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ABSTRACT

A short oubline of the problem of the %T&QS@@fﬁ‘aﬁé precipitation of
metallic sulfides in ore-bearing solutions is prosented. Three modern
theories are discussed, and ezperimental work supporbtine one of %ﬁ@gg is
described. The conclusion is reached that the metallic sulfides are carpied
upward in hot solutions in the form of double sulfides with alkali suifide,
which are progressively bf@kﬁﬁbﬁﬁﬁﬂg precipitating the metallic sulfides,
Under gome conditions, colloidal sulfides rosult from the decomposition of
the double sulfides, and %hés@_%h&a may be coagulabed in several ways. A
eem@imatieﬁ of the double sulfide and colleidal sulfide theoriss of weiallic

sulfide transport and precipitation seems %0 explain the genesis of most of

the common sulfide deposi®s.
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¥ INTRODUCTION

This investigation is an attempt %o analyze eritically the popular
theories of the chemistry of sulfide precipitation in ors deposiits and o
add experimental evidence in favour of ong of these theories which appears
to the writer to be closest to the truth.

is %ba% branch of geology now called economic geology, many theories
of the deposition of sulfide ores have been presented. Freguenily the only
“3as%ifiaa%iaa for a theory was thet it was simple and fithed in well with
the current rhilogorhy of the subject. Tery seldom was 1% subjecied to
reagoning baged on kncwﬁ chemiecal facts and s%ill more seldom t0 expeviments
that duplicated the postulated natural conditions. The complexity of the
vroblen and its almosh exmlasivelg chemical nature have both discouraged
field geologists from serious attempits bo test the variocus theoriss and have
led te a reaction whareﬁ? almost all the emphasis is now placed on structural
caa%rqls rather than rvhysico-chemical controls.

It will be generally agreed, however, that an understending of the
chemistry of the deposgition of the sulfides is essential to the working oub
of méay af‘the mining problems at present swept aside by variations of:

- wopld ie where you find it.” There is apparently no reason why these problems
cannot be solved., There is abundent chemical and tvhysico-chemical data shill
untapped. Thers is much that can be done to test conflicting theoriss by the
axg@rimaﬂ%ai duplication of natural conditiocns. He would be 3 pooy 1etroloe
gist who did nob have some idea of how the igneous rocks were derived and how
they %ér@ intruded, ILikewise he would be a poor economic geolozist who did
not have at least a working hypothesis of how the sulfides were carried and

precipitatbed.



The writer has sed himssl? the bask of digesting the curwvent theoriss
of sulfide deposition, chemieal and vhysico-chemlcal date that have a bears
ing on this, and descriptions of naturally-occurrlng metallic sulfide de-
posite in the hope that out of this material, which was found o be vexry
- voluminous, might come an understanding both of the inconsistencies existing
between theory and fact and of the dirsction in which resgearch ghould be
directed.

Part-time regearch during the sessions 5-36 apnd 1936-37 a% %h@
Thiversity of Manitoba was a study @f‘tha PYo n@z*i s of the metallie su 1fides
-ig collioidal forms Reseawch during the fall and spring aa@agﬁars, 1957=38,
at the University of Wisconsin wes a search of the geclogical and chemical
literature and experivental investization of the properties of the double
sulfides of mebals and sodium and of the colleoidal medallic sulfidese Ro-
gearch during the sgessgion 1938-3%9 at the University of Manitoba was the come
vletion of the work on double sulfides. | |

The description of the experimental work is preceded by a short history
of the development of general ideas of ore depogition and 2 description of
the three major theories of suvifide deposition, Following the descripbion
of the experimental work leg a summary of the resulis and a general ﬁ@n@lﬂsioﬁ

whereln a theory of meballle sulfide transporit and precipltation, based most-

1y on the experimental results, is presented.
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YI  HISTORY OF THE THEORY OF OHE DEPOSITICH

1% has only been since the beginning of this century bthat the quesiion
of how the ore ninerals are transported and deposited in naburs has recelved
aﬁé%himg like a perious abj@etive s%udyo Pafore the pmbliea%éeﬁ’af the work
of F@gé@nﬁ {1} in 1902, many theories wers in vogue. WNost of them had as
foundation some variation of the lateral secretion hypothesis. The extrome
theory of Sandberger was not accepted 3o any greaet extent, dbut in general,
the idea wes that meteoric water migrated downward, collected into trunk |
channele and roge upward in fissures. On wamming up, or when warmed, they
were solvents for the ms$allic sulfides, which they deposited later when
cooling ﬁuriag agecension. Thers was algo considerable support given to the
theory that downward-percolating cold wmiers wers rosponsible for solubion
and precipitation of the meiallic sulfides,

Afver 1902, however, the theorvy that the ascension of hot solutions of
magmatic origin was responsible for sulfide deposibion began to gain supporb
and soon supplanted other theories. The reason for the adopbion of this
theory was that 1t was practiecal. Other ore deposits could be found with its
help, Thé very closs assmciaﬁien of batholithic domes and ors deposits over
North America seomed to prove the magmatic theory. o

Attam%ion then began to centre on the method of transportation and dee-
position of the ore minerals. ?ﬁa theories were presented. One ghated that
the rising solubions contsined the sulfates of the metals, which were reduced
0 éﬂlfiéag by organic matter with which the solubions came in contact (2};
This fell into disfavour when it was demonsirated that organic compounds are
(1) Posepny, F:  The Genesis of Ore Deposits, A.T.M.E., 1902.

{2) Jenney, W.P.: The Chemistry of Ore Derosition. Ore Deposits, A.I.M.E.,
pe 305, 1913.
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in gereral incapable of reducing sulfates to sulfides in water golution un=-
less at very high tempevetuves. The other theory stated thet the rising
solutions contained encugh free acid to depress the iaﬁi%a%i@a of hydrogen
sulfide so that the metals, present as chloprides, could not precipitate as
sulfides and that the gradual neudralization of the acid precipitated the
metallic sulfides in an order dependent on how much of sach metallic ion was
in golution and on the solubility éf each me%allie gulfide, It can be demone
strated that this theory is untenable, yed %o‘tha vresent day it hes maay‘
adherents,

Individual workers in the field, who used the evidence in ors deposits
to formulate a theory of devosition rather than explaining a deposid by‘a
preconceived idea, began o develop the hypothesis that sulfides were carried
in the colloidal sitale. This received much suppoert when the numbsy of exenples
 of colloform suifiﬁas,@as realized, Opponents of the theory stated that 1%
was not known for how long the sulfides were in the colleidal state before cow
agulation but all that is known is that Just befare precipitetion they were in
this forms Thiz was a valid objeection, and 1t will be seen that thers are more
specific cbjections o the theory of universal colloidal trangportation and
precipitation, These will be dlscussed later.

Recently, a new theory has entered the Pield and thig postulates that the
metallic sulfides are soluble in solutions of alkali sulfide from which they
can be precipitated in a ﬁarie%y of ways. The novelity of this idea is more
apparent than real, for Becker {1} presented it as early as 1888, but it has
received very little support and even now its complexzity is a deterrent %o

acceptance by geologists. Thus the three theories which seem %0 be receiving

the most support today are ﬁh@yacid solution {heory, or ilonle sulfide theory,

(1) Becker, G.Fe: Ceology of the Quicksilver Deposits of the Pacific
Sl@p@g UsSeGoSs Hon 13, Pos 28‘2:9 5689 1888,




the double sulfide %hé@fy, and the colloidal sulfié@y%heerya These will be

separately discussed in move detail below.



VII  PREVATLING THEQORIES OF SULFIDE DEPOSITION

The Ionie Sulfide Theory

Hetallic sulfides are slizhtly soluble in water and this fact has been
uséa as a baslis for the most generally prevailing theories of sulfide trans-
port and deposition.

W.L.Bowen (1) has presented the most popular concept of this theory which
is based to a large exbtent on the field work of the @eayhysical Laboratory in
Washingion. According to this hypothesis, the metals are extracted from fhe
magma chambeyr as c¢hlorides by an acid golution containing Ho S or compounds
that can produce it. The gradual neubtralization of the acid by the wallerock
brings about the precipitation of the metallic sulfides.

The first objection to this theory is that the copper-iron sulfides and
the gulfosalts cannot be synthesized in bhis monner. In Pact 3% is the anse
lytical method used in the séparation of many of ihe éommen metals. This will
be discussed more fully later.

The gecond objection is that the order of precipitation to be expéé%@d
from chemical data on solubilities is almost identical with the order of dee
position in nature, but reversed. That is, the most soluble sulfide precipi-
tates first, and the most insoluble, lasts It has been suggested that this
veversal is due to the great difference in the initial concentration of the
m@téls, That this will not bying about the desired reversal will be evident
from the following discussion: |

Consider the eguation

L £
s & a4+ s .

{1} Bowen, N.L.: The Broader Story of Megmatic Differentiation. Ore De-
gogits of the Western States, p. 120, A.T,M.M.B., 1933,
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where Y is & divalent metal,
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This means that if the solution is in squilibrium with two metallic sulfides

~ {both of a divalent metal) then the metalllc ions ave present in a constant

ratio {for any glven temperature) and this vatio iz #be ratio of their solu-

bility products. I the sulfide ion concentration inereases, then metallic

sulfides will precipitate, and the $we will precipitate in this same ratioc,



If now the initial wetic of the two metallic ions is zuch that the more

soluble sulfide separates out first, then it will conbtinue %o do so un-

d.
g

il the yatio is that of their %mia&iii%y products at that temperature,
when both will precipltate out in thaik ra%i@ until removed from the g0-
lution,

As an illugﬁra%i&n? take the case of ¥nS aﬁé PbS, In nabure, 7ns
precedes PbS in time of deposition and the pﬁacipi%atian’efzznﬂ is usuwally
aeariy completed before the start of the PbS precivitation. éueh 8 con=
dition is impossible if the ionic sulfide %heery of sulfide transport is

true, since the latest data on sulfide solubility (1) give the solubility

product for ZnS at 25°C as 1.15 x 10770, and for PHS, 7.00 = 10720, That
i | |
. b o 2 .
[: :] _ Prng _ 1.5z 10 . 1.6 x 107 _ 1540,
+ . =30 -
[?@ f] Kepeps 7,00 x 10

wnich meang that in owder for 7nS to sbtart o precipitate out bef@r@ ?@Sa
the ratio of Zn $o Pb in the solution must be greater than 1640 to 1, and
furthermore, when PbS sbarts to precipitate out, 708 must precipitate oub
also, and ivn the ratia of 1640 %o one of PbS. As noted above, this is not
what takes place in pature.

It has boen suggested that possibly the solubility products change a
great desl with elevataa tempera%ares and might even veverse. This was
tested by Verhoogen {2) by means of thermodynamieal methods, the results

of which showsd that the solubility products increase in general with

{1} Revidz, S.F.: The Solubilities and Free Inergies of Some Metallic

Sulfides. Jour. Phys. Chem., vol 40, pp. 61-70, 1936:

{28) vVerhoogen, J.: Solubility of Some Important Sulfides. =Tc, Ceol. 33,

6



rising temperature, but the ratios between them vemain fairly constont.
The ratio

Z%nq+

PR

at 100°¢ is 9.56 = 10° or 9,560,000, at 200°8, 6.92 = 10°

[}%ﬁ¥w

10
or 682,000,000 and at 80&03, 1,59 x 10 or 15,900,000,000, Since sé%l@rm

ite and malena in gereral precipitate oub of solution at a minirum tomper-
ature of 8@63 (1) it will be seen that the patio of zine to lead reguired
to be present in the solution to allew sphalerite %o precipitate out before
galena is very much groater than the ratlo of zine %o lead mined in the
world.

This line of argument may be exitended %é include the other metallie
sulfides, s0 it appears impossible %e'reesgeil@ the ionic sulfide theory,

the data on solubilities and the natural order of preeipitation.

The Double Sulfids Thsory

Metallic sulfides form double sulfides with alkali sulfides and the
reaction being reversible, this fact has been used to develop what will
here be called the double sulfide theory of m@%allie sulfide solution and
precipitation. '

As abave‘mﬁmtioned, Becker {2) presented a very plausible theory of
the solution and precipitation of cinmnabar in netures He found that HzS
is soluble in WaoS smlutiénsa forming double sulfiéag of various dezrees
of complexity and that 1% could be precipltated out again in various ways,
(1} ﬁe@héﬁse, Wolle:  Temperature of Formation of the ¥ississippi Valley

' : lead-Zine Deposits. Ho, Geol. 28, p. 744, 1933,
{2) Becker, G.F.: Op. eit.

il



one of mﬁzeh being mevely dilution of the solubions, He found as well
that some other metals, including gold, fom such double sulfideswlth
odium, and prosented the idea that in some kinds of sulfide deposits, v

this process of breakdown of double sulfides way b@ responsible for the
deposition of the simple sulfides, This hypothesis did not vecsive the
attention it merited and it has been only recently that exzperimental ine.
vestigation of éhe hypothesis ocutlined have ta en place., Freeman {1)
proved that the common metallic sulfides fafm double sulfides on fusion
with sodium s&lfidea which, except for those of Hg, Sb and As, are decom-
rosed by water, precipitating the metallic sulfide.

Steck, Slavin and Ralston {2) proved the existence of a transgitory
eampeund Fef, Ma,S. Friedrich (3} prové@ the existence of CupS, Wass.

Gruner {4) showed tha® under the conditions of his experiments, NaoS
solubions dissolve AspBy and Sbys, but not ¥es and gold. The resiricied
nature of the experiments hardly justified his conclusion that sulfides
other than those of Hg, $b and Aé are not travnsported in nature ags the
double sulfides.

The work done on double sulfides shows that probably all the common

unetals may form such compounds with the zlkelis and that they may be Br@k@m
down again to the constituent suifides.
One question remains to be answered by proponents of this theory of

sulfide transport: are the metallic sulfides soluble in aqueous solutions

of alkall sulfide and, if so, is the order of solubility similar %o the

order of deposition in mature ? The fact that the sulfides of meTeury,

Freemen, He:  Cenesis of Sulfide Ores. Eng. & Min, J«180, p. 973, 1925,

Steck, L.V., Slavin, M. and Ralston, 0.0.: The System Sodium Sulfide-
Ferrous Sulfide. J. Am. Chem. Soc, 51, pp. 3841-9, 1929,

Friedrich, K.s Hetall u. Frz 11, ppe. 79-88, Dpe 160~?a

Gruner, J.W.: Solubility of Metallle Sulphdes in Alkaline Sulrhide
Solutions, Ze. Geol. 28, p. 773, 1934,
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antimony and arsenic, which are very goluble in solubions of alksli sule
Tide, ars very ofben deposited subseguently to all the others, mokes fthis

ot improbable,

The Colloidel Sulfide Theory
| Metallic sulfides can be digpersed into colloidal form in several
kinas of agueous solutions and this fact has been much és@é as a bagig of
theories of sulfiﬁe trangport and precipitation.
 Clark and ﬁenaﬁl {1) found that the commgn.suifidaa.eaﬂ 5@ digpersed
in 2 mildly alkaliae golution saturated with HoS and can be precipitated
out again by removal of the HpS éf by electrolytic coagulation.

Freeman (2) produced double sulfides of sodium and most of the common
metals and né%iaad that when decomposed by Wa%er,kthey often form@d’f?i?ly
stable colloidal solutions, He suggested that some sueh rrocess may take
place in rature, giving rise to colloidal solutions of the sulfides, whigh
would then be subjected to the ordinary processes of coagulation.

Btevens (5) s%udied the sols of iron sulfide and found that they were
very stable in an alkaline sulfide solution.

Fania (4) formed sols of pyrite, chalcopyrite and sphalerite by fusing
godium sulfide with the appropriats metallic sulfide and then extracting
the fusion with water., Colloidal solutions vesulted, and these, on contact
with calcareeas and argillaceocus material, deposited the sulfides, somstimes
’iﬁvc?ysﬁaliiag Torme |
(1} Clark, J.D, and Menanl, P,L.: Role of Colloidal Migretion in Ore De~

~ posits. He. Gsols. 11, p. 37, 1916,
(2) Freeman, H.: Ope cite
{3) stevens, R.E.: Alteration of Pyrite %o Pyrrhotite by Alkaline Sul-
phide Solutions. ¥He. Geol. 28, p. 1, 1933,

(4) Fania, J.B.A.: Origin of Pyritic Copper Deposits Ee. Geol. 31, p. 453,
' 1938,



While the work cuoied does not eoxhaust the field, it represents the
sxpsrimenial accompaniment Yo this twain of thoushi developed in recent
Fears.

CIn gulfide ore deposits, colloform textures have been found, and this
has been used ag a cpiterion of colloidal é@pasitimae Boydell {1) has
given a good summary of the question up %o lﬁzéa- Iaskey (&) has described
‘such texbures existing in the copper oves at Kennecott, and Fischer (3},
in gome copper ores of the ., Gcleéaﬁe,?iaﬁeaua The E@a&mziacﬁsraé of
8eW. Winconsin show texbures tha%‘have,been iﬁtarpraﬁeé as being colloform.

In addition, it has been arsued That deposidion from the colloidal
state need not result in colloform bextures, and the experiments of K&ﬁi&
{4) and others seem to bear this out. This may very well be rue, since
crystals apparently perfect maeroscopically are very imperfect micfﬁsc%piw
cally (5) and if the diserete eolloldal papsicles ave single crystal units,
%h@sé, as well as the separvate lons may be used as the buildins-blocks of
the larger crystal unit.

That colloids have been important in gome sulfide deposits and that
colloids may precipitate out in cryatal Porm have been the basis for the
curyvent, though not widely aeeapte& theory, that all sulfide depogite have
resulted from the deposition of sulfides from the colloidal state, vTh@’
validity of this hypothesis rests in great part on a demonstration that
most of the metallic sulfides can pass through the high temperature mone

in the colloidal condition and that the order of stability of the sulfides

(1) Boydell, H.C.: The Role of Colloidel Solutions in the Pormation of
' Mineral Deposits. T.M.¥. London, 1924,
{2) Loskey, S.G.:  Colloidal origzin of Some of the Kennccott Ore Miner-
als, He, Geol, 25, D. 737, 1930,
{3) Fischer, R.Pe: Poculiar Hydrothermal Copper-bearing Veins of the
- Horth-West Colorado Plateau, Ec. Geol. 31, p.571, 1938.
%’} Kﬁﬁiﬂa TeBohss Ope. clib, - ' ‘
5} Busrger, M.J.: Lineape Structure of Crystals, Z.Krist 89, p. 195, 1934.
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in this state in ome of the postulated types of ore-bearing sclubions co~
incides in part at least with the order of depositions as observed in
gulfide deposits.

¥ania (1} determined the order of stabilidy of the sols of pyrite,
chaleapyrite and sphalerite by determining which sol would coagulate the
others, He found that in an alkaline sulfide solution the pyride sol
.eéagula%gé the chaleopyrite and the sphalerite sols, That is, a ehaleegyw
rite or sphalerite sol passing over pyribte would tend %o ceagulaé%, with a
aertainkamaaﬁﬁ of the pyrite digpersing, Chalcopyrite and sphalerite, ace
cording o thls, would veplace pyrite, which is often the paragenesis
“inferyved from microscopic study of copper~bearing pyritic deposits. How-
ever, the order of deposi%ian‘ffém;a solution containing colloidal pyrite,
chalcopyrite and sphalerife would be the revevse of thatb frequently ob=-
served in gyritie &epesits, where pyrite is precipitated first and the
other two laters ¥he ovder of replacement based on relative colloidal
stability for these three sulfides saeﬁs to £it the faects bub not so the
original order of deposition.

Another fagtor that must be considered is: if the sulfides are trans-
ported in the eolloidal state, what was the‘courSQ of events from the
generation of the rest-magma $o the formation of the colloidal sulfides %
It seems unlikely that the sulfides were always in this state., According
%o the iomic sulfide theory, the meitals were exiracted as chlorides by an
acid golution containing hydrogen sulfide and precipiiated as sulfides on
neutralization of the acid, The colloidal theory postulates that thg il
fides as they appear wefe établizaé in colloidal form by the execess HoS8

and then deposited in the order of their stability. Accoxding to the double

{1) Eania, J.Eelst Ope cit,
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sulfide theory, the metals were extracted as double sulfides of the metals
and an alkali metal and precipitated by gradusl breakdown of the double gul-
fides. As menbioned above, %h@_gulfiéag s they appear would be stabilized
in colloidal form by the excess alksli sulfide and would be pracipitated in
the order of their stebility in such a'aoiu%i@n,

The objections to the former theory ave, Tirst, that when sulfides are
precipitated Prom a mize&'smluxian of medallie chlorides, simole sulfides
regult rather than sulfides such as the copper-iron sulfides and the lead,
copper and silver-arsenic, antimony and bismuth sulfoselts. This ie the
basis of the separation of the meials as sulfides in %he enalytical schems,
and appears o hold true up %o 100°C, That is, if in a solution containing

S

i g hi 4 o 4’! = 2 ) o :
Az iomn, As ion, H' jon and § don, the concentration of the . ion doe

creases, increasing the concentration of the £ ion %o the point where the

2
[Ag"’:] x {:53] = K.
- TABeE

is exeeeded, then some Agss will precipitate out and rot ruby silver, and

solubility produch

ruby silver will not form from the AgoS precipitated no mebter how leng the
solution containing arsenic is kept in contact with 1%, Since sulfosalis
ars 80 common in medium temperature deposite, this represents a serious
diffieulty in the way of this theory., The second objection is that the
order of stability of metallic sulfide sols peptlsed by hydrogen sulfide in
neutral or glightly allkaline solutions does not appear 0 be similar to the
srder‘@f deposition. The oxder of dispersibility of various sulfides by
means of HoS in a slightly alkaline solution ean be deternined from $he

data given by Clark and Menaul {1)., I% sh@ﬁs no similarity to the genersl

{1} Clark and Menaul: Op, cit,



order of deposition.

As Tor the latber theory (the development of colloidal sulfides from
the breakdown of double sulfides), the Pirst objeetion (that complex sule
Tides camnot be formed in colloidal form from a trus solubion containing
the components) is not valid, since sulfosalts such as ruby silver may be
synthesized by keeping 2 solution of apsenic sulfide in alkaline sulfide
in contact with silver sulfide (1), and Kenia (2) found that wﬁ@a he fused
chalgonyrite vith sodium sulfide and decomposed the fusion with w&ﬁ&r he
obtained a callai@al solution of chalcopyrite, as avid@nceé by the cryatals
of chalcopyrite which grew on limestone from the saln%ieﬁ‘a% 95°¢ in &ight
- days.

- The seeond objection (%that the order of stability of such sulfide sols
is not the order of deposition found in nature) is vaiié and for the same
reagon as given for the former theory. For 1&5%&33@, pyrite, the sol of
ahich was found $0 be so stable when peptised by sodium sulfide, is yot one
of the FTirst to separate {rom the ore-bearing solutions. ‘However, it is
found to be deposited over almost the entire ranze of temperature and
pressure conditions, which may be explaimeé by the gf@aﬁ sel s%abiliﬁyf
The zome of first appearance of a meballic sﬁlfi@e, which usually is neap ©
the point of maximum precipitation of the sulfida, is the gone at which the
sulfide begins to precipitate out of true solution, and all zones of depo-
sition above this are due probably o coagulation of a sél generated at
this first point. |

The writer is of the opinion, then, that the colloidal theory of sul-
fide trensport is not capable of application %hroughout the entire TaNge
of sulfide preeipiﬁatiqn but that 1% does come into play to modify the

{1} see the experiments following,
(2) “anﬁ.a Tk Joé‘a- O‘{?a clt.
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opder and amount of sulfides transported by some othor method, Thers arve

at least two methods of sulfide transport in trus solution, as deseribed ,

before, the lonic sulfide and the double sulfiéa’me%haéﬂa The former
geems ¥0 be Incapable of yeeqﬁailizg the chemical faa%é with the field
fac%g; %a% what is kuown of the latier sbrongly suggests that this is
p@gsiél@,‘ Aseoﬁdiﬂgiyg the expesrimental procedure of this investigation
is dirested toward the answer to the following question: ave the proper-
ties of the double sulfides of the metals and alkali such that it may he
ig the double sulfide form that the metallic 3&1fi@és are btransgported in
the ore-bearing solutions and if so, does their order of breakiown and
thelr order of stability in the eolloidal state explain the parsgenesis

and physical characteristics observed in sulfide owes 2

8



VIIT EXPERIMENTAL INVESTIGATION AND DESULTS

Polysulfides and Double Snlfides

Sulfur is soluble in an agueous solution or melt of sodium sulfide,
Torming unstable polysulfides which may be caused to liberate free sulfur
again., The usual explanation of this phanam@naﬁ is that variable-length

sulfur chains are formed, as follows:

Ya Ha - 8 Ha = S, o » 8 » 8
8k 38 = '+ 85 2 8 4 8 =2 '
V' ¥ ¥a g Mo - 8 o -8 = 8

The length of the sulfur chains seems to have an upper limit at NagSs (1)
The reversibility of these reactions means that with sodium polysul-
fide ir solution, dhere is a consiant source of fres sulfur present and
the measurs ef the instability of the polysulfide is a measure of the CORw=
centration or activity of elemental sulfur in the solution, Thusvif 2
metallic sulfide is soluble in 2 solution of alkali polysulfide and if
the metal fomms two sulfides, a higher and a lower, then when the solution
becomes saturated with the metallic sulfide one of the %wo forms will ap-
pear depending on the sulfur concentration in the solution at the time.
If the sulfur activity is below the sulfur vapour pressure of the higher
sulfide at this temperature, the lower sulfide only will crystallize out,
bub if 1% is greater than this value, the higher sulfide will crystallize
outes It follows that if an alkeli polysulfide solution passes over the
sulfide unstable in the solution it will tend to change it into the s%é%le
form,
Double sulfides of the metals and an alkaii metal may form double

polysulfides similar to0 the alkeli polysulfides, In preliminary experi-

l ) Zﬁ 911 @I‘ 3 p?f P4 .énz c@m. X ) @ﬁSi% lm a%is@ on Iﬁ{)'ﬁé’m . 3‘2@ %@@I’a b
feal Mhomd akew . Tl Fg . RAN TN ’
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ments with double sulfides, 1

s was found that if a mizxbure of NagS and
708 in egquimolecular ratlo was heated, 1% sintered at a fairly low
tomperature and melted at a falrly high temperature, Freeman {1} gives
the melting point of this compound as 620°C. If sulfur was added to the
wizxbure, the melting point was lowered and a very large amount of sulfup
eould be dissolved in the melt. On cooling, the melt always seered $0 be
homogeneous. This beheviour is explained as follows: when the NapS and

the ZnS were fused together, a double sulfide was formed, sodium thio-

zincate,
Ma_ S - Na
ZnsS + 5 = D,
e 8 - Fa
which ionised as follows:
* “n
5 e Ka G = 5
i g i
Zn 2 | 2Zn’ + 2 Ma
8 - s S

s
5 3\
Zn’ + 8
g
BCER-A
Zo, e
\ ‘S - e%ca

1% was found %ha% if a melt containing much sulfur is heated to a
high temperature soms sulfur boils awsy, preserving the amalogy with the
alkall polysulfides as far as reversiblility goes. |

The formulae of a few double sulfides have been ée%@rmimeds as nobed

above, and in general $hey are simple, but in some cases, they are complex,

{1} Preeman, F.: Op. cit.
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Becker (1) Pound that a compound HgS. Hapl existed, but alsc proved
the existence of cempmm&s of the general form HeSs n NapS,; where n is
2y 3 and 4. The sbructural formmla of the sinmple compound is likely

8 = Ha

g’
‘S'= Na
but it is difficult o prepave formulae for the others, using normsl

valencies. If coordination compounds exist in these cases, then they

way be represenied by %Iagﬁﬁg Smlg where n = 1 to 4, ionising as follows:

- 4
E‘éagﬁ E@Sn«;ul = gn Ha

That is, a central mercury atom, sﬁmc&nﬁed by gné to five sulfur atoms,
the whole having a two to ten negative chafg;e, surrounded by two $o ten
sodium positive ions. As far as the writer knows the double sulfides of
mereury and sodium are exceptions in exhibiting coordination compounds.
Metl;er complexity possible in double sulfides is condensation wii;h‘
loss of some of the alkali sulfide., TFor instance, the followinz come '

pounds of NaoS and 3%)233 are possible:

{1) Becker, G.Fo: Op. Cite
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//S .
sb Ma , B=la
S 4 6 8 & 2sb-S-e
sv/ Ha S-Na
g
;S = Na T E*?a‘
b8 ~Na 22 Sb=S-Ha S
8 - lia T’
/2 - Ba /8 = Ty
Sb-5 - Mla =  5b-S ~ Na Ba,
'S -Na i + 8
18 = Ya. Sb=8 = Na Ha
Sheffi = Ha . 8 = ¥Fa
‘g eia
B - Ha
SbeS = Nz o 8bES
‘s v s +  Ha,
/ 3@*3 b %5& /S
Sb=8 = Ifa 'S = Ha Ha
'S - Na A « 8t¢.,

which may all be included undey the gaéeral formuls n Sbgssp mFa 8, where
the ratio n : m is equal %o or greater than 1:6.

A third complication is that with the semi-metals, arsenic and antie
mony, two types of compounds can exist, those in which the sodium is
attached to the sulfur which in furn is attached o the nommetal, and
those in which both the sodium and the sulfur arve attached o the non-
medals The two simplest representation of both types among the double
sulfide of sodium and antimony are:

/2 75
Sb=8 » Ma and Na = sSb=3

In solution, both give a (SbS;)” ion and a We® ion, and thus in reslity



are identical since the negative charge of a complex ion cannot be gaid
0 reside nearer one of the constituent atoms than the others.
There is at least one grouping of the second type which is not

identical with one of the first ¢ype. This is:

It will be noticed that a similar compound with the other grouping con-
tains more sulfup:

/S =~ Ha
Fhel = No
\,3
8b-8 « Na
'S - Na

The Tormation of the two compounds probably takes place as follows:

= R ‘ L
S8, b 4R 4 o2t o am g Sbys; , ana

3

o

shosy +- e’ 4+ 2 o awe® £ mmpst L% o

eliminating the 4 Na® from each side of each equation,

= G
SboSz; 2 = 8b,5, , and

P A R
SboSs + 25 & spaS

That the latter equation takes place at temperatures up o 100% is
suggested by the following experiments. A solution of sodium polysul-

fide was preyarved, saturated with sulfur et the boiling point of the



fae)
£

solution and then SbyS, was added, Immediately all the SbpSy wasg dise
golved and a considerable amount of sulfur was presipitated. A salﬁtiéﬁ
of NayS was prepared and ShoS, was dissolved in it. Immediately the
solution ook on the yellow colour characterietic of sodium polysulfide
solutions, showing that sulfur had besn liberated and dissolved, At high
temperatures and with a large excess of sulfur pragent, the first resction
may take place ingbead of the second, though no experimental evidence is
availé%le a@k@rasenta

Arsenic sulfide reacts like antimony sulfide when added to alkaline
sulfide golutions. The more the element resembles a nonmetal, the move
likely is the second reaction $0 take place and vice versa, The VEPY (8=
markable difference in the solubility of the sulfides of arsenic and anti-.
nony compared with the salubility of the sulfiﬁe of bismuth in an agueous
solution of alkall polysulfide may be explained in this manner, assuming
that the double sulfide form, in which the semimetal acts as a nonmetal,
is soluble, and the form, in which i% acts as a metal, is insoluble in

sueh a golution.

Chemical Experimea%s with ﬁh@ Sulfides

Irop Sulfides: Iron sulfide (commercial cast sticke) was fused with

sodium sulfide (commercial flakes) in 2 pyrex test tube with a small amdunt
of roil sulfur as flux, The cooled fusion mixbure was 2 yellow or orange
coloured homogeneous solid. When added %o boiling water, 1% gradually
dissolved, forming a dark green or greenish black soludion. This solusion

is probably similar %o that studied by Stevens {1) and is composed of iron

{1} Stevens, R.E.: Op. cit.



sulfide eolloidally dispersed.

It was Tound that as the amount of sulfur used in the fusion increased,
the greener became the colloidal solution resuliing from the exitracthion of
the fusiom by water and if very little sulfur was used, it wes black, Also,
if a greeniech black sol was heated to boiling, 1% became black, returning to
the original colour on cooling, In addivion, if sulfur was boiled with a
black sol in a sodium sulfide solution, it became green, ’

In order to find out the character of these sols, a deep green sol and
a black sol were prepared, coagulated with calcium chloride solution, filtef#
ed, washed, dried and sealed separately in glass tubes, The green coagulum,
now grgenish black, was found to be non-megnetic, but the black aéagulumg how
a semi-metallic brownish black, was found to be magnetic, Both were analyzed
by the Xeray powder diffraction method by ¥Mr Lyons of the Department of
Geology afvth@ University of Wisconsin, but neither showsd a recognizable
patbern, The streak of pyrite is sreenish black and that of pyrrhotite is a
semi-metallic black and %he ¢oincidence of the magnetic properties and the
increase in sulfur.ehaaging the black s0l to the green,and vice versa, both
suggest that the green sol is a pyrite sol and the black sol is a pyrrhobite
gol, This is contrary %o s%e%aas* {1) results, since he stated that hoth |
sols were of Terrous sulfide.

The amount of sulfur in the fusion mix%ur@_was inereased to the maxi-
mum gquantity pcséiﬁle, On cooling such a fnsion, small crystals of what
appsared to be pyrite were seen throughout the mass., On dissolving the
fusion in waber and decanting the green sol, & residue of small sparkling
erystals was left in the beaker. Thes2 were removed and examined. Some

were mounted in synthetic resin and polished. The majority of the crystals

(1) sStevens, ReBe: 0p. cit.



seemed to be cubes elongated in one direction and modified by the octa-
hedral faces, ‘The microscopic characteristics in reflected light were
those of pyrite, though about 5% of the crysials wers of marcasite showine
polysynthetic twinning parallel to the elonzation. The procedurs wag rée
peated using a larger fusion in a graphite crucible with slower-esa&iﬁg,
Crystals of pyribe resulted, most of which were octahedrons. The maximum
size was about 1.5 mu.,.but the erystal faces wers not perfect,

1% was fonn@ t0 be impossible to grow pyrrhotite crystalé in the cams
manner. Ho matter how much iron sulfide was added %o the melt, none
separated on cooling bub all remained in the double sulfide complex, In
a2 sense pyrrhotite may then be eénsiéa?@& to be more soluble than pyrite
in an alkeli sulfide melt.

The shability of the green sol was found to be very great. A sol so
concentrated that it was highly viscous remained stable for %wsntyafeur
hours and could be diluted to give a very stable sol. A fairly dilube sol
was'sealed with a small amount of air and a piece of reezyétalliz@& lime=
stone in a glass tube and showed no signs of coasgulation after one year in
%heylabcratorya

The reactionskbeﬁwean sodivm sulfide, iron sulfide and sulfur to zive
the double sulfide, pyrifte erystals and the green and black sols arvs thousht
to be as follows: on fusing FeS and NayS, a double sulfide Fes, Nag8 re-
sults, probably having the structural formula
' S8 = Fa

T
\S - Hg



o,
s

V.
which in the melt ionises to| Te! .
Se and 8Na » The action of sulfur

has the effect of ereating a sulfuy chain by asddition, making & thio-

ferrous ion of various degrses of complexity, such &g

s -8\ / /s»sa%“
e/ and Feo ‘

g - %\ ‘sesw/ -, ete.
On cooling, the compounds HagFeSs, &323655, ﬁazﬁesé, etec ave present, and
onr decomposition with water, Hap8 and FasS, are formed, with the iron nold-
ing one or two sulfur atoms. Decomposition of Eagyesg will vield only

troilite or the black sol of FeS as follows:

Fha ;,
- - H
F@\l ! ¢ wd Fed e ]
8 ='Ka ¢ A Na’

3 o e

Ha
“«

8

Decomposition of NagFeSg will yield green or black sols depsnding upon the

method of breakdown, as follows:

}s-—s.azﬁaf ¥a - 8
\ . 13 .
- e i B 1
F b = FeS 4 ,
S - ‘Na, We = 8
8 8 - Na ! Na
=y b w - Fad had
¥ i . = FeSy + 5
8- lNa e

Decompogition of Eaz?asé will yield the green sal, as follows:
'S :ig":é}a’t ¥a - 8

' @Sy + !
8 = 8 =l Na - 8

- b

g
|

H

I

J

H
(1%
g}

This is assuming that the sulfur chain for the sodium polysulfide is de-
rived entirely from ome sulfur chain of the double sulfide. Otherwisze

the black sol may be formed from this one as well, as follows:

oo o om

|8~ 5 - mal Na - 8,
o " ‘2 Tes + 5
'S ~i5 - Na, /

- Ha - 8




Fo attempt was made %o debermine the formulae of the fusion mixbures
in velation to the psrcentage of black %0 green sol resulting from their
 breakdown in water. The gereral result holds, however, thg% the longer
the suifuor chaine in %hé double sulfide, the more likely is pyrite rathewr
than pyrrhotite 0 vesult from ite breakdown.

The conclusions reached from this work on the sulfides of iron are
that in the absence of water, pyrite and pyrrhotite are soluble in a mels
of sodium polysulfide forming double sulfides and double polysulfides,
the solubility of the pyrite being grester at high then at low temperabures
and always less than the solabiliéé*wf pyrrhotite in the same type of melt,
It also aprears ﬁha% sols of pyrite and pyrrhotite veptiged by alkall sule
fide and polysulfide are very utable. Hspecially is this true of %the D=

rite sol.

Zine Sulfide: Zine sulfide prepared from zine nitrate was fused with

sodium sulfide prepared from the pure crysials, Nap8. 9Hg0 and the cooled
Tuslon was dispolved in bolling water. A rather unstable colloidal sclution
of zine $u1§iae resui%ada_

The fusion was repeated, but with the addition of sulfur., On decome
posing the fusion in boiling water, a'heavy powder resulied, which when
washed and dried and examined mia@egespieally'was fauaé $0 be composed of
small hexagonal crystals. The hexagonal prism and hemihedral hexagonal
pyramids were visible, and extinetion was parallel %o the C axis. This
was ovidently the hexsgonal hemimorphic fomm of zinc sulfide, wurbtzite.

Meny atbtemps were made to prepare the isometric modification, sphelerite,

but these were unsuccessful. Although the temperature of Fommtion (1009}



and the alkalinity were both favourable for gsphalerlte formation according
%o the work of Allen, Cremshaw and Merwin (1), the speed of formation,
which in this case is very great, must be more influeniial then the above
in determining that the unsiable form aDPPSEYS.
The equations covering the shove veactions are probably of the
general double sulfide form, as follows:
ZnS 4 Na S = NegZnS,  (sodium thiozincats)

708 + NagBy @  WaginSg.; (sodium polythozincate)

I% is noteworthy thet the decomposition of the polythio compound
yvielded eﬁgsﬁals and the thio compound, a colloidel solubion, The more
sulfur used in the fusion, the larger the crystals and vice versa, through
all gradationg %o a eolloidal solubion. This may be due either o the
relative pepbising power of sodium polysulfide and sodium suifide derived
from thé breakiown of the complex compound or due %o the slower decompo=

sition of the double polythiosulfide.

Cadmium Sulfide: Amorphous cadmium sulfide was Pused with sodium

sulfide and sulfur and the fusion mixture, which was homogeneous, wag de=~
composed in boiling water. A heavy scariet powder resulted, which when
washed, dried and mounted in balsam was found o be composed of small
skeleton crysbtals, These crystals were ﬁaﬁ@ up of three bars set at right
angles 4o each other, and of equal development. They had the elements of
symmetry of the igometric system and were isotrople in plaaempolarised,
light, They were assumed to be crystallites of the isomstric form of cade

mivm sulfide, isomorphous with sphalerite.

{1) AMllen, E.T.; Crenghaw, JoLo, and Merwin, H.E,:  The Sulfides of Zine,
Cadmium and Hereury, Am. J. Sei.(2), 54. p, B41. 1912.



Immediately after this experiment, some orange amorrhous cadmiunm
sulfide was heated $0 pedness ané then cooled, It was a lemon yellow coler
when cold and this powder was used in subsequent tesis,

A vepetition of the fusion described above was carried out and on
dissolving in boiling water, a yellow powder resulted, which on exsmine
ation waé found o be composed of small crystale and crystallites having
the olements of symmetry of the hexagonal hemimorphic class,

The éxpeyimeat wae repeated using freshly prepared amorphous cadmium
sulfide, but again the yellow fomm was the resuld, Many trials were ﬁaﬁas
varying the proporiions of the fusion mixbture and guarding against cone
tamination as much as possible of the boiling digtilled water by the vellow
form, but in every case, that was the form obtained,

An explanation that is not improbable is that the isometric form,
which is'%he unsﬁable form at this temperature, was precipitated in the
absence of mucleii cf>%he stable form, but this, when once prapar@é; 80
conbaminated the air of the laboraﬁaryg and all solutions exposed to it,
that all subsequent attempts to prepare the unstable form failed,

Cadmium sulfiﬂe; 1iké zine sulfide, is 2 fluorescent ana §ho$§h0fes»
cent eompauné and also like 1%, has no measurable heat of trensformation
of the one form into the other {1). Considerable research has been di-
vected toward the solution of this problem, but from a review of the

literature, there seem to be many congradictions and unexplaingd phenomena,

Lead sulfide: Iead sulfide was fused with sodium sulfide and sulfur

and the cooled fusion mixture was dissolved in boiling water. A heavy

(1) Allen, B.T,, Crenshaw, J.L., and Merwin, H.E.: Ops cit.
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davk gvey powder was formed, which on microscopic sxamination was Pound
b0 ba composed of skelebon crystals of an opague material having the lustre
of galena, The slements of symmetry of the crystallites were those of the
isometric system, and so they were conmcluded to be skelebton crystals of
galena.,

I? only a small amount of sulfur was added %o the Pusion mixbture the
decomposition of the solidified fusion in boiling water vielded = rather

unstable black colloidal solution, probably of galena.

Coprer Sulfides:  Amorphous copper sulfide was fused with sodium

sulfide and a very small amount of sulfur. The cooled fusion mixture was
disgolved in boiling water, giving 2 stable brown colloidel solution, A
similar fusion with a large amount of sulfur, when dissolved in hgiling
water, gave a green s0l. |

The former experiment was repeated, but adding a lerse amount of the
fusion mixbure to a small amount of water, and in small amounts at a time.
Some of the materisal precipitated as a black powder, which under the microf
gcoga wag seaen 0 be made up of aggragabes of small éeadri%ig‘@rysﬁallites
which wers in turn made up of sma2ll cubic crystals. By its épyearanee,
this was thought %0 be chaleocits,

4A.$imilar procedure using the second fusion mixtﬁra vielded a number
of flakes having a blue and purple colour by r@flee%ed iighta This was
thought to be covellite.

Similay relstions were found to exist between the szreen and brown sols

of copper sulfide as between the green and black sols of ivon sulfide. On



boiling the gveen sol of copper sulfide in a solution of sodlum sulfide, it
surned brown and regained its original colour on ccoling. A brown sol if
boiled with a solution of sodium polysulfide turmed green., This reversal

of aolour may be explained by the following equations:

NanS. + 8 @ NagS..

cold ¢  hot
2 CuS S CugS+S

cold —— hot

so thag
2 0us + MagS, = CupS 4 NagSyy

cold &— hot

Whether chalcoeite or covellite resulis from the decomposition of the
double sulfide of copper sulfide and sodium sulfide depsnds, as in the case
of ifam sulfide, on the amount of sulfur dissolved in the fusion, or in
other words, on the length of the sulfur chains in the double polysulfide.
Thus 1% appears that the determining factors controlling which copper sule
fide is precipitated by the decomposition of the double sulfide is the
amount of sulfur in the polysulfide form in the douﬁle sulfide, apd when
once @r@@iﬁitatedg the stabllity of one form or the ether_is devendent upon
the sulfur concentration in the alkali polysulfide of the solution with

which 1t is in contacts

Silvar Sulfides Silver sulfide wase fused with sodium sulfide ang

swlfur and the cooled fugiﬁn mixture was dissolved in water. A black

32
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precipitate and an unsiable colloidal solubion resal%éé and the black
precipitate under the microscope was seen o be made up of dendritic
crystallites composed of aggragates of éubie erystals of a black opague
substance. This was thought %o be argentite.
The silver sulfide Qf@baﬁly_farmed & double polysulfide with scdium
sulfide and sulfur, which was broken down by water, as follows:
Az Fa

8 -+ S 2 2Ahg-8-THa
Ag’ s

Yercury Sulfides: Black amorphous mereury sulfide: was dissolved

in a solution of sodium‘polysulfida and the solution was placed in an
open pyrex test tube which was sealed in an unlined steel bombs The bomb
wag heated o 300°G ang kept about this temperabure for twelve hours and
then slowly cooled. On opening, no smell of HoS was noticed and the go-
lution was clear and colourless, At the bottom of the test tube rested a
vermilioﬁ powder, which under the microscope was seen %o be compbssd of
euhedral crystals of cinnabar,

. A solution of mercury sulfide in sodium polysulfide was prepared as
before and then was diluted slowly with distilled water, Afber consider-
able éilu%ian, bub when 1% still had the yellow colour of the polysulfids,
the solution began %0 turn & dark brownisk black. This was found %o be a
colloidal solution of mercury sulfide and was quite s%abl@a The sol was
coagulated and was black when dry. Thig wasz probably metacinnabarite,

The solid coagulum was examined for metallic mercury but none was

seen. Becker (1) reported that the dilution of 2 solution of mercury

(1) B@C‘k@:&?, GaFat Oi).ei”ﬁo



sulfide in sodium sulfide precipitated metacinnabariite and some medallie
mercury as well., IEvidently if sodium polysulfide is used ingtead of the
gimple sﬁlfié@,aﬁyVmez@awy that appears is insbantly converted to éulfié@
by the excesgs sulfur.

The reactlion beiwesn sodium sulflide ané mersury sulfide has heen dise
cusged before. The reaction that took place in the bomb at 300°¢ will be
discussed later. Its effect is to remove sodium polysulfide, thus bresking

down the double polysuifide and liberating wmercury sulfide.

Argenic Sulfides Arsenic trisulfide was dissolved in sodium sulfide

'én@ the solution was placed in an open btest bube in an unlined steel bomb
which was sealed and heated to 300°C overnight. The sclution had an orange
subsbance in suspension and there were scarlet crusie at the bobiom of the
test tube. This material had the appearance of realgar.

The reactions during solution and precipitation may have been as

followss

8 s s
& '
hs! ¥a, A=S = Na as” a8
e . w) 3
A L o= + !
Ag] Ha As=-8 - Ha As Ha « 8
'8 Vs Ng :

The reactions that ook place in the bomb that r@mava&‘%he sodium polysules

fide will be discussed later.

Angimony Sulfides Red amorphous anbimony sulfide was dissolved in
sodivm polyswlifide, the solution was placed in an open test tube and this

was sealed in an unlined steel bomb, The bomb was heated o %00°¢ for
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twelve ﬁaurs and then cosled. The solubtion was clear and colourless and
noedles of stibnite were clustersed near the dop of the test-tube, above
the level of the solution., This was probably the level of the solution
at 300°C, |

The solution and precipitation of the antimony sulfide probably took

place according to the f@llo%iﬁg revorgible eguation:

&b e 8
\ \ 7 -
S e 8 -y 2 Bb-gS-Na
/ =

The veaction in the bomb destroyed the NaoS, thus allowing the equili-

briuk to go completely to the lef%, This reaction will be disecussed latewr,

Bismuth Sulfide: Amorphous bismuth sulfide was fused with saéium sl
fide and sulfur. The coocled fusion mixﬁur@ was not entirvely homogeneous, as
-small equidimensional crystals of what appeared o be bismuthinite wore
seatiered %hroug&au% the mass, The mixbure was a&éed to boiling water and
a dark grey granular precipitate was thrown down. This was examined under
the microscope and was seen %o consisht of two forms of bismuthinite, the
small equidimensional erystals, with the edges rounded off, and skeleton
ﬁf?&%&lﬁy@f isém@trie symmetry. The formey crystallized while the melt was
cooling and the latier when the double sulfide was decomposed by boiling
vater. Both had the same colour and lustre and ap@eaxed to be bismuthinite.

The formetion and breskdown of the double sulfide mey be expressed ag

follows:




N ' 7 .
\g o /5 = 2 Bl -8 » ¥a

Evidently bismuth sulfide differs from the sulfides of arsenic and
antimony in its behaviour toward sodium polysulfide. Its golubility in
melts of sodium polysulfide resembles that of pyrite rather than that of

arsenic sulfide and antimony sulfilde,

Holybdenum Sulfides: Thewe are two commonn sulfides of molybdenum

which behave differently toward sodium polysulfides One is bhrown and is
soluble in an agueous solubtion of sodium polysulfide. The higher gulfid@,
molybdenite, is insoluble in such a solubion and is not very soluble even
in a melt of sodium polysulfide.

A mixzture of molybdenum sulfides was prepared, dried and fused with
sodium sulfide and a very small amount of sulfur. The‘eaoled fugion
mixture was completely soluble in boiling water. A similar mixbure bf
molybdenun sulfides éas fus@d with sodium sulfide and a iérga amount of
sulfur. The fusion mixzture was broken up and flekes of molybdenite %ere
seen, The pieces were added %o boiling water and a considerable amount
of silvery flakes was precipitated., These were washed, dried and examined,
They ezhibited the properties szmﬂlyﬂanita,

T&efmarkaﬁ éifferanee in the solubility of the two sulfides of moly-
bdenum én é melt of sodium polysulfide is noteworthy, and will be discussed

morve fully lstser,
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Conpep-Ivon Sulfide: A mizbure of amorphous sulfides of copper and

iron in which the ratic of copper to iron was one t0 one was prepared.
This was fused with sodium sulfide and a smell amount of sulfur, cocled
and added %o boiling water. A blaek colloidal solubion and a flocenlent
preeipitate were produced.

The game procedure was repeated usinz a little maya sulfur, The re=
sult was mos$ly colloidal and Flocculend ﬁﬁ% some snowflake-like crystallites
of pyrrhotite and a few blus Tlakes of covellite were seen.

The same procedure was repeated using s large amount of sulfur. The
result was a greenish colloidal solubion and greenish black flceenl@n%’
material with some blue flakss of covellites |

It seemed thet the first trial gave o mixbure of Fel and CusS, the
second a mixture of FeS and CuS, and the third a mixbure of FeSyand GuS,
Though not definitely determined, it seeums unlikely that chalcopyrite was
fomed in any of the trials. |

In order to decompose the double sulfide by water at a high ﬁempsrature,

the fusion mixiture was placed in an open test tube in an unlined steel bomb

 containing some water, The bomb was heated to 300° for twelve héura, cooled

and opened. The double sulfide was decomposed to a gelden yellow colours
This was washed free of alkali sulfide, mounted in resin, polished and
examined by the reflecting microsecops, The mineral looked 1like chalcopyrite
and the ebch tests confirmed this.

The formation of the double sulfide and its breakdown o chaleopyrite

may be represented by the following equa%ieﬁa:



8

e
Y

o
P
3‘:3
[y

Cus & S = Cu’
Ka 'S = Na s fa-s-Na  Gu
vz} 8 - Ha < B « 8 8
Fes 4 S = Fe . Fe - £ - Ha To
¥a '8 - Ha
4 -
Ha Na
R ”v,c;’
= S5
Ha Ha

Sulfosalts: Pyrargyrite (BAgeS.SbaSg) was chosen as a representative
of this group because of iite ease of identification.

Silver sulfide wes sealed up in a Pyrex glass tube with a2 solubion of
entimony sulfide in sodium polysulfide. The tube was sealed up in a bomb
and heated 4o 300° for thirty-eight hours, cooled and opsnmed. Well-ghaped
- erystals had grown from the silver sulfide, and when embedded in resin,
polished and examined by reflected light were proved %o be pyrarcyrite.

Thus simple sulfides in contact with solutions of the semi-metal sule
fides in alkaline polysulfide aye not stable {under at least some con-
ditions of temperature and concentration of the solutlons), and form sulfo-
salds. This fact is of great imporbance in 4he development of a theory of.

sulfide transport and deposition, and will be diseussed laser,

The Order of Solubility of Metallic Sulfides in Solution of Sodium

Sulfide: As has been shown, the sulfides of mercury, arsenic, antimony
- and one of molybdenum are guite soluble iz acueous SGlntians of sodium
sulfide and polysulfides. Up to 100°C the other metallie sulfides are

quite insoluble, %hough the ease of dispersal of some of these inks the
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colloidal foxm has occasionally been mistaken for true solubility. It
has also been shown, however, that the other metallic sulfides are soluble
in a melt of sodium polysulfide, and it remaing %o be é@%ermigeﬁ waether

or not they are soluble in an agueous solution of sodium sulfide op 0Ly

sulfide at elevated temperatures.

Assuming that the preceding theory of double sulfide formmtion is
true, then neglecting minor veactions such as hyérolysis of ions, the
Tollowing equilibrium will be se% up in a solution conbaining 2 double

sulfide of a divalent mebtal and sodiums

Tle "r ‘5’ ‘aﬁla
Nagll. Sg > e’ ga ﬁfg%
Nt
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3 o
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Thus the grsader the ieniggtion of the simple sulfide M3 into the ions
u** and §°, the smaller will be the amount of the iom Msza Taking bwo
metallie sulfides of greatly different solubilities in water i would be
expected that the more soluble one would be less soluble in o sodium sulé
Tide solution, vhereas the less soluble one would be more soluhlaAim such
a solubion. This, for instance, is true of zine sulfide and mereury sul-
Tide, It is not lknown, however, if the opder of solubility of the metallie
sulfides in solutions of sodium sulfide is the exact faversé of the order
of solubility in water.

The methed of determining the orxder of solubility of the metallie
sulfides in agueous solutions of sodium sulfide which was used in this
iﬁvestigatien iz dissolving two metellic sulfides at a high t@mpera%urég

cooling, and examining the relationship between the two crystalline sule



fides, the well-kmown criterid of order of erystallization being usaé %0
ﬁaﬁeﬁmiae which wes the more soluble, or the last to crystallize.

The difficultiss iﬁvclve& in this sbudy ave that at high temperatures
very high pressures result Prom the TEPOUY Or S48 Dressure mf the wateyr and
the gas pressure of the HpS %ha% is evolved, and as sodium polysulfide is
an extremely corrosive substance at elevaded tempexatures, the solution
mﬁs@ be enclosed in a substance not athacked. Graphite, being wnattacked
by sodium polysulfide in dry melts, was used to caaéain the solubion and
an alloy s%eél bomb wes used to suépar% the gravhite cmﬁﬁéiﬁara A crosge
section sketch of the bomb ané graphite liner is shown iﬁ’fi@o 1.

The bomb was mede of a chromium-nickel-molybdenum alloy steel (1)
and the gasket.of hardened sheet copper. The graphite double lining was
machined from Acheson graphite slscirode vods (2).

The method of sealing the solubion within the bomb was as follows:
the solution was placed in the inner graphite cup,and the bomb, contain-
ing the other gravhite cup, was ilnverted and placed over iﬁo The bomb
was then turned upright and the packing »im was £illed with a paste of
irvon powder and water., The copper gasket, the bomb héad and thé thrmsd
ring were plaéed in position. The bomb head cover was screwsd down to
the limit and then was tumed back a fraction of a turn., The bomb head

cover bolis were then turned dowm in the following order:

(1) cupplied by the Atlas Steel Company, S.P.S. 245, mchined from rolled
annealed stock and then heat tHeated by coeling in oil from
1500°¢ and drawing from 950°C.

(2} supplied by the Canadian National Carbon Company, Grade AGY.



The fuynace wes made of a plece of brick piy@,wsund with Chrowel A
ragistance wire and insulated with ashestos semsnt. The temperabure was
measured by means of a platinum - platinum~iridium thermocouple in a hard
glass test tube inserted in %ha thermometer woll of the bomb.

| The assumpbion was made thath the passage from su%eriﬁieal to super-
xwtxea? conditions in the solvent has little significance in regard 0
| the salubili%y of any of the solutes as 1éag ag the ﬁam&i%y/af the selvenﬁ
vemaing consbant while passing through the critical interval. {1). This
may be aecsmnlzaha& by having the ?@lﬁma af solution such that mh@a gt a
temperature just under the ewitical ¢t wzll “ammietaly i1l the c@ﬁialner,
The volume of the inner grathite cup is 52.8 ¢c and ihe volume of water at
raaﬁ temperature that will £111 this at the eritical temperature iz 21.7 cc.
The effect of solubes on this relation was neglected.

The solutions that were used containsd #wo meballic chlorides, saéiﬁm
sulfide, sulfur and water. ?ﬁe'?atie of the molecular amounis of the metals
present was made equel, bub the ratio of mols of sodium sulfide to meballic
chlorides had t0 be adjusted so that at the high btemperature all the metallie o
sulfides were dissolved., The ratio of sulfur %o sodiwm sulfide was adjusted
in some cases so that the desirved metallic sulfide erystallized outs TFop
instance, in detemmining which of chalsocite {Cug8) or argentite (AggS) is
more soluble in sodium sulfide, the sulfur concentration must be low enough
so that covellite (Gus} ﬁeas not precipitate out and also high enaugﬁ 80
that native silver {Az) does not precipitate oub on eooling.

Az before mentioned, the fﬁlluagsgra& or degyee of filling sbove the
critical temperature was kept high, and though equilibrium in the complex

reaction between sodium polysulfide and waier is reached, there is no pro-

(1) Ingerson, Z.: Relation of Critical and Supercritical Phenomsna of
Solutions to Ceologic Processes. He. Geol. 29, p.454, 1934,
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gressive loss of any of the reactants or products, so thai, as an approxi-
mation, the opder of solubility may be baken as that in a solubion of the
composition placed in %&ehﬁémbh Actually the composition will be lower

in sodlum suifide and sulfur and will contain hydrogen sulfide, sodium
hydrogen sulfide and some sodium sulfate which 1% did not have at the be=
ginning, and while this may affect the solubilities of sach of 4he meballic
sulfides in the sa;nﬁioﬁ, it is assumed here that it will not affect to any
degree the relative solubilities of the two metallic sulfides,

- Expeviment Wo 1.t The following were placed in the bomb: NapsB.9Hal,

8.249 grams; 8, 1,096 grams; Cull, 0,552 grams; AgGl, 0.799 grams: Ho0y
15,3 cc, The bomb was sealed, héaﬁed $0 410%C in three hours and coolsd
to 30°C in seventeen hours, Much HoS escaped when the beﬁ% was opened,
The erystalline mass at the bottom of the graphite ocup was wasghed, trange
ferred to a watch-glass and dried. Crysbtals were also noticed lining the
inney graphite cup whers the solution had been in contact with it.

The cpystals on the side of tﬁa graéhé%e cup appeared 1o be of chal-
coclite. The free crystals were of chalcocite, but with many bunches of
fine wire silver, and a fe% sheafs of wive coppers o arg@n%i%@ wWag 8een.
In polished section, chaleocite and metallic silver were identified,

Tvidently thers had been considerable recrystallization of the cuprous
sulfide, but the sulfur concentration, at least during the last s%ages;@f
the coeling, had been such that metallic silver and not arzentite was
gtable in the solubion, The presence of some metallic copper indicates
that had the solution contained less sulfur, chalcocite alse would have
been unsteble and given place to metallic coprers |

No conclusions could be drawn as to whether chaleocite or argentite



was more goluble in the solntion used.

Bxveriment No 2.t The above procedure was vepeated using the followe

ing amoun®s of the comporents: NasS.9Hs0, 8.241 grams; S, 3,398 gramss
Guﬁia,ﬁgzgé gramsi AzCl, 0.812 grams; Ho0, 15 ce.

ﬁrﬁéﬁa&s on the gide of the inner graphite oup were identified as
chaleocite, The Proe crystale were mostly of chaleocite, with come argsne
ite and there were many bundles of wire silver. The relationship between
the chalcocite, argentite and silver is shown in Tig. 2, and was inter-
preted to mean that the argentite crystallized out after the chaleoecite,
and was subsequently altered to wire silver. It %as concluded that chale
cogite is ;e$§ﬁ§91ah1@ iﬁ the solution used and crvsiallizes out befors
aégeﬁ%i%e, -

It is also evident from this and the preceding expeviment that if re-
ducing alkaline solutions are in contact with chaleoeite and argentibe,
the latter is the firet to bs veduced to the meial.

Experimenty Mo 5.t The following were placed in the bowb: Eazsqﬁﬁgﬁa

8,588 grame; 8, 3.974 grams; Cull, 0,203 grameg; Pbllg, 0,570 grams; Hal,
15 ce, @ha bomb‘was heated to 415° in three hours and cooled to 20°¢ in
twenty hours. HoS @scapéé on opening. The crystals wepe washad and dried.
‘Same orystals were seen on the inside of the inmer graphite ocup.

The erystals on the inside of the gravhite cup were of chalcocite and
galena, but arrvanged in a definite mamner., TFor 2.2 cm from the »im of the
cup, the crystals were mosily of chaleoeite, bubt above this %hay were of
galena %0 2.4 cm from the rim, Some galena crystals were also seen in the
ugpar part of the chaleocite zone., The zoning of the crystals prebably

was due to cyyatallization on the walls of the container at different



temperatures, heance at different levels of the solubion. Thus galens
crystallized out Tlrst, followed by chalcocite, as the solution cooled.

- The yelationghip of galena and ehalaaéita in the free gryvsials in
wolished section is nearly that of having mutval boundaries, but the
galens is often enclosed completely in chaleocite, and never the veverse,
See fig. 3.

E%»w&é concluded that galena is less soluble in the solution used
and crystallizes out before chalcocite.

Ezperiment No 4.3 The following were placed in the bomb: NapS.9Hs0,

25&?12 grams; S, 11.083 gremsg hllo, 07529 grams; ZnCls, 0,259 grams.
The bomb was sealed, heated to 415° in $hreo hours and coolsd o 25° in
nineteen hauése iS5 escaped on opening. Crystals of NagS.9Hs0 aﬁé sulfur
wore geen at the botbom of the graphite cup and cryssal faces of what look-
ed like galena were seen on both surfaces of the inmer graphite cup and on
the inner surface of the ouler graghite cup. The crystalline mss was
washed with water to remove the sodium sulfide and then, after drying, with
carbon disulfide o remove the sulfur. ‘

The inner surface of the inner graphite cup was washed as above and
examined, Cubical and nearly cubical crystals of galena were seen adheving
o the graphite, and also small yellow crystals of sphalerite.

Thé free crystals were examined after embedding in bakelite and
polishing., Galena and sphalerite were ildentified but no conelusions as
%0 %hieh erystallized first were reached., They seemed %0 he separate free
crystals, | |

The crystals wers mounted in balsam and examined under the pebro-

graphic microscore. Srhalerite was identified from its isometric ounbtlines



and isobrople character between crossed nicols., Small crystals of galens
were ocecasionally seen growing oubt From crystals of grhalerite, as shown
in fig, 4. This was considered sufficient evidence %o state that under
the conditions of the experiment, srvhalerite is less sglabi@ than galens
in solutions of sodiwn polysulfide,

The results of this axp@rimen% are of interest due %o the fact that,
as pointed out previously, sthalerite nearly everywhere precedes zalena in
time of deposition. It may be argued that the concentration of sodium
rolysuifide used is much greater than any that cccurs in na@uf@» ‘This is
deubtless true, bub vhe relative solubilities of the two is the seme in
such solutions no matter what the concentration, as may be seen from the
following:

ng + ﬁagS

¥
a%?a‘%' o B

.@‘ i) 2%32

et 4 Zosh

7ms + 88 2 sy

!
=

“Zns
L

il
{%‘
L1
i

(The concentration of ZnS may be considered in great excess and hence cone

shant).



-~ o - Egpg = X,

it

han ' Epbs

s

!

(The two sulfides are in contact with the seme solution),
Thus at any one temperabture, the vratic of the amount of 7nS b0 the smount

of PbS taken into solution is constant, no matter what the concentration of
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one in the presence of sulfide ion. This fact was used 4o argue against

sodium sulfide. | | M,]

It was pointed out previously that the xa%is is greater than

the ionic sﬁifide theory. If the xetio léff%l is less than one, as
| []

stated above, the same logie can be used %o prove that these two sulfides
may be carried in and precipitataé from, the double sulfide form in ore-
depositing solutions,

From the foregoing experiments it was concluded that in solutions of
sodium pelysulfﬁde, gilver sulfide iz more soluble than cu@rous sulfide,
: Qﬁpraus sulfide is more soluble than lead sulfide and lead sulfide is more
soluél@ than zine sulfide,. F&cm the earlier experiments on the metallie
sﬁlfid@s; i% is evident that mereury sulfide is much more soluble than any
of these four sulfides. Thus the known order of solubility, starting with
the most soluble, is: |

HeS, AgoS,  Cuphb, b8,  Zns

Since no essential difference exists bebtween dry melts and agueous
solutions of sodium polysulfide exzcept that in the former groater concene
trations of sodium polysulfide and higher btemperatuves are possible, it is

likely that the order of solubility of metallic eulfides in both types of
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solutions is the same. In dry melts, pyrite, bisthmuthinite and molyb=
denite are more insoluble than all the other sulfides, In aguecus solus
tions cimnabar, realgar, stibnite and a sulfide of molybdenum are move
soluble than the other sulfides. The sulfides of the intermediate group,
sphalerite, greenockite, galena, chaleocite and argentite, aye very
selubia in dry welts of sodium polysulfide buts just moderately salu%le'
in agueous selu%isms_sf the game at high temperatures. Thus the order
of solubility of the simple metallic sulfides in golutions of =zodium

polysulfide, starting with the most insoluble, is:

molybdenite sphalerite, galena, chalcoeite, argentive | cinnebar

bisthmuthinite pyrrhotite realpar

pyrite gresnockite gtibnite
&d molye
bdenum
sulfide

Except for the very soluble molybdenum sulfide, this order is very
 similar %o the order ef’depaaiﬁion of the simple sulfides in nature.
Avsenic and anbtimony sulfides are sometimes removed completely from the
golution by the precipitation of sulfosalbs, and probably the soluble
molybdenum sulfide is removed in every case in this way. The evidence
for this is that in oxidized lead ores, there often is found the leéd
molybdate, ?% Mo Og, éné the mﬁly%denum mugt have been released duping
the oxidation of some complex sulfide containing i%, and a molybdenum
sulfide is not known in low-temperature deposits which commonly contain
cinnabayr, realgar and stibnite.

The order of solubiliity of the metallic sulfides in solutiops of
sodium polysulfide and the order of natural deposition being so similar

can hardly be a coincidence and this is deemed %o be further evidence



that the natural ore-bearing solutions ave sulutions of the metallic sule

fides in alkeline polysulfide,

The Order of Stability of the Sulfide Sols

It was found that colloidal golutions of the mesallic sulfiﬁasyy@pm
tised by godium sulfide are very eagy to prevare. A method that gave
fairly stable sols was as follows: a2 feow drops of a solution of the
chloride or sulfate of the metal were added %o a large volume of a dilute
solution of sodium sulfide while shaking or stirring rapidly. The resul-
tant colleidal aelutiaﬂ>@as usvally transparvent, showed no opalescence
and remained stable for some Hims. |

In @r@liminary experiments it was seen that for any one metallic
sulfide, there was a concentration of sodium sulfide that SGteﬁ 88 DD
tiser to the mazimm degree, and axpar;mantsyw9§e ecarpried oub to see if
this optimum concentration was the saméléééaéach sulfide, Colloidal
solutions of iron sulfide were prepared using various concentrations éf
a s%ack solution of sodium sulfide prepared from the hydrated ers%als,
The various sols were corked and placed in order and were compared over
a period of a few days $0 see which was the most stable, The stages
noticed before coagulation were: (1) decrease in transparency, (2)
some flocculent material, the rest colloidal, (3) all flocculated, bus
eagily disgérsad again on shaking, and {4) all flocculated and not easily
dispersed on shaking., Using these as progressive stages, it was seen '
that among the sols of iron sulfide there exists a maximummly stable sol,

with stability nearly symmetrically decreasing away on each side of this,
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toward & lower and a higher concentration of sodium sulfide,

The same was geen in the case of the sols of copper, zine, lead,
silver and meroury sulfides, though the meximum was not in the sawe place
in each case, the maximum for irveon sulfide being exhibited in a solubion
more concentrated than for any of the obhers, and for mercury sulfide, in
one more dilute than any of the others, and for the rest somewhere %a@%a@n
the twos |

Since all these metallic sulfides form double sulfides wi%h sodium
sulfide, it may be that ecach parbicle of sulfide is stablized by a doublse

layer consisting of an ionised double sullide, as followss

fa gk 1
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The more soluble a metellic sulfide is in a sodium sulfide solution, the
more difficult will it be $o prepare a é@ll@idal solubion using i% as
pepbiser, The more soluble 1t is, the fasber will x@ery@taiiiza%i@é o
| larger unite take place apd thus %he less stable will be the colloidal
soiﬂﬁicna Thus 1f the sodipm sulfide concentration is too great, the
eolloidal solution of the metallic sulfide will be unstable due o ro- .
crys%alliza%i®m aaé;gﬁbu@iﬁg of units, while if i% is too small, the
golloidal solution Wili‘h@ unstable due to inability to form enough of
the double sulfide at the boundaries of the sulfide particles o fom
the protective doubls layer. A ﬁaximnm sbabllity at one sodium sulfide
concentration should be exhibited, and the experimental evidence zeems
to bear this out., In addition this concentration of sodium sulfide to

give maximum stability of a metallic sulfide sol should vayy with the
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metal of the sulfide, A sulfide more soluble than anobher in sodium sule
Tide should show its meximum in a more dilute solubtion of sodium sulfide.
This appears 0 bo the case among the sulfides studied. ¥ereury sulfide

is the most soluble in sodium sulfide solubions and is peptised to the
céllaiéal state by sodium sulfide solutions more dilute thanvaan be used
;»foryrgayg iron gulfide, The experimental method was not deemed sufficient-
ifgéééuyata to determine the ezact order of maximum stability among the
other metallic sulfide sols, but probably it is the same as the ordey of

solubility in sodium sulfide solusions.,

The System-Alkalil Polvsulfide, Water

During the experimental work on double sulfides it was found that a
yeaction iskes plaée between sodium polysulfide and water, forming ozy-
salts and hydrogen $ﬁlfi&@o This reaction has been commented upon by
several invesbigators, bubt has not been sﬁu&iaé to the extent that the
equilibrium constant at various temperatures has been found,

;ﬂ solution of sodium polysulfide was sealed up In a glass tube,
heated in a bomb o about 300°C for twelve hours, eoaléﬁ and opened, The
golution effervesced and much HoS was evolveds The solution was nearly
colourless and microchemical tests for the ions gez and 5 wers positive,
and for the ions 50§ and sgag negative, Evidently a reaction involving
an equilibrium between HoS, H0, NapS,., WeHS and W 80, , with p@&éibly
minor amounts of NagSQy NapSqls and Hag, existsin the solution. As a
qualitative test of the reversibility of the reacgblon, a considerable

amount of NapS0, was placed in the Eagﬁg solution and the same procedure
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was repeated, The solubion £illed 50% of the tube and the rost was air.
After cooling 1t was seen that some sulfur had separated and %ﬁat.%he
golubion was a feint yellow colour and contalned no wore then traces of
the lons 505 and S05. e total 50 concentration at the end of the
-test was fauﬁdiéy rrecipliation with barium, The data and calculations

2

are given below:

Welght of Nag8 . 0.88B41 grame
Weight of 8 L I + 91 S
Weight of NagS0, 0,620 ®
Yelght of 32{) 7.8187 =
Tempeyature of heating 320%

Time of heating 20 hours

(The sulfate in 3 ce. of the solution at the end of the test was precipi-
vated as B&ﬁﬁé}p

Weight of BaS0, in 3 ee. of solution - 0,0704 g

Welight of FNaps0, " * w * - 0,0429 g

Welght of Nap80, in 7.6187 ce. of solubtion - 0.3268 gz

~Welght of %agsoA destroyed by the reaction 0.2941 g

It is evident that the vesction can be reversed by excess of one of the
produets, so it is prebably in the nature of a true reversible equation,
It is difficuls %o balance such an equation, but put into a general fom,
it is:

B NagS 4o 48 4 M0 o Nagsfy + 2(n-1) NaHS 4 (5-n) HpS

]

if n = 1, this becomes
Negls + M0 P NepS0, 4 .S

The imporsance ef‘%his r@aeéien in the theory of ore deposition is
that if the double saifias theory is true, then the action of water on

dovble sulfides snd polysulfides at elevated temperatures rust b8 consider-

ed, as this musk influence the stability of the double compounds Iz obher



53

words, if the wetallic sulfides ave earfi@é as double sulfides in an

gqusous golution, then some such reaction as given above will control
the emount of alkeli sulfide present, which will in %ﬁrﬁyﬁ@@%fﬁiﬁ% the
amount of metellic sulfide which can be cerrieds Loss of HpS, deiving
the reaction o the right necessitates the slteration of more alkeli
sulfide $o sulfate; thus causing the bzéakﬁawﬁ of move double sulfide %o
precipitate more metallic sulfide, ;B@mééai 0f the sulfate ion wonld have
a similar effect, |

Iy waa %his‘w&aeﬁ$aﬁ§ with o guhasquend 1éss of Hp8 that caused the

breakdown of the double sulfides of meveury, arsenic and antimony to
precipitate ainﬂabar,‘r@algar and stibnite in the experimente described
in the early pazﬁyéf this chapber. In a closed system, however, once 2
state of equiliﬁééﬁﬁwhéﬁ been reached, %émpera%ura will be the determin-
ing factor controlling solution and prscipitation of m@tallia suifid@s
since 1t will influence both the stability of double gulfides and the shift

of the equilibrium. In = system from which H,S can eseape, the mate of

ascaps, Siaea it @eﬁer@;3 : z§g sourse of the equilibriun, will be the con~
trolling factor in %heJéééciéiﬁaﬁiaﬂ of the metallic sulfides,

It will be noticed that a shift of the equilibrium to the right means
a‘ahanga from a solution richer in sulfur %0 one poorer in sulfupr. I%
thus would debermine which of two sulfides of & metal would procipitate

ocut a%t any one point.
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IXx poNciusIons

The ionie sulfide theory of sulfide trensportation and deposition doss
not seem capable of reconciling the e@emieal data ané the fisld facts. The
aalléidal éuifié@ theory is a good explanation of some phases of replacemend
and deposition but claims of universal applicability are unsound. The double
sulfide theory appears to be able %o explain most of the features of sulfide
dég@siti@n, and combined with the colloidal sulfide theory, is thought to be
& reasonable azplaaaﬁiaﬁ~¢fihow the cré deposits were emplaced.

It is well established that metallic sulfides form with sodium sulfide
double sulfides which ma?IBréak down again to the constibuent sulfides,
Sodium sulfide and double $§1fide$ can dissolve sulfur o form polysulfides.
This also is a reversible reaction,

The double polysulfide of irom and sodium forms pyrite or pyrrheti%a
on decomposition depending on the sulfur conceniration in the polysulfide
form in thev&oubla compound and in the éﬁlutien in contact with the ivon
sulfide, The sols of iron sulfide, both pyrite and pyrrhotite, ave very
stable in solutions of sodium sulfide and polysulfide., Pyrite appears %o
be less soluble then pyvrhotite in a2 melt of sodium polysulfide, |

‘Double sulfides and polysulfides of zina; cadmium, lead, copper, silver,
mereury, arsenic, antimony, bismuth, and m@ly%deaum were prepared and gave,
on aeeoﬁpagition, sols or crystals of wurtzite, gxaengckite,iﬁ cadmiun sule
fide, galena, chalcoecite, covellite, argentite, cinnabay, m@%acimabamm N
realgar, stibnite, bismuthinite, and molybdenite,

Triple sulfides of copper, iron and sodiwnm wers prepared and when in

the correet proporbtions and decompoged, formed crystalline chalcopyrite.



& representative member of the sulfosalt group, pyrargyrite, was syne
thegized by keeping a solution of the double sulfide of antimony and sodium
in conjact with silver sulfide at an elevated temperature.

‘ﬁl 1t was then proved that the double sulfides of some of the medals and
seéiﬁﬁ are stable in the presence of water at hiszh temperatures and that the
motallic sulfides crystallize oub on cooling. In the case of lead and zine
sulfides, the former 1s more soluble in solutions of sodium polysulfide,
pregipitating out as crystals of galena later than the corresponding erysitals
of sphalerite, Thaty éhis is alée the arﬁér of depositvion found in natural
dayosi%s of these two sulfides is put forward as a point in favour of the
double sulfide theory. The orxder of solubility of the sulfides of silver,
copper, lead, zinc and mareury‘ia solubions of sodium polysulfide is, starte
ing with the most solubles |

Dilute sodium sulfide and polysulfide solutions were found %o be very
2o0d peptisers Tor the metalilie suifidas in the colloidal state and they
ezxhibit this property $0 a maximm degree at ons definite concentration.
This optimum concentration of sodium sulfide as pe?%isev is different for
each of the sulfides, being more eeneentraﬁed for a sulfide less soluble in
sodium sulfide solutions and lees concentrated for one more soluble,

It was found that an equilibrium exists between sodium polysulfide,
sodium hydrogen sulfide, sodium sulfate, sulfur,‘hydrag@n sulfide and water.
Decrease in pressure, decrease in concentration ¢ hydrogen sulfide and sul-
fate ion and probably decrease in temperature all decrease the polysulfide
concentration,

The theory of sulfide deposition that seemed to follow from this work
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is briefly as follows. The ar@»bé&rﬁﬁg solutions leaving the magme chamber
ag the agusous é@ﬁiéua of the czys?ailiz&@iﬁn of the igneous mass carry the
metallic sulfides as complex double polysulfides of the metel and an alkali
metal. After leaving the chember, the solutions are subjee%a&v%@ decrease
in pressure, lowering of temperabture and o loss of some constituents due to
reaction with the walleroek, Due to eny or all of %heg@ changes, the double
sulfides becoms unsitable and break down progressively, precipitating the
simple metallic sulfides in a definite order. Complex metallic sulfides
suc& as chaleopyrite and the sulfosalis precipitate out whéﬁ Gﬁﬁ.ﬂf the come=
ponents (copper sulfide in the formey case and arsenic and antimony sulfide
in the latter) ave more soluble than %héfb%her eomponent, which has wvsuslly
~precipitated oub in the simple forme a short time previously, Thet is, the
complex ma%ailia sulfides crystallize out later than one of the components
and before the other. Native ma%éls precipitate out instead of $he snlfides
when the sulfur concentration becomes low, Lowering of the sulfur concene
tration can be brought about by the formation of pyrite from iron minerals
in the wallerock at high %empayaﬁures, the oxidation of sulfide ion to sul-
fate dlon by ferric minerals ot rela%iv@ly‘isw tempevatures and the loss of
hydrogen sulfide driving the oxidetion-reduction of sulfur by water to the
oxidation gides This last raac%iéu takes place under low-pressure conditions
end necessibates ap increase of the sulfate concenbration in the solutions
$0 compensate for the loss of hydrqgaﬂ sulfide. Thus the effect of the
solubions on the wallerock at hig& temperabure will be thas of pyritiﬁa%ioag
at medium temperature - voduction and at low temperature-sulfatisation,
The simple oprder of precipitation of the metallic sulfides from solubion

may be profoundly altered by the pepbisation of minerals alveady formed
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into the colloidal state, from which they may coagulate in a different order,
Hiowever, no mineral can separate out from the eolloidal state if it is not
stable in the solublon carwying i%, and changes take place in the composition

of the sol particle as changes teke plece in the solution with which it is in

‘gontaod,
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