SINTHEBIS OF PYRRHOTIVE BY #YDROGEH

HON BREARIIG SILICATES,

Fresented vo the Departuent of Geology,
University of Manitoba,
in partial fulfilment of @ﬁ@ reguirenent
for the degres of

Haster of Seience

by
Heda ﬁ@@gﬁ

Docorbar 1956




ABSTRACT

This thesis presents the results of a series of
experiments in which several common iron-bearing silicates
were subjected to heat treatment in an atmosphers of
hydrogen sulphide, Pure mineral specimens were crushed
and placed in a ceramic boat inside the tube of a Burrell
high-temperature furnace. A slowlvy circulating stream of
hvcvoamn sulphide was passed through the furnace tube
ixperiments lasted from 3, 5 to 120 -hourse at tembcrafure%
ranging from 6L0°C to 1085°C., Polished sections of the
minerals were prepared heforse and after treatment. In
ceveral cases the reaction products were identified by
X=rav powder vpictures. '

Observations showed that the ferro-magnesian
minerals reacted with hvdrogen sulphide to form pvrrhotite
at temperaturs conqloerablv below their melting point.
Temperature ranges at which this reaction was initiated
were between 835°C and OlL5OC for hornblende, 670°C and
83 50J for biotite, 1000°¢" and 1055°¢C for augite, and balow
835°C for olivene and epidote,

The possibility of a similar process of "sulphur
metasomatism" in nature 1s considered to be significant
in the evaluation of iron sulphide deposits., This reaction
of sulphurous vapours with common rock minerals could
result in major vyrrhotite deposits without the introduction
of metallic slements associated with commercial zones of
metalligation, and mav be an explanation of the non-
commercial "pyrrhotite dikes"™ of the Canadian Shield.
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gsynthesis of pyrrhotite by ths action

goal of this resgsareh was to illustrats 2 possible scurce
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for ths vast smounts of iron sulphide which const

Olts

i....&n

maln bulk of meny Precsmbrian zones of metalllzatb
the iron from common

sentally examined and

assareh wag by no m@iﬂ“

OCCHP? ng pyrrhotite mineralization,

This study of the synthesis of pyrrhotites

el P -
for Lwo ressont.e

an abtewpt will be

cademic problew - ths genesis of
wy?r%msit@. Thie aspeecb will be dsvelopsd further In a

laber chapter. The gscond reagon was an economic one, In

an intensive prosvscting gram of the Canadian norith,




the iron in thess pyrrhotibe dikes was extracted from the

wall rock by upward circulating hot vapours or flulds, rich
in hydrogen sulphide. Fyprhotite mineralization

therelors be due bo a process of sulphur metasoma

.....

doss not require the addition of metalliec slements. Only by

veachisg an understanding of the genesis of these pyrrhotite

dikes will it be possible to contribute to thelr intelligent

Adis

The subject matter of this thesis wasg organize

¢ Introduce the problem and to describe the mesthod of

<

e ;

research, as well as bto present data and coneclusions,

{

Chapbtsr II is a review of the litsrature relatad to the
subjset. An attempt was made io determine whebher any
previcus work on the method of pyrrhotite synthesis vsed
by the avthor had besn done. The ideas on metasomatism and
volcanic smanations were also reviewed. Chapter III is an

e

account of the experimental procedurs, Chaptsr IV ies a

discussion of some of the teehnical aspects involvad in
carrying out the research. Sxperimental data =nd ohservations

5

ars recorded In Chapbter V. Chapter VI is a consideration

involved in the experimenital rsaction

) g i 1y e - oo E s - s I S
QOESTTRC, YNe gummary and COoNclusiong are pragenivss in




ferred to

under the appropriate headings. The welle-known geologlical

&

Journals were also reviewsd. The second purpose of the

the nature of

g

el g oy e g s ey e 8 oY O 7S -+ 3 H + 4
vhe gases pregent In the sarih's crust. . Yoleanie emsnstions

are the direet svidence of subterranean gagesg., Fneumatolysis

gases on rock magsse. Bobh these phenomena were

reviewsd In order to evaluabs the plausit
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process corresponding to the experimental pyrrhotite synthesis
carried out in the lahoratory,

The history of pyrrhotite synthesils dates buck to
at least 1825, Pintze records various methods of synthesis

oy reactlions in the bate. dron and sulphur combine in

variousg proportions according to the condiiions of the




sxperiment, It was recognized early that pyri

(’x

of its svipbur upon heatiﬂg to a red heat In an abmosphere

Syntheses were carried out by various

other wmsans., Combinations of hydrogen sulphids and marecasite,
iron and suiphur, iron wire and ﬁyé?oﬁ@ﬂ sulphide, hydrogsen

sulphide and ferrous chloride, and carbon disulphids and iron

ot

wore hsabed under varled conditions by diffsrent investigators,

A

reducing abtmosphere must be uged in order to prevent

e

oxidation of the iron sulphids., The early experimsnts were
, - :
o g . [ 2 1, X o
very thorough and Doelitsr lists over 100 pyrrhotits analyses,
Tound of any sexpsrimentor using an liron-

ate as a sourcse of iron in his syntheses,.

explanations for the errabtic proporitions of iron

and sulphur in pyrrhotite were proposed, bub nobt until falr

recently has & picturs of the inbternal struciturse of pyrrhotiie

sxplained this hehaviocur.

Our knowledge of pyrrhotite has been conslde

augmanted by a few deltalled sbudies and szpecizlly by some

recent crystal sitrucbure investigations, A very significant
o &L

gtudy of pyrrhotite was published in 1912 and 1917 by

Wit

19y studised the reversible

2. Doslter, (C,.,: Handbuch der ¥ineralogis, Band L, 1 Hilfts,
Pp. D1T7-523.

Se Allen, #.,7T., Craenshaw, J.L., Johnson, J., Larson
Am. Journ, Vol. 33, 1912, pg. 168 and Vol. 43, 1917,
P2a 175}0




The digssociabion of uvwzta heeo%¢% much more rapid at

- o
tempsratures above 57570, whereas abt a lowser vemperature

%

ths reverse process occurs. Since the system contains a

@
e

gas phase,

the equillibrium temperature is dependent on the

%
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te, the sulphur content inereasing with incrsased

fom

pressura, Yronm their study Allen and hig co-worksrg

lor pyrrhotite as a mineral-chemlcal series of which
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one snde-msmber ls troilits {(¥el) and ths obher end-membery
conbains aboul 0.04% dissolved sulphur., Reesnt crystal

his varisble composition
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iz to bz Interprsted In terms of atomie arrangement. FHigg
and Sucksdorff™ made an Y-ray examination of pyrrhotite,

Pyrrhotite helongs to the nickel-arsenide gfo&p and its

six Ul}ﬁhﬂw abtoms surroundl ng

Fa

ideal sitructurs consislg of
gach iron atom, and vice versa. Chemlcal analysss have shown
a variation from this one-to-one ratio. FHigg and Sucksdorif,
by comparing éﬁnsiﬁi%s‘ané unit cell measursements, havsa shown

that the nuwmber of sulphur abtoms var unit cell remaing constant
¥ A

whereas the number of iron atoms 1s below normal in the sulpbur-

rich varieties, Some of the iren atom positions in the

nd Sucksdorff, I.: Zeitschrift fir Pin
123, poe 4lb.

Oy
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ideal lattice ars E%@?élﬁﬁw vacant in most pyrrhotite samples

&

The two precsding paragraphs have made brie

ety

w
{ﬁ

raferance to the %xparim@ntai work on the laboratory analy
and synthesis of pyrrhotite, This work has shown thalb when
iron is subjected to a sulphur (or hydrogen s&l@hiée)
dtmosphers at temperatures above S?SQC pyrrhotite tends to he
Tormsd, The reactions occurred betwsen compounds of both the
elements unde cam&iderafiom. It therefore remaling to he

demonstrated, as far as this thesis is concerned, that the

iron of some of fthe common rock-forming ferro-ma gnesian

minsrals is available for reaction with the sulphur of
hydrogsn sulphids,

The Tocus of our search shifts from srbificial
surroundings of the aﬂ@m¢ca1 laboratory to the true gsological

environment of gaseocug reactions in

thesis, i geologleally significant, suggests that some

pyrrhotite occecurrences are the result of Lhe sctions of
hydrogen sulphids gas on rocks conba ining ferro-magneslian

S

minerals, Various geologlsts have evoked a theory of this

nature -sulphur metasomabism- to gxplalin pyrrhotite

minsralizations.
A
[

Turnsr and Verhoogen Y summarize the discussion

: T e 2 S e sy e o oo w3 RV . Lo
S. Bragg, W.L.: Atomie Structure of dinerals, 1937, pg. 05,

Turner and Verhoogsn: Igneoug and Hetamorphic Petrology,
1951, pz. L93.
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ag followe:
"Disseminations pyrite and pyrrhotite through
skarng and md?n@ ian-iron silicate rocks formed
by mebasomatl P t%ravﬁh sericite guartzitss
oroduced ab }Q&u? temperatures by alkall
%wt weomatism of guartzofeldspathic rocks, has
basn attributed to rsaction between 1f0n—baariﬁg
silicates {e.z. chiorite or biotite) and
matically derived hydrogen sulphlide, 1T has
been Sugges sbed by Goldgehmidt that the commonly
observed associatlion of graphilbe and sulphides
in rocks of this kind is due to reaction bstween
ferruginous silicates and volatile compounds of
carbon and sulphur such as carbon disuiphide and
carbon dlioxide, = -~ - Loeal d@p@,it of metallice
sulphide ores szre commonly associated with rocks
'5{} £
o
4]

wm
w o
i Ely

nat have hesen alfscted on a broadsr by any

£ the ahav& mentioned typss of sulphur
':!

Ve, Gmléschmidt7 defines motasomabtliam as a
process of enrichment of the rocks which “"takes place
inite chemical reactionsg bebwesn the coriginsal

minerals and enriching substances”. e cites a case

ne2ar Iintrusive rocks az an example of sulphur metasomatism
by reactions hetwesn chlorite or biotibte rieh in iron and
hydrogen sulphide,

from the above reflerences it can be coneludsd
that the lormation of pyrrhotite by the acblon of hydrogsn
sulphids on iron silicates is entirely within the resalm

hae in Tact

Y

been propossd to
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It wag essential to demonstrabte that hydrogsn
sulphide iz prs t in the gases which are active in various

magmabic activity nolt necsssarily relatsed to ore

deposite, Volcanle emanations sre the extsrnal manifestations

only direct evidenes for an investigation of these gzasss.
]

h

Hankama and Sahama indleate

&

the slgnificance of

voleanic emanations in the problem of magmatie gase

©
5
o

their genesis

g

"During magmabie differentiation the most

volatile constibtuents become concentrated in

pneumatolybie and myarothermal deposits, Little

iz known of the concentration of the volatiles in

a maelt or in its ae?lvativ&g until they riss Lo the
sarth's surface leﬂF cracks and flssures surrounding

the magma bagin,®

*‘:5

eadily

Analysls of volecanic emanations wers Tound to

fute

reveal several features which ars significant to the.

1s Hydrogen sulphide is almost invariably present
in considerable guantitles during some phases of fumaroclie
actblivity. Zies’ gives tables emphasizing the considerable

olume of the hydrogen suliphide escaping Trom the Katmai

Tumaroles in Alsslka,

T3 oy L P 3 v oy S . s 51,
‘WUe Rankama and Sahamat (Geochemistry, pge. 154

9, Zies: 7alley of Ten Thousand Smokes, I and II, 1429,
Hat, Geog. Soc. Contribut Tech Fapers I Kabtmai Seriss




ogen sulphide and the othsr sulphur

by uﬁgillé and Leblane and was modified by Folle Clarke™ .,

In most of these congiderations the @pesahea of water

results in the oxldation of the hydrogen sulphids szceps

3 0¥nr@é temparatures., At depth the reactions
p

i
might well be ga"lfi ¢ by other effects, sueh as pragsure

and preponderance of reduecling gasss,

Yo try to £it. the formaticn of pyrrhotite by
the actlion of hydrogen sulphids on liron silicates inbo
Lhie scheme of gas activity evidsnced by veoleanie em@n&ixaﬁﬁ,

we must Try to traece ths possible reacbivity of thse gasss
their course of travael. Rankama and Sabhama

investigators of the chemistry of ore-formation)

are first acid in reaction dus to the presencs of numorous

and the solutions may hecome alkaline in a labsr stage,.

The complex chemisbry involved will permit only a benbtative
= b 3 3

10 Glarks, P.%.: Data of Gsochemistry, Sth #d,, 1921,
o £ e
Bpe 201202,




postulats that this sarly acld reaction may Inelude a more

or less widespread sgulphur metasomatism depending on the

The econclusions, or generalizations, which were
made after a review of the literaturs are threefold:

1. ¥o experimental invesbtigations of the nabturs of

the present ressarch have hesn previously psrformed.
2. ¥arious theories on sulphur metasomatism show
that the rsactlons atteupted by the author in the laboratory

could therefors well be an active

=

voleanic smanabions an

agent of procsss of sulphur metasomatism.

o




"o determine whather pyrrhotite couldd possibly

be formed by thse action of hydrogen sulphide on iron-
hearing silicabes, an extremsly simple procedure was

followed in the laboratory. Hineral, and sometimes rock,

*ﬂ

amples were placed ingide the combustion tube of a high-

and a slow strezsm of hydrogen sulphide
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wag permibtted To flow through the tube while the furnace

N,
e

5
W

degired temperaturs,

k]

reomovad afber treabment and examined by making po

toud
ke
[
e
P
]
{2

consisted of ths following:
1. Burrell Tubs Furnacs, Model T-25 and acesssories.

a4

Fressure Cylinder containing hydrogen sulphide,

H
L3

o

or the preparablon and examination of
polished sections of the powdsred sample.

i, Leeds and Worthrup Potantiomster and Thermocouple.

i

Flpgure 1 iz a sketeh of ths apparatus during s typlea

eaxparimental procedurs

The ressareh procedurs ean be ouitlined ag Follows:

(p

1. Freparation of tha specimsn.
2., Sglsct a purs wmineral sample.

b, Urush mineral to 200 or 4 100 mesh,
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¢. Sxamine speclmesn for puvrits and separats out any
pogslible magnetiec Traction.

d. Place a small asmount of the powdersd minsral
2. Treatment of ths specimen
=1 ﬁlié% the porcelalin boat containi ? the wminsral
sample inte the combustlion tube. (Sse #]
hydrogen sulphida through
the tube expelling the alr from the apparatus,.
c. Switeh the furnacs on with the sscondary voltage

dials et at a valve abovs that neeessgary Tor the desired

throughout the experimsnt,

maintain 1t for a spescifisd time, keeping a rseord of any
tempars Lm?* variations.

o Switeh ths furnace of ff and continuz the

hydrogen suvliphide flow until the {furnace has coeled.

£ Hemove the specimen from the coolsd combusiion

chanbar,

C'}
futs

2 CAMEN .

3. dZxamination of the treated spe
A, Sxamine under ths Din0ﬂ31&f microsceops for

ulphi formation, fuslon, dlscclouration and any other

».ER

7

- - B h B o LY
possible offects,




b

n, Frepare o pbdlished section of the mineral specimen,
The most suceegsful technigque for this is cuvtlined in a later
chapter,

c. sxamine the polished ssction of the minsral
under the metallographie microscope,

d. Take an X-ray powdsr picture of the treat

d

@]

specimen ( if consldered necsssary).

lie BRecording of the resulte,

Only a aquallitative evaluation of the results could

he made and raecordsad,.

The wmethod ocutlined above was followsd with a few
exceptions. An attempt was made to use a nitrogen atmosphere

for both the heating and cooling stages of the experiment,

{)

4 polished rock specimen ( instead of a powderad mineral) was

ugsed during one run. The results of these varlatlons will
ba recorded later.,

During the course of the expesrimentation numerous
difficvlties were encountersd, many of which were Iinherent
in the apparabtus and hencs purely mechanical, Temperature
controls ware d¢ifficult to malntain without comstant regulation,

oc}
X

The flow of hydrogen sulphide tesnded to be erratlc an

&

o

angerous lsakages remalined a problem at all times.
the experiments gensrally lasted for at least gight hours
it was nsacessary to organize this time so as to be able to

check the apparatus constantly. The furnace, along with the
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WOHMICAL ASPECTS AND OPERATIONAL PROCEDURE

This chapter, as already indicated, 1z intends

ag a purely practical operations guide for any possible

further rvesearch on the prﬂnant problem. The great amount

of time spent on eliminating difficulties in technigus
assembling and checklng the appsratus warrants a briefl

Temperature Probleans

The maintenance of a Flarly consistent temper
and 1te accurate weasurement was necessary. Ssveral
calibrations were attempted uveing purs metal Treezing

curveg, A considerable digerepancy between the furnace

b

tamparature readings and the known meliing points was
found. The varistions ¢ld not appesr to follow a very
consistent pattern and as g resgult 1t was considersd

necessary to acquire a more rellable Leeds and NHorthrup

%

T

Potentiometer and Therwocouple. 4 ssries of comparison

st
E"“

calibrationg were run with the previcusely calibrated
Lesds andé Northrup ihm?TOCOLBl@ ingserted in one of the
combustion tubss, Flgurs 2 ig a graph indicating the

accurace Leeds and Northrupy values in comparizon to the

values observed on the Durrell potentiometer dial. a1l

the temperature resadings given throughout this thesis

and

ature
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have been corrected according to this graph. The Leeds
and Northrup Potentiometer was calibrated by running

a series of freezing curves, plotbting temperatures against
time, The accuracy was Tound to be within two degrees in
svery case, This accuracy was gufficlent for the present
research, especlally since the load fluctuatlions on the

irregularities.

@

4.0 source caused frecvent small temperabur
Ag indicated by the daba bablss, it was lmpossible to
maintain a desirad bemperature and in each case the

greatest variation was vecorded. This situation might

2

insertion of 2z rheostat whieh,

o]

possibly bhe remadied by th
if carefully controlled, could vary the powsr input so as
t0 be abls to keep the exact deslred temperaturs. For the
purpose of thls ressarch such exactitude was unnecessary,
conzldering the length of time roquired to attain temperature
stabllity without constant readjustment.

5 few precgubtions - most of them probably obvious -
had to be baken, Because hydrogen sulphide ls inflammable
41l the alr was circulated out of the combustion tube
before any heat was applied. To prevent an explosion, it
was neecesgary Lo cool the furnace before opening the combustion
tubs tec remove the sample. The voltage readings on the
dials of the furnsce had to he watched closely bscause sven
the Tinest adjustment caused conslderable temperature
filvectuation., Ceramlc hoats had to be cooled slowly in the

combugtion chamber to prevent cracking,




Operational Procedure

o

Most of

3 s

the experiments wers run for lssg than

eight hours, There were two reasons for this. In the

fira 3&@@ it was scmewhat hagardous bto l=avs the

D

‘hydrogam 3u1p; e flowing overnight, due to the ﬁaﬁge? of
leakage and possible ignition In the hot combustion tube,
The second reason was that the exbent of the reaction and
the amount of pyrrhotite formed appeared to be unaffected
by an incresse In time. Thus with a2 reasonably short

sxperimental time, 1t was possible to conduect a "run®

during a single day. The fume chamber draught was poor

6]

and throughout the year hydrogen sulphide gas could he

»

detectsd in varlous parts of the buillding. Ain improved
system wouvld be required 1f a mors intensive expserimentation
gchedule were to be attempted, Py inserting the spseimen
in the morning and regulating the tsmpsrature throughout
the day, it was possible to have the furnace cocled and
the hydrogen suilphlde valve ciosed hefore night,

It was necessary to mairtaln a very slow flow
of hvdrogen svlrhids through ths combustion tube of the
furnace., The screw valve which lsg part of the hydrogen
sulphide eylinder was of insufficient sensitivity and

.

considerable difficulty was experienced In regulating the

o

proper flow. A generator with a sensitive nsadle valve would

o
<
=

inite improvement. an attempt to use a Kipp

o

nave hesn a




fensrator was unsatlsfactory. Thisz fype of generator

might introduce foreign iron into the system. anobher:

!

3
4]
5

variation abtbtempted wag to use = nitrogen atmosphere

2

the heating and coeling stages of the ezperiments.
Lo a8 £2 E

This rsfinement 418 not sppesr to be warranted for tha

present stags of expsrimentation espeelally bescauss 1ittle

£

-

is known about the possible hazards of mixing nitrogen
and hydrogen sulphide at extremely high tempsrabtures,
examined hefore and after breatment In the furnace.
Several technioguss of mounting ths powdered mineral in
bakellte were attempiaé. The most satisfactory method
howsver was found to be one using levelte. The procedure
wag as follows!

1. Mix a small amount (approximately 1/8" in
a 25 ml. beaker) of finely powdered leucite with the

erushed minsral,

&

2. Pour the mixturs inbto the mould, spreading

it over the bhobtbtom., #ill the mould to ths reguired level

with lsucite powder,

Ey

3, Heat the mould to 100° at 2000 pounds pressure.

L. Increase the pressurs to 3500 pounds and
. . e
retain this pressure until the tempsrature reaches 125 .

do

4% this temperabture switch the heater off and allow to

c00l undcéer prassuvre.

5, Grind and polish the transparsnt leucite




satisfactory for the detectlion of pyerhotits on or insgids

the mineral sample,




ERVATICHES

The details of all ths significant experiments

e

wore recorded in Table 1 which appears on page 23. This
table shows some 0f the difficulties which ware encountered.
an "average Maximum Temperaturs" (the desired sxperimental

temperature) was often exceeded during the course of the

sxperiment, This is 3 weakness whieh could be overcome

@

by cloasr supervision and technical adjustments of the
apparatus,., For the present ressarch this difficulty was
not considered to bhe too harmful, The column hesded

"Total Operating Time" records the number of hours that

the furnace was switched on. The differsence between this
total and the "Duration of the Average Haximum Temperature”
indicated the time required to heat the furnace to the
desired tomperature. Brief observations were notsd under
nis chapter will

"Commente and Resulte", The remainder of t

consider some of the individual minsrals separately.

D

£
}

[

It wasobservaed from ths ret Tew experimsnts

'IJ

A

that pyrrhotite was formed by the reaction of hydrogesn

sulphide with all of the iron-bearing silicabtes providing
the tempsrature was high enough (usually wit
hundred degrees of thelir melting tempsratures). Turther
experiments were then carried out to determine the lower

limits to which this process of pyrrhotite Cormation was




TABLE 1 NTAT DATA
Total Haximum Average Duration of Specimen
- No, Date Operating Time Recorded Temp. | Maximum Temp. verags Yaximum Tntreated Treatbed X~Ray Comments and Results
1 12/12/51 7.5 hrs, 1115% 1085°¢ 3.5 hrs., 24 Fortonolite 2B Abundant pyrrhotite formed
Dunite

2 19/12/51 | 10.0 1065°¢ 1055°¢ 5.5 3A  Augite 3B B Small amount pyrrhotite

44 Biotite 4B 4B Pyrrhotite abundant on cleavage
- o _0 . . s .

3 4/1/92 8.0 1065 ¢ 1055 C 5.0 54 derpentine 5B inor pyrrhotite
6A Epidote ©B 6B 5=10% pyrrhotite on grains

4 8/1/52 10.0 1080°¢ 1055°¢ 6.5 74 Hornblends TR 78 Up to 107 pyrrhotite on grains
B8A Quartz 8B Yo metallic minerals formed

10/1/52 12,0 1075°¢ 10%50 8 Se rpen bi 1 Mo visd

5 ] 5 12, 1075 1035~C 3,0 54 Serpentine 5B Mo visible change

oA FHortonolite 25t Pyrrhotite formed in and on grains
Dunite

6 12/1/52 7.0 1055°¢ 1035°¢ 3.0 As above As above

7 14/1/52 8.0 1065°¢ 1035°¢ 4.0 4s above 4s above

8 15/1/52 10.5 1030°¢ 1025°%¢ 3.0 Ls above As ebove

9 17/1/52 12.0 1020°¢ 1000°¢ 9.0 74 Tornblende 7BI Small amount pyrrhotite on cleavage
4h  PBiotite 4Bl 207 pyrrhotite on clesavage

10 18/1/52 11.0 10300¢ 1010°¢ 8.0 LAs sbove As above

11 19/1/52 8.0 1045°¢ 1010°¢ 5.0 As ahove As above

12 21/1/52 8,0 980°¢ 970°¢ 560 GA  ¥agnetite 9B 9B Completely reduced to pyrrhotite
84 Quartz OF Fresh surface, no metallic wminerals

13 22/1/52 2.5 102500 080°¢ 5.5 10A Chlorite 10B tinor amount pyrrhotite

14 23/1/52 80.5 £70°¢ £60°¢ 80.0 Hornblende and pyrrhotite Yo evidence of pyrrhotite transfer
at opposite ends vacuum to horntlends

tube
- ~ 0

15 28/1/52 8.0 8%5 C 8350¢ 5.0 64 Toidote 6C Yo visible change
74 Hornbklende 7C Wo sulvhides formed

16 29/1/52 10.0 945°¢ 94500 6.5 6A Tpidote 6C Occasional pyrrhotite specks
TA  Hornblende 7D Very minor pyrrhotite

17 30/1/52 11.0 1010°¢ 1000°¢ 7.5 64 FEpidote 6F sulphides throughout
74 Hornblende 77 To 5% pyrrhotite on grains




Bali Average Duration of Specimen
o, Date Recorded T . Average Yaximum | Untreated Treate Comments and Pesults
18 51/1/52 860°¢ 835°¢ 5.0 hrs. o e _races
’ 11 11B Peduced to pyrrhotite on surface
19 4/2/52 10659 1055% 5.0 A2h  Hortonolite AZR To 257 pyrrhotite on some grains
1ia Timoni 1ic Grains coated with pyrrhotite
e £0,0 = T oy : -
20 6/2/52 860°C 835°C 3.0 A2k Hortonolite  A2C Rare pyrrhotite
874 Hetasediment F87R Scattered pyrrhotite on biotite
o 0
51 7/2/52 835°¢ 830°¢C 2.0 is above As above
a0 Q/ /u an =0 o A2A  Fortonolite AZD Minor pyrrhotite on most grains
‘ 4590 Q45 ( . = " N s o3
22 &g/2/52 945~C $45%C 5.0 A + 30 o change visible
0% 10/2 /50 10100 10000 5,0 A2A  THortonolite AZD Minor pyrrhotite
/D J e tJ L)
ZA Augite 3D ‘o trace of pyrrhotite
24 12/2/52 915% 890°0 5.0 b hvsite o8 7o visible change
: oV 104 Chlorite 10¢ Wo change
- P . , - 7 Lo " - e 3 1
o5 15/2/52 670°¢C 640°¢ 100.0 Epidote and pyrrhotite "o transfer of pyrrhotite to
at opposite ends vacuum epidote
tuhe
26 4/4/52 o om0 ﬂ .
1/4/52 680°¢C 670°¢ 120,0 44 Riotite D Mo visibla chang
7 0 o - .
2" 17/4/52 1040°C 1025°¢ 3.5 A24  Fortonolite  A2F
5 o -
28 28/4/52 5 1025°C 10100¢ 5.0 170 Hortonolite 77 Vi sTun
A Hormblende 7
29 7/;/52 0 1085° 106500 - 74 Hornblende TH Sm2.1l amount ovrrhotite
S (/5 C 085 1065%C Heb TA Hornblends 7J as above. Used nitrogen while
heating and cooling.




active, The experimenital time was also varisd to determine

how this would affset thse extent be whiceh thz resaction

1. Horublende,
Formula: (OH)z(ﬁa,ﬁa,K)Z*B(ﬁg,We Al)) S1,41)
¥elting Temperatursé: 1025-1085% ¢l@
Atomlc Structure: Double silicon-oxygen chains

The following experimenta were carried out

using

I

hornblends gamples:

axp.Ne, Sample Mo, Aver,Max.Temp. Time {(hr) Observations

15 ¢ 835°% £.0 Yo visible change

. o
9u5

iy

C 6.5 Trace of pyrrhotite

Jud

[

~3
:

74 1000°¢ 745 Tp to 5% pyrrhotite

ford
N

o)
G-12 TR 101G6°C 22,0 Small amount
pyrrhnotite on
cleavage
I TR 1055°¢ 6.5 To 10% pyrrhotite
2G 74 1068°¢ 5.5 Less than 5%
pyrrhotite

Aesults: The data glven above indicate that at high
temperature hydrogen sulphide will rsact with hornblende
to form pyrrhotite. There was a very sllght indication
nat the reactbion is more extensive at hicher temparatures

but Zxperiment 29 would appesr to deny this, Inersased

12, Grout, #.7.: Petrography and Fetrolopy, 1932, pg. 152,




§
N
o

§

time had no notlcsadble offect on any aspect of the
pyrrhotite formation, As would be expected, the py?rhotite
was fTormed at the more accessgible outer margin and along
the cleavage,

7. Biotite,

Formula:  K(ig,Te) (418 H
Formul a (@20 )3( LOlO)(O )2
Melting Temperature: 1130-1230°¢33

datomle Structure: 2Shesets of silicon-oxygen tetrahedra,
Data:

5Xp. No., Sample Wo, Aver.Max.Temp, Time (hr) Observations

2 LR 1055°¢ 5.5 5-10% pyrrhotite

G-11 uﬁl 1000°¢ 22.0 To 5% pyrrhotite

15 Lo 315°¢ 5,0 Trace pyrrhotite
26 LD | 67006 120.0 Unaltered biotite,

no pyrrhotits

Results: The heat treabtment of biotits in an atmosphsre

)

of hydrogen sulphide resulted in a vrsaction to form
pyrrhotite at temperatures above about 83506, The reaction
was found to bs more extensive at higher temperatures as
seen in the above tadble. A 120-hour experiment at 67000

falled to produce any pyrrhotite., As in ths case of

hornblende, the pyrrhotite formed along the cleavage.
(See Prhotomicrograph Plate 2)., The biotits showed evidence

Ea

of partial fusion (or reaction products ?) at temperatures

13. Grout, @.7.: Ope clt. pe. 152,




o) ' "
above 1000 ¢. 'The X~ray powder photograph (Table 3) of

IR gave a fairly weak pyrrhotite pattern with no evidence

N
i

of blotite. The thermal disintegration of the bilotite was

therafore indicated,

3. asugite,

)

Y x

iopslde 139100 other pyroxenes
1l

@ a: Cal¥g,? 581, (s Pa) .
Pormula: CA(,g,;e)(d_jOE)g((al, 9)503
Melting Temperature: Dio
0ot c
225-1L007C
Atomic Structurs: Single silicon-oxygen chains.

Data:

ixp. No, Sample Wo. Aver.fax,Temp. Time (hr) Observations
)

2 3B 1055%C 5.0 Small amount
' pyrrhotite. X~ray
shows auvgite.

- - O - 4 . 2y
22 3G Gh57C 5.0 No change visible
23 3D 1000°C 5.0 No change visible
o \ e
2l 3% 8607¢C 5.0 Mo change visible

Regvlts: ESxperiments indicated that pvyrrhotite will rorm

by the reaction of hydrogen sulphide with an augite sample

O ‘ )
at temperabtures above about 1055 €. Experimental time was

b

5.0 hours throughout, The possibility of a tims Tactor

~
agh
a4

yill
be discussed later, 4in X-ray powder picturs of samrle 38
(Table 2/ indicabtes that the minsral structure did not hrealk

down. FPhotomlcrograph Plate 1 shows a typical polished

section of the augite grains alter treatment,

1. drout, #,7.: Op. cit. pg. 152,




Iy, -Fortonolite. (From hortonolite dunite sample collected
by Dr. H.L,B. Wilson.)

Formulal (%g,?e)ESiO { Iron-rich olivene)

b

Melitl g Temperature: Assuming Fe:Mn = 38:22 melting range
o}

%]

ia from 1300-1E50°C,

=

Atomiec Structurse: Separabte silicon-oxygen groups.

Data:

L
5

Gxp. No, Sample No., Aver.Max,Temp. Time (hr)¥ Observations

Py
2

1
(AW

R 1085%

a2
3
1

Abundant pyrrhotitef

Formed

. 1 o, -

5-8 2n 1035°C 2h .0 Pyrrhotite on
surface and
interior

1055°%C 5.0 dbundant pyrrhotite

fod
L
3
t
Ny
v

20-21 A=20 83500 5.0 Trace pyrrhotite
‘ on some grains

22 A=2T 9L5°C 5.0 Minor amounts
pyrrhotite

23 4-21 1000°¢ 5.0 Minor amount
pyrrhotite
“Samples designated 2 ars ground-up rock {hortonolite
dunite) specimens with magnetite removed, 4-2 samples
are pure hortonolite separated by ths use of heavy ligquids
{Clerlci solution).

Resuvlts: Sxperiments indicate that at tempsratures above
P . .
about 935°C pvrrhotite will form by the reaction of

hydrogen sulphide on iron-rich olivsne. Photomicrograph

Lerd

Plate © shows the distribution of the pyvrrhotite throughout

W

the

O

{

livens., ¥-ray powder pletures indicate that the

olivens suffered a thermal breakdown, during the heatb
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treatment, to pyrrhotite and enstatite (?), X-ray data
ars presented in Tables 5 and 6. Farbtial fusion of

sample A-ZB resulted in a glassy residus which may have

{ig

besn a reaction product.

5. &pldote.
Formulas HyO hCao - B(Al,?e)ZOB ° 68105
Melting Temperature: Data not availahle
Atomle Structure: Undetermined15
Data:

Sxp.No. Sample No, Aveniax.Temp. Time (hr) Observations

0 o ot o Py
¢ 5.0 5=-10% pyrrhotites

on fractures, Y-ray
shows enstatite

a2
o
3

1055

. NS e
15 5C 8357C 6.5 ¥Minor amount

17 b 1000°%¢ 7.5 Pairly abundant
' pyrrhotite

fesults: At Lemperatures above ahout GLE C pyrrhotits will

O

form by the‘r@action of‘hydrcgsn sulphide with epidote
under the cén&itiong of the experiment. Fhotomicrograph
Piate 3 shows ths splidote sample after treatment., Table L
presents data Indleating mineralogical changes involved

during the reaction process.

Minerals not containing iron were subjsctad

to experimental conditions. Sarpentine and quarts were

.

15. Bragg, W.L.: atomlc Structure of Minerals, 1937, pze L7,




used to test posgsivle introduction of iron into the
roachion system, In all thess attempits iron sulphide

was nob detected and hence the pyrrhotits was actually

formad by the extraction of iron from the ferro-magnesian

minsrale,
Zxperiment 13 indicated that pyrrhotlie was
formed from chlorite by reaction at 98000 Tor 5.5 hours.

Samples of magnetite { Zxperiment 12) and
limonite (ixperiment 18) showed mors or less complete
raduetion to pyrrhotite,

T. Treatment of Rock Samples,.

A sample of uvnminerallzed Falcon Lake

me Lamorphossed graywacks (737 - quartz, feldspar, bilotits)

. O. -
was gubjected to tamperatures of about 1000 ¢ for ter

section of the treated specimen showed that

g
2
3
0
~k
5
[
o

the biotite bhecams alwmost completely opaque and wa

largely replaced by pyrrhotite (Fhotomicrograph Flate 6),
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TABLE 2 XeRay Powder Data
Subgtance: Augite sample 3B (after treatment)
Film Number: 818
Rediation/Filter: Fe/in

Centre reading: 46.7

I R S wo d (meas.) Published values d
(Augite)

1 64,1 17.4 3.2% %.26 (50)
10 65.5 18.8 2.99 2,99 (100)
10 69.1 22.3 2.55 2.56 (85)

o5 71.3 24.6 2,32 2.29 (50)
5 7243 25.6 2.24 2.20 (50)
2 7346 26.9 S.2414 2.13 (75)
o5 74.8 28,1 2,05 2,04 (75)
5 7543 28,6 2,02 2.00 (60)

2 80,0 33 42 . 1.76 1.74 (75)

6 83.1 3643 1.63 1.62 (100)

1 85,48 39.1 1.53 1.53 (60)

1 86,6 39.9 1.51 1.51 (60)

2 89.2 4245 1.43 1.43 (100)

1 89.8 43,1 1.41 1.41 (85)

1 93.1 4644 1,33 1.33 (85)

1 95,2 48,5 1.29 1.28 (85)

5 96,4 49.7 1.27 1.27-(50)
.5 97 .0 50.3 '
5 103,9 57 o2 1.15 1.15 (50)

6 110.2 6345 1.08 1.08 (100)

4 111.2 6445 1.07 1,07 (100)
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TABLE 3 X-Ray Powder Data
Subsﬁance: Biotite sample 4B (after treatment)
Film Number: 777
Radiation/Filter: Fe/n

Centre reading: 38,8

T R S =g d (meas.) Published values d

(Pyrrhotite)

5 58 42 19.4 2.91 2.98

7 60,0 21.2 2,67 2..64
8 6l.4 22,6 2.51

9 66 .3 2745 2.09 2.06
7 7766 38,8 1.54

88 .2 49¢6 1.27 1029

10 94,9 56,1 1.16 1.11

Note: The above pattern is probably a weak pyrrhotite pattern.
The biotite reflections are entirely absent indicating complete
breakdown of the atomic structure of the biotite during the heat
treatment .




TABLE 4 X~Ray Powder Data
Substance: Epidote sample 6B (after treatment)
Film Wumber: 781 |
Radiation/Filter: Fe/in

Centre Reading: 45.4

I R S=9 d (meas.)
10 62 .5 17 .0 %3.30
9 63.2 7.8 - -} 3416
9 64,6 19,2 2.94
% 671 21.6 2,62
05 68.4 : 23.2 2045
7 7543 27 .9 2.00
1 TT o5 3261 1.82
6 79.9 34 5 1.70
4 B4 .5 39,1 1.5%
5 89.8 44 .4 1.38

Note: The above pattern differs from that of untrested epidote
(visual comparison and messurement) and has affinities with that of

some of the pyroxenes.




TABLE 5 X-Ray Powder Data
Substance: FHortonolite sample A2 - A (untreated)
Film Mumber: 780
Radiation/Filter: Fe/in

Centre reading: 45.8

I R S =8 d (meas.)
5 56,0 10.6 5.25
2 59.4 14,1 .96
3 61'2 15'7 3'57
5 63,9 18.5 3.04
9 65,4 19.8 2.84
7 67 .6 21,9 2.59
g 68,2 22 .5 2 .52
5 69,3 23,8 2.39
4 70.2 257 ' 2.23
1 71.7 26,2 2.19
10 78¢5 33.0 1777
1 80,3 34 .8 1.69
1 81,0 3565 1.66
1 81,5 30,0 1.64
1 82.1 %66 1,62
g 82,6 37 ol 1.60
1 85,0 39.5 1.52
2 85 .4 3949 1,51
2 88,3 42 .8 1,42
1 90,3 44,8 1.37
2 92 .0 46,5 1.33
1 106,0 60,5 1,11
2 108,0 6245 1,09
8 112.4 66,9 1,05
4 104 .8 59,3 1,12
1l 116.1 T0.6 1,02
2 125.3 79.8 0,98
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TABLE 6 X-Rsy Powder Data
Substance: Hortonolite sample A2 - B (after trsatment)
Film Bumber: 784 :
Radiation/?ilter; Fe/Mn

Centre reading: 45.2

I R 5 =90 d (measg.)

10 63,0 17.8 3416
10 64 .4 19,1 2.95
10 64.9 19,8 | 2.85
66.8 21,6 2,62
67.9 22.5 2,52
TH% 28,1 2.05

75.1 29.9 1,94 HNote absence of

82.3 371 1,60 1.77 - strongest

4 84,6 39.4 1.52 Hortonolite line
5 86.2 41,0 1.47
B7 .7 42 .5 1.43
1 89.5 4463 1.38
92 03 47 01 1'32
93.8 48,6 1.29
4 95,1 49,9 1,26
5 100.9 557 1,17
106,56 61l.4 1,10
110.53 65.1 1,06
112.4 67 .2 1,08
121.8 76,6 0,99

5 118,2 73.0 1,01




nineral-gas svetems 1ls necessary because of the scarcitbty

of factual data on the subjsct. The thermal study of
minerals may indicate the physical chemlstry of the
e formation of pyrrhotite under
the present expsrimental conditions., It was found
gxperimentally that hydrogen sulphide will resact with
iron-bearing sillcates at relatively
ﬁimple thermal disintegration of the minerals may be
taking place at these temperatures, The Xeray patterns
exhibited by treatsed specimens {excent augilte) do indeed
record structural broakdown of the atomie pattsrn. this
aspect and also the spesculative naturs of the suggs

venssis necesslitates a thesoretical

hypothesis of pyrrhotite

The subjsct of structural disintegratlon o
minerals at high tempsratures had not receilved much
attentlon until falrly recent refinement of X-ray
techniques, A review of the literature did howsver
indicate that as early as 188l Doelter and Hnss&klé

determined thalt green hornhlende broks down Into maznstite

ter, , and Hussak, I ber ¢ Hln kung geschuolzéener
Hagman aufl %krscmgeceﬂ Wineralin: Neu E i ¥in., Geol.,
und ral., Band 1, pr 04




plus auveite, or olivens, at a high tempsrature. Wittels™ ',

in 1637, by weans of <¢ifferential thermal analyses,

digeoveraed the tamperaiure of structural disintsgration of

{endothermic reactions) on his thermopgraphic curves

the products of disintegration was usually hematite or

magnetite, Ths present experiments (sse page 25) show

that at, and sbove, the temperature of $45°C (lower 1limilt of
. O —\jcfo-x 1.3 % vy S + oy
raaction is between 0835 °C and QL5 C) pyrrhotite will form

by the action of hydrogzen sulphide on bornblende, Wittels!

the formation of

O
e
‘S‘
g
2%
=3
O
3
@
=3

at hipgh tempsrabure produced by Wittels.

Hofnu]ﬁncewa/z Oo#AH - polyaugite ~Fplagioclaseﬁ-hematite%*H?O

In an atmosphere of hydrogen gulphide the hematlite would

@

re Ammedlately reduced to pyrrhotits

Q

It 1s possibls that

}-—.
s
O

all of the present @xrﬁw¢m snts performed by the writer,

structurzl bhreskdown of the iron-bearing silicates was

i
Exy

@ Structural Lisinte
Min, pp. 28-36, 193
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#iald observations by the writer in the West Hawlk

Lake area havs shown that the pyrrhotits "dikes" of the
Py

ares always trend parallel to the bedding and foliations

3]

of the country rock. HMost of the mapped "dikes” or zones

of pyrriotlte mineralization do, in fact, occur at a

contect zone betwsen meta-sediments and meba-volcanice,
Minsralogical changes along these zonss are unigue for
; of rock formations and have besn discussed by

nda;d

this seri

U]

,.—I
o

=t
£
-
o
.
jus
frda

-
Several theoretical postulaticons can he made
as bto the significance of the experimsntal process of

hesgi

ot

6]

pyrrhotite genesis demonstrated by this

3

1. 'ne avsilabllity of the lron in iron-hearing

silicabes., It has becn demonstrated that, given the reguired

conditions of temperature and sulphurous atmosphers, the
metallle element lron could bs extracted from ordinary
" rock-forming lron-bsaring minsrals in the solid state.

he parallel process in nature has not been establigh

.

but the possibility of the process has been proved,

2. Pyrrhotite-forming processes mipht occur within a

magma prior to complete consolidation, Labe magmatic

1¢ react with basie iron-

=
e}
3
@
s}
@
e}
ot
S
o
et
.
d
e

sulphurous gasss (if

bearing silicates, which have already besn erystall ized,

Petrology of ths Archaean Sediments in the

Area, M.Sc. Thesis, Sept. 1953,




to form pyrrhotite., The observed presence of abundant
pyrrhotlte in some phases of hortonolitse dunites could bhe
explalned by this process, It 1s not within the scope

oen the presence of such g

O
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3. A non-metallifsrous gas phase of a masma could

form Iron-bearing sulphide dikss by a proceses of wall-rock

cess would (sexcept for pressure) more

he conditlons of the present expsriments.

D

{

The pressure release mecessary to enable such a gas phas
to escape is not unfeasible in the thernally and
tectonically achbive zone of igneous Iintrusion, Some
falrly obvicus mineralogleal aasscciations and changes

might be detsctable in the viecinity of this metallization

I..da

st in

fe)

process which would ass listinguishing these uneconomic

iron~-sulphide rones from commercial prospects,




A very simples sxperimental procadux
a2 % A

to examine the high btemperature rsactivity of various

3

»

rock-forming, lron-bearing silicatzs in an abmosphers of

{‘Q

hydro; ‘Hoek and mineral specimens were treatsed

in a high-temperabure Burrell Tubs Surnace through which
he) o=

a stream of hydrogen sulphids was passed. Polished sections

of the powdered specimens wers made before and after

treatment, X-ray powdsr pilctures were made of sij

5amples.

Summary of (Ohservations

34

The experimental data has bsen briefly summarized
¥ 5
in Table 1, appearing in Chapter V. It was observed Lhab
the various iron-bsaring silicates reacted with hydrogsn

sulphide alt high tewmpsratures, Hxamination under a

metallographle microscope showaed that pyrrhotite was

~

i

being deposited around and within the minerals., Yinerals

with well devaloped cleavage (e.gz. biotite) showed

pyrrhotlte blebs along this cleavags.
of samplss afltsr btreabtment indicated that the atomie
structurs of the minsrals subjected to the heat treabment

usually suffsrsd thermal disintegration. augite was a

£
b}

notahle ¢

xeeption to this observation. The fact that




pyrrhotlte was formed wlthout structural breakdown of The

1l
o

augite specimen Indicabtes that tempsratures exeesading

the "thermal disintegration temperature” are not necessary

for this method of pyrrhotits synthesis,.

Variations in the experimsntal procsdure pointed
out two interesting aspscts. The time of heat treatment
wag inereased (e,g. Gxperiments § to 11 and 26) in order

EN

to evaluabte the significance of the time factor. With the

Timited exparimental data the increased time appeared Lo
have no vigidhle effect on the reaction. A sscond variation
is recorded in aAxperiment 20 where a meta-sedimentary rPoeck
s%eciweﬁ wag uvaod instead of a mineral sample. The

highly selective nature of the reaction was emphasized

by the polished seetion (Photomicrograph FPlate 6) whieh
showeé the biotite partially replaced by, and surroundad

with, pyrrhotite while the non-iron-bearing minsrals

ned clear,

;,ﬂ,

rema

Coneclusions

The serieg of experlments describsd in this
thesis have demonstrated that hydrogen sulphide will
Beact with iron-bearing silicates at bigh temperature

to form pyrrhotite, Wo study was made of the nature of

the reaction nor of any possible by-products, The
this

{..Jn

zeolozical signiflcance of this demonstration is that,

In the sarth's crust, an originally none-metallic sulphur




gas phass covld, by veaction with common wall-rock minerals,

may be a major metallizabion agent in the "pyrrrotite-dike

occurrences of ceritain areas such ag Yest Hawk

Precambrian Shisld of ¥anlitoba.
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ILLUSTRATION

The magnification, except whers noted, is

approximately 300 times,
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treatment (Sample It

Plate 2

‘hotomicrograph

pyrrhotite reflectlons.

showing a blotite grain aflter

very abundant pyrrhotibe

p

D] Aansg,

showed very strong

xperiment 2) in an abmosphe:
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Plate I

: Photomicrogr

ph of hornblende grains after

treatment (Sampls

xperiment li) showing scattersd

well defined blebs of pyrrhotite. X-ray powder photographs

Pl [

fter treatment wers

indlcating that the atomic structure

sufTored a brealkdown,
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