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Further Notes on the Deformation of Sulfides 

J. E. GILL 

Abstract 

Results of recent triaxial compression experiments on sulfides, performed ill the 
laboratories of the Technischell Hochschule Aachen (Siemes, 1967; Saynisch, 1%7: 
Lang, 1968), show that galena, sphaler ite and chalcopyrite can be made to flow 
plastically under ordinary Iaboraton' temperatures if the confining presSlire is abo\'C 
300 bars for galena and aboye 1,000 bars for sphalerite and chalcovyrite. These results 
are used with those obtained from intrusion experiments at McGill Un i\'ersi ty (see 
Gill, 1968) to arriYe at a vic\\' of the behayior of each of the. e sulfides \\·hen stressed 
at variolls depths within the outer part of an ayeragc cont inental crust. This leads to 
a consideration of textura l changes expectable as a rcsult of mechanical deforl1lation 
of sulfide orehodies including these minerals. The results would depend on the COIl1-

position and texture of the original ore, and could differ markedly because of difierences 
in confining pressure (depth), stress di fference, st rain rate or te1l1peratu re. 

:-;1 :\CE publication of the art ide entitled "Experi-
11 I<'n tal Deformation and Annealing of Sulfides and 
Interpretation of Ore Textures," J have recein'd 
irotll the Institllt fiir 1fincralogie und Lagerstattell
ichre of the Technischen Hochschl1le Aachen throl1gh 
the courtesy of Dr.-lng. Heinrich Siemes the r <:sults 
of recent deformation experiments on poJycrystalJine 
galena, sphalerite and chalcopyrite at ordinary lab
oratory temperatures (Siemes, 1967 ; Saynisch, 1967; 
Lang, 1968). These were periorl11cd with triaxial 
compression equipment using confining pressures up 
to \000 bars and stressing to failure at strain rates 
of 0.3 X 10-8 sec-1 to 0.3 X 10-;; sec-I. Some of the 
results of significance in relation to the interpreta
lion of ore textures aloe shown graphically in Figure 
I. Tbe data chosen were obtained from tests on 
the purest material tl sed in each set of tests. 

Textures of all test specimens \\'ere imestigated 
before and after deformation, and it was founel that 
original textures were progressiyely superceded by 
others with maxked lineation parallel to the axis of 
greatest pressure. X-ray studies showed that the 
crystallographic direction with this preferred posi
t ion was [110] in all three minerals. 

A few experiments on fine-grained pyrite fro111 
Rio Tinto failed to produce pen'asi \'e plastic flow
age. Strengths ranged £1'0111 1,300 bars stress clif
ierence at 1,000 bars confining pressure to 15,000 
to 17,000 bars at 5,000 bars confl11ing pressure. 
J landin had pre\'iously reported ultimate strengths 
for pyrite from Utnh at 24° C as 1,470 bars with 
no confining pressure and 5,000 bars with 490 bars 
confining pressure (IIamlin, 1965, p. 263). 

Figure 2 was designed to represent ayerage P-T 
conditions in continental crust ancl to relate results 
of the Aachen and l\f cGill experiments to them. 

The depth scale is uistorted ~lightly to presen'e tlni -
, form pressure and temperature scales. Line e U 111 

shows one estimate of average P-T in relation to 
depth below the earth's surface. Points a, band c 
were obtaill (,u by proj ecting cune" from intru!'ion 
experiments on galena as described in the paper 
referred to aboye (Gill, )969, Fig. 8) to zero in 
trusion. Their positions are approximate, especially 
that of c, but the general posit ion and shape of the 
curve mu~t be about as ;,ho\\,I1. Its intersection 
with e d m, point d, marks the !c\'<:l in the crust 
belo\\' which intrusion into tul.ltllnr openings 1.6 mm 
in diameter could occur. 

At a depth of 1.25 kll1 th<.: confillin~ pres. ttre' is 
300 bars (0 e in Fig. 2) and the tcl11pcr:lturl' 23 ° C. 
From Figure 1 it is secn that plastic llo\\' in gale1la 
starts \\'here the stress dif'CerellC'l: exc<:e(\;' 7,~O bars. 
This is plotted as e f in Figure:? : \t the "allle 
temperature 0 k is the hest cst illl;!l e Il OW possible 
of the applied pressure required inr illtru ~illn !luw. 
It should be possible to work out a l'rt'ci ~e mathe
matical expression rebt ing th(' 5t re",.. d iI'(ert'nce re
quired to initiate plastic fl o\\' ill triaxi:t1 l'flillpn',.."iotl 
experimen ts to the appl ied Prt'''''u rt' rt" IU i rerl to 
initiate plastic intrusion into open ing~ oi a ~l't'('ili('u 

size. This has !lot been <10 11\' , Inn it ~lTllh cl('ar that 
the stress difference required \\· [,tilrl Ill' k" at higher 
temperatures, so in Figure 3, lin( ' i ;.: h has Ill'l'll 
drawn Oil the assumptioll tha t, at :lll~ ' g i\ <'11 it'lIlper
atllre, the stress clilTelTtlCl' rl'ffllir l'd to pr.ldlln· now 
in triaxial compression eXIIl 'r in l\'llt' i" Il'l:ttl'd to 
the appli ed pressure in tht \I ct ; ill illtru,i.)tl ('xpl'ri
Ill ents by a constant iactor gin'lI I,." l'i 1));- - 0.·1. 

Figure 1 shows that the "tre", dit'(,'rl'IIl'(' fl'ql lirl'c\ 
to initiate pl astic flo\\' ill ga!C'tl:t al~, 1 \ ari(" \\ ith thl' 
confining pressure. Line i i j ill Fi;.!lll'c 2 was 
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FIG. 1. ]{angc oi I'la~tic lIow for ga lena, sphakritc and 
chalcopyrite a.; determined by triaxial deformation expcr i
mcnt s at laboratory temperature and at st rain rates hd,,'ern 
0.3 X 10-' 5CC- ' and 0.3 X IO-r. sec-I. Flow occu r , only to the 
right of the ,-crtical line connecting two clIn'cs for each of 
the threc minerals. The lower clIn'c g ives th e ,tn.' " di f
fercncc at which pen'asiyc plastic lIow com11lences. The 
upper curyc gives the maxillll11ll stress di fference sllstained 
before rupture. Data irom S il'11lcS (1 967) , Saynisch (1967) 
and Lang (1968). 

obtained by applying th is correction. Thus at t.h e 
depth ma rked by the li1le n d g i in Figure 2, 11 d 
represents the confining pressure and d i th e app roxi
mate stress difference required to initia te plastic 
flow. 

According to Siellles' data on galena, increase ill 
stress difference at strain rat.es above 0.3 X 10-5 sec l 

would cyel1tually produce rupture. At confining 
pressures higher than 300 bars a substantial amount 
of plastic Ho\\- would occur before ' rupture, the 
amount increa"ing \"ith increasc ill confining pres
sure (see Fig. ] ). 

The line at -+.5 k111 depth in Figure :2 marks the 
leyel at \\'hich the confining pressure is approximately 
1 kb and, therefore. the le"el below \\'hich sphalerite 
and chalcopyrite will fl o\\' plastically at 2:;° C (see 
Fig. 1). It appears probable that, uecause the tem
perature at thi s depth is 86° C or possibl.,· higher, 
pbstic flo\\' may start at a sha ll o\\'er depth. but there 
is, at pre~ent. no preci se inforll1ation 0 11 thi s. 

According to Saynisch. (1967) and Lang , (l9GS) 
the stress difference necessary to initiate plastic no\\' 
at 1 kb confining pressure and 25° C is around 3,500 
bars for sphalerite and 5,000 bars for chalcopyrite. 
The higher temperature shou ld al so red\1ce these 
requ irel1lents. 

All three sulfides would develop textures w ith 
dimensional and optical preferred orientation of 

grains as a result of plastic fl ow in the tel11jJerall1l , 
range ot Figure 2. 

Fignrc.\ shows relations :;ill1ilar to thosl: in Fi~lll i ' 
2, uut with a steeper tc'mpcrature grad ient, such :1' 

migh t result from Lathol ithic intrusion. Data j, ' I' 

galena arc as bciore. Galena at a depth of 1.2:; j, :n 

(point d) should now at a stress difference oi I,·, 
than 7S0 bars hecause the temperature is 100 ' ( '. 
under the conditions assumed. At 4/ 10 of th l: ap 
pli ed pressure ior flow in the lllullite tuuc experi . 
ments, it should start at around 560 bars ~tn" " 
clif{erence (de). The relations at greater d ept h 
would be a vertically foreshortened version of thus,· 
shown in Fib'1.1re 2. 

Points i, j and k in Figure 3 represent appli",1 
preSS\1res and temperatures at which one might l':\ 

pect intrusion of chalcopyrite to start in mul1itc tl1h(' 
experiments sil11ilar to those conducted by Krisl1na
murthy (1967). Points a, b and c represent P-T 
conditions for recrystallization of chalcopyr it e, a' 
observed by him. Plastic flow into cracks shol11d 

PreSS!;;'';; - Ko 
2 :3 

L 

10 g-
o 

c 

FIG. 2. Line e d III represcnts one vie,,, of P-T rclatilltl 
in thc ollter part oi ;werage continenta l crust. 0 e rcpn"Ctll
thc confining pressure (300 bars) and e f the stress dil'icr 
ence at 1.25 km depth, ,,-here ga lena should star t to 11m,' at 
25° C. Line abc ma rks thc initiation oj intrusilln ", 
deduced [rol11 til ,; 111ullite tuhc expcriments (by projeclioll 
oj Cll n -es ill Fig. 8, Gill, 1969). The hori zontal di',lalll l' 
i 1'0111 e d 111 to f i j giyes the stress eli t1crence r cqllll'l'd 

to produce flow at grcate r depths. Thc' significance .(11 

line f g h is explained in the text. Dala irom I la,·"'
(1965), S ie111cs (1967), Sayni ~ch (1967), Lang (1 96S). 
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',11 brill'" the deptll 111arkcd b.\' point k and r e
. ,t.dli l.il lioll belo \\- tlte depth of point 111 . 

l ' Ilt l' iilrrca~cd temperature ~houlcl cause pla::.tic 
,I ell all three mineral s to occur at depths shal-

1' 1' than th(J ~e ~ho\\'n. j\t the prescnt time there 
.... ,Ir~ to he no quantitati\'c information on thi s 
'1 1It. The stress differences required to initiate 

. ·.I ,lic flu\I' at the minimuJl1 confinin g- pressures re
I.,i red at 2~ 0 C are reduced at increased tl'mper
.. lllrl'~, This has been di scussed tor galena. D ata 
.ll l ' le ss satisfactory for chalcopyrite, but the trend 
,j lk curve for intrusion suggests that a relation 

I,d \\'('l'n st ress difference for plastic flow in triaxial 
"" 1l1pression and applied pre,;s\1re in intrusion ex-
1~' ri1ll(' nt s , Jllay be ~illlilar. .There . is ,110 experi
ILl'lItal e\' ldence beanng on thiS relatlOJl tor sphaler
itt'. bUI it appea r s to be r easonabl e to assume <malo
l!"l\S behayior. 

Inlnnna lion fro111 R oberts (Gill, 1969 ) indicates 
I il:11 recrystallization does not occur in sphal erite 
;\'; readi ly as ill chalcopyrite. 

I~ esult s obtained by ll. C. H eard in his eXjJeri-
1l1Cllt s on Y\11e ~Iarble (1963) sllgge ~t that, at 111\1ch 
lo\\'er strain rates . a steady ~tate of deformation of 
i:'aicna. sphale rite or chalcopyrite could be attained 
at stress difIerences well below the maxima shown 
in Figure 1. A.t ele"atcel temperatures the stress 
ditlcrellces r equired " 'ould be still lo\\'er. 

The cun'es sho\\'n for galena and chalcopyrite in
l ru~io ll 011 Figure 3 are based on the res\1lts of 
('xperi111(,llts lasting onl~' about 2~· hours each. R. L. 
~lant OIl and H elen Gorman ( 1968) b;1\'e studied 
lite textural r('s\11t s of heating natural poly-crystalline 
~l1IEc1 e orcs in scaled, evacuated glass capsules for 
periods up to 90 days. They obtained clear e\'idence 
of grain bO\1ndary migration in galena. sphalerite 
:lIld chalcopyrite and deduced . by projection of 
graph s, lhat thi s process could start in galena at 
around 20° C and ill sphalerite at 60° C. Xo figure 
was obtained for chalcopyrite. 

The minor adjustments studied by Stanton and 
Gormall could, if accompanied by persistent slo\\' 
.'train, r esult in substantial changes oyer long periods 
oi time. The\' could not in thel11selyes produce the 
textural ef(l:'ct~ of major plastic flo\\', nor could they 
replace an old. dimensionally oriented texture by 
a ne\\' mosa ic of more or less equidilllensional grains. 
:15 occurs with recrystallization, 

The information no\\' ;\\'a ilabl e indicates that if a 
mixtllre of galena. sphaleritc, chalcopyrite and pyrite 
at a depth oj 3 k111 in the continelltal crust were sub
jec ted to increasing stress, galena would flow at a 
stress difference of about 700 bars, continuing until 
the 1l10yemcnt brought grains of stronger minerals 
into contact. Ii the strain rate were relati\'ely hi~h, 
galena could fail by rupture bciore thi s occurred. 

6CC-
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F1G. 3. Similar to Figure 2, but \I·ith a steeper temper
ature "Tadient. Data from intrusion cxperimcnts on chalco
pyrite'" art! added. Line i j k marks the beginning oi 
appreciahle plastic flow. Line abc marks th e star t at 
rcc r yst~llization. The levels shown for the starl oi pla stic 
flo\\" may be adj usted upward when more experimental data 
are ava ilabl e. Data irom Dayies (1965), Kri shnaml1l'thy 
(1 967). SiC111CS (1967), Saynisch (1967 ) and Lang (1968). 

If the strain rate were yery lo\\', rupture of galena 
would probably not result, If the deformation of 
galena \\'ere to transfer the bulk of the load to 
sphal erite or chalcopyrite, they \\'olde! fail by shearing 
at stress differences of around 600 bars, and galena 
could be forced into any op~nings created. If stress 
werc then transferred to pyrite, rupture of pyrite 
would occur at a stress difference of around 6,000 
hars. Galena and/ or granulated sphalerite or chal
copy rite, or a mixture of these would be forced into 
the cracks or around fragments of pyrite. 

At a depth greater thai1 5 km galena would flow 
fir st. At rapid stra in rates it should shear at a 
stress difference of around 3 kilobars, If the re
arrangement \\'ere to transfer the increasing load to 
sphalerite, this \\'olIld start to flow at a stress differ
ence of around 4 kilobars, and chalcopyrite would 
flow at about 5.5 kilobars. Either could move 
pla stically to positions of reduced pressure created 
by complexities of transmission in such a mixture , 
At rapid strain rales sphalerite could shear at a 
stress differcnce of 6 to 6.5 kilobars, and chalcopyrite 
could shear at 7 to 7.5 kilobars. At low strain rates 
How ,,'ould continue until the stress huild-up was 
tran sferred to pyrite . Continued increase in stress 
\\'ould ultimately cause rupture of pyrite. Galena. 
sphalerite and chalcopyrite should then penetrate 
rupture surfaces and flow around pyrite fragm ents. 
If the temperatme ,,'ere raised to 560° C, chal
cop~Tite \\'ould recrystallize to a mosaic texture and 
flow would be rclatiycly rapid . J n these circu1l1-
stances the mobility of sphalerite and chalcopyrite 
may be in a re\'er se relationship to that at the start 
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of flow because the few tests that haye been made 
indicate that sphalerite recrystallizes only at temper
atures well above 560 0 C. 

MCGILL UKI\' ERSITY, 

MONTREAL, CANADA, 

] 01t1wry 28, 1970 
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