Most of the copper was deposited in the collecting flask, which
suggests that it may have remained in solution in the low temp-
erature vessel as well as in the primary vessel, By summing
the amounts of copper deposited 1n the various sections of the

vessel, an apparent solubility at 550°C of 1.1(:1.0)"2 gram per

litre of CusS is obtalned,
EXPERIMENT F

Purpose: To test further the mobllization of chaleoeite
by pure water, and to check the effect of
different materials on its deposition,

Materials B.,l: Chalcoeite alone; alundum filter at exit
and B.2: Calclite at entry end, followed by
Conditions: - pyrrhotite and diabase
Bnvironment: Distilled water
Temperature: B,1 = 550°C; B,2 = 210-130°C
Pressure: 15,500 psi, Time run: 48 hours
Volume of liquid collected: 850 ml,

NaOH solution was added to the collecting flask

to reduce decomposition of HoS in the discharge
liquid,

Results:

One rapld release of pressure through the exit valve
occurred midway through the experiment when blockage material
suddenly released while an attempt was being made to clear the

system,
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Bomb 1, Recrystallization of chalcoclite, retention of angular
shapes of grains, and local growth of fine surface chslcocite
crystals hsd taken place, similar to that observed in experiments
A, B, and C, At the exlt end of the vessel some cochesion of
gralins resulted from fusion by the migrating surface chalcocite,
A thin coating of msgnetite had been deposited on some surfaces
of the grains, The alundum filter had disintegrated., The weight

of chalcocite.lost from the vessel was 0,19 gram, or 0,8%.

Bomb 2, The calcite at the entry end of the vessel showed

the usual signs of corrosion, and 1ts volume had decreased. Rare
spots of green copper carbonate indicated that some copper had
moved into the vessel and been deposited, A socoty material

identified as magnetite had been deposited lightly on the gralns,

The pyrrhotite grains were blackened gs 1in previous
experiments, and many were spotted with rust, Green copper
carbonate spots Were common on the pyrrhot _ite near the calcite
contact. The digbase appeared to be slightly bleached and was
coated 1n places with magnetite powder, A green copper carbonate

was slso present in this section,

The discharge liquid was yellowish, contsined abun-
dant HES, and ylelded & black precipitate, As in previous
distilled water experiments sulphite, sulphate, and thilosulphate
ions were present when the liquld was analysed (Table 11). The
liquid contained 0.14 mg, of copper per litre, and the discharge
residue 0,05 mg., of copper,

Analyses of fractions selected from the vessels
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TABLE 16

GCOMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

EXPERTMENT F
X=Eay Copper I-lay
o PR 0L LN & M £f
B stsitmbtion  Poaitiens 3 Fluorescenca Analyses . ffraction

of Materials of X-Ray

Counts per Seocond (ng Minerals
within Jombs HMounts | CuKe OuKoc  PeKoc | X=-Ray  Chen | Detected

F=2 53 230 5300 0,10 0,15 | Mg

= i
|
: | F=3 g3 245 15,600 | 0,10 -- | Pr, Mg
B.1| Co |
N F=l 76 370 10,900 | 0,18 0,15 | Mg
- . 'F-1b | 33 110 310 | 0,0k 0,05 | Inderterm,
Ca —F2 |
p.a| PP 4—F3 °fla | 178 965 14,100| 0,50  G.60 | Mg
Ds — P
F-lb
‘ F-la Remarks
1Discharge residue.
2
Gabels BRlowout material,
Ioss of Cc from B,1: 0.8%
Minerals : See Table &
No,2Lh . Apparent solubility of CuES: 5.3(10)"* em/1,
z
F-x : X-ray lount
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(Table 16), as well as the grain studies, showed that some move-
ment of copper had been effected, The results must be treated
with caution, however, because the blowout material contailned
much copper. Much of the material deposited during the first
half of the run was obviously flushed out of the second vessel,
and probably some of the loosely attached new crystals were

dislodged from the primary vessel,

There was no clear evidence of preferential deposition
of copper minerals in different sections of the second vessel,
No replacement of rock minerals was detected from polished
sectlon studies, The higher concentration of copper in the dia-
base section could have resulted from displacement, as the calcite

dissolved, of material originally deposited in the calcite sec-

tion.
EXPERIMENT G

Purpose: To check the solubllity and mobility of chalcocite
in pure water, and to observe the extent of
decomposition of chalcoclte to yleld sulphur
compounds,

Materials B.l: Chalcocite alone; alundum filter at exit

and Second vessel not used

Conditions: Environment: Distilled water
Temperature of B.,1 = 550°C
Pressure: 15,500 psi, Time run: 15 hours
Volume of liquid collected: 350 ml,

The chalcoclte was carefully selected to reduce
the 1iron content to a minimum,

Results:

The chalcoclte grains retsined theilr concholdal sur-

faces and angular shapes as in previous experiments, The gralins

were recrystallized as ususl, and small chelcocite masses had
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1Probably contaminated by magnetite

EXPERIMENT G
? X ~itay Copper Y~Ray
| Mount Fluorescence AI)..‘:L-'J_:VS{;E} I]ifi'racz}iﬂ
| Counts per Second (mg ) Minerals
| | CuKe QKo = [eNec | X-Hay Chendcal| Detected
i
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!
|
-
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E
‘!
|
|
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i
|
|

while clearing pipes,
loss of chalcocite from B.,1l:

0. 34%

Apparent solubility of Cu_S: 1,8(10)"* gm/1,
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grown out from corners and edges to fuse occasional grains to-
.gether. A blsck, partly magnetic deposit contalning a curved,
platy mineral had formed on most chalcocite grains in the lower
part of the vessel, Closse examination of the grains beneath the
deposit revealed that the chalcoclte was finely pltted, The deposit
contained some magnetite, apparently derived from the inlet pipe,
but 1t was composed chlefly of chalcocite (Table 17). The weight

loss of chalcoclte from the vessel was 0,08 gram, or O0,634%,

The discharge liquid was almost clear, and only a
small amount of black sediment settled out. Sulphide, sulphite,
sulphate, and thiosulphste ions were all present in small amounts
(Table 11). The copper content of the solution was 0.12 mg, per
litre, The discharge residue contained 0,02 mg, of copper.

It appears that a thin surface layer of chalcocilte
had been mobllized, but had re-deposited immediately as discrete
crystals., No native copper was observed on the grain surfaces or
in polished sectlons; therefore the HQS and sulphur compounds found
in the discharge liquld must have been derived largely from the
break-down of small amounts of bornite and other iron sulphldes not

detected in the natural chalcocite.

EXPERIMENT H

Purpose: To check the solubility and mobllity of chalcoclte
and to ldentify the minersls deposited,
Materials B.1l: Chalcoclte alone; eglundum filter at exit
and B.2: Quartz
Conditions: Environment: Tap water

Temperatures: B.l = 550°C; B,2 = 180-110°C
Pressure: 15,500 psi, Time run: 26 hours
Volume of liquid collected: 900 ml,

NaOH solution was added to the collecting flask,
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EXPERTMENT H
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Results:

Bomb 1, Fine surface crystals of chalcocite had developed
on the original grains in the primary vessel, and the grains were
tarnished and recrystallized as in previous experiments, A few
ragged, deep pits were noted in the grains; evidently dissolution
of some impurity had taken place, The loss of chalcocite from the

primary vessel was 0,10 mg,, or 0,84%,

Bomb 2, The white quartz in the second vessel had become
clear, indicating that most vacuoles had either disappeared or had
been filled, and & thin surface coating of a yellow mineral had
been deposited on the grains at the entry end, The minersl was

identified as pyrite (Table 18),

The dlscharge liquid was dsrk green, due probably to
colloidal FeS in the strongly basic solution of the collecting ves-
sel, A dark green amorphous precipitate settled out upon standing,
The discharge solution contained HES and sulphite, sulphate, and
thiosulphate ions (Table 11). The liquid contained 0.25 mg, of
copper per litre, and the discharge residue 0,05 mg, of copper.

The natural chalcoclte used in this experiment con-
tained visible bornite and sparse pyrite, and the discharge fiuid
contalned abundant HoS8, It 1s evident from a comparison of this
experiment and experiment G, 1n which the original chalcocite con-
tained no visible Fe-3 minerals, that the production of HQS and
oxidized sulphur is dependent on the presence of iron sulphides,
wvhich decompose under these condltions. Chalcoclte and magnetite

are produced if the iron minersl is bornite.



EXPERIMENT I

Purpose: To test the solubility and mobility of bornite,
to determine the minerals formed, and to check
the degree of oxidation of sulphur released,

Materials B.l: Bornite alone; slundum filter at exit
and B.2: Quartsz
Conditions: Environment: Tap water

Temperatures: B,l = 550°C; B.2 = 180-110°C
Pressure: 15,500 psi, Time run 10,5 hours
Volume of liquid collected: 240 ml,

Cd(NH3)QCl solution was placed in the collecting
flask to precipitate sulphide lon in solution,

Results:

The lines blocked frequently, and the pressure was

released twice while blockage material was being cleared,

Bomb 1, Bornite grains in the primary vessel were blackened,
cracked extensively, and coated with a thin mat of fine black
crystals, most of which were magnetite, Freshly broken surfaces
of the grains were steel blue in colour., The filter had disinte-
grated and much of it had been carried into the second vessel, The
loss of bornite from the primary vessel was 1.45 grams, or 7.2%.
The majority of the bornite is conslidered to have been moved ss
small particles which broke off from the grains whilile flushing the

lines.

Bomb 2, The quartz grains near the entry were coated with a
thin layer of filnely crystelline materisl which resembled tarnished
pyrrhotite, but X-ray diffraction patterns (Table 19) showed 1t

to be magnetite and bornite,

The discharge liquid was light yellow and contained
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EXPERIMENT I
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abundant HoS. A dark green solution similar to that of experiment
H was obtailned when strong NaOH was added to a fraction of the
fresh solution, Much C4S vwas precipitated 1n the collecting flssk,
Analysis of the decanted solution (Table 11) showed that sulphite
and sulphate were present, but thiosulphate'was not. The decanted
solution contained 0.5 mg, of copper per litre, and the cadmium
sulphide precipitate contained 0,05 mg, of cépper.

Polished section study showed that the majority of
the bornite grains had been greatly altered, The development of
intermediaste bornite-chalcocite and bornite-digenite solid solution
phases had apparently taken place,_and cooling had produced products
which showed variations in colour from chalcocite-white through
bluish-red to orange and finally to the normsl bornite pinkish-
brown, This colour relatlionship was identical to that observed in
Experiment D, where chalcocite had replaced pyrrhotite, Close
examination revealed that fine exsolution textures had developed
occaslionally between the new chalcocite formed and the bornite.

The changing colours were due psrtly to the proportions of each
mineral in a given area, and partly to change in colour of bornlte
as the iron, copper, and sulphur content varied, Figures 17 and 22

show the colour gradations, although indistinctly.

It is evident that some of the bornite decomposed
under these conditions, yielding Ho3, magnetite, and chalcocite, as
had been suggested by experiments G and H. 8Solid diffusion sppears

to have been the dominent process effecting the change.

Hydrothermal Experiments - Excess Sulphur Environments

Chemical and X-ray snalyses of the products of these
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Figure 22
Experiment I (65 X)
Magnetite crystals coating original bornite grains

now consisting of a chalcocite-digenite (Ce,Dg) mixture
which is locally intergrown with pale bornite (Bn).

Figure 23

Experiment J (30 X)

Boxwork exsolution of chalcopyrite (white) in
bornite (Bn) which is gradational into iron=-rich
chalcocite (Ce) on right,
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experiments are given in Table 1l and Tables 20 to 24 inclusive,

EXPERIMENT J

Purpose: To test the degree of mobillization and solubility
of chalcocite in an excess sulphur hydrothermsl
environment,

Materials B.l: Chalcocite mixed with flowers of sulphur

and B.2: Quartz at entry end, followed by disbase

Conditions: Environment: Dlstilled water, sulphur

Temperatures: B.l = 550°C; B,2 = 350-200°C
Pressure: 15,000 psi, Time run: 3 hours
Volume of liquid passed: None.

Results:

The line blocked before liguld could be passed
through the system; however, the run was continued for 3 hours to

examine any new products formed in the primary vessel,

Examination of the chslcocite within the primary vesa-
sel revegled that the grasins were loosely attached to one another,
The corners of most grains were rounded, and pronounced deposition
of a new mineral as botryoidsl encrusfations had taken place, 8Small
octahedral and prismatic crystals had developed upon the surfaces
of the globular masses, The bomb stem at the entry end of the
vessel had been deeply corroded and converted to pyrrhotite, or to
copper minerals where the stem contacted the chalcocite., Fine
crystals of bornite, with admixed magnetite, had developed on

chalcocite grains near the stem,

Polished section study revealed that the originsl
chalcocite gralns now consisted of an intergrowth of chalcocite and

digenite. Covellite partislly rimmed the majority of grains, and
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the digenite was found in greater amounts near the covellite.
Occasional bornite globules containing chalcopyriteVWere observed
(Figure 23); these had developed by the diffusion of iron from
pyrite enclosed in the original chalcocite grains,

EXPERTMENT K

Purpose: To check the degree of mobilization and test the
solubllity of chalcocite in a high sulphur
environment, Repeat of experiment J,

Materials B.1l: Chalcocite mixed with flowers of sulphur
and B,2: Quartz at entry end, followed by diabase
Conditions: Environment: Distilled water, sulphur

Temperatures: B.l = 550°C; B.2 = 550-450°C
Pressure: 15,000 psi. Time run: 6 hours
Volume of ligquid collected: 24 ml,

Water was bled slowly through the system,
at an average of one to two drops per mlinute,
Cd(NHy)oCl was added to the collecting flask,

The vessels Were cooled slowly in their
furnaces; thirty minutes were requlred to lower
the tempersture to 300°C,

Results:

The lines blocked readily because of the slow feed,

and constant attention was required,

Bomb 1. The experimental products were similar to those found
in experiment J., Smooth, globular masses partly encrusted with fine
prismatic and octahedral crystals had developed throughout the
primary vessel, Figures. 2% and 26 show some typical forms, The
grains at the exit end were blue due to an abundance of covellite

on the surface, At the entry end less mobiligzation had occurred

and less covellite had developed, becsuse sulphur was removed as

water entered, Rare, small globules of bornite were observed, and
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Eigure 2l
(3 X)

Typical rounded, smooth-surfaced masses, partly
encrusted with crystals, formed when chalcocite
grains are heated in high sulphur enviromments,

Figure 2

Experiment K (20 X)

Section showing globular grains of chalcocite (Cc) and digenite

(Dg) rimmed by late replacement laths of blue covellite (Cv),
Bornite (Bn) grain contains residuals of pyrite (Py) and exsolved
chalcopyrite (Coy), and is rimmed by blue and brown covellite (Cvb).
The latter is found only where iron is present,
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g little free sulphur was present near the exit end of the vessel,
The bomb stem had been corroded and altered to pyrrhotite, pyrite,
and chalcopyrite, The weight of the products exceeded the weight
of original chalcoclte by 0.75 gram (3.3%).

Polished section study of the grains removed from
the vessel revealed that they consisted largely of an intergrowth
of chalcocite and digenite, as in experiment J, Covellite laths
rimmed the'majority of grains, including bornite grains, In the
latter case, however, gn unusual brown covelllite was also observed.
This synthetic mineral appears to be associated only vwith an
iron-rich host; it appears to be a distinct mineral species having
a composition between CuS and Cu5Fe34. Figure 25 shows the various

mineral relationships.

Bomb 2, The stem of the second vessel was corroded gnd gltered
to magnetite, pyrrhotite, and pyrite., Multitudes of fine halrlike
crystals had grown on both quartz and diabasse; X-ray anslyses
revealed that they were pyrite. Sulphur was scattered throughout

the vessel,

The discharge liquid was light yellow and contalned
HoS, Wwhich was removed with Cd(NHy)oCl in the collecting flask,
Anglyses of the liquid (Table 11) revesled the presence of sulphite
and sulphate lons, but thiosulphate was not detected, The liquid
contained 0,15 mg, of copper per litre, and the cadmium sulphide
precipitate 0,06 mg., of copper.

Anslyses of fractions from the second vessel (Table 20)

indlicated, by comparison, that greater amounts of copper had been

transported by the sulphur-rich solutions than by distilled water,.
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EXPERIMENT K
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Summatlion of the welghts of copper deposited in the lower parts

of the system gives a CunS solubllity of 2.9(10)'2 gram per litre,

assuming the copper to have been transported in solution.

EXPERIMENT L

Purpose: To check the degree of mobilization and solubllity
of chalcocite in an excess sulphur environment;
to further check production of oxidized sulphur
compounds; and to attempt replacing rock minerals,

Materials B.1: Chalcocite at entry end 1in direct contact
and with peridotite at exit end; flowers of
Conditions: sulphur packed into interstices

B.2: Quartz at entry end, peridotite at exit end
Environment: Distilled water, sulphur
Temperatures: B.l1l = 550°C; B.2 = 300-190°C
Pressure: 15,000 psi, Time run: 96 hours
Volume of ligquid collected: 10 ml,

Approximately 1 cc, of water was released
from the system every 5-10 hours. No sulphur
fixing agent was added to the collecting flask,

The vessels were cooled rgpldly in air; the
temperature of B.l dropped to 250°C in five mlnutes,

Results:

Bomb 1, The products in the chalcoclite section of the primary
vessel were simllar to those observed in sexperiments J and K,
Magnetite, pyrrhotite, pyrite, chalcopyrite, and bornite had dev-
eloped on the bomb stem, The chalcocite grains had totally lost
their angular shapes and becone glassy-surfaced globules énd masses;
obviously the copper sulphide had been in g highly mobile state,
for 1t had the appearance of solidified slag, Many of the smooth
surfeaces were coated with well-developed octahedrs and a few prisms
(Pigures 24 and 26), the crystals being somewhat larger near the
entry end, The grains were often attached together by short necks

of the mobilized copper sulphide, Covelllte was rare, unlike In the
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Figure 26
Experiment L (8 X)
Typical development of octahedra of chalcocite and digenite,
formed in open spaces in excess sulphur experiments, All

crystals grew from smooth-surfaced chalcocite masses having
the appearance of solidified slag,

Figure 27
Experiment L (30 X)

Deposition of chalcocite (Cc) as shapeless
masses and crystals on surface of peridotite
grain, and penetration into grain along fractures
and grain boundaries,
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two previous experiments, The welght of the products exceeded

the weight of original chalcoclite by 0,22 gram (2,8%).

Polished sectlon study revesled mineral assemblages
similgr to those observed in the two previous experiments, with the
exceptlion that covellite was present only in small smounts, The
ma jor phase was chalcoclte; digenlte was present in lesser amounts

than previously,

The peridotite gralins appeared unaltered on the
surface, Some deposition of fine, black crystals, most of which were
magnetite, had taken place, At the chalcocite boundafy zone, how-
ever, a few grains were partially coated with chaslcoclte 'slag'
and crystals vhich had migrated from the chalcocite section, A
polished section of the grains showed that chalcoclte had been
deposited on the surface of the peridotite and had penetrated into
the peridotite along fractures and minute intergranular filssures
(Pigure 27). DNo extensive replacement of rock minerals was observed;
however, chalcopyrite and bornite were produced occasionally when

the migrant chalcocite encountered magnetite,

Bomb 2, The quartz graelns had become clear, but otherwlse
were unchanged, A brown crystalline coating on the quartz consisted
largely of pyrrhotite, The peridotite grains likewise were unsal-

tered and were coated with lesser amounts of new pyrrhotite,

The dlscharge liquid was the usﬁal'light ember colour
and céntained HoS; small gmounts of grey-black preciplitate settled
out upon standing. Anslyses of the liquid showed the presence of
sulphite, sulphate, and thiosulphate (Table 11), It is gpparent
that unless the reactlons are prevented by removal of sulphide ion,

HpyS oxidizes readily to produce thlosulphate and other oxygen-sulphur
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TABLE 21
COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS
EXPERTMENT L
A~Ray Copper X-ay
Distribution Positions | Mount Fluorescence Analyses Diffraction
of Materials of X-Ray Counts per Second (mggm Hnerals
within Bombs Nounts CuKs  OyKe FeKo | X=Ray andcal | Detected
Ce I-1 1660 9900 1L,550 | L.bL - Cpy
+
Beil. S _
] L2 90 465 19,800 | 0,23 -~ Pr
1-3 62 350 15,500 | 0,1k — Fr
Qz—+— I=2
B,2
@ —— 13 I-4 | 48 310 9800 | 0.09 - Indeterm,
J" M
.sznnbo}_:: B e
]Iﬁ 3.13 = S Ta}. . :
‘g Hg?zh R Gain in weight of sulphide
in B,1: 0,22 gram (2.8%)
L—- - x-. =8
3 b Apparent solubility of Cqu: 4,6(10)7? em/1,
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compounds, The copper content of the liquid was 0,19 mg, per
litre; the discharge precipltate ylelded 0,09 mg, of copper.

Anglyses of fractions selected from the vessels

(Table 21) showed that copper had been deposited in the secondary
vessel 1in amounts similar to those found in experiment K, If the
total amount of copper found in the second vessel and discharge
materials had been transported in sclution, the approximgte solu-
bility of chalcocite at 550°C in this environment would be

-2
4 . 6(10) gram per litre,

EXPERIMENT P
Purpose: To test the mobllization and degree of solubility
of chalcocite i1n sodium sulphide solution,
Materials B.1l: Chalcocite alone
and B.2: Calclte at entry end, followed by peridotite;
Conditions: pyrrhotite at exit end,

Environment: 1,0 M solution of NaosS
Temperatures: B.l = 550°C; B.2 = 285-230°C
Pressure: 14,400 psi, Time run: 12 hours
Volume of liquid collected: 200 ml,
Results:
The run was stopped once because of total blockage of
the exit line, Two valves were placed in series to permit clearance
of lines without losling pressure from a sudden release of blocksage

material.

Bomb 1, Intense corrosion of the primary vessel had taken place;
a thickness of approximgtely one millimetre had been converted to
linnaeite and other metal sulphides, The chalcocite grains had fused

together completely into s somewhat porous, impermegble cylinder

which was remoéed by boring out the friable alteration products of
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the vessel with a thin sav-toothed tube (Figure 5, No. 5). The

welght of chalcocite lost from the vessel was 0,57 gram, or 2. 4%,

Exemination of the chelcocite product in polished
section showed that the mass consisted largely of digenite and
lesser exsolved chalcocite, Some areas were pale bluish-red to
bornite-pink, indicating that iron from contained bornite and pyrite
had dispersed in the chalcocite to produce the intermediste sulphide
phases described earlier.' Minute specks of pyrite were scattered
throughout the entire mgss; they were for the most part randomly
distributed, but occasionally outllined original surfaces of chal-
coclte grains, No resction had teken place between chalcocite and

the slteretion products of the vessel,

Evidently the chalcocite had been mobilized resdily
by the NaoS solutlon, and the gralns had fused together rapldly,
The solutlion could pass through the friable vessel products that
were forming, and as the intergranular central passages Were closed

the external pressure compacted the mass,

Bomb 2, The calcite grains had remalned angular, and little
dissolution of them had taken place, A dark brown coatling had been
deposited on the surfaces, and minute yellow and black crystal faces
could be discerned throughout the coating, The peridotite grains
were gpparently unchanged and had s thin coatiné similar to thet

on the calclite, The pyrrhotite had been tarnished, and occasionally

grains were coated locally with a black deposit,

The discharge liquid was light green, Qualitative

analyses showed that cobslt, nickel, chromium and iron were present
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TABLE 22

COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

EXPERIMENT P
X=Hay Copper b O
S stk on - Yoatbdond Mount FMlucrescence _A_JE,' alyses M ffraction
of Materials of XeRay | Counts per Second (mg) Minerals
within Tombs Mounts CuKs OuKo  FeKo | X-Ragy é&m:d cal | Detected
J
P 150 30 1880 0,142 — Bn
e = > g Linnaite
- |
l i | P 0,12 | Indete
B1| Co — P P-1 86 h30 7550 | 0.21 o rm,
i | |
s P-5 | Lho 2660 7900 | 1,25 1,20 | Linnaite
rirer: |
—! P6 | 238 1400 7280 | .67 0,25 | Linnaite
. |
Ca—— P-5 | P=3 72 395 20,050 oLt 0,25 | Fa
B.2| G —+—— P56 p-2 | 380 2340 8550 | 1.1 3,0 | Iinnaite
pr +—— P=3
i—m-— P2
Remarks
|
’ loss of chalcocite fram B,l: 2,47
Symbols Apparent solubility of Cu_S: 2,11(10)7% gn/l,
Minerals : See Table
No.2l
P-x : K-ray liount




in abundance, No tests were made for oxidized sulphur compounds
since they were undoubtedly present before the experiment was

run, Sulphates were present as sollds in the dilscharge resildue
and within the exit pipes. The copper content of the liquid was
0,50 mg. per litre (Table 11). The discharge residue contained

3,0 mg, of copper in 21 mg, of solid,

Analyses of selected fractions from the secondary

vessel (Table 22) revealed that much greater quantities of copper
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had been transported by the NaQS solutlion than by any solution used

In previous experiments, If the total weight of copper deposited
in the pipes, secondary vessel, and discharge residue hsd been

transported in solution, the approximate solubility of chalcocite

at 550°C 1n the Nap8 environment would be 2,4(10)”2 gram per litre,

EXPERIMENT V

Purpose: To test the extent of mobilization and solubllity

of chalcocite and bornite in an H,3 - water
vepour environment,

Materials B.l: Chalcocite at entry end, separated from
and bornite at exit end by an asbestos filter;
Conditions: filter at exit

B.2: Quartz at entry end, chlorlte schist in
central part, and pyrrhotite at exlt end
Environment: H,S gas, dlstllled water

Temperature: 550°C
Pressure: 300 psi, Time run: 27 hours
Volume of liquid collected: 100 mi,

Water was 1lntroduced into the system very
slowly, with intermittent surges to clear the
lines, The vapour pressure of the HoS would
therefore approximate the bottle pressure most
of the time, The vapour was passed through
the system at an approximate average rate of
5 ¢¢ per mlnute,
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Results:

The system blocked twice; the experiment was term-

inated after the second blockage,

Bomb 1. The chglcoclte grains remsined angular with the
exception of one grain on which local fusion had taken place, The
surfaces were frequently coated with a thin, finely-crystalline
blaeck deposit, beneath which the chalcoclte gralns appeared slightly
corroded., The bomb stem was surfaced by the usuel copper-iron

sulphides,

The bornite grains also remained angular, and were
mostly covered with a coating of flne-grained, slightly pinkish
material containing abundgnt fine, black crystals, The filter
between the two was blackened and coated on elther side with dark
crystals and mgsses, ‘The weight loss of bornlte and chalcocite

from the vessel was 0,15 gram (0,7%).

Polished sectlon studles and X-ray anaslyses showed
that chalcocite crystals with minor digenite and bornite had dev-
eloped on the surfaces of chalcocite grailns, and bornite and chal-
cocite had been deposited on the surfaces of bornite grains, The
asbestos filter had been permeated by chalcocite on the upstream
side and by lesser amounts of chalcoclte, bornite and chalcopyrite
on the downstream side (Figure 28), The chalcocite had apparently
penetrated the filter readily by moving down flow and concentration

gradients; bornite had moved less readlly upstream,

Bomb 2, The quartz gralns were clean except for a few scattered,

fine, dark crystals; 1if any significant deposlition had taken place-
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Figure 28
Experiment V (30X)

Intrusion and deposition of Chalcocite (Ce), Chalcopyrite
(Cp) and Bornite (Bn) in asbestos filter used to separate
Bornite grains (right) from Chalcocite grains (left),

Figure 29
Experiment M ( 8 X)

Well developed prisms and octahedra of chalcocite
formed in open spaces in excess sulphur ‘'dry' systems,



TABLE

23

COMPARATIVE RESULTS OF HYDROTHERMAL EXPERIMENTS

Distribution Positions
of Materials of X-Ray
within Bombs Mounts

EXPERTMENT V¥
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!

Ce

B.,1

Filtar

Bn

Filte

Lo

Symbols

Minerals : See Table
No.2l4

V-x 3 ZXeray Mount

.C per Xi
Mount FluoreRg{ence A_p_a.]copxses mrfraqg{ion
Counts per Second (mg! Mfinerals
CuKs OuKo  FeKoc | Xe ) | Detected
V-2 | k270 21,800 2Lké0 | 13.0 — | Bn, Ce
V-l L8 220 20,900 0,10 0,20 | Pr
V=3 355 2180 8900 0695 0,80 | Chlorite .
Vet 192 1080 6150 0e 54 0,60 | Indeterm.
Renarks

Quartz and Pyrrhotite: MNo evident deposition
on grains, therefore no x-ray mounts were

Loss of Bn and Cc from B,1:

0s 7%

Apparent solubility of CuS: La6(10)~2 gm/l.
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the materials had subsequently been removed, The chlorite schist
vas slightly coated with black powder, but otherwise the grains
appeared unaffected, Pyrrhotite at the exit end of the vessel
appeared unaffected except for local development of a rusty film,

The exit pipe and bleeder valve contsgined s light
brown solid which was soluble in dilute HCl; it was predominantly
iron sulphate,

The yellowish discharge liquid ylelded a grey-black
precipitate., Chemical analyses showed that sulphite, sulphate,
and thiosulphate Were present (Table 11) as well as H,S, The
liquild contained 0,20 mg, of copper per litre, and the dlscharge
residus 0,60 mg, of copper.

A study of the -analyses of the selected fractlons
shown in Table 23 reveals that significant quantities of copper
had been moved by the HQS - water vapour, Bornite had not been
broken off and transported as fine particles in this experiment,
because no bornite peaks appeared in the diffraction pattern., The
copper compounds were gpparently non-crystalline, The reason for
localization of copper in.the chlorite schist 1is not known; no
copper minersgls were detected in polished section., If all the
copper detected had been transported‘by the vapour, the solubility
of chalcocite at 550°C in this enviromnment would be 1,6(10)~2 gram

per litre,



TABLE 2

X-Ray Fluorescence Data

Miscellaneous Mounts

Copper

X=Ray Mineral Impulse Counts Per Second
Mount ‘Symbol CuKs  CuKe FeK s FeK . mg,
Calcite Ca 32 110 70 360 -
Diabase Ds 33 115 840 L660 -
Flour F1 37 135 Lo 185 -
Peridotite Gob 3L 120 995 5780 -
Hematite Hn 26 92 1950 23,300 -
Marcasite Ma 3L 12 2990 14,000 -
Magnetite Mg 25 90 5010 23,900 -
Pyrite Py 31 110 2250 12,100 -
Pyrrhotite Pr L9 225 2500 13,380 -
Pentlandite  Pe 30 170 2420 12,100 -
Quartz Qtz 30 95 L9 235 -
Sulphur S 2l 88 42 200 -
Bornite Bn 280 13,300 780 4260 640
Chalcocite Ce 3160 16,100 5l 2L0 13,0
Chalcopyrite Op See Standards
Standard Mounts
Copper Cu 3100 17,200 140 745 35,0
Cp 1/2, M 1/2 532 2925 570 2825 2400
Cp 1/5, F1 L/5 366 1975 350 1930 1,00
Cp 1/10, F1 9/10 190 990 185 1010 0.55
Cp 1/20, F1 19/20 95 k70 105 560 0.25
Diffractometer Conditions For
X-Ray Muorescence Analysis
(General Flectric XRD-3)

Radiation : Tungsten Gelger tube

Tube voltage : 50 Iv. voltage 2,15 .

Tube amperage : £0 mA ?emc;g:der 3

Analysing orystal : IiT Timo

S1it 0.010 constant : B

89b
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Non-Aqueous Low Pressure Experiments -

Excess Sulphur Environments

Study of the results of these experiments was res-
tricted to observations made under stereoscopic and minerslographic

microscopes.
EXPERTMENT M

Purpose: To test the mobility of chalcocite in a ‘dry’
sulphur-rich atmosphere, and to examine the
effect of an electrical potential on the rate
and direction of migration of chalcocite

Materials Vycor glass tubing charged with grains of
and chalcocite and flowers of sulphur moistened

Conditions: with water, Peridotite grains were placed on
both ends of the chalcocite, followed by
aluminum electrodes, The materiasls were held
in place by asbestos packing (See Figure 14),
The tublng containing the charge was heated in
a standard tube furnace (Figure 7).
Furnace Temperature: 550°C
Pressure: Atmospheric., Time run: 40 hours
Environment: Sulphur vapour, air
Impressed voltage: ©6 volts

The reaction tube was cooled rapidly in alr
when the run was terminated,

Results:

The water rapidly boiled off as the tubing was
heated, and the resistance across the system increased from

40,000 ohms to 2 megohms,

The sulphur vapour migrated through the packing to
the cool ends of the tube and condensed, As the sulphur moved
from the high temperature area the sulphur vapour pressure

probably decreased to less than one atmosphere,
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The central chelcocite zone had undergone complete
change., The grains had been fused together into a vesiculgr
cylinder in which original grains had been remolded into smooth
rounded and globular masses joined by necks and filaments of
mobilized copper sulphide, The new sulphides were frequently
cogted with well-developed octahedra and prisms (Flgures 26 and 29),

The migrated sulphide was determined in polished
section to be chalcocite with, locally, smgll amounts of exsolved
digenite, The products were extremely fine-grained, Smagll pyrite

mgsses were observed in a few areas,

A striking feature observed In thls experiment was
the growth of fine needles of chalcocite which projected outward
into open spaces from the slag-like masses of chalcocite surrounding
the voids (Figure 30), Octahedral faces had developed occasionally
at the tips of the needles, Binocular microscope study revealed
that the needles pointed toward two dlametrically opposite bands
on the surface of the specimen; these bands had been in juxtaposition
with the breaks between the two halves of the furnace, Marked
deposition of chalcocite on the glass tube had teken place in these

tWwo relatively cool areas (Figure 31).

The peridotite grains on elither end of the chalcocite
section had been cemented firmly together by chalcoclte masses which
had nmigrated outward from the central section., The mobile chalcoclte
was smeared across surfaces of the peridotite grains in slag-like
coatings one millimeter or less in thickness (Figure 32)., Chalcocite
prisms and octashedrons were commonly superimposed upon these

slag-like basal masses, The majority of the crystals were well
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Figure 30
Experiment M (8X)
Needles of chalcocite growing out from globular

masses of chalcocite into voids (white), Needles
point in the direction of lower temperatures,

Figure 31
Experiment M (2X)

Experimental products removed from glass tubing to
illustrate cementation of peridotite grains and
asbestos fibers by migrant chalcocite, and deposition
of chalcocite at glass wall (white band) in low
temperature areas, Chalcocite moved approximately 2 cm,



Figure 32
Experiment M (5X)

Showing migration of chalcocite across grains of peridotite
and superposition of crystals upon the slag-like coatings,
Upper large grain is completely coated on the left side with
'slag' chalcocite; elsewhere, crystals grow from 'slag' base,

Figure 33
Experiment M (30X)

Ghalcocite crystals (right side) and chalcopyrite-bornite
mixture (left side) coating surface of peridotite grain,
penetrating grain via cracks, and surrounding serpentinized
olivine grains,
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developed, but many were observed to have only partiglly developed
crystal faces on one side, and blended into the structureless

mass from which they grew. Polished sectlons of peridotite grains
revealed that chalcoclte had penetrated the peridotite fragments
along fissures and grain bounderies as it had in experiment L;

bornite and chalcopyrite were also present in minor smounts

(Pigure 33).

The chalcocite had moved outward through the perldotite
sectlion into the asbestos section, and filaments of chalcocite
cemented asbestos fibres together 1/4 inch beyond the peridotite
grains (Figure 31). The distance traversed by the chalcocite was

approximately two centimeters,

No difference was apparent in the features of the
migrant chalcocite, or the distance moved, on either side of the
chalcoclite section, The low impressed voltage did not appear to

have dlrected the movement of chalcoclte,

The results obtained 1n the experiments indicate that
chalcocite moved down a temperature gradient, and possibly down

a concentration gradient,

EXPERIMENT W

Purpose: To check the rate and direction of movement of
chalcocite in a 'dry', sulphur-rich atmosphere,
to examine the effect of a high electrical
potentlal on the movement, and to observe the
influence of iron and nlckel on mobilized
copper sulphildes,

Materigls Vycor glass tubing charged in center with
and chalcocite, bornite, chalcopyrite, and pent-

Conditions: landite grains, Peridotite grains, sluminum
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electrodes, and asbestos packling were placed
on either end (Figure 14). The tubing was
inserted in g ceramic shield and heated 1n a
standard tube furnace,

Furnace Temperature: 650°C (Pre-set to avoid
using a thermocouple)

Environment: Sulphur vspour, alr

Pressure: Atmospheric, Time run: 72 hours
Impressed voltage: 110 volts,

The reaction tube was cooled slowly in the
furnace, the tempersture dropped to 300°C

in one-half hour,

Results:

The glass tube had fractured in many places,

especlally at the chalcopyrite end,

The enclosed sulphide grains had been fused together
into a coherent, porous cylinder as in experiment M, On the chal-
coclte end peridotite gralns and a narrow band of asbestos were
cemented firmly to the end of the sulphide mass; the mobile chal-
coclite had migrated 2,5 centimeters from 1its originagl position,

On the chalcopyrite end only those peridotite grains immedlately
adjacent to the sulphide mass were attached together,

The perldotite grains on the chalcoclte end were
coated with chalcocite masses and crystals, dupliceting the features
described in experiment M. Strikingly, the smooth, slag-like
chalcocite predominsted on those grain surfaces facing the original
chalcocite section, and the new crystals of chalcocite predominated
on those grain surfaces facing away from the original chsalcocite,
The chalcocite thus appeared to have moved down both tempersature
and concentration gradients as a mobile 'liquid’ phase, as 1t had

in experiment M; the final process appears to have been the formation

of crystals on the migrant slag-like masses, No needles of chalcocite

had developed in this experiment, however; apparently the ceramic
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shield hed distributed the hest evenly around the glass tublng.
If the electrical potential had in any way influenced the movement

of chalcoclte, it was not recognizable,

The peridotite grains on the chalcopyrite end of the
sulphlide mass had been bleached, gnd were stalned red by hematlte
which had formed at the expense of chalcopyrite, Some chslcopyrite
at the extreme end had apparently broken down in the oxygen-rich
stmosphere introduced after the sulphur had distilled off, Hematite,
minor magnetite, and chalcocite had been produced, but no cuprite

was recognized,

The surface of the sulphide cylinder changed grad-
ually 1n appearance through the different mineral sections, The'
bright metallic globular surfaces and crystals typical of the
chalcocite section gave way to ternished nodular surfaces represent-
ing the position of original bornite; the nodules became less pro-
nounced in the blackened pentlandite-chslcopyrite section, and
reduced to sub-angular protrusions in the black, lusterless end
chalcopyrite zone, Figure 3% partly illustrates the changes observ-
ed, Increasihg iron content evidently restricts the degree of

surface mobilization of copper sulphilde,

A longitudinal polished section of the sulphide
cylinder revealed that copper and iron had diffused throughout the
sulphide mass, Fine-grained cha;cocite, pyrite, and a little
magnetite were the only minerals observed except 1n the pentlandite
ares, and except for the latter the originally distinct mineral
sections could not be differentigted, The pyrite was dispersed

through the chalcoclte iIn small masses and specks, and occaslionally

outlined original grain boundaries. Magnetite was restricted to



Figure 3l
Experiment W (2,5X)

Showing migration of chalcocite (Cc) across surfaces of
peridotite (Gb) grains toward the outer asbestos (Asb) packing,
and illustrating the progressive decrease in degree of surface
mobilization with increasing iron content through bornite (Bn)
into the pentlandite (Pn) and chalcopyrite (Cp) sections of

the tube,

Figure 35
Experiment W (250X)

Chalcopyrite-bornite weinlets in peridotite fragment, Spheres
of magnetite within serpentine (after olivine) are being
replaced by chalcopyrite (white), Veinlets consist of
chalcopyrite and bornite,

Olig
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narrow zones at graln boundsries; 1t was more gbundant near the
chalcopyrite end, Although the original pentlandite had been
considerably modified on the surfaces of grains, the polished
section revesled that diffusion between pentlandite and the copper
minerals was restricted to the border zone, where the two distinct
phases co-existed, No intermediste phase was observed in this

experiment,

Polished sectlons of peridotite grains revealed that
chalcoclte had penetrated the fragments as 1t had in previous
experiments, In s few areas bornite and chalcopyrite were observed,
and close study showed that these minerals were frequently assoclated
with the magnetlte formed during serpentinization of the olivine
(Figure 35). The intruding chslcocite had reacted with the ms.g-
netite to produce stable chalcopyrite-bornite phases which tended

to segregate as migration continued,

EXPERIMENT Up

Purpose: To examine the products formed and the degree
of mobilization obteined when minersls are
subjected to full vapour pressure of sulphur
at the temperature used,

Materials Pressure vessel connected to low pressure gauge.
and Natural bornite and marcasite charged into vessel
Conditions: with flowers of sulphur, Minerals separated by

copper foll, «
Temperature: 580°C; Pressure: 77 psi ;
Time run: 18 hours

Excess sulphur was flushed from the vessel after
cooling it slowly to 300°C,

* mhe vapour pressure of sulphur is taken from the
determinations of West (1950), as his apparatus
permitted greater accuracy in megsuring vapour
pressures,
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Results:

The bomb stem had rescted; pyrrhotite and pyrite

were the major products formed,

Most marcasite grains had been only slightly altered
on the outside, where a thin coating of an undetermlined minersl
had been deposited in places, Occasional specks of bornite,
chalcopyrite, and digenite were attached to the grains, Chalco-
pyrite had developed about the points of contact of marcasite and
the copper foil used to separate the bornite and mgrcasite grains,

The copper foll had been converted to digenite and covellite,

The bornite grains had become rounded on corners
and edges, but cementation had been very weak, Polished sections
revegled that most grains were rimmed by & mosailc of small masses
of bornite which had been mobililized, Digenite specks were also
commonly present in this outer layer. The central parts of most
grains had changed llttle; the bornite product was paler in colour
than the origingl and rapidly tarnished to a blue-white colour’
identical to that of digenite, A few grains of the originsl
bornite had been strongly sltered throughout, and had become
veslcular masses partly replaced by blue and brown covellite; the

mineral relationships are described 1n experiment Ug.
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EXPERIMENT Ug

Purpose: Similar to UA
Msterisgls Natural bornite and nickeliferous pyrrhotite
and charged into pressure vessel with flowers of

Conditions: sulphur, Minerals separated by copper foil,
Temperature: 550°C; Pressure: 56 psi*;
Time run: 19 hours,

The vessel was cooled slowly to 250°C prior
to flushing out excess sulphur,

*prom West's (1950) determinations.
Results:

The distinctive rectangular outlines of the pyrrhotlte
had become slightly rounded by a thin surface deposit containing
much pyrite. PFreshly broken grains showed the pyrite extended
into cracks and aslong cleavage planes within grains (Figure 36).
Gralns adjacent to the copper foll were spotted with covellite
and were replaced locally with bornite and chalcopyrite (FPigure 37),.
Minute, unidentified white specks were present in the chalcopyrite,
The copper foll had been converted to covellite,

The bornite greins had been rounded on the edges,
and some were attached loosely to each other; most were coated with
covellite, Polished sections revealed that all grains had been
greatly altered, and that multitudes of small vesicles had dev-
eloped throughout the grains, The major phase was pele bornite
which contalned scattered masses of chalcopyrite., Blue covellite
rimmed both the outsides of grains and the peripheries of the
randomly distributed vesicles within the grains, The blue

covellite was succeeded by the unusuel red-brown covellite des-

cribed in experiment K, and this was in turn bounded by laths of



Figure 36
Experiment Ug (20X)
Development of pyrite (Py) on surface, and along

cleavage planes and fractures within nickeliferous
pyrrhotite (Pr)

‘ Figure 37
Experiment Up (30X)

Chalcopyrite (Cp) and bormite (Bn) replacing nickeliferous
pyrrhotite (Pr) at point of contact with copper foil,
converted to covellite (Cv), Trace of the previously
altered pyrite rim, now chalcopyrite, is evident,

9Ta



a8
chalcopyrite asdjacent to the bornite, Flgure 38 shows the

mlneral relationships,.

EXPERIMENT Ug

Purpose: Similar to UA
Materials Natural chalcocite and nickeliferous pyrrhotite
and charged into pressure vessel with flowers of
Conditions: sulphur., Minerals were in contact with each
other,

Temperature: 550°C; Pressure: 656 psi ;
Time run: 19 hours,

The vessel was cooled slowly in its furnace;
excess sulphur was flushed out at 250°C,

From West's (1950) determinations.

Results:

The pyrrhotite had changed markedly in its surface
appearance, Grains had been rounded notliceably, and were coated
with a8 thin, bronze-coloured surface layer which alsoc penetrated
the grains along fractures and clesvage planes, Covellite was
observed on a few grains near the contact of chalcoclte and

pyrrhotite,

The chsalcocite had been mobilized as in previous
excess sulphur experiments, and the resulting nodulasr masses
adhered firmly to each other. At the contact chalcocite enfolded
grains of pyrrhotf%e or bound them together, Covellite had dev-

eloped on most surfaces of the chalcocite grains,

Polished section study showed that the surface lsyer



98a

Figure 38
Experinents U, Up (90X)

Vesicular mass produced by heating bornite in sulphur
‘held at full vapour pressure, Main mass is orange-
coloured bormite (Bn), Blue coveliite (Cv) rimming
grains and peripheries of vesicles is succeeded by browm
covellite (Cvb), which in turn is bordered by chalcopyrite
(Cp) adjacent to the bormite,

_Figure 39
. Bxperinent 0 (2,5X)

Mounted section of capsule used in differential
pressure experiment, Native copper (white) is
scattered through or rimming rounded, compressed
chalcocite (Cc) grains, Rigid end of capsule

is to the left,
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on the pyrrhotite was an extremely filne-grained mixture of
pyrite and msgnetite, Some water or oxygen must have been pre-
sent in the system to produce the latter mineral, No nickel
mineral was recognlized, The original chalcoclite grains now
consisted of chslcocite and digenite, the latter being more
evident adjacent to covellite, which rimmed the grains, Brown

covellite had developed where iron was avallable,

Diffusion of iron and copper had been noticeably
less in this experiment than 1n many previous experiments; for
example, intermedlate Cu-Fe sulphlde phases had seldom developed
where covellite surrounded pyrrhotite grains, The alteration rim
had apparently formed on the pyrrhotite prior to mobllizstion of
the copper sulphide and in some way had inhibited further reaction,

Differential Pressure Experiments

Study of the results of these experiments was
restricted to observatlions made under stereoscopic and minersgl-

ographic microscopes,

EXPERIMENTS N and O

Purpose: To test the ability of copper sulphlide to move
under & differentlal pressure applied by a
peristaltic force,

Materlals Two-part capsule, one end collapsible, .Chalcocite
and and flowers of sulphur were charged into the col-
Conditlions: lspsible (copper) end, the capsule was sealed, and
was placed in g high pressure vessel, The vessel
was heated to 550°C and a hydrostatic pressure
was applied,
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Pressures: Experiment N: 7,500 psi
Experlment 0: 10,000 psi

The hydrostatlc pressure collapsed the
copper end of the capsule, and the resulting

peristaltic force tended to drive moveable
materials into the rigid end,

Results:

The capsules collapsed in both experiments, indicat-
Ing that the seal had held at the start of the experiments,
Penetration of water into both capsules had taken place later,
however, and the differentisl pressure obtained at the start was

nullified,

Polished sections through the capsules (Figure 39)
showed that the original discrete chalcocite grains had been
compressed into a solid mold consisting of g mixture of chalcocite
and exsolved digenite, Natlve copper was scattered through the
sulphides as mgsses and specks, and commonly outlined original
grain boundaries, The copper sheath was partly converted to
chalcoclte, Examination at the edges of volds revesled that the
chalcocite had been mobilized as in previous experiments, Small
globular masses and crystals of chalcocite had formed on the
surfaces of the original grains, and grew into the open spaces

remaining,

Mass movement of the copper sulphldes into the rigid
end of the vessel had not been effected, although surface crystals
had grown into, and chalcocite grains hed been deformed at, the
neck between the ends of the capsules, The experiments show that

the mobilized copper sulphlide did not behave as a liquid, slthough
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it had deformed readlily to fill unoccupled areas. The structural

rigidity of the chalcocite lattice apparently had been reduced

in the high-sulphur atmosphere, thereby facilitating 'plastic

flow!,
EXPERIMENTS Q and R

Purpose: To test the ease with which copper sulphide 1s
moved by differential pressure while in an
excess sulphur hydrothermsl environment,

Materials High temperature differential pressure vessel

and shown in Figure 9. Copper reaction tubing,

Conditions: loaded at the static end with quartz and
peridotlite grains, and at the moving end with
chalcoclte grains (See Figure 10), Flowers
of sulphur was packed in with minerals, The
vessel was connected to the hydraullc circult
and heated,

Pressure was applied to the moving piston
by the jack, 1n amounts sufficlient to cause the
plston to move into the bore against the hydro-
static pressure and frictional resistances.

EXPERIMENT Q EXPERIMENT R
Hydrostatic 10,000 psi 5,000 psi
Pressure t 200 psi . £ 200 psi
Temperature - 550°C 550°C
Time Run 2 hours 2 hours
Cooling
550°C-300°C 1/2 hour 1 hour
Force on Piston 2500 pounds 2500 pounds

Results:

In both experiments the teflon pressure seal on the

moving piston blew out between 500 and 550°C, but the copper washer

slowly sealed the leak, The runs were continued under a hydrostatic
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pressure of 200 psi until high resistance on the jack ram Indic-
ated that the reaction tube had collapsed and filled the vessel

bore.

The chalcocite greins within the reaction tube had
become sub-rounded from movement of the migrant surface chalcocite
described 1n earlier experiments, and had been distorted by the
different force components set up during collapse of the tube,
Chalcocite had been pressed into spaces between quartz grsins and

into folds in the copper casing.

Polished sections revealed that the original chalcocite
grains hsd recrystallized to granular mosaics of anisotropic chal-
coclte., A secondary intergranulgr digenite phase had developed
which contained exsolved laths of chalcocite; the digenite hsad a
reddish cast in places, suggesting that some iron was lncorporated

in the lattice., Native copper was not observed,.

Although the copper sulphides had moved resdily into
open spaces, a calculatlon of the force on the sulphide grains
could not be made because the reslstance of the reaction tubing
varied as it collapsed, Possibly 2000 pounds of the force on the
moving plston would have been supported by the collapsing reaction

tube and its contents,

EXPERIMENT 3

Purpose: Repeat of experiments Q and R, To examine the
degree of moblligation of copper sulphides by a
positive unlaxial force while in an excess sulphur
hydrothermal environment,
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Materials _ Differentlial pressure vessel shown in Figure 9,
and Brass reaction tubing loaded at static end with
Conditions: quartz and peridotite grains, and at moving end

vwilth chalcoclte gralns and s partisl section of
pentlandite grains, Flowers of sulphur was
packed between grains,

The driving piston (See Figure 10) was
lengthened, and modified so that 1t would enter
the resction tubing without collapsing the
tubing. Thls modification ensured that the
force moving the plston would be transmitted to
the grains themselves,

Hydrostatic pressure: 500 psi
Temperature: 550°C; Time run: 4 hours

Cooling time 550°C-300°C: 1 hour
Force on piston: 3100 pounds

Results:

The plston seal held at the 500 psi hydrostatic
pressure used, and the force on the piston was maintained at 3100
pounds, This force caused the pliston to move lnto the vessel bore
in short, intermittent increments as the grains ylelded and the
static frictional resistance of the seal was overcome. Cal-
culatlons showed that a maximum force of 2500 pounds was applied

to the chalcocite grains.

The brass tubing had buckled at a late stage in
the experiment, The chalcocite grains had been molded into a
solid mass which filled the distorted brass contalner, and the
original grains had been deformed beyond recognition, The sul-
phides had streamed around the nose of the piston as it was forced
into the tube, and had flowed into spaces between the quartz and
perldotite grains, Examination of polished sections revesled that
fine flow lines contoured the space occupied by the nose of the

plston, and extended into talls on elther side of the nose position,
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Figure 40 shows most features; the flow lines were too fine to

appear in the photograph,

Polished section study revealed that the chalcocilte
had recrystallized and digenite had formed, identlcally to that
described in experiment Q. At the pentlandite-chalcocite boundary
mgrked alteration had taken place,. Chalcocite was replaced by
digenite, which became progressively richer 1n iron as the pent-
lendite was approached, In the boundary area the copper sulphide
phase had gll the visual characteristics of bornite, Pentlandite
had been carried along by the copper sulphides 1in the boundary
ares, and here was in equilibrium with the bornite phase, It is
evident that iron 1n excess of that required to form pure pentland-
1te had reacted with the chslcoclte to give bornite and intermediate
Cu-Fe-S phases, Figure 41 shows the textural relationships. The
pentlandite away from the contact zone had retained 1ts origlnal
brittle nature, and the grains had fractured rather than yielded,
An increase in the content apparently increased the gbility of the
sulphide phases to deform with ease,

EXPERIMENT T

Purpose: To test the degree of mobllization of chslcocite
by & positive uniaxiasl force while in a low
sulphur hydrothermal environment,

Materials Differential pressure vessel shown in Figure 9,
and : Tron reaction tubling loaded at static end with
Conditions: nephrite and peridotlte grains and at moving
end with chalcocite and pentlandite grains as
in experiment S, The driving plston and reaction
tubing were constructed similsr to those used
in experiment 3,
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Experinment S (2,5 X)

Section through reaction tube, showing flowage of chalco-
cite to fill container and spaces left by driving pluge.
Fine flow lines paraliel to outline of the driving plug
(lower part), Pentlandite (Pn) removea from chalcocite
remained brittle,

Figure L1
Experiment S (30 X)

Segregation of iron-rich copper and mickel sulphide
phases at common boundary of chalcocite (Cc) and
pentlandite (Pn), Note streaming of pentlandite
masses through Cu-Fe-S phase,
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Hydrostatic pressure: 500 psi
Temperature: 550°C; Time run: 18 hours
Cooling time 550-300°C: 1 hour

Force on piston: 3100 pounds

Results:

The rate of movement of the piston into the vessel
bore was considerably less than it had been in experiment 3, A
longitudinal section through the reaction vessel (Figure U42) showed
that the chalcocite grains had been crushed by the moving piston,
rather than molded as in the excess sulphur experiments, Fractur-
ing of the grains was sub-parallel to the direction of the applied
force, and although the shattered grains filled the slightly dis-

tended tube, no flowage of the chalcocite had taken place,

Polished section study revealed that the chalcoéite
had been recrystallized; the fragments consisted of granular,
anisotropic chaslcoclte similar to that observed in experiment D
and others., The pentlandite grains at the chalcocite boundary had
been partly replaced by bornite and iron-rich chalcocite or digenite
phases referred to in earlier hydrothermal experiments. Isotropic
pentlandite was scattered in small masses through the replaced
fraguents (Figure 43) as it had been in experiment S. The nickel
had again been excluded, at least in part, from solid solution

wilth the copper-rich phase,

In this experiment the chalcocite had not deformed
readily under the applied force, as it had done in experiment S.
The evidence indicates that sulphur in excess of that required
to form chalcocite or digenite greatly lncreased the mobility

of copper sulphide,
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Figure 442
Experiment T (2X)

Fragmented chalcocite (Cc) in differential pressure
experiment, low sulphur envirorment, Note longitudinal
fractures paralleling the direction of the applied force
(arrow), Unreplaced pentlandite remained brittle,

Figure 43
Experiment T (20X)

Mmost total replacement of pentlandite (Pn) grain
by Cu-Fe-S solid solution, White ‘remnants' are
isotropic pentlandite which did not form a solid
solution series with copper-rich phase,
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COMPARISON AND DISCUSSION OF
EXPERIMENTAL RESULTS

The general grouping of experiments, as given on
page 62 of the preceding section, 1s followed below in discus-
sing the results of the experiments, In this discussilon, the
important features of the experiments are reviewed briefly;
comparisons of results are then made between individual experi-
ments in g single group, and between the groups of experiments

themselves.

I. Hydrothermal Experiments - Low Sulphur Environments

These experiments were made primgrily to determine
the relative solubilities and apparent mobllities of some sul-
phides in dynamic hydrothermal systems having different environ-
mental condlitions, The low sulphur experiments were run filrstly
to obtain a reference datum of solubility 1n a distilled water
environment, and secondly to examine sny changes in solubility
and mobility of a sulphide caused by adding soluble salts, without
having to consider possible complexities arising from an additional

sulphur phase,

FPeatures of the Bxperimentsl Products

Several features, listed below, were common to the
products of every experiment in thls group.
(a) Sulphide mineral fragments had more or less retalned their

original shapes.
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(b) Pyrite had lost sulphur and converted to pyrrhotite,.
Pyrrhotite had converted to magnetite, except where in contact
with chalcocite, In the latter case, chalcopyrite, bornite, and
iron-rich chalcocite had formed by solid-state interchange of
copper and 1ron between the two original minerals, Magnetite, on
the other hand, had resisted reaction with chalcocite to form
Cu-Fe-3 ninerals,

(¢) Massive, isotropic chalcocite had recrystallized to coarse-
grained anlsotroplc chalcocite, and minor bornite had been absorbed
by the recrystallizing chalcocite, Digenite had formed in aress
where sulphur had been expelled during the decomposition of
sulphur-rich minerals,

(d) Minute crystals and growths of new chalcocite had developed
on the corners and edges of original chalcocite grains, occasion-
ally fusing grains together or following the contour of the
vessel when in contact with 1ts wall,

(e) The fluids collected from the experiments contained HQS,

except in the cases where the original solutions contained salts
(Experiments ﬁ and E). Sulphite, sulphate, and thiosulphate
ions were also present, but the latter were apparently produced
mostly during oxidation of HoS after the fluids entered the
collecting flssk. The pH of the discharge flulds ranged between
7.8 and 9.2,

(f) DNo replLacement of materials in the low temperature vessel
had taken place, Calcite, when used, had been dissolved by the
hot solutions, but generally megnetlte and other compounds had

been deposlted on the surface of masterliaels placed in the vessel,
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Solubilitzﬁof Chalcocite

The apparent solubllity of chalcoclte, as determined
by the summstion of welghts of copper deposited 1n the lower parts
of the experimentsl system, 1s much higher than was to be expected
from free energy calculations, Distilled water experiments yielded
apparent solubilities ranging from 1,8(10)'4 to 2.8(10)'4 gram per
litre under the conditions 550°C and 15,000 psi, The solubility
increased upon additlion of sslts; this is indlicated from experl-
ments D (artificial sea water) and E (ammonium chloride solution),

in which the apparent solubllities of Cup3 were respectively

2,4(10)'3 and 1_1(10)'2 gram per litre for the conditions used.

TABLE 25

Experimental Solubllities in Grams per Litre of Cusd 1n

Different Environments, Compared with the Calculated
Values of Verhoogen (1938) and Czemanske (1959)

Temperature : 550°(C 620°C
Distilled Water Experiments 1,8(10)'4 to 2.8(10)"4
Artificial Sea Water (Expt. D) - - - 2.4(10)"3
1M, NHyCl Solution (Expt. E) 1.1(10)"° o
1M, Nao$ Solution (Expt, P) 2.4(10)"2 - - -
Saturated HyS Solution (Expt.V) 1.6(10)‘2 - - -
Water plus Sulphur (Expt. K) 2,9(10)-2 - - -
Water plus Sulphur (Expt. L) 4,6(10)_2 - - -
Verhoogen (1938) 2.3(10)—8 3.5(10)_8
Comanske (1959) 3.510°°  7.000)°
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In Table 25 a comparison is made between the
solubilities of Cuys obtained experimentslly and the solubllities
in vater as celculated from free energy dats by Verhoogen (1938)
and Czemsnske (1959). The experimental values appear to be
extremely high compared with the calculated values, andlit might
be suspected that mechanical enrichment resulted from transport-
ation of smgll particles broken loose from the 'source' mgterigl,
This possibility is considered unlikely, however, because the
chalcocite was carefully abraded and screened priof to use, and
filters were used to arrest transport of smgll particles, Some
copper was sgdded to the system in experiments B, C, and D, but
a8 copper sulphlides had formed when the migrant Cu had entered
the reaction chamber, near-equilibrium would still prevsil., The
copper 1s therefore conslidered to have been transported from the
primary vessel as ions (simple or complex), molecules, or gels,
which were formed in equilibrium with the sulphide minersls in
the primary vessel, 'The apparent solubllity values are considered,
moreover, to be minimum values, because all experimental materisl

was probably not reccvered from depositional sites 1in the system,

The edditlon of soluble salts to the primary solution
Increased the solubility of CupS greatly, The mass influence of
additional lonic specles in solution would, directly or indirectly,
favour an increase in copper lon concentration according to
Le Chatelier's principle, but quantitative evaluation under these
conditlions of probable non-equillibrium would be hazerdous, The
possibllity slso exlists that soluble copper complex lons of
indefinite composition formed, but their influence on solubility

likewise cannot be defined, In the case of ammonlum chloride



110
solution, the formation of soluble copper-ammonls complex

ions probably 1s responsible for most of the increase in solubllity,

The thiosulphate radical 1s spparently unstable at
higher temperatures (See slso Feld, 1911; and Peschanskii and
Valensi, 1949), and therefore should have little or no effect on
sulphide solubllity, An 1ncreasé 1n the volatllity of CunsS by
addition of chloride 1lon is not responsible for the increase in
amount of copper transported, since the vapour pressure of CuES

is greater than that of CuCl (See Tables 6 and 7).,

Mobllization of Chalcocite

The development of minute new crystals of chalcocite
or digenite on the surfgce and corners of original chalcocite
grains indicates thaet in these experiments some inter-grain
movement of copper sulphide had taken place in the high tempersture
vessel, The cause of movement of chalcocite snd growth of new
crystals 1s not evident, It may be due to local solution and
concomitgnt deposition, to locael volatilization and re-deposition,
or to atomic migration down a local energy gradient, No features
suggestive of melting were observed. The addition of soluble
sglts to the solutlon gppeared to increase slightly the amount of
sulphide mobilized, but the total mass affected remained small,

Migration proceeded more rapldly in the direction of
flow, a fact which 1is 1llustrated best by the migration of chal-
cccite around the filter in Experiment D, This indicates that the
mobile ions or molecules were free to be moved scross surfaces by

the smgll energy gradient of a slowly moving vapour,.
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Solid State Transformations

Copper and iron moved readily from one site to
another by solid state diffusion processes, As noted previously,
bornite, chalcopyrite, and ilntermedlate Cu-Fe-S phases were
formed readlly where pyrrhotite and chslcocite were in contact,
Copper apparently moved more easily into pyrrhotite than iron
moved into chalcocite, for entire grains of pyrrhotite were
converted to Cu-Fe-S minersgls whereas only a relatively narrow
band of the adjacent chalcocite graln consisted of iron-rich
chalcocite or bornite. MacDougall (1957) has shown this to be

so in dry systems as well,

Phease Relations

The present experiments were not intended to est-
ablish phase relations 1in the Cu-Fe-S system, lnasmuch as Merwin
and Lombard, Ross, and others have carried out far more accurate
studies, The effect of adding water to the system requires s
note, however, In an open Cu—Fe—S—HQO system, pyrite decomposes
to pyrrhotite and the sulphur freed forms HQS and other sulphur
compounds which are removed from the system, Pyrrhotite contlnues
to bresk down, ylelding magnetite and HoS, and ultimately bornite
loses sulphur to form magnetite and iron-rich chalcocite or
digenite, Thus pyrite, pyrrhotite, and bornite are unstable in

8 hydrothermal low-sulphur open system under the conditions used,

In a closed Cu-Fe-S-Ho0 system the stabllity of

different minerals depends on the partial pressure of sulphur as
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well as the proportions of metallic components present, Mag-
netite 1s still formed st the expense of pyrrhotite when the
sulphur pressure ls below that of & saturated HoS solution

(See Experiment A); beyond this, no further cconclusions regarding
phase relations in closed systems can be drawn from the present

hydrothermal studles,

II, Hydrothermg!l Experiments - Excess Sulphur Environments

The additlon of sulphur to the experimental system
produced notlceably different results from experiments of the low
sulphur group, with the exception of experiment V in which sulphur

was added as H»oS,

Features of the Experimental Products

The physical appearance of the products in the
primary vessel of experiment V was much the same as that of the
products of low sulphur experiments, Chalcoclte and bornite
fragments had more or less retalned thelr original shapes; chal-
cocite had recrystallized; and fine growths of new minerasls had
developed on the originsl fragments, fusing them together
occaslonally or coating the interiors of openings, Some chalcocite

fragments appeared slightly corroded in places,

The products in the primary vessel of experiments
J, K, L, and P were totally different in appearance from the pro-
| ducts of the low sulphur eiperiments. Smooth, rounded surfaces
had developed on the original fragments of chalcocite and bornite,

and masses of new crystals had grown upon these smooth surfaces.
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There were no noticeable changes in the smounts of
material deposited 1in the second vessel, even though much more
copper was present than in the low sulphur experiments, No

replacement of mineral fragments in the vessel was detected,

Solubility of Chalcoclte

The experiments revealed (Table 25) that chalcocite
is apparently much more soluble in sulphur-rich than in sulphur-
poor solutions, The HoS solution yilelded a somevwhat lower solub-
1lity value than the concentrated NaosS solution or solutions con-
taining native sulphur; the average value 1s approximately 100
times that obtained in distilled water experiments.

This high solubility is at variance with the calcu-
lated values of Garrels (1944) and the experimental results of
Hemley (1953), given in Tables 2 snd 3. The results of Clark
and Menaul (1916), however (See Table 5), showed that large
amounts of covellite and bornite may be suspended in Ho3 -saturated
KOH solutions, and it 1s possible that the high solubilities
indicated in the present experiments result from the suspension
of colloidal particles in the transporting media, The fact that
the copper-rich products were non-crystalline, according to X-ray
powder diffraction studles, may also support such & theory of
transport, Barnes (1958) experimentally determined the solubility
of Zn3 in HpS - saturated water to be much higher than the cal-
culated value, and concludes that the solubility is controlled by
the formation of complex ions of the type Zn3S.xHoS. His theory
could apply equally well to the solubllity of CupS in HoS solutlons,
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Ellis (1959) suggests that thlosulphate complexes could be
responsible for increasing the solubility of ZnS in hydrothermal
solutions; but this theory 1s not supported by the.present
experiments, which indicate that the thiosulphate ion is un-
stable 1n hydrothermal solutions.

Mobilization of Chsalcocite

The chalcocite must have been highly mobile 1in order
to form the slag-like masses described egrlier, but it did not
appear to flow as a liquld because no similar materlal was found
outside of the primary vessel, Migration of chalcoclte in the
direction of the stream flow was less pronounced than in low
sulphur experiments, but the tests for movement under flow pres-
sures were inconclusive because the volume of liqulid passed was
small, The penetrating ablility of the chalcocite was remarkable,
however, Peridotlte fragments near the chalcocite commonly were
riddled with chalcocite which had migrated into fractures and

along graln boundaries.

The means by which chalcocite moved and new crystsls
grew are no more.evident in these experiments than in low sulphur
experiments, but two features stand out which appear to be sig-
nificant when consldering means of transfer: |

(1) Practures in peridotite were completely filled laterally
with sulphldes, and there was no indication of inward or differ-
ential growth of crystals (for example, comb structures), which
would be expected if the minerals had been deposited from s solution;

(2) Where bornite and chalcopyrite were found together in
the veinlets, both minerals extended from wall to wall; that 1s,
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zonal distribution of the minerals was totally lacking.

The features mentioned strongly suggest that chal-
cocite had either: (a) been injected into the fissures; or (b)
advanced into the filssures as a moblle mass, by capillary action
or under the influence of some physical or chemicgl gradient,
Whatever the state of the migrant chalcocite, iron was absorbed,
bornilte and chalcopyrite had been formed, and the latter mlnerals

continued to migrate along the passages.

Theories of deposition from a solution or a gas
cannot be totslly discarded because of the lack of diagnostic
depositional features; however, there is no indication of & chem-
ical change 1n the host rock which might have caused deposition
from & solution, and no temperature gradient existed within

peridotite grains to engender movement by volatile transfer,

Phese Relations

The most distinctive difference in the minersl
assemblages of low and high sulphur experiments was the stability
of sulphur-rich minerals in the latter., Mineral assemblages
noted were pyrilte-chalcoclte-digenite, pyrite-bornite-chalcopyrite,
and covellite-bornite-chalcopyrite. Covellite was found most
commonly on the periphery of chalcocite or digenite grains, and
18 considered to have developed during the cooling process (See
Kullerud, 1957); en unusual iron-rich covellite formed in grains
which contained iron. These assemﬁlages were expected from the

phase equilibrium studies of Roseboom and Kullerud (1958).
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IIT. Non-AQueous Low Pressure Experiments-

Excess Sulphur Environments

The low pressure experiments were carried out pri-
merily to determine whether or not water and confining pressure
have an effect on mobilizing chalcoclte and copper-iron sulphides,
by compsring the results with those of high pressure hydrothermal

experiments containing excess sulphur,

In experiments M and W an electrical potential was
applied on the reaction chamber, However, the masking effect of
the highly mobile sulphides elimingted any possibillity of deter-
mining the influence of an electrical potentiasl on migration of
the sulphides,

Features of the Experlimental Products

The surface features of the experimental products
were generally simllar to those of the related excess sulphur
hydrothermal experiments, Chalcocite had reascted similarly in
all the experiments, and globular masses, glossy surfaces, filla-
ments of massive chalcocite, and abundant new crystals had been
produced, Bornite had reacted to a lesser extent than chalcocite;
the grains had become sub-rounded and were coated with fine bornite,
digenite, or covellite crystals, but glossy surfaces vere generally
lacking, Marcasite was unaffected under these conditions, Pyrite
had developed on the surfaces and along cleavage planes of pyr-
rhotite grains, Covellite had developed on the surfaces of

copper-rich products 1n experiments of the U series in which the |

sulphur was confined and the cooling was slow, but had not formed



117
in experiments M and W, where the sulphur vapour pressure vas

low and cooling had been rapild,

Mobllization of the Sulphides

Cu-S Minersals

— e San — w— — —

All the features illustrative of movement that were
observed in the high-sulphur hydrothermal experiments were dup-
licated in the ‘drj‘ atmospheres of thls group of experiments,

The migrant chalcocite or digenite again fused the originsl grains,
moved into adjacent areas to envelop peridotite and other sulphide
grains, and penetrated peridotite grains slong fractures and
mineral grain boundaries, absorbing iron from dispersed mggnetite

particles to produce bornite and chalcopyrite,

Chalcocite in the atmospheric pressure experiments
vas particularly mobile, producing needles and filaments of
chalcocite that were commonly terminated with partly developed
octahedra, or spreading smooth coatings of chalcoclite across large
areas of adjacent peridotite grains, The needles produced in
experiment M are of particular significance, because they point
in the direction of lower temperature, In experiment W no needles
developed, but the large crystals of nevw chalcocite formed on the
surfaces of the slag-like chalcocite masses grew away from the
source chalcocite towards the ends of the tube, Also, many of
the crystals developed faces on one side only; the sides facing
the chalcocite source were continuous with the formless chalcocite
masses from which the crystals grew, whereas most crystal faces

developed facing away from the source chalcocite and, to a lesser

extent, away from the furnace wires.
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Experiments rgcently carried out at McGlll
university by J. Guy-Bray also showed that in high sulphur
environments chalcoclte migrated away from the source and down
the temperature gradlent. His apparatus consisted of two boats
separated in a furnasce: the chalcocite in some instances mig-
rated from the source boat, bridged a short gap, and descended
into the second boat, The experliments more or less confirm
the hypothesis that the major proportion of the migrating
chglcocite is rigid, as was suggested by the unsupported growth

of chalcocite needles in experiment M,

Cu-Fe-S gnd Fe-S Minersals
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The mobllity of bornite was visibly less than that
of chalcocite, from observations made in experiments UA and UB;
nevertheless bornite does move readily under these conditions,
according to the evidence presented earlier from its penetration
of rock fragments, B.,J. Melkle also provided supporting evidence
from recent experiments made at McGill university; in them, he
found that bornite migrated short distances across foreign sur-
faces when hot, gaseocus sulphur at stmospheric pressure vas
passed across the minersl, Marcasite and pentlandite showed much
less tendency to move in the present experiments., In experiment
W, copper and iron diffused throughout the recovered specimen,
producling iron-rich chalcocite and digenite, pyrite, and magnetite,
The latter was present only at the chalcopyrite end, where iron
was sbundant and some air had penetrsted the tube, The surface
features of migrstion decreased noticeably from the chalcocite

end through the bornite section into the chalcopyrite-pentlandite
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sectlon, where such features were almost lacking, It 1is
evident that the mobility of Cu-Fe-3 minerals 1s suppressed by

incresasing iron content,

IV, Differentisl Pressure Experiments

The differential pressure experiments vwere made to
test the ease with which sulphides could be moved by deforming
forces in high sulphur and low sulphur environments, The object-
ive was twofold: (a) to determine the physical state of the
'mobile! sulphide phase observed in other experiments; and (b) to
investigate the possibility that sulphides may be injected into

open spaces at temperatures below their melting points,

Peristaltic Force Experiments

The usual features of mobilization of chalcocite were
present 1in these two high-sulphur experiments (N snd 0), although
netive copper was an sdditional equilibrium phase, The weak end
of the capsule collagpsed as desired, and the hydrostatic pressure
tended to extrude the enclosed sulphides into the non-collapsible
end of the cgpsule, Extrusion was not effected, however, and
although some grains were deformed at the neck (Flgure 39), it
was evident that the sulphides remained rigid, Chalcocite was
therefore not melted under these conditions, and the features
suggestive of & liquid state resulted from ‘sctivastion' processes
which were effective only at or near the surface of the chalcocite

grains,
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Uniaxisl Force Experiments

An equal directive force of knowvn magnitude was
applied in these experiments so that any apparent differences
in mobility of the sulphides used in the separate experiments
could be attributed elther to compositional differences of the
sulphides or to different environmentel conditions, rather than

to differences in stress,

The experimental results showed that chalcocite and
digenite deformed easily in excess sulphur environments at 550°C,
and moved readily to fill any openings (Figure 40), Lineations
paralleling the surfaces of the moving piston showed that the
minerals had flowed from one point to sanother without fractur-
ing, The Fe-rich digenite and bornite phasses formed by
solid-state diffusion near the pentlandite section in experiment
T had also moved readily, carrying small masses of a stable
pentlandite phase as they migrated (Figure 41), but the pentland-
ite awsy from the chalcocite contact did not become mobile under

these conditions, and only fractured under the deforming force,

In the low-sulphur environment (Experiment T)
chalcoclte reacted to the deforming force like a brittle solid,
The grains were fractured and pulverized, and the resulting
discrete particles were compacted or forced into available
openings (Figure U42), Flow structures were totally lacking,
despite the fact that the experiment had been run for a greater
length of time than the high sulphur experiments, Diffusion of
copper and iron to form different Cu-Fe-Ni-S phases at the

pentlandite-chalcocite boundary apparently proceeded as rapldly
in the low sulphur as in the high sulphur experiments,
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Collectively, the differential pressure experiments
yleld conclusive proof that sulphur is & potent agent in reducing
the structural rigidity of some copper sulphides to the point
vhere they can be deformed plasticselly, moved rapidly, and there-
fore injected easily, provided that passages and deforming
forces exist, The sulphur evidently diffuses throughout the
sulphides at these‘temperatures, facilitating bulk movement as

well as activating the surface layers of atoms,

Surface Mobiligzation of Cu-S Minerels

Throughout the experimental study, evidence of the
mobllization of chalcocilte, digenite, and low-1iron copper
sulphides was found, The experiments have not revesled the pro-
cesses involved in effecting mobillity; however, they have provided
information which restricts the search for the cause of activation
to a relatively smgll field, In review, 1t has been shown that:

() Sulphur in excess of that required to form a stable
bornite-digenite-pyrite assemblage greetly lncressed the mobility
of the sulphides, Native sulphur and sulphide ion were more
effectlve mobiligzers than H2S. Water or non-sulphurous anions
did not sffect the mobllity to any appreciable extent;

(b) The highest degree of activation sppeared to be at the
surface of sulphide masses, or more specifically, at solid - gas
interfaces, Thils 1s more evident in high-sulphur experiments,
vhere moblle atoms or atom groups tended to reduce the surface
area of sulphide masses or grains, forming spherical surfaces
analogous to those formed by & viscous liquld, while at the same

time the masses themselves strongly resisted deformation as only



122
a solld can;

(¢) A thin, mobile sulphide layer migrated rapidly across
forelgn surfaces and penetrated materlals along fine passages,
suggesting that the moblle mass had moved under the influence
of surfgce tenslion, The direction of movement was gway from
the source material and, preferentlslly, down a temperature
gradient;

(d) Spherical or non-planar surfaces developed contemporan-
eously with crystel faces, indicating that the moblile sulphide
phase was in equilibrium with a (temporarily) non-mobile phase,

The evidence allows but ome conclusion: that the
apparent mobllity of the low-iron copper sulphides 1s the direct
result of extreme agltation of surface molecules, Therefore,
in determining the cause of movement of the sulphides it 1is
necessary to consider: (1) the phenomena of adsorption and
absorption at solid-liquid and solid-gas interfaces; (2) the
processes causing discrdering of crystsl lattices st interfaces;
and (3) the specific medis involved in effecting disorder of
crystal lattlces,

The literature ylelds little applicable informstion
on these complex subjects; however, radiocactive isotopes are
nov providing a means of examining the phenomens of surface
actlvity and mass diffusion, and some progress 1s at last belng
made experimentslly. Harrison, Morrison, and Rose (1957) made
a notable contribution when they examined isotopic exchange
rates between gaseous chlorine and solid sodium chloride at

temperatures ranging from 20°C to 400°C, They found that a
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complex serlies of reactions took place in three steps which
involved both the surface and the bulk of the solid. The
initial low-temperature reaction was rapid, and involved only
the outermost surface layers of atoms, The writers attribute
the reaction to strong adsorption of chlorine, causing low
temperature lattice disordering; they suspect that structural
irregularities exist at the surface of the NaCl crystal to
account for the energy involved in disordering or removing ions
from the halide lattice., The second reactlon was much slower,
initially reaching a steady reaction rate between 60°C and 80°C,
and appeared to involve both adsorption and absorption of
chlorine; the reaction was brought to completion more rapidly
at higher temperatures up to 200°C, Only near-surface atom
layers were affected, Above 200°C, g third type of reaction
began which proceeded for much longer periods and produced much

". - - approached

greater activity, until the isotope concentration
the value corresponding to & uniform distribution of radiocactive
atoms throughout the gaseous and soclid phases, showing that
bulk diffusion had occurred.'. This bulk diffusion resction
proceeded to completion at approximately 260°C, or one-half the

melting point of NaCl.

The macroscopic features observed in the present
experiments suggest that simllasr reactlons occurred between
sulphur and the copper sulphides, By analogy, structural disorder
of the outermost layers of atoms in the sulphide lattice produced
& high energy surface film which responded readily to physical
differences such as temperature and concentration gradlents or

small surface stresses, The main mass of the sulphides would
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have a lower level of energy, but would respond readily to
a deforming force because internal disordering of the lattices
by bulk diffusion reduced the rigidity to the point where
'plastic flow' could be achieved,.

Becguse the transition of Cugs5 to CuQS beginsg at

the experimental temperatures used (550°C), the sulphide lattice
is probably already structurally unstable, and lattice dis-
ordering therefore may be effected readily by the free sulphur
atoms, Further experimental work at lower temperatures, in both
the Cu-S and Cu-Fe-S systems, may yileld information which would
establish the influence of this transitlon on the mobilization
of the sulphides.

Some theoretical considerations of surface energies
and configurstions which require mentlion here are those given
by Herring (1952), He assumes that the configuration of any
crystalline body reflects a varistion in the free energy across
surfaces in thermel equilibrium and that at different points on
a crystal the surface free energy wlll vary according to the
Miller indices (more specifically, the atomic density). The
surfgce tension (¥ ) is a function of the surface free energy
and therefore can be related to the direction (n) of the unit
normal to a surface plane, If the normal to another plane
plerces the original surface plane, the two normsls can be
releted in directlon by an angular variable (¢ n), and the
surface free energy of the second plane can be related to the
first by a direction (n + dn). In this way, the surface free

energy, and hence the surface tenslon, scross any crystal face
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can be related to the unit normel to that face., A geometric
polar plot, in which distances from the unit origin in the
directions (n) and (n + dn) are proportional to (¥ ), will
therefore give the configuration of the surface free energy of
the unit, The theory is outlined in more detail by Seitz
(1940, p, 97). A schematic plot given by Herring (p.26) is

shown in Figure 44,

POLAR PLOT OF SURFACE FREE ENERGY
== SAMPLES OF PLANES NCRMAL TO RADIUS VECTCRS OF THIS PLOT
— — EQUIL/BRIUM POLYHEDAON

Schematic nlot and the Wlff construction
based on it, (After Herring, 1952, p.26)

Cusped minima sppear on the plot where the surface
free energy reaches minimum values, These do not appear in the
case of liquids, since ¥ is isotropic and independent of orient-
ation of the normal to the interface; the equilibrium shape will
therefore be a sphere, With increasing anistropism, however,

the equilibrium shapes may vary from ellipsoids (liquid crystals)
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to polyhedrs (erystals), depending on the inherent physical
properties of the material or the influence of external con-
ditions, Thermal agitation and contamination of surface layers
by adsorption of foreign substances are externsl factors which
tend to blunt or eliminate cusps, since the surface tension is
decreased; the equilibrium shapes may therefore shift from poly-
hedral to sub-polyhedral or even rounded forms, depending on

the degree of disordering of the lattice,

In the present high sulphur experiments the apparent
contemporaneous development of crystal faces and rounded,
glass-like surfaces of chalcocite 1s explalned by applying
Herring's concepts, Surface contamination by adsorption of
sulphur lowered the lattice disordering temperature and thermal
agitation increased the surface free energy (both tending to
eliminate cusped minima on the & plot), and depending on local
conditions either polyhedral or liquid crystal forms could develop.
In the low-sulphur experiments no appreciable reduction of the
disordering temperature was effected by adsorption of atmospheric
constituents, and the increase in surface free energy by thermal
agltation alone was insufficlent to reduce anisotropism to the

point where non-polyhedrsl configurations would be produced,

In lovw-sulphur environments, then, migration of
sulphides would have to be effected by local solution and
re-deposition, recryétallization, or volatilization, since the
polyhedron was the stable form, But in excess sulphur environ-
ments the highly disordered state of the lattice in the outer

layers would permit migratlion of the surfgce atoms, since the
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stable form would approach that of a liquid, The knowledge
that sulphides move easily at relatively low temperatures 1s of

extreme 1lnterest to the ore magmetlst,

Suggestions for Further Experimental Work

The present investigation 1s considered to be only
preliminary to more detslled studies of transportation and dep-
osition of sulphides in dynamic systems, The writer 1s convinced
that this type of experimental work is vital, for it provides a
direct approach to the problems of transportation and deposition
of ore minerals, anﬁ therefore to the problems of minerasllgzation,
The fileld for further experimental work 1s unlimited in all dir-
ections, Some experiments relating to the present study which
may be carried out are:

(1) Experiments to determine the apparent solubilities of
Cu-S and Cu-Fe-S minerals at lower temperatures, in atmospheres
similar to or different from those used 1n the present experiments;

(2) Long-term hydrothermal experiments to attempt replacing
minerals, using sulphide-besring solutions;

(3) Experiments to examine mobilization of the copper
sulphides in high-sulphur atmospheres at temperatures lower than
those used in these experiments;

(%) High-temperature X-ray diffraction studies of the
copper sulphides to determine the structural changes which take
place as the sulphides are moblligzed;

(5) Differential pressure experiments to determine the

conditions under which the iron-rich sulphides may be deformed

easily,
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APPLICATION OF THE EXPERIMENTAL RESULTS TO NATURAL
PROCESSES OF TRANSPORTATION ARD DEPOSITION
OF SULFHIDE MINRERALS3

This research was primgrily intended to test the
merit of the hydrothermsl theory of transportation and deposition
of sulphide minerals, As the study progressed, however, it be-
came necessary to investigate 'dry' systems in order to compare
the mobility of the sulphides in aqueous and non-aqueous environ-
ments, Finally, it was considered necessary to test the responses
of some sﬁlphides to deforming forces in order to determine
whether or not the sulphides could be injected into openings as
an 'ore magma' at temperatures below their melting points, Three
possible megns of emplacement of sulphide minerals are therefore
to be considered with reference to the present experiments; these
are: (1) hydrothermal transport; (2) surface migration; and
(3) 1njection of sulphide ‘melts’.

Hydrothermal Transport

The hydrothermal theory encompasses a vast field;
therefore, restrictions in the scope of the experimentasl study
had to be drawn, and some assumptions had to be made, The studles
were restricted to the Cu-8S and Cu-Fe-S systems; only high temp-
eratures were applied to the 'transport' end of the experimental
circult; and the possible effect.. of varyihg confining pressure
was not considered, Two assumptions were made: (1) the metal-
bearing components to natural solutions were considered to be

alvays in equilibrium with a sulphide phase; and (2) s8ll metsl
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ions or metal-sulphide compounds (complexes, molecules, gels,
or suspensions) fdrmed in the ‘pfimary‘' experimental vessel
Were considered to be possible constituents of & natural ore-
Bearing fluid and could contribute to the formation of an ore

deposit.

One of the major criticisms of the hydrothermal theory
with regard to ‘primary‘' sulphide mineralizstion is the low sol-
ubilities of common sulphides in water, When calculated sulphide
solubilities sre employed 1n determining the quantities of water
required to form even small orebodies, astronomical figures are
obtained; for example, one cubilc kilometer of water will carry
approximately one short ton of CuQS in solution if the solubllity
of the sulphide 1is taken as 10‘6 gram per litre, Assume tent-
atively that the water 1is to be provided by meiting or 'remobil-
ization' of either igneous or sedimentary rocks contsining 5%
by volume of free water, From this source, a total of 20,000
cublc kilometers of rock (a cube 27.1 kilometers on each edge)
would be required to produce 1000 tons of Cuo3, Ideal c&nditions
are necesssry; that is, the solutions are saturated with the
sulphide, all the water freed (1000 Km3) is funneled through the
small area of deposition, and all the sulphide is deposited as |
the solution passes by. Such a theory of genesis for a large

sulphide orebody is certainly open to criticism,

Solubility is therefore a critical factor in the
transportation of sulphides by hydrothermal solutions, This is
evident from the following 1ist, in which the volumes of source

rock at 550°C required to produce given tonnages of Cus3 have
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been calculated from Czamanske's solubility values and from

apparent CupS solubilities obtained in some of the present experi-

ments, assuming the ideal c¢onditions outlined above can be met:

Environment Apparent Tons Cup3 Rock
Solubility Volume
/1
Water (Czamanske, 1959) 3,5(10)"° 193 1,000 Km3
Water (Expt., average) 2,0(10)-%* 11,000 ' '
Artificial Ses Water 2.4(10)-3 132,000 ' '
NH4Cl Solution 1,1(10)"2 605,000 ' |
HoS-saturated Solution 1.6(10)"2 880,000 ' |
NaoS or S (Expt. average) 3,2(10)-2 1,760,000 ' '

The last four solubilities yleld attractive tonnages.
The Ho3-saturated solution may be used as an example of an ore-

forming solution; from it, 3.6 million tons of CuyS ore grading

4% copper can be produced from 200 Km3 of source roeck, and only
10 Ku3 of solution need pass through the depositional site if all

the sulphide 1s precipltated,

The possibility ﬁhat sueh ideal conditions may be
obtained in natural environments should be considered briefly:

A, The temperature of 550°C is not conslidered to be
unrealistic because high temperatures could have prevailed during
deposition and the effects on wall rock, if any, could be erased
by post-depositional metamorphism (Williams, 1955),

B. Concerning saturation, it is probable that near-equilibrium
conditions exist in natural magmas, and therefore a water-rich

differentiate would probably contaln its maximum amount of
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sulphide, provided that the metallic components are avallable;
they appear to be avallable in most basic igneous and mafic-rich
sedimentary rocks, "

- C., The question of avallability of water in magmas to
provide hydrothermal solutions has long been debated, There is
no question that msgmas of different origin contain different
proportions of free water (compare, for example, explosive and
quiescent lavas) , therefore great variations in the volumes of
hydrothermal fluids produced from different magmas would be
expected. The 5% by volwme used in these calculations is a pos-
sible water content which appears to be acceptable to most students
concerned with the compositions of magmass (See Ingerson, 1954,
and Buddington, 1959).

D. Large volumes of water cannot traverse rocks of low perm-
eability., However, mineralization which is unmistakably epligenetic
is invariably associated with fractures, flssures, or weakened
zones in the host rocks; the effects of tectonlc deformation are
found everywhere in regions of widespread mineralization; and
volcanism 1is always associated with erustal movement, Such
evidence indicates that permeable channelways can exist in regions
where igneous activity is taking place, Not only could large
volumes of water move along such passages; they would also be
focal points for the more volatile components of a confined magms,

E. Deposition of the sulphides 13, beyond doubt, the most
controversial subject related to the process of hydrothermal
minerslization, The essential requirement is that the invading
solutions must be out of equilibrium with their surroundings,

otherwise no deposition will occur, The chances are infinitely

high that the solutions would be out of equilibrium — chemically,
physically, or both — at some point on their traverse, and at
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that point deposition will take place. The proportion of
sulphides removed from the solutions, however, will be dictated
by the degree of disequilibrium of the system and by the time
allowed for approaching a state of equilibrium; time 1is necessary,

for example, to effect replacement of minerals,

Geologlical structures must be favourable for the
introduction of minersls into pre-existing rock bodies, whatever
theory of transport is favoured, There must also bé a somrce from
vhich the minersls can be derived, and a chemical or physiesl
potential must exlst to cause movement, Magmas exist or are
produced at one time or another in the earth's erust or sub-crust,
and crystallization differentistion takes place when they cool
in a confined space, Recent experimental studies by Schairer,
Yoder, and others at the Geophysical Laboratory, Washington,
support this theory. The final product of differentiation of a
cooling, confined magmas would contain the most volatile compon-
ents, and according to studies in volcanic areas, water is the
mgjor ecomponent of this wvolatile fraction, Lindgren correctly
named it s 'hydrothermal fluid',

The present experiments have shown that the apparent
solubility of CusS 1n high temperature aqueous solutions 1s much
higher than has been previously accepted, If geological conditions
are favourable for the introduction of similar natural fluids into
the crustal rocks, there 1s no reason to doubt that orebodies of
Cu-3 or Cu-Fe-S minerals can be deposited from hydrothermal

solutions,
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Surface Migration

The lack of hydrous minerals within and about a
few major sulphide orebodles has csused much dissention as to
the sulphides having a hydrothermal origin, and, awmong those
geologlists most directly assocliated with these deposits, the
sulphide 'magme' theory is widely accepted., High temperatures
are required to melt the common sulphides, however, and in many
cases there is not only a lack of high temperature metamorphie
effects in the enclosing rocks, but slso much apparent geotherm-
ometrie evidence that sub-liquidus temperatures existed during
emplacement of the sulphides, Such indications of lower temp-
eratures may not be relisble, but sssuming they are, the question

arises as to how the sulphides were transported,

Experiments carried out in this study have shown that
in excess sulphur environments chalcocite, digenite, and bornite
become mobile at temperatures far below thelr melting points,
and move readily as thin films along surfaces and grain boundaries
or through narrow passages under the Influence of temperature and
concentration gradients, The mobile layers of the sulphides
evidently have a low surface tenslon, which facllitates migration,
Provided that there is a concentrated source of these sulphides,
that sulphur is abundant, that the gradlients are maintained, and
that passages exist, Cu-Fe-3 orebodies could form by this process
of surface migration; moreover, emplacement could take place very

rapidly,

Water apparently plays no part in the process of

surface mobilization of these sulphides, therefore surface

migration can take place in completely 'dry' environments, The
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more refractory sulphides such &s pyrite, pyrrhotite, and pent-
landite did not move as readily in similar environments, however,
and 1t is evident that a higher energy source must be invoked 1f
e similar theory of transport for them is to be proposed.

A sulphur-rich msgma is the most likely source for
those sulphide deposits of low water content and frequently basic
silicate affiliations, Such & magmg may have been produced by par-
tilal differentistion of a plutonic basic magma, by anatexls of
deeply burled sulphide-bearing sediments or, as proposed by Brown
(1950), by tapping of an abyssal sulphide-rich layer of primeval
origin,

Injection of Sulphide 'Melts'

The sulphide 'magma' theory also incorporates the idea
that differential forces act upor a sulphide-rich melt and injeet
it into the eonfining rock, There is sufficilent geologlc evidence
to support the theory of injection of silicste megmss into erustal
rocks, but for the same reasons that the sulphide magma theory is
treated with suspiclon, so does a theory of mass injection of

sulphides meet with dlsfavour,

Some of the present experiments hsave shown that high-
copper sulphides move readily at sub-liquidus temperatures in
excess sulphur environments without the benefit of directive forces,
Other experiments in which differential pressures were applied
revealed that in similar environments these sulphides flowed easily
by plastic deformstion to fill any available openings, It requires
no great leap of the imaginstion to apply such experimental evid-

ence to natural sulphide systems,
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SUMMARY AND CONCLUSIONS

A serles of 25 experiments was carried out to:

(a) test the solubilities of some copper sulphides in dif-
ferent hydrothermal solutions 1n an open system, under moderstely
high temperature-pressure conditions, in order to compare the
effectiveness of the solutions as transporting media, The products
of deposition and replacement at both high and low temperatures
vere also examined;

(b) examine the features of surface mobilization of sul-
phides in high-sulphur aqueous and non-agqueous envirdnnents,
determine the cause of activation, and measure the rate of move-
ment of the moblle products formed;

(¢) test the response of the sulphides to deforming forces

in both high-and low-sulphur aqueous environments,

An open system was used in the hydrothermsl experiments,
80 that rates of transport of sulphides, rather than absolute
solubillties, could be compared for the different soclutions., Two
pressure vessels connected 1in series with a hydrsulic pump and
metering valve permitted flow of solutions through the experi-
mental system at a desired rate, The vessels were independently
heated so that the temperatures of the 'souree' vessel econtaining
the sulphides and the 'depositionsl' vessel containing rock
materials could be regulated at will,

The results obtained from the dynamiec hydrothermal
experiments show that the solubilities of chalcoclte and bornite



in vater under the conditions used are much greater than has
been indicated by free energy data, The apparent solubllities
Increase upon addition of soluble salts to the solutions, and
are highest in solutions which contain sulphur, 1in either the
elemental or ionic state., No replacement of rock meterials

placed in the depositional vessel was effected,

Mobilization of the surface atoms of chalcocite and
bornite 1s effected readily when elemental sulphur is present in
Cu;s and Cu-Fe-S systems held gt temperatures of 550°C, Sulphur
appears to lover the lattice disordering temperature, and con-
sequently the surface tension, to the point where a thin layer
of the sulphides can become moblle and migrate across sﬁrfaces
or penetrate narrow passages under the influence of temperature
of concentration gradients, Water apparently plays no part in
the process of surface mobilization, therefore migration occurs
equally rapldly in either aqueous or non- aqueous environments,
The rate of migration of chalcocite across surfaces in 'dry'

environments was approximately one centimeter per 24 hours,

Chalcocite, covellite, and bornlte moved readily to
£111 available openings when differential forces were applied to
them in high-sulphur atmospheres, The movement was apparently
achieved by plastic deformation, &s resistance to the deforming
forces was evident, The sulphldes only fractured in low-sulphur

-

atmospheres,

The conclusions reached from this experimental
investigation are as follows:

(1) Hydrothermsl fluids which contain sulphur are capable
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of transporting considerable quantities of copper sulphides

in solution, and could easily form large copper sulphide ore-
bodies 1f geologic conditions favour the deposition of sulphides
from solution. Solutions low in sulphur are less agble to form
sulphide orebodies because of the much lower solubility of
sulphides in them,

(2) Copper sulphides in high-sulphur environments can
migrabe readlly across foreign surfaces under the influence of
temperasture or concentration gradients, Thilis process of surface
migration, which takes place in non-aqueous atmospheres at temp-
eratures well below the melting points of the sulphides, may be
an extremely impprtant natural means of transport of sulphide
minerals from one point to another.

(3) If a concentrated sulphide mass having & high sulphur
content 1s subjected to natural differential pressures, the
sulphides will move at sub-liquidus temperatures into areas of
low pressure. The more refractory sulphide phases would move
less readily, and may even become segregated from the more mobile

phases to produce a goned orebody.

No single theory of ore genesis can explain all the
diverse features of mineral deposits, and frequently may fail
to explain important features in even a single deposit., In the
wvriter's opinion it 1s necessary to recognize the possibility
that several processes of mineralization could have been active
throughout the history of an ore deposit, and it is therefore
a question not of favouring a single theory of emplacement, but

of determining which process was the most domlnant in producing



138

the deposit., In this study both the hydrothermal and magmatic
theories of ore transport and depositlion have recelved impres-

sive experimental support.
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1, HYDROTHERMAL GROUP - 1OW SULPHUR

Expte

Purpose of
Experiment

A

Solubility and ions
tests

Repeat of A

Migration and
Solubility tests
effect of CO_ on
deposition *

To test effect of
saline waters on
solubility

Testing solubility
in chloride solutions

Total transport of
copper, and radicals
tests

Total copper transport
radiecals tests, identi%y
of mobile Cu mineral

Total transport and
radicals tests, check

of minerals identifi-
cation

To test movement of
Bornite :

Content of Bombs

B.l Be?2

Chalcocite, Peridotite

Pyrrhotite

in contact

Chalcocite, Peridotite

Pyrrhotite

in contact

Chalcocite, Peridotite

Pyrrhotite Pyrrhotite

separated ﬁy Calcite

Alundum filter

Chalcocite, Calcite

Pyrrhotite Pyrrhotite

segarated by Peridotite

filter, Pyrite

in contact with

Pyrrhotite

Chalcocite hiabase
Calcite

Chalcocite, Calcite

Filter at Pyrrhotite

exit end Diabase

Chalcocite e e

Chalcocite Quartz

Bornite Quartz

QUTLINE O . BEXPERTWNENTS

Enviromment

Distilled Water

Distilled Water

Distilled Water

Artificial sea
water; less
sulphate

Distilled Water

Distilled Water

Tap Water

Tap Water

Temperatures (°C) Pressure  length of Vol, Liquid
Bel B, 2 (psi) Run (Hours) Passed (ml,)
510 210-160 15,000 1L - - -
520 200-160 16,500 L8 1250

620 200-140 16,000 72 1250

620 200-140 16,000 10 150

550 (1; 220-150 15,500 5 70

(2) 350-250

550 210-130 15,500 L8 850

550 - 15,500 15 350

550 180-110 15,500 26 900

550 180-110 15,500 10; 5 2Lo

Remarks
Bel leaked, no transfer to B,2

Rapid feed into B,1 caused
3 leakages

Two leakages at entry end, Bsl

Lines blocked, terminating
experiment

Nickel sealing washers
substituted for copper,
B.,1 revérsed to avoid leakage

Bes2 not used

Lines blocked



* OUTLINE OF  EXFRERIMENTS k.
Lz Exob, Purpose of Content of Bombs Envi rorment Temperatures (OC%' Pressure Iength of Vol, Iiquid Remarks
“1' f Experiment Bel B,2 Bel o 2 (psi.) Run (Hours) Passed {nl,)
| E 2. HYDROTHERMAL GROUP - EXCESS SULPHUR
i . ' . ' |
¥ < J To test movement of Chalcocite Quartz Sulphur, X 550 350-200 15,000 3 H1 Iine blocked, No transfer
! materials under high Distilled vater ' Cooled slowly
' 4 sulphur pressures
I : ,
i K  Repeat of J Chalcocite uartz Sulphur, 550 500-1450 15,000 6 2L Slow flow rate, Line
i e Diabase Distilled Vater _ ' ‘ blocked
Vg ¥ - '
: studies, solubilities, Peridotite Peridotite Distilled Water | every 2l hours
Replacing rock minerals
To check transportation Chalcocite Calcit.eq 1.0 Na S 550 205230 15,5'00_ 12 i 200 Iines blocked, B.l corroded
i as double sulphides or Peridotite solution
1 complexes Pyrrhotite
'?i‘ v To test mobility in dtalcocite martz H S gas, 550 300=250 ‘ 300 27 * 160 HaO introduced intermittently
7 p Has el Leze Eomto glc%;);%te Dj'?stilled, Water : Pressure equals bottle pressure
i e Pyrrhotite :
¥ 3, I10W PRESSURE SYSTEUS - EXCESS SULPHUR
wl M  To test mobility in Glass Tube Chalcocite Sulphur 550 Atmospheric Lo M1 Thermocouple reagted, Temp.
L; dry Cu-S system : Pressure : increased to 650°C for 10 hours
e Hlectrical resistance 1 legohm
18 wdh :
i " W Repeat of M Glass Tube Chalcocite, Sulphur 650 Atmospheric 72 § N - —————
Cu-Fe=lii-5 System Bormite, : Pressure
1 Pentlandite,
i Chalcopyrite
| U, Comparison of mobilities Single Bomb Bormi te Sulphur 560 Sulphur- Ve Pe 287 Ml = Registered pressure high
1 of minerals and their Marcasite 77 psi Bomb not evacuated
phases, OCu-~Fe-S System
Up 4s Uy Single Bomb Bornite, Sulphur 550 S‘-S%Pg‘;;‘ VePe 19 s As Uy
; .  CueFe=ili=5 System Pentlandite
. U, As Up Single Bomb Chalcocl te, Sulphur - 550 Sulphur V.P, 19 L ph As T
3 c ' Pentlandite 56 psi
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li, DIFFERENTTAL PRESSURE EXPERIMENTS

pt, Purpose of
periment

N To force movement of Cu S by
differential pressure,
Peristaltic force

0 Repeat of N

[ Repeat of N
Directive force

R REpeat of Q
Pentlandite added

5 Repeat of R

L To test mobilization in

low=sulphur environment

Apparatus

2-nart Capsule

within Bomb

As N

Di fferential
Pressure DBomb

3
lD

As Q, Iale

plug lengthened

As S

ST TR B OUR. R XCP IR R B B

Content of nviromment T@npgrature Pressure
Vessels (°c) (psi)
Chaleocite at  Sulphur 550 7,500
collapsgible
end.,
Non-collap-
sible end
emply
As N Sulphur £50 10,000
Chalcocite at  Sulphur 550 %gﬁggging
dynamic end. §
artz
Peridotite at
sbatic end
Chalcocite, Sulphur 550 55000
Pentlardite Confining
at moving end,
Quartaz
poridofite at
static end
As R Sulphur 550 e

5 Confining
As R Distilled 550 500
lephrite ater Confining
substi tuted
for uartz

length of

Run (Hours)

L

30

&%)

.18

Remarks

Capsule collapsed.

leakage

Capsule collapsed.

No apparent

Water within,

indicating leakage at lale stage

Bosb released at 550°C,

Cooled

slowvly under jack pressure

Bomb released,
jack pressure

o leaks

No leaks

Cooled slowly under
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