
8 2 4 3 3 6 

EXAMINATION OF POLISHED THIN SECTIONS FROM SAMATOSUM DEPOSIT 
FOCUSSING ON SULFIDE RELATIONSHIPS AND ORE GENETIC MODELS 

Report for: Alan R. H i l l , Project Geologist 
Minnova Inc. 

3rd Floor, 311 Water Street 
Vancouver, B.C. 

V6B 1B8. 

Craig H.B. Leitch, Ph.D, P.Eng. May 1990 



Page 2 

Introduction 

An extensive suite of polished and polished t h i n sections 
was submitted by Alan H i l l , Project Geologist, Minnova Inc., Box 
255, Barriere, B.C. VOE 1E0. The suite had been examined 
previously i n a pre d i c t i v e metallurgical study by D.J.T. Carson 
of Noranda (Carson, 1988). The object of the present work was to 
study the s u l f i d e textures and relationships with a view to 
determining, i f possible, the r e l a t i v e order of c r y s t a l l i z a t i o n 
of the s u l f i d e s , and to consider evidence of exsolution, 
replacement, reaction, remobilization, overgrowths, etc. In 
addition, any conclusions bearing on the genesis of the deposit 
(VMS, or volcanogenic, model versus vein system model) were to be 
made i f possible. 

The s u i t e contains a t o t a l of 96 sections of samples 
c o l l e c t e d from 24 d r i l l holes and Trench #3, from a l l of zones I, 
II, and I I I , and both massive and disseminated ore types. In 
order not to l i m i t the effectiveness of the textural and genetic 
study c a r r i e d out here, a l l sections were examined, but the 
descriptions are "composites", with emphasis on sections that 
contained i l l u m i n a t i n g relationships. No time was spent on 
mineral i d e n t i f i c a t i o n , since the work by Carson (1988) had 
adequately covered t h i s aspect of the work. Most attention was 
focussed on the massive ore samples, since t h i s i s where any 
primary synvolcanic textures tend to be best developed and have 
the best chance of being preserved (the disseminated portions 
from the lower parts of the deposit tend to be overprinted even 
before cessation of volcanism, by continued hydrothermal 
a c t i v i t y ) . 

Descriptions 

Massive and Disseminated ore 

-some traces of rounded (?framboidal) p y r i t e i n RG-89-52, where i t 
has been mostly r e c r y s t a l l i z e d . However, the coarse euhedral 
p y r i t e i s not everywhere an obvious overgrowth on the f i n e 
p y r i t e . Some framboidal p y r i t e was also found by Holder (1988: 
see her Plate 10) i n a Geology 428 term project. 

-however, abundant framboidal pyrite (in process of being 
r e c r y s t a l l i z e d to coarser p y r i t e : see Fig. 6 of Leitch, 1981, 
copy enclosed) i s present i n RG-99-75.5, and a large area of 
former f i n e ?framboidal p y r i t e , now overgrown by and 
r e c r y s t a l l i z e d to coarser euhedral p y r i t e , i s present i n RG-102-
76. Fine and very fine p y r i t e (5-15 microns), some with 
spheroidal and/or a t o l l texture, i s also present i n RG-118-163.0; 
i t appears i n places to be overgrown by very coarse (1-2 mm) 
p y r i t e . Similar r e l a t i o n s (fine p y rite, some with a t o l l texture, 
almost l o s t i n and overgrown by much coarser pyrite) are also 
seen i n RG-122-237/238 and to a lesser extent i n RG-136-56.5 and 
RG-137-54.7/55: compare to Figs. 4 and 6 of Leitch (1981) for 
i n t e r p r e t a t i o n . 
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- d i s t i n c t colloform ("spheroidal") textures of p y r i t e in 
tetrahedrite i n RG-99-72. These are very s i m i l a r to those 
described from Turkey (see Fig. 2b of Leitch, 1981; see also 
Leitch, 1990, Can. Mineralogist, March issue). There are also 
traces of ?colloform texture remaining i n tetrahedrite, and a t o l l 
texture with cores of galena i n tetrahedrite rims (RG-99-74). 

-there are d i s t i n c t vestiges l e f t i n RG-102-249 of collomorphic 
and r a d i a t i n g cockscomb texture, t y p i c a l of p y r i t e pseudomorphs 
a f t e r marcasite (see Fig. 5a and d of Leitch, 1981, and similar 
textures from the offshore massive s u l f i d e s sketched in Leitch, 
1990). 

-"globular" texture of sphalerite (e.g.in RG-89-52, 105-63.5, 
70.8, and also possibly RG-137-57) i s suggestive of VMS type ore 
(the rounded shapes are reminiscent of round collomorphic b a l l s , 
e i t h e r from replacement of tube worm holes or otherwise: see 
references i n Leitch, 1990). (However, where rounded sphalerite 
i s present i n a "sea" of galena, i t i s more l i k e l y that they are 
the product of deformation, by m i l l i n g of the harder sphalerite 
i n the more e a s i l y remobilized galena: see RG-108-36.9 or TR-3A.) 

- s i m i l a r l y with p y r i t e (and sphalerite?) textures i n 89-51.2: 
suggestive but not conclusive of syn-volcanic s u l f i d e deposition. 

-general cubic p y r i t e (e.g. RG-64-89.5) could be a l a t e r 
overprint; i t looks d i f f e r e n t from the fine-grained p y r i t e . 
However, even t h i s p y r i t e looks to be pre-metamorphic (pressure 
shadows around the harder p y r i t e of the softer galena, sphalerite 
and muscovite: e.g. RG-118-163.0). Also, these pyrites are 
zoned, with inclusions of galena (see photo 3 of Carson, 1988) 
around t h e i r margins, suggesting that the outer parts could be 
overgrowths (?this could have occurred during metamorphism). 
Similar overgrowths are also probably responsible for a t o l l 
textured pyrite-galena i n RG-105-70.8. The anisotropy and colour 
v a r i a t i o n i n the euhedral p y r i t e (attributed by Carson, 1988 to 
v a r i a t i o n i n Ni content) i s remarkable i n t h i s deposit and bears 
further i n v e s t i g a t i o n ( i t could also be due to v a r i a t i o n i n As 
content). In my 1981 study, I found that even i n apparently 
o p t i c a l l y clean, euhedral (epigenetic) p y r i t e , there was a 
" c e l l u l a r " structure evident i n As and Cu contents, that was 
distinguishable only by microprobe; I wonder i f the same could be 
true of the Samatosum coarse p y r i t e . 

- a d e f i n i t e vein o r i g i n for the coarse (0.5 cm) euhedral p y r i t e 
i n RG-135-237, and probably the same for RG-137-54; these could 
well represent part of the vent or feeder zone for the deposit. 

-some of the disseminated, but Ag-Cu-Zn-rich, ore (e.g. i n RG-
137-49.5, 51; as opposed to disseminated p y r i t i c samples) i s 
simply massive carbonate, +quartz, with intergrown s u l f i d e s 
(sphalerite, tetrahedrite, chalcopyrite) that a l l look to have 
c r y s t a l l i z e d together. Again, t h i s could be evidence to support 
a vein o r i g i n f or the deposit, or i t could be interpreted as the 
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(lower) part of asynvolcanic deposit where epigenetic 
mineralization i s not only possible but i s usually the rule. 

-a synvolcanic o r i g i n i s suggested by the general banded or 
layered texture of much of the massive ore (and some of the 
disseminated ore: e.g. RG-109-141/142); t h i s could be due to 
e i t h e r primary deposition (or l a t e r metamorphic remobilization, 
by transposition of o r i g i n a l layering into S^). Vague remnants of 
a possible o r i g i n a l colloform banding of sphalerite i n 
chalcopyrite, but now strongly deformed, may be v i s i b l e i n RG-97-
17.4; s i m i l a r l y , i n RG-132-201.5, "veins" of sphalerite (and 
gangue) i n massive chalcopyrite could represent p a r t l y transposed 
layers. 

-there i s evidence of folding of layers of tetrahedrite-
sphalerite-galena-muscovite-carbonate i n RG-102-80 (and 105-70, 
70.8; t h i s , combined with rare vague a t o l l textures of the 
sphalerite and tetrahedrite, suggest o r i g i n a l layering that has 
been deformed. In t h i s specimen, an e a r l i e r (?SQ) f o l i a t i o n may 
be present across the layering, as evidenced by galena and 
sphalerite inclusions i n tetrahedrite (this f o l i a t i o n i s not seen 
i n the adjacent muscovite). 

-the quartz and carbonate, and of course the muscovite, show 
evidence of a l o t of s t r a i n , probably multiple since several 
f o l i a t i o n s can be seen i n the quartz at oblique angles. 

-I am not sure what to make of the massive tetrahedrite samples 
(e.g. RG-64-89.5; RG-137-52.5/53.8); there are vestiges of 
c i r c u l a r structures i n them, which are not, however, conclusive. 
I have personally not seen such high (e.g. RG-64-89.5) 
concentrations of, or such coarse, tetrahedrite i n t y p i c a l 
"Kuroko" (black) ore; however, the general appearance i s similar 
- i t ' s j u s t that the proportions of galena and tetrahedrite are 
reversed from normal. (Carson, 1988, mentions abundant 
tetr a h e d r i t e i n the Greens Creek deposit i n Alaska, which i s also 
precious-metal rich.) On the other hand, look at the difference 
between RG-64-89.5 and 89.9; only 40 cm apart, and the l a t t e r i s 
t e t r a h e d r i t e - r i c h but only disseminated (Carson's c l a s s i f i c a t i o n 
of 89.5 as disseminated i s c l e a r l y wrong). At 89.9 m, the gangue 
i s quartz and muscovite, possibly a highly altered ? f e l s i c 
v olcanic; but whether the replacement was close i n timing to the 
volcanism ( i . e . a syn-volcanic process) or much l a t e r ( i . e . a 
quartz-vein type of deposit) i s not obvious. I would favour the 
former on the basis of the (limited) evidence I have here. In 
any case, there i s no reason why quartz-carbonate veining (as i n 
RG-71-106.3) could not be part of a synvolcanic stockwork or 
feeder zone, at l e a s t without knowing the f i e l d r e l a t i o n s ) . 

-could the tetrahedrite be an overprint by continuing 
hydrothermal a c t i v i t y , or even a completely separate event, on 
e a r l i e r VMS s u l f i d e s ? (There are rare t h i n stringers of 
tetrahedrite seen cutting sphalerite, e.g. i n RG-13 6-58, but t h i s 
and other s l i d e s contain numerous t h i n carbonate and/or quartz 
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stringers also; and s i m i l a r veins of tetrahedrite/galena in 
p y r i t e i n RG-137-56 are c l e a r l y the r e s u l t of remobilization of 
the softer, more e a s i l y r e c r y s t a l l i z e d minerals into fractures in 
the b r i t t l e pyrite.) 

-however, the massive coarse-grained (and I mean massive) 
s u l f i d e s i n RG-97 are not t y p i c a l of VMS; they could represent 
remobilized s u l f i d e s , as suggested by the monominerallic 
character and very coarse grain s i z e , or s u l f i d e s from a 
stockwork feeder zone. 

-general absence of b a r i t e i n the massive, sphalerite-galena-
tetrahedrite ore i s a b i t puzzling (yet b a r i t e i s present at the 
o r i g i n a l Rea Gold discovery and i n the Barite zone northwest of 
the Samatosum deposit, and possible b a r i t e as coarse bladed 
c r y s t a l s up to 0.5 mm long was seen i n a few of the samples 
examined i n t h i s study, e.g. RG-102-76, RG-132-201.5). 

-the s i g n i f i c a n c e of the a l b i t e i n RG-102-75/76 i s not obvious; 
i t might suggest an orthogneiss, or i n t r u s i v e ( i t i s not from 
primary phenocrysts i n a volcanic rock). 

Discussion and Conclusions 

"Exsolution" textures are best developed i n the abundant 
chalcopyrite disease i n sphalerite (see photomicrographs i n 
Carson, 1988). Even t h i s has been questioned i n recent years 
(the amount of Cu i n the chalcopyrite inclusions i s too great to 
have ever f i t t e d into the sphalerite l a t t i c e , at any 
temperature), and so i t may be better explained as a replacement 
of sphalerite by Cu-rich solutions. In one sample (RG-107-23.2), 
the fine chalcopyrite i n sphalerite could be explained as rows of 
inclusions that formed as chalcopyrite and sphalerite were 
pr e c i p i t a t e d together i n layers and collomorphic shapes, which 
were then p a r t i a l l y transposed into the plane of S;L by 
deformation. Also, the inclusions i n sphalerite are often p y r i t e 
rather than chalcopyrite (e.g. RG-99-77.6) which may also be the 
r e s u l t of replacement, or of being included as the sphalerite was 
deposited (or as i t r e c r y s t a l l i z e d ) . 

Most grain boundaries between d i f f e r e n t minerals (e.g. 
sphalerite-galena, galena-tetrahedrite, etc.) are merely mutual 
boundaries, and therefore are non-definitive for replacement or 
reaction. I see no c l e a r evidence for reactions between any 
s u l f i d e s , or replacement of any s u l f i d e by any other, although i n 
a few instances there i s rimming (usually between tetrahedrite 
and some other mineral, such as p y r i t e or chalcopyrite i n RG-108-
35.8; see also Carson, 1988, for photos of g e r s d o r f f i t e rimming 
tetrahedrite and chalcopyrite). The presence of arsenic- and 
nickel-bearing minerals such as g e r s d o r f f i t e and arsenopyrite i n 
the deposit i s noteworthy, and i t i s i n t e r e s t i n g that they should 
have possible reaction r e l a t i o n s h i p s with tetrahedrite; i t raises 
the p o s s i b i l i t y that As and Ni addition was l a t e r than the other 
Fe-Cu-Zn-Pb s u l f i d e s . In p a r t i c u l a r , t h i s might help to explain 
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the unusual abundance of tetrahedrite compared to most VMS 
deposits — although such addition need not be much l a t e r ; i t 
could also have been synvolcanic, as part of ongoing hydrothermal 
a c t i v i t y , or renewed a c t i v i t y . 

I t i s not possible to t e l l what the "order of 
c r y s t a l l i z a t i o n " i s (or was): a l l one can see now i s an order of 
ease of r e c r v s t a l l i z a t i o n . The minerals are c l e a r l y 
r e c r y s t a l l i z e d , with the softest ones (galena, chalcopyrite, 
tetrahedrite) being most e a s i l y remobilized around the harder 
p y r i t e . 

However, there are some indications of possible synvolcanic 
deposition i n the most refractory material (pyrite) which r e s i s t s 
r e c r v s t a l l i z a t i o n the most: e.g., some traces of a t o l l and 
"frog's-egg" texture, and occasional framboids, plus some 
colloform ("spheroidal") and radiating cockscomb texture remain. 
These traces are t y p i c a l of the textures i n VMS deposits, and the 
overgrowth and r e c r y s t a l l i z a t i o n textures indicate these primary 
textures may have been f i r s t overprinted by ongoing hydrothermal 
a c t i v i t y at the time of volcanism and then l a t e r by metamorphism 
and deformation. There i s more remnant framboidal/colloform 
texture i n the massive ore type of these s l i d e s than i n a l l the 
Windy Craggy s l i d e s I have seen, and the o r i g i n of Windy Craggy 
i s unquestionably VMS. 

The deposit i s too metamorphosed and/or r e c r y s t a l l i z e d to be 
able to interpret genesis (VMS versus l a t e r quartz vein) 
confidently. In p a r t i c u l a r , one cannot stress too much the need 
for f i e l d r e l a t i o n s , hand specimens (I can't even see whether a 
given sample i s from a quartz vein or not; are there stockwork 
zones?), or other gross re l a t i o n s such as: metal zoning, tops 
( i . e . massive ore overlying disseminated-stockwork ore, etc.) to 
help i n interpretation. However, my subjective reaction (after 
purely polished t h i n section examination) i s that there i s 
evidence for an o r i g i n a l VMS o r i g i n that has been l a r g e l y 
o b l i t e r a t e d by l a t e r hydrothermal a c t i v i t y and metamorphism. 
This would need to be supplemented by f i e l d observations to 
generate more confidence i n the opinion. 

Sulfides have generally not (except for minor amounts i n RG-
106-132.9) developed t y p i c a l annealing textures, or t r i p l e point 
junctions at 120 degrees, so c h a r a c t e r i s t i c of highly deformed 
and r e c r y s t a l l i z e d deposits such as Goldstream or S u l l i v a n . 
Possibly (as with the quartz, which has been strongly strained 
but not r e c r y s t a l l i z e d ) , the s t r a i n rate was too high to allow 
readjustment by annealing (slow c r y s t a l r e e q u i l i b r a t i o n ) . 
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A d i s t i n c t v e r t i c a l z ona t i on v e r y s i m i l a r to that d e s c r i b e d f o r the K u r o k o depos i t s 
of J a p a n , i s d i s p l a y e d by both m i n e r a l o g y and t e x t u r e s of su lph ide s f r o m the L a h a n o s 
and K i z i l k a y a m a s s i v e su lph ide depos i t s of n o r t h e a s t e r n T u r k e y . A deeper e r o s i o n a l 
l e v e l i s exposed at the K i z i l k a y a depos i t , so that on l y r e m n a n t s of the m a s s i v e s u l ­
phide o re zone a r e p r e s e n t . T h e zona t i on i s f r o m an uppe r zone of m a s s i v e C u and 
Z n su lph ide s (b lack and y e l l o w ore) w i th f i n e - g r a i n e d , c o l l o f o r m , banded, f r a m b o i d a l , 
and s p h e r u l i t i c t e x t u r e s , downwards th rough an i n t e r m e d i a t e zone of l ow C u - Z n m a s ­
s i ve p y r i t e wi th t r a n s i t i o n a l t e x t u r e s , to a l o w e r zone of s t o c k w o r k and i m p r e g n a t e d 
p y r i t e d i s p l a y i n g e u h e d r a l , zoned t e x t u r e s . The f i n e - g r a i n e d and c o l l o f o r m p y r i t e 
of the uppe r zones i s p r o g r e s s i v e l y o v e r g r o w n by, and r e c r y s t a l l i z e d to, the m a s ­
s i v e and e u h e d r a l p y r i t e of l o w e r z ones . The o r i g i n a l t e x t u r e s of these depos i t s a r e 
best p r e s e r v e d by p y r i t e . The p r e v i o u s i n t e r p r e t a t i o n of these t e x t u r e s , of su lph ide 
depos i t i on f r o m c o l l o i d a l s o lu t i ons ponded by an i m p e r m e a b l e p y r o c l a s t i c h o r i z o n , 
i s r e e x a m i n e d i n the l i gh t of p r e s e n t o b s e r v a t i o n s . A l t h o u g h u l t r a - f i n e - g r a i n e d s u l ­
ph ides , f r a m b o i d s , and r a d i a l l y - c r a c k e d s p h e r u l e s cou ld have f o r m e d by r e p l a c e ­
ment of p r e - e x i s t i n g m i n e r a l s by a c o l l o i d a l s o l u t i o n , the c o l l o f o r m and banded t e x ­
t u r e s a r e i n d i c a t i v e of g rowth i n open s p a c e s . It thus s e e m s l i k e l y that the f i n e ­
g r a in ed c o l l o f o r m s u l p h i d e s , i n c l u d i n g c h a l c o p y r i t e , s p h a l e r i t e , and tennant i te as 
w e l l as p y r i t e , we re i n i t i a l l y depos i t ed on o r n e a r the s u r f a c e of the s e a - f l o o r . A d ­
d i t i o n a l e v idence f o r th i s i n t e r p r e t a t i o n i s seen i n the p r o g r e s s i v e r e c r y s t a l l i z a t i o n 
of the su lph ide t e x t u r e s to m a s s i v e , m u c h c o a r s e r , p y r i t e i n the l o w e r zones . T h i s 
r e c r y s t a l l i z a t i o n m a y i n p a r t be due to d iagene t i c and h y d r o t h e r m a l p r o c e s s e s 
ope ra t i n g a f ter f o r m a t i o n of the o r i g i n a l l a y e r e d s u l p h i d e s . T h e s e c o n c l u s i o n s a r e 
i n ag r e ement wi th those r e a c h e d f o r the s i m i l a r , but l a r g e r M a d e n k d y depos i t 
100 k m to the east . 

I N T R O D U C T I O N K i z i l k a y a , a v a r i e t y of t e x t u r e s i n d i c a ­
t i v e of s y n - s e d i m e n t a r y d epos i t i on of s u l -

In the c o u r s e of a g e o c h e m i c a l s tudy of ph ides were noted ( L e i t c h , 1975). C o l l o -
t r a c e - e l e m e n t zona t i on i n two T u r k i s h f o r m , banded, and s p h e r u l i t i c t e x tu r e s 
m a s s i v e su lph ide d epos i t s , L a h a n o s and a r e d i s p l a y e d by p y r i t e , c h a l c o p y r i t e , 
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s p h a l e r i t e and tennant i te , and a re s i m i ­
l a r to t e x tu r e s d e s c r i b e d f r o m the K u r o ­
ko depos i t s of J a p a n . The two T u r k i s h 
depos i t s appear to r e p r e s e n t d i f f e rent , 
but o v e r - l a p p i n g , e r o s i o n a l l e v e l s of m a s ­
s i v e su lph ide depos i t s : at L a h a n o s , the 
m a i n w o r k i n g s are i n t y p i c a l b l a c k and 
p y r i t i c o re types , and l o w e r l e v e l s i n the 
m i n e and i n d r i l l c o r e show a t r a n s i t i o n 
f r o m m a s s i v e p y r i t e to r o o t - z o n e d i s ­
s e m i n a t e d and s t o c k w o r k p y r i t e . A t 
K i z i l k a y a , m o s t of the e x p o s u r e s a re b e ­
l o w the base of the m a s s i v e p y r i t e zone, 
i n the root zone . M a s s i v e b l a c k and " y e l ¬
l o w " o r e m a y once have e x i s t ed at K i z i l ­
k a y a but i s now p r e s e n t on ly i n two s m a l l 
down dropped g rabens wh ich were p a r ­
t i a l l y m i n e d out i n anc ient t i m e s . 

P R E V I O U S W O R K 

A v e r y de ta i l ed d e s c r i p t i o n of the o r e 
m i n e r a l o g y at L a h a n o s i s g i ven by T u g a l 
(1969), and a b r i e f r e s u m e i s g i v en i n 
T u g a l and P h i l l i p s (1971). The m i n e 
geo logy has a l so been s tud ied i n d e t a i l 
by Ha t t i e (1970). Vu j anov i c (1974) made 
a study of a l l the depos i t s of the E a s t e r n 
P o n t i d zone , and the r e a d e r i s r e f e r r e d 
to h i s p h o t o m i c r o g r a p h s for e x a m p l e s 
of the t e x t u r e s found i n these d e p o s i t s . 
E a r l i e r b r i e f d e s c r i p t i o n s of L a h a n o s 
were made by P o l l a k (1961) and S c h u l t z e -
W e s t r u m (1961). The on l y p r e v i o u s 
w ide l y p u b l i s h e d m i n e r a l o g i c a l d e s c r i p ­
t i ons of the K i z i l k a y a depos i t i s by 
V u j a n o v i c (1974). 

L O C A L G E O L O G I C S E T T I N G 

The a r e a c on ta in ing the depos i t s i s 
s i tua ted i n the P o n t i d t ec ton ic zone of 
T u r k e y wh i ch i s b e l i e v ed to have been 
pa r t of a M e s o z o i c - P a l e o g e n e i s l a n d 
a r c r u n n i n g f r o m the C a r p a t h i a n s and 
B a l k a n s i n E u r o p e a long the B l a c k Sea 
coas t and into the M i n o r C a u c a s u s of the 
U S S R (G i imus , 1970; D i x o n and P e r e i r a , 
1974). In p a r t i c u l a r , the depos i t s f a l l 
w i th in the " P y r i t i c B e l t " of P e j a t o v i c 
(1971). C u l m i n a t i o n of t h i s o rogen , l y i n g 

n o r t h of the A n a t o l i a n m a s s i f , was i n the 
A l p i n e o rogeny of O l i gocene t i m e , a l ­
though the T e thyan i s l a n d a r c s y s t e m 
deve loped o v e r a t i m e span f r o m J u r a s ­
s i c to Eocene . 

A g e n e r a l i z e d s t r a t i g r a p h i c s e c t i on 
(after Kovenko , 1944, and T u g a l , 1969) 
i s g i ven i n T a b l e 1. The depos i t s o c c u r 
i n U p p e r C r e t a c e o u s d i f f e r en t i a t ed c a l c -
a l k a l i n e v o l c a n i c s , wh ich r e s t upon 
m a r i n e s ed imen t s of U p p e r J u r a s s i c -
L o w e r C r e t a c e o u s age. A p o s t - m i n e r a l 
c o v e r i s f o r m e d by Eocene b a s i c v o l c a ­
n i c and f l y s c h . 

The v o l c a n i c s e r i e s a round the d epos ­
i t s c o n s i s t s of th r ee m a i n un i t s : L o w e r 
B a s i c s e r i e s , L o w e r V o l c a n i c s , and U p ­
p e r V o l c a n i c s . The L o w e r B a s i c s e r i e s 
i s c omposed of b a s a l s p i l i t i c and b a s a l t i c 
l a v a s . T h e s e a r e o v e r l a i n by the L o w e r 
V o l c a n i c dac i t e f l ows , and andes i te 
f lows and p y r o c l a s t i c s a l t e r ed to r e ­
s e m b l e d a c i t e s , wh i ch a r e c a l l e d the 
" O r e D a c i t e " throughout th i s pa r t of 
n o r t h e r n T u r k e y , to as f a r away as M u r -
g u l . The L a h a n o s and K i z i l k a y a depos i t s 
a r e at the top of th i s " O r e D a c i t e " , and 
a re o v e r l a i n by the U p p e r V o l c a n i c 
s e r i e s , c o m p o s e d of d a r k e r , m o r e b a s i c 
v o l c a n i c s . T h i s i n t r a - t o p o s t - m i n e r a l 
c o v e r c o m p r i s e s f lows and p y r o c l a s t i c s 
of py roxene andes i te and f lows of p y r o x ­
ene basa l t . A q u a r t z - b i o t i t e - p y r o x e n e 
monzon i t e p o r p h y r y i n t r u d e s both L o w e r 
and U p p e r V o l c a n i c s e r i e s and i s a l so 
p o s t - m i n e r a l . 

The L a h a n o s depos i t i s c omposed of 
an o v a l l en s of m a s s i v e su lph ides w i th 
m a x i m u m d i m e n s i o n s of 700 m by 400 m 
by 40 m t h i c k . T h i s l ens i s m a i n l y p y ­
r i t i c w i th zones of be t t e r c o p p e r / z i n c 
m i n e r a l i z a t i o n (b lack and y e l l o w ore 
pocke t s , 50 m wide by 150-300 m long) i n 
i t s uppe r p a r t s , u n d e r l a i n by s t o c k w o r k 
and d i s s e m i n a t e d p y r i t e . O r e r e s e r v e s 
were e s t i m a t e d ( Po l l ak , 1961) at 8 m i l ­
l i o n tonnes at 40% S, 1. 6% C u , i n c l u d i n g 
2. 3 m i l l i o n tonnes of 3% C u , 2. 3% Z n . 
P o l l a k a l s o ou t l ined f a c i e s changes i n the 
v o l c a n i c s u n d e r l y i n g the o re h o r i z o n ; a 
" d a c i t e tuf f" shows g r ea t es t t h i c k n e s s 
c o inc i d en t w i th the c en t e r of the depos i t , 
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T a b l e 1. G e n e r a l i z e d s t r a t i g r a p h i c s e c t i on , e a s t e r n b l a c k s ea coas t ( T u r k e y ) * 

Q u a t e r n a r y A l l u v i u m 
P l i o c e n e T e r r a c e s , b a s a l t s . 

C E N O Z O I C O l i g o - M i o c e n e Tu f f i t e s , m a r l s , l i m e s t o n e s , " Y o u n g B a s i c " 
b a s a l t s , f l y s c h . S e r i e s 

Eocene Sandstones , sha l e s , c o n g l o ­ " U p p e r V o l c a n i c " 
m e r a t e s , andes i t e s . (Bas i c ) 

S e r i e s 

Senonian A n d e s i t e s , d a c i t e s , " L o w e r V o l c a n i c " 
l i m e s t o n e . (Ore Dac i t e ) 

U p p e r S e r i e s 

T u r o n i a n A n d e s i t e s , b a s a l t s , " L o w e r B a s i c " 
tuf fs , a gg l omera t e . S e r i e s 

C r e t a c e o u s 

A p t i a n - Sha l e s , c o n g l o m e r -
A l b i a n ates, sands tones , 

m a r l s . 
L o w e r ( F l y s ch ) 

M a r l s , l i m e s t o n e s , 
N e o c o m i a n sands tones . 

M E S O Z O I C 

J u r a s s i c 

U p p e r M a l m 

L o w e r L i a s 

L i m e s t o n e s , m a r l s 
sandstone , g ong l omera t e . 

Sandstone, c o n g l o m e r a t e , 
m a r l s , s p i l i t e s , d i a b a s i c tuf fs . 

P e r m o - A r k o s i c , sandy s c h i s t s , q u a r t z i t e s w i th i n t e r ­
C a r b o n i f e r o u s ca l a t ed tuf fs , l a v a s , l i m e s t o n e s . 

P A L E O Z O I C 
Und i f f e r en t i a t ed M i c a s c h i s t s , q u a r t z i t e s , g r e y w a c k e s , p h y l l i t e s , 
(Basement ) m a r b l e s , g r e i s s e s , g r a n i t e s . 

*A f t e r Kovenko (1944) and T u g a l (1969) 

and an agg l omera t e equ iva l ent g r a d u a l l y 
t h i ckens ou twards f r o m the c en t e r . A n 
a r e a of b l e a c h i n g o v e r l i e s the depos i t 
i n the U p p e r V o l c a n i c s e r i e s , p r o g r e s s i n g 
i n w a r d s f r o m p r o p y l i t i c a l t e r a t i o n of 
m a f i c s , to k a o l i n i z a t i o n and s e r i c i t i z a t i o n 
of f e l d s p a r s , a c c o m p a n i e d by t i ny e u -
h e d r a of p y r i t e . In the v o l c a n i c s of the 
o r e h o r i z o n , the m a s s i v e su lph ide and 
f oo twa l l s t r i n g e r zones a r e a c c o m p a n i e d 
by s t r o n g q u a r t z / s e r i c i t e / c l a y / p y r i t e 
a l t e r a t i o n (Hatt ie , p e r s . c o m m . 1980). 
D y k e s of p u r p l i s h py roxene andes i te s i m ­

i l a r to the U p p e r V o l c a n i c s cut the o r e -
body. 

T h e geology at K i z i l k a y a i s r e l a t i v e l y 
s i m p l e : a l m o s t a l l ou t c r ops a re of a 
p r e - m i n e r a l a l t e r e d c o a r s e p o r p h y r i t i c 
andes i t e , i . e. , the " O r e D a c i t e " of the 
L o w e r V o l c a n i c s e r i e s , wi th on l y two 
ou t c r ops of p o s t - m i n e r a l , p u r p l i s h f ine 
p o r p h y r i t i c andes i te of the U p p e r V o l c a n i c 
s e r i e s . T h e depos i t o c c u p i e s the s u m m i t 
of a r i d g e 3 k m southeast of L a h a n o s , and 
p r o b a b l y r e p r e s e n t s a s l i g h t l y h i g h e r s e c -
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t i on of the same i m p o r t a n t L o w e r V o l c a ­
n i c un i t that con ta ins the L a h a n o s depos i t . 
A n a r e a of s t o c k w o r k q u a r t z / p y r i t e v e ins 
and d i s s e m i n a t e d p y r i t e , 1500 m l o n g by 
500 m wide , con ta ins an e l l i p t i c a l c e n t r a l 
zone , 300 m by 200 m , of s t r o n g e r C u - Z n 
m i n e r a l i z a t i o n ( r e s e r v e s e s t i m a t e d at up 
to 10 m i l l i o n tonnes of 1% C u and 1. 5% 
Z n , o v e r a v e r t i c a l i n t e r v a l of 70 m ; 
M . T . A . 1 i n t e r n a l r e p o r t , 1974). The 
p y r i t i z e d a r e a i s c o inc i d en t wi th s t r o n g 
q u a r t z - s e r i c i t e a l t e r a t i o n , w i th a c e n ­
t r a l a r e a of c l a y / d i a s p o r e a l t e r a t i o n 
(Hatt ie , p e r s . c o m m . 1980). 

S U L P H I D E M I N E R A L O G Y 

A t o t a l of 24 p o l i s h e d s e c t i ons f r o m L a ­
hanos and 15 f r o m K i z i l k a y a were p r e ­
p a r e d . The hypogene su lph ide s i d en t i f i ed 
we re : p y r i t e , m a r c a s i t e , c h a l c o p y r i t e , 
b o r n i t e , c h a l c o c i t e , n o r m a l c o v e l l i t e , 
s p h a l e r i t e , ga l ena , and t e t r a h e d r i t e -
t ennant i t e . R a r e i n c l u s i o n s i n p y r i t e of a 
s e l e n i f e r o u s b i s m u t h i n i t e , and t e t r a d y -
m i t e (B iTeS ) were a l s o i d en t i f i ed by 
m i c r o p r o b e . A d i s t i n c t v e r t i c a l z o n i n g of 
m i n e r a l s i s ev ident i n the L a h a n o s depos ­
i t , w i th the l o w e r zones c o r r e s p o n d i n g 
to the s tud i ed zones at K i z i l k a y a . T h i s 
z o n i n g has a l s o been de f ined by T u g a l 
(1969), and i s v e r y s i m i l a r to that of the 
K u r o k o depos i t s , r e v i e w e d by L a m b e r t 
and Sato (1974), as can be seen f r o m the 
c o m p a r i s o n i n T a b l e 2. In s u m m a r y , the 
z o n i n g i s f r o m b l a c k o r e s wi th abundant 
b a r i t e and b a s e - m e t a l su lph ides ( cha l co ­
p y r i t e , b o r n i t e , s p h a l e r i t e , ga l ena , t e n ­
nantite ) n e a r the top, downwards th rough 
m a s s i v e p y r i t e o r e s , to p y r i t i c s t o c k -
w o r k s wi th on l y t r a c e s of b a s e - m e t a l 
s u l p h i d e s . 

P y r i t e i s the m o s t abundant su lph ide 
p r e s en t , o c c u r r i n g i n a l l the s a m p l e s 

M . T . A . = M a d e n T e t k i k ve A r a m a 
E n s t i t u s u ( T u r k i s h G e o l o g i c a l Survey ) 

s tud i ed . M a r c a s i t e howeve r , was on ly 
seen i n one s p e c i m e n of b l ack o r e f r o m 
L a h a n o s . Howeve r , i t s p r e s e n c e , now 
r e p l a c e d by p y r i t e , c ou ld be suspec ted 
i n o the r s a m p l e s f r o m the upper zones , 
f r o m r e l i c t r a d i a t i n g c o c k s c o m b s t r u c ­
t u r e s ( F i g . 5a) known to be t y p i c a l of 
m a r c a s i t e (Boc to r et a l . , 1976). T u g a l 
(1969) a l so d e s c r i b e s m a r c a s i t e i n the 
uppe r o re z ones . C h a l c o p y r i t e i s the 
second m o s t abundant su lph ide , be ing 
m o s t c o m m o n t o w a r d the top of the p y r i t ­
i c h o r i z o n . H e r e i t i s p r e s e n t m a i n l y 
as i n f i l l i n g s of c r a c k s between and i n 
p y r i t e g r a i n s , and l o c a l l y as l a r g e r 
s epara t e m a s s e s i n " y e l l o w " o r b l a c k 
o r e , o r as pa tches of e x t r e m e l y f ine ­
g r a i n e d p y r i t e / c h a l c o p y r i t e m i x t u r e s . 
B o r n i t e has a s i m i l a r d i s t r i b u t i o n to that 
of c h a l c o p y r i t e , but i s m u c h l e s s c o m ­
m o n ; hypogene c h a l c o c i t e and c o v e l l i t e 
a r e r e l a t i v e l y r a r e . 

Spha l e r i t e i s a l m o s t as w id e sp r ead 
as p y r i t e i n the s a m p l e s s tud i ed , a lbe i t 
n o r m a l l y i n v e r y s m a l l amounts . It 
f o r m s a lmos t ub iqu i tuous , t i ny (10 -
100 (jm) rounded i n c l u s i o n s i n p y r i t e and 
s i l i c a t e s , and shows r e d - b r o w n to honey -
b r o w n pale i n t e r n a l r e f l e c t i o n s . L a r g e r 
s epara te g r a i n s of s p h a l e r i t e o c c u r n e a r 
the top of the m a s s i v e p y r i t i c h o r i z o n , 
and i n b l a c k o r e s p h a l e r i t e i s p r e s en t 
m a i n l y as v e r y f ine g r a i n s ( 5 - 2 5 (am). 
G a l e n a i s r e l a t i v e l y u n c o m m o n i n the 
s e c t i ons s tud i ed . A t h i g h e r l e v e l s i n 
L a h a n o s i t i s p r e s en t as s epara t e g r a i n s , 
100 - 500 j j m a c r o s s ; i n b l a ck ore i t i s 
c o a r s e r (0. 5 mm) and c o m m o n l y l i e s at 
the c en t e r of a c o a r s e c h a l c o p y r i t e m a s s . 
It appea rs m a i n l y as r a r e i n c l u s i o n s wi th 
bo rn i t e i n K i z i l k a y a s p e c i m e n s and s p e c i ­
m e n s f r o m l o w e r l e v e l s i n L a h a n o s . The 
on ly su l phosa l t phase i den t i f i ed i s t e n ­
nant i t e , the A s - r i c h end m e m b e r of the 
s e r i e s w i t h t e t r a h e d r i t e (range f r o m 
T n 1 0 Q T e t Q to T n 5 5

 T e t
4 5 > ana l yses by 

m i c r o p r o b e ) . It shows unusua l b r i l l i a n t 
r u b y - r e d i n t e r n a l r e f l e c t i o n s where i t 
i s i n v e r y f i n e - g r a i n e d aggregates as 
noted above. It a l so o c c u r s i n upper 
L a h a n o s zones as 0. 1 - 0. 2 m m i r r e g u l a r -
shaped g r a i n s i n t e r g r o w n wi th c h a l c o p y ­
r i t e , ga l ena , b o r n i t e , and s p h a l e r i t e . 
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Tab l e 2. A c o m p a r i s o n of m i n e r a l o g i c a l and t e x t u r a l z on ing i n K u r o k o and T u r k i s h depos i t s * 

K U R O K O E A S T E R N T U R K E Y 

M i n e r a l o g y T e x t u r e s M i n e r a l o g y T e x t u r e s 

S p h a l e r i t e - g a l e n a  
C h a l c o p y r i t e - p y r i t e . 
T e t r a h e d r i t e - tennan -
t i t e , ena rg i t e , 
a rgent i t e 

Gangue: b a r i t e 

M a s s i v e 
C o l l o f o r m 
V e r y fine 
g r a i n e d K U R O K O 
F r a m b o i d a l (B lack ) 
C o n c e n t r i c 
Sh r inkage 
" P e l l e t " 

"I 1 Uppe r : b r on i t e , c h a l ­
c o p y r i t e , ga l ena 
p y r i t e , t ennant i te , 

J , m a r c a s i t e , go ld . 

" I I " L o w e r : s p h a l e r i t e -
g a l e n a - c h a l c o p y r i t e  
p y r i t e - tennant i te 
ena r g i t e . 

^ Gangue: b a r i t e . 

M a s s i v e 
C o l l o f o r m 
V e r y f ine g r . 
F r a m b o i d a l 
C o n c e n t r i c 
Sh r inkage 
S p h e r u l i t i c 
B o t r y o i d a l 
" E g g - y o l k " 
" R a d i a l b o m b " 
" S h e l l y " 
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o 
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a 
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P y r i t e - c h a l c o p y r i t e 
(± s p h a l e r i t e ) . 
C o m p l e x C u , P b , B i , 
Sb, s u l f o s a l t s , 
born i t e 

Gangue: b a r i t e , 
f l uo r i t e quar t z 

M a s s i v e 
B r e c c i a 
f r a gmen t s O K O 
P o w d e r y (Ye l low) 
S l u m p s 

"I I I " P y r i t e - cha l c opy r i t e 
T r a c e s of b o r n i t e , 
B i , P b , T e , Se, Sb 
m i n e r a l s ( su lposa l ts ) 

^ Gangue: d o l om i t e 

M a s s i v e 
B r e c c i a 
f r a gmen t s 

P y r i t e 

Gangue: quar t z 

M a s s i v e 

R Y U K A K O 
(Py r i t e ) 

' I V " P y r i t e 

Gangue: quar t z 

M a s s i v e 
B r e c c i a 
f r a gmen t s 

P y r i t e - c h a l c o p y r i t e 
quar tz s t o c k w o r k 

E u h e d r a l 
c r y s t a l s 
but a l so as 
c o l l o f o r m . 
V e i n and 
d i s s e m i n ­
ated. 

K E I K O 
( S i l i ­
ceous) 

P y r i t e - c h a l c o p y r i t e 
quar t z s t o c k w o r k 
B o r n i t e , neod igen i te 
and c o v e l l i t e as 
m inu te i n c l u s i o n s 

E u h e d r a l 
c r y s t a l s 
R a r e 
f r a m b o i d s 
V e i n and 
d i s s e m i n ­
ated. 

* In p a r t f r o m L a m b e r t and Sato (1974) and T u g a l (1969) 

No t h i n s e c t i ons were cut , but f r o m 
b i n o c u l a r m i c r o s c o p e e x a m i n a t i o n of 
hand s p e c i m e n s and panned c o n c e n t r a t e s , 
the gangue m i n e r a l s qua r t z , s e r i c i t e , 
ca rbona te , and b a r i t e were i d en t i f i ed . 
Ca rbona t e was c o n f i r m e d as c a l c i t e by 
t e s t i n g wi th c o l d d i lu t e H C 1 , a l though 
do l om i t e was d e s c r i b e d by T u g a l (1969). 

M E G A S C O P I C A N D M I C R O S C O P I C T E X ­
T U R E S 

In g e n e r a l , the K i z i l k a y a s p e c i m e n s 
s tud ied d i s p l a y t e x t u r e s c h a r a c t e r i s t i c 
of the l o w e r o r " r o o t " zones at L a h a n o s , 
d e m o n s t r a t i n g a v e r t i c a l z ona t i on of t e x ­
t u r e s as w e l l as of m i n e r a l o g y . A h y p o -



246 C . H . B . L e i t c h 

t h e t i c a l s e c t i on to show the r e l a t i v e v e r ­
t i c a l p o s i t i o n s of the two depos i t s i s 
g i ven i n F i g . 1, wi th i d e a l i z e d ske t ches 
of the o r e t e x tu r e s to be found at each 
l e v e l g i ven a l ongs ide . T o s u m m a r i z e : 
at the top of the L a h a n o s depos i t " c o l ­
l o i d a l " , c o l l o m o r p h i c a l l y - b a n d e d ag ­
g rega tes of p y r i t e and b a s e - m e t a l s u l ­
ph ides , f i n e l y -banded s p h e r o i d s , and 
s p h e r u l e s w i th r a d i a l c r a c k i n g , a re 
p r e d o m i n a n t . These " p r i m a r y " o r " e a r l y " 
t e x tu r e s g r a d u a l l y g ive way downward 
th rough i n t e r m e d i a t e s ta tes of o v e r ­
g rowth and r e p l a c e m e n t to " l a t e r " e u ­
h e d r a l o r g r a n u l a r p y r i t e , e i t h e r i n 
ve ins o r m a s s i v e . A t the base of the 
L a h a n o s depos i t , and i n the bu lk of the 
K i z i l k a y a e x p o s u r e s , the p y r i t e t e x tu r e s 
a r e c h a r a c t e r i z e d by d i s s e m i n a t e d and 
v e i n - c o n t r o l l e d , s u b h e d r a l to e u h e d r a l , 
and often zoned p y r i t e g r a i n s and a gg r e ­
gates. P e r h a p s s i g n i f i c a n t l y , m a r c a s i t e 
i s on ly noted at the top of the L a h a n o s 
depos i t , and d i s a p p e a r s downward . A t 
the bot tom of the depos i t , the b a s e - m e t a l 
su lph ides are m u c h r a r e r , o c c u r r i n g as 
s m a l l g r a i n s w i th s i m p l e , smoo th bound­
a r i e s , and e s p e c i a l l y as m inute i n c l u ­
s i ons in p y r i t e . C h a l c o c i t e on l y appears 
i n th i s bot tom zone, a l though hypogene 

c o v e l l i t e i s p r e s e n t w i th bo rn i t e and 
c h a l c o p y r i t e i n the m i d d l e " c o a r s e n e d " 
zone . 

B e g i n n i n g at the top, the uppe r zones 
a re c h a r a c t e r i z e d by " c o l l o i d a l " (ex­
t r e m e l y f i n e - g r a i n e d , 1-10 Lim) s u l ­
ph ides i n aggregates of v e r y f ine l y -
i n t e r g r o w n i r o n and b a s e - m e t a l s u l ­
ph ides (this t ex tu re i s a l so d e s c r i b e d at 
Hea th Stee le , N . B . , by Chen and P e t r u k 
(1980)) . It i s s i gn i f i c an t that p y r i t e i s 
a c c o m p a n i e d i n these i n t i m a t e m i x t u r e s 
by c h a l c o p y r i t e and s p h a l e r i t e ; tennant i te 
i s l e s s c o m m o n , and ga l ena i s r a r e 
( F i g . 6a). T h e s e aggregates a r e often 
c o l l o m o r p h i c a l l y - b a n d e d . In p o l i s h e d 
s e c t i on , the c o l l o m o r p h i c bands can be 
seen to be made up of f i n e - g r a i n e d s u l ­
ph ides i n c r u d e l y a l t e r n a t i n g l a y e r s f r o m 
10-50 L im t h i c k . A n examp l e of t h i s , 
w i th s p h a l e r i t e i n c h a l c o p y r i t e , i s shown 
i n F i g s . 2a) and b); a m o r e c o m m o n a s ­
s o c i a t i o n i s f i n e l y -banded p y r i t e and 
c h a l c o p y r i t e , u s u a l l y o c c u r r i n g i n w e l l -
de f ined rounded b a l l s ( F i g . 5d). Round , 
l a y e r e d , " s h e l l y " p y r i t e b a l l s w i th 
s t r ong , f i n e l y - r h y t h m i c a l banding , a l so 
con ta in m i n o r c h a l c o p y r i t e . T h e g r a i n -
s i z e i n these b a l l s i s e x t r e m e l y f ine, 

a) 
b) 
c) 
d) 

1) 
2) 
3) 

Lahanos 

Kizilkaya 

E X P L A N A T I O N 

m a s s i v e pods of b l a c k and y e l l o w o r e 
m a s s i v e , ex t ens i ve l a y e r of m a s s i v e p y r i t i c h o r i z o n 
d i s s e m i n a t e d p y r i t e 
ve in l e t and s t o c k w o r k p y r i t e 

upper zone t e x tu r e s 
m i d d l e zone " 
l o w e r zone " 

(see text) 

F i g . 1. H y p o t h e t i c a l s k e t c h s e c t i on to i l l u s t r a t e v e r t i c a l r e l a t i o n s h i p s i n the T u r k i s h 
d epos i t s . In ter face 'V i s between s e a wate r (above) and v o l c a n i c tuffs (below). The 
a p p r o x i m a t e o b s e r v e d depth i n t e r v a l at both L a h a n o s and K i z i l k a y a i s shown. 
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F i g . 2a and b. O r i g i n a l f ine, p r i m a r y banded aggregates of c h a l c o p y r i t e , s p h a l e r i t e , 
p y r i t e , cut and r e p l a c e d by c o a r s e e u h e d r a l p y r i t e 

a v e r a g i n g l e s s than 5 p m but r a n g i n g up 
to about 10 M m ( F i g . 6b). T h e s e " s h e l l y " 
b a l l s a r e a l s o noted by L o v e & A m s t u t z 
(1966, p. 2 76) when p y r i t e f o r m s a g ­
g rega tes of above f r a m b o i d a l - s i z e . T h e 
rounded s p h e r u l e s wi th r a d i a l c r a c k s 
d i s p l a y a v a r i e t y of f o r m s ( F i g . 3b), 
r a n g i n g f r o m a dominan t p y r i t e c o r e s u r ­
rounded and i n f i l l e d by c h a l c o p y r i t e , to 
po l y gona l p y r i t e m a s s e s s u r r o u n d i n g 
c h a l c o p y r i t e w i th r a d i a l and c o n c e n t r i c 
c h a l c o p y r i t e - f i l l e d c r a c k s . In some a g ­
g rega tes ( F i g . 3a) on l y s i l i c a t e i s p r e ­
sent at the c en t e r of the s p h e r u l e s , thus 
c o n s t i t u t i n g t y p i c a l " a t o l l " t e x tu r e s as 
d e s c r i b e d by Schouten (1946a). C o m m o n l y 
a g roup of these s p h e r u l e s a re a t tached 
to e a ch o the r by a m a t r i x of c h a l c o p y r i t e . 
In th i s f o r m ( F i g . 5c) they s t r o n g l y 
r e s e m b l e the " f r o g ' s - e g g " t ex ture of 
Rus t (1935) and t e x tu r e s i l l u s t r a t e d i n 
Schouten (1946c). R u s t ' s photographas 
of h i s " r a d i a l b o m b " t e x tu r e s a re a l s o 
s t r i k i n g l y s i m i l a r to the r a d i a l l y - c r a c k e d 
p y r i t e / c h a l c o p y r i t e m a s s e s f r o m L a h a n o s 
( F i g . 5b). Such " r a d i a l b o m b " t e x t u r e s 
were a l s o d e s c r i b e d by Schouten (1946a), 
and they a l s o r e s e m b l e the " c r a c k e d 
p o r c e l a i n " t ex ture d e s c r i b e d by L a s k y 
(1930) f r o m the Kenneco t t depos i t , A l a s k a . 

The f r a m b o i d s i n the T u r k i s h s a m p l e s 
appear s i m i l a r to the f o r m d e s c r i b e d by 
m a n y authors (e. g. K a l l i o k o s k i , 1965; 
K a n e h i r a and B a c h i n s k i , 1967; L o v e , 
1964; M a s s a a d , 1974; R o b e r t s et a l . , 
1969; S i m m o n s et a l . , 1973; Sweeney and 
K a p l a n , 1973; and Watanabe et a l . , 1970). 
The f r a m b o i d s seen i n the p r e s e n t s tudy 
range f r o m 10 to 150 j jm i n d i a m e t e r , 
c o m m o n l y o c c u r r i n g i n aggregates of 
f r a m b o i d s ( F i g . 5c) t e r m e d " p o l y f r a m -
b o i d s " by L o v e (1971). The i n d i v i d u a l 
g r a i n s m a k i n g up the f r a m b o i d s a r e 
about 1-5 L i m i n s i z e . 

In the m i d d l e zone of the L a h a n o s 
depos i t , the t e x tu r e s d e s c r i b e d above 
are p a r t i a l l y e n c r o a c h e d upon, o v e r ­
g rown by, o r r e c r y s t a l l i z e d to, c o a r s e 
s u b h e d r a l p y r i t e (a s i m i l a r ef fect was 
d e s c r i b e d by J o h n s o n (1970) f o r C y p r u s 
o r e s ) . The b a s e - m e t a l s u l p h i d e s a l s o 
a r e r e c r y s t a l l i z e d and c o a r s e n e d . T h e 
d e s t r u c t i o n of p r i m a r y f ea tures s u c h as 
f r a m b o i d s , c o l l o f o r m t e x t u r e s , and 
" c o l l o i d a l " o r f ine g r a i n s i z e , p r o c e e d s 
th rough m a n y i n t e r m e d i a t e s tages ( F i g . 
4). In the l o w e r m o s t z ones , and i n m o s t 
of the K i z i l k a y a e x p o s u r e s , the m a j o r 
su lph ide p r e s e n t i s p y r i t e as c o a r s e 
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F i g . 3a A t o l l t e x t u r e s i n " r a d i a l - b o m b " type p y r i t e aggrega tes . (St ipple = c h a l c o ­
p y r i t e , g r e y = s i l i c a t e ) , b R a d i a l - b o m b type aggregates wi th e i t h e r c h a l c o p y r i t e 
(st ipple) at the cen te r , o r p y r i t e (white) 

F i g . 4, I n f e r r ed stages i n the r e c r y s t a l l i z a t i o n of o r i g i n a l c o l l o i d a l and f r a m b o i d a l 
p y r i t e ( sketched f r o m po l i shed sec t i on ) . Uppe r : 1) F r a m b o i d s in " c o l l o i d a l " s ea of 
p y r i t e ; 2) S m a l l a r e a s of c o a r s e r p y r i t e m a s s e s ; 3) C o a r s e p y r i t e , with f r a m b o i d a l 
r e m n a n t s . L o w e r : 1) L a r g e , homogeneous f r a m b o i d ; 2) C o a r s e n i n g of p y r i t e 
g l obu l es ; 3) C o a r s e , but i n d i v i d u a l b l obs ; 4) One l a r g e p y r i t e b lob , wi th r emnan t 
c i r c u l a r t ex ture 
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EgjH^Pffl^fip'^" •̂ c'̂ nTOywS^ '̂'/̂ V^^^^JJt 

111 ̂̂̂̂̂̂^̂̂̂̂̂  * *̂  ̂f̂i 
F i g . 5a R a d i a t i n g c o c k s c o m b s t r u c t u r e s of c h a l c o p y r i t e and s p h a l e r i t e " s e p t a " i n 
p y r i t e f o r m e d a f ter m a r c a s i t e : 600x, o i l . b P y r i t e - c h a l c o p y r i t e r e l a t i o n s h i p s i n 
upper o r e zones , showing " r a d i a l - b o m b " t e x tu r e ( s y n e r e s i s c r a c k i n g ) : 600x, o i l . 

(bar = 50 um) c " F r o g ' s - e g g " t e x t u r e of f r a m b o i d a l p y r i t e (white) i n a m a t r i x of 
c h a l c o p y r i t e (grey ) : 320 x , o i l . d C o l l o m o r p h i c a l l y - b a n d e d p y r i t e / c h a l c o p y r i t e ; 
note the l a r g e r m a s s e s of c h a l c o p y r i t e (grey ) : 220 x , o i l 

d i s s e m i n a t e d euhedra , v e ins , and 
m a s s e s . C o p p e r su lph ide s he r e a r e 
p r e s e n t a l m o s t e x c l u s i v e l y as fine i n ­
c luded b l ebs of c h a l c o p y r i t e , b o rn i t e , 
c h a l c o c i t e , and c o v e l l i t e . T h e s e b l ebs 
appear to have m i g r a t e d t owa rds g r a i n 
boundar i e s as t h e i r s i z e i n c r e a s e d above 
5 i^m. 

The t e x t u r e s of p y r i t e show best the 
t r a n s i t i o n f r o m f ine " s y n - s e d i m e n t a r y " 
to c o a r s e c r o s s - c u t t i n g " e p i g e n e t i c " (or 
d iagene t i c ) . The changes seen i n the 
L a h a n o s s p e c i m e n s ( F i g . 6c and d) a r e 
f r o m : 1) a r eas of f ine o r i g i n a l p y r i t e 
(1-10 pm) and f r a m b o i d s to 2) pa tches of 
c o a r s e r p y r i t e s t i l l r e t a i n i n g t h e i r r e l i c 
b lebby rounded shapes , set i n a g r o u n d -
m a s s of r emanen t f ine p y r i t e to 3) l a r g e r 
rounded p y r i t e m a s s e s (0. 1 - 1 m m 

a c r o s s ) wi th t r a c e s of the o r i g i n a l f r a m ­
bo ida l shapes le f t , as out l ined by fine 
s i l i c a t e i n c l u s i o n s . Such s p a t i a l l y - o r d e r e d 
s i l i c a t e i n c l u s i o n s p s e u d o m o r p h i n g p r i m a ­
r y t e x t u r e s a r e to be found i n a l m o s t a l l 
the s p e c i m e n s s tud ied f r o m the l o w e r 
zones of L a h a n o s , and m o s t of the K i z i l ­
k a y a s p e c i m e n s . A l s o i n these l o w e r 
zones , the s m a l l i n c l u s i o n b l ebs of b a s e -
m e t a l su lph ide s a r e m o s t abundant and 
m o s t d i v e r s e ( i . e . i n c l u d i n g bo rn i t e , t e n ­
nant i t e , and ga l ena as w e l l as c h a l c o p y ­
r i t e and spha l e r i t e ) i n those p a r t s of the 
m a s s i v e p y r i t e show ing r e m n a n t s of c i r ­
c u l a r s t r u c t u r e s . T h i s wou ld s e e m to i n ­
d i ca t e that the c i r c u l a r s t r u c t u r e s a r e 
r e l i c s of c o l l o f o r m c h a r a c t e r , s i n ce the 
h i ghes t copper c oncen t r a t i ons w e r e o r i ­
g i n a l l y a s s o c i a t e d w i th the c o l l o r m o r p h i c , 
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F i g . 6 a E x t r e m e l y f i n e - g r a i n e d aggregate of p y r i t e , c h a l c o p y r i t e , s p h a l e r i t e , 
m i n o r tennant i te be ing enc r oached upon by c o a r s e p y r i t e : 2 2 0 x , o i l . b L a r g e f r a g ­
ment of an o r i g i n a l c o l l o m o r p h i c b a l l , b r o k e n and then i n c o r p o r a t e d in to a tuff, 
w i th l a t e r e u h e d r a l p y r i t e o v e r g r o w t h : l l O x , a i r . c O r i g i n a l f r a m b o i d a l p y r i t e 
be ing o v e r g r o w n and r e p l a c e d by m a s s i v e p y r i t e : 2 2 0 x , o i l . d Remnan t a r e a s of 
f r a m b o i d a l , and f i n e - g r a i n e d o r " c o l l o i d a l " p y r i t e r e c r y s t a l l i z i n g to m a s s i v e p y r i t e : 
l l O x , a i r . Note : A l l pho tographs taken i n p lane p o l a r i z e d r e f l e c t ed l i gh t . Whi te = 
p y r i t e , b l a c k = s i l i c a t e 

banded , r ounded aggregates found h i g h e r 
up i n the depos i t . F u r t h e r ev idence f o r 
the r e c r y s t a l l i z a t i o n of o r i g i n a l p y r i t e 
s p h e r u l e s into l a r g e r m a s s e s of h o m o ­
geneous p y r i t e c omes f r o m e l e c t r o n m i ­
c r o p r o b e s tud i e s of a l a r g e , s m o o t h , 
o p t i c a l l y - c o n t i n u o u s p y r i t e m a s s in a 
L a h a n o s s a m p l e , w h i c h had a " c e l l u l a r " 
i n t e r n a l p a t t e r n of " r i n g s " of h i g h e r C u 
and A s i n r ounded o r p o l y g o n a l - s h a p e d 
zones , r a t h e r r e m i n i s c e n t of the p y r i t e 
w i t h c h a l c o p y r i t e bands shown i n P l a t e 4, 

I M P L I C A T I O N S F O R S U L P H I D E 
F O R M A T I O N 

The m i n e r a l o g y and t e x tu r e s of the L a ­
hanos o r e s have been p r e v i o u s l y d e ­

s c r i b e d and i n t e r p r e t e d by T u g a l (1969). 
H i s d e s c r i p t i o n of the v e r t i c a l zonat i on 
of m i n e r a l o g y and t e x tu r e s c o m p a r e s 
w e l l w i th the z o n i n g pa t t e rn at Madenkoy , 
a s i m i l a r but l a r g e r vo l canogen i c depos i t 
that l i e s some 100 k m to the eas t (Caga -
tay and B o y l e , 1977; Caga tay and B o y l e , 
i n p r e s s ) . Caga tay d e s c r i b e s the top of 
the m a s s i v e o r e as b e ing c h a r a c t e r i z e d 
by a f ine , c o l l o f o r m t ex tu re , wh i ch g i ves 
way to c o a r s e r e u h e d r a l to s u b h e d r a l 
t e x t u r e s in the l o w e r s t o c k w o r k and i m ­
p r egna t i on z ones . C a g a t a y and B o y l e 
c o n s i d e r a p a r t of the e u h e d r a l p y r i t e to 
be e a r l i e r than the c o l l o f o r m p y r i t e , 
be ing o v e r p r i n t e d by the r i s i n g so lu t i ons 
that debouched on the s ea f l o o r and 
f o r m e d the c o l l o f o r m su lph ide s . T h i s i s 
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i n e s s e n t i a l ag reement wi th the f ind ings 
of the p r esen t study, wh i ch fu r the r s u g ­
gests that ongo ing h y d r o t h e r m a l a c t i v i t y 
m a y a l s o r e c r y s t a l l i z e the m a s s i v e c o l l o ­
f o r m o r e s . A t L a h a n o s , T u g a l (1969) 
d e s c r i b e d a v e r t i c a l v a r i a t i o n i n o re 
t e x tu r e s f r o m f i n e - g r a i n e d c o l l o f o r m , 
b o t r y o i d a l and f r a m b o i d a l at the top of 
the o r ebody (his " O r e Zone I") to e u ­
h e d r a l , c o a r s e , c o m m o n l y zoned p y r i t e 
c r y s t a l s at the bot tom i n " O r e Zone I V " . 
The t e x tu r e s i n the uppe r zones were 
c o n s i d e r e d " p r i m a r y " by T u g a l , and he 
( l ike £agatay) suggested that the c o l l o ­
f o r m , f i n e - g r a i n e d p y r i t e of the upper 
zones i s of l a t e r o r i g i n than the g r a n u l a r 
p y r i t e , s i n c e he o b s e r v e d the g r a n u l a r 
p y r i t e to o c c u r i n s i d e the c o l l o f o r m p y ­
r i t e . H o w e v e r , the r e v e r s e i s a l so c o m ­
mon , i f not even m o r e c h a r a c t e r i s t i c , of 
the l o w e r zones ( F i g . 6d). 

In h i s " O r e Zone II" , T u g a l (op. c i t , 
p. 98) o b s e r v e s that " i n add i t i on to s e p a ­
ra te f r a m b o i d a l n u c l e i w i th in an a r e a of 
c o a r s e r p y r i t e wi th s h r i n k a g e c r a c k s , 
r e l a t i o n s h i p s s i m i l a r to the " r a d i a l bomb 
t ype " t ex ture of Rus t (1935) a r e a l so 
s h o w n " . He found that b o r n i t e , m a r c a s i t e 
and c o l l o f o r m p y r i t e were m o r e abundant 
t owards the top of O r e Zone II ( towards 
O r e Zone I). H i s d e s c r i p t i o n of O r e Zone 
I (p. 96) a l s o i n c l u d e s the passage " c o l l o ­
f o r m p y r i t e f o r m s a second g ene ra t i on 
p y r i t e and u s u a l l y s u r r o u n d s the m a s s i v e 
e a r l y p y r i t e . It often d i s p l a s y s p r i m a r y 
b o t r y o i d a l , c o l l o i d a l , banded and s p h e r ­
u l i t i c t e x t u r e s . F r a m b o i d a l p y r i t e 
s p h e r e s , u s u a l l y thought to be of c o l ­
l o i d a l o r i g i n , o c c u r i n i s o l a t i o n , and 
v a r i o u s i n t e r m e d i a t e c o m b i n a t i o n s of 
c o l l o f o r m t e x t u r e s a re seen , w i th a 
t r a n s i t i o n to t e x tu r e s that cou ld be r e ­
garded as a zoned c r y s t a l l i n e t e x t u r e " . 
T u g a l then howeve r conc luded that s u c h 
t ex tu r es were i n d i c a t i v e of a h y d r o t h e r ­
m a l r e p l a c e m e n t o r i g i n f o r a l l of the 
s u l p h i d e s . The t e x tu r e s o b s e r v e d by the 
author agree w e l l w i th the d e s c r i p t i o n s 
quoted above, but quite a d i f f e rent depo -
s i t i o n a l h i s t o r y of the su lph ides i s p r o ­
posed be low. 

It i s t rue that the t e x tu r e s o b s e r v e d 
i n the uppe r zones of L a h a n o s a r e a l m o s t 

i d e n t i c a l to those f i g u r e d by Rus t (1935), 
wh ich he a t t r i bu t ed to r e p l a c e m e n t of 
w a l l r o c k s by " p r e c i p i t a t i o n f r o m s o l u ­
t i ons of c o l l o i d a l o r i g i n " . A s i m i l a r c o n ­
c l u s i o n s e e m s ines capab l e f o r the o r i g i n 
of f r a m b o i d s at R e d r u t h , C o r n w a l l 
(Schouten, 1946b) s ince they a r e i n v e i n s . 
T h u s , such an o r i g i n cannot be e n t i r e l y 
r u l e d out f o r the L a h a n o s s u l p h i d e s . H o w ­
eve r , c o n t r a r y to T u g a l ' s c o n c l u s i o n s , 
the re appears to be ev idence that the 
c o l l o m o r p h i c , and v e r y f i n e - g r a i n e d t e x ­
t u r e s were " o r i g i n a l " , i . e . , s y n - s e d i -
m e n t a r y , and that these t e x tu r e s a r e 
p r o g r e s s i v e l y o v e r g r o w n by, and r e ­
c r y s t a l l i z e d to, c o a r s e r - g r a i n e d e u ­
h e d r a l p y r i t e at depth . R e c r y s t a l l i z a t i o n 
m a y have been caused by d i a g enes i s of 
su lph ide s depos i t ed on and w i th in tuf -
faceous v o l c a n i c s f o r m i n g the s e a bed, 
and a l s o by h y d r o t h e r m a l d epos i t i on d u r ­
i n g l a t e r s t o c k w o r k f o r m a t i o n i n a " v e n t " 
zone be l ow the m a s s i v e s u l p h i d e s . A 
s i m i l a r c o n c l u s i o n was r e a c h e d by V u ­
j a n o v i c (1974) f o r these t e x t u r e s . A l s o , 
the p r e s e n t i n t e r p r e t a t i o n i s s i m i l a r to 
that p r o p o s e d f o r t e x tu r e s found i n the 
Cyprus depos i t s (Cons tan t inou , 1973; 
C o n s t a n t i n o u and Govet t , 1972), and at 
S u l l i v a n , B . C . ( M o r r i s , 1972). 

S e v e r a l modes of f o r m a t i o n have been 
suggested f o r f r a m b o i d s , a l though the 
p r e s e n c e of b a c t e r i a s e e m s to be i m p o r ­
tant i n m o s t c a s e s (Baas B e c k i n g and 
M o o r e , 1961; T r u d i n g e r et a l . , 1972). 
F r a m b o i d s have been shown to f o r m at 
l e a s t i n p a r t by r e p l a c e m e n t of g a s - f i l l e d 
" v a c u o l e s " ( R i c k a r d , 1970) o r of o r g a n i c 
d e b r i s (Love and M u r r a y , 1963; L o v e 
and Z i m m e r m a n , 1961; L o v e and A m -
s tu t z , 1966), o r by p r e c i p i t a t i o n i n f ree 
s u s p e n s i o n f r o m m e t a l and s u l f u r i n t rue 
s o lu t i on at h i g h c o n c e n t r a t i o n s of two to 
ten t i m e s the s o l u b i l i t y p r oduc t ( F a r r a n d , 
1970). T h u s f r a m b o i d s do not n e c e s s a r i l y 
i m p l y open - space su lph ide f o r m a t i o n . 
Howeve r , they do c h a r a c t e r i z e d iagene t i c 
s i t ua t i ons , as o b s e r v e d i n p r e s e n t - d a y 
s ed imen t s (Love , 1967; B e r n e r , 1969; 
1970). 

It s e e m s l i k e l y that the c r a c k s i n the 
r a d i a l l y - c r a c k e d s p h e r u l e s a r e s y n e r e s i s 
c r a c k s f o r m e d by s h r i n k a g e of g e l - l i k e 
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m a t e r i a l as i t d r i e d and s o l i d i f i e d . H o w ­
eve r , a l though these t e x tu r e s i m p l y depo­
s i t i o n of su lph ides f r o m c o l l o i d a l s o l u ­
t i ons , they need not i m p l y r e p l a c e m e n t 
of p r e - e x i s t i n g v o l c a n i c tuffs by s u l ­
ph ides f r o m so lu t i ons of c o l l o i d a l c h a r a c ­
t e r ponded by an o v e r l y i n g i m p e r m e a b l e 
p y r o c l a s t i c h o r i z o n , as suggested by 
T u g a l (1969). D e p o s i t i o n cou ld have been 
f r o m c o l l o i d a l s o lu t i ons i n open s p a c e s . 
The f o r m a t i o n of rounded g e l - l i k e b a l l s 
of su lph ide , and t h e i r l a t e r c r a c k i n g upon 
d r y i n g and s o l i d i f y i n g , i s e x a c t l y what 
one would expect of su lph ides depos i t ed 
on the s ea bed and l a t e r c ompac t ed o r 
dewa te r ed th rough d i a g e n e s i s . T h i s l a t ­
t e r p o s s i b i l i t y i s r e n d e r e d m o r e r e a s o n ­
able by the i m p l i c a t i o n s of o ther c o ­
e x i s t i n g t e x tu r e s found n e a r b y : the banded 
aggregates of s u l p h i d e s , w i th s epara t e 
bands of p y r i t e , c h a l c o p y r i t e , and s p h a l e ­
r i t e , a re s i m i l a r to c r u s t i f i c a t i o n s that 
have g rown on the wa l l s of v e ins (or i n 
v a r i o l e s i n v o l c a n i c r o c k s : R i d l e r , R. H . , 
p e r s . c o m m . 1980). In some s a m p l e s , 
r ound , l a y e r e d , s h e l l y p y r i t e b a l l s can 
be seen to have f o r m e d , s o l i d i f i e d , and 
then been b r o k e n be fore be ing i n c o r p o r a t ­
ed into the host v o l c a n i c tuff, and then 
o v e r g r o w n by a subsequent l a y e r of e u ­
h e d r a l p y r i t e g r a i n s . T r a c e s of c h a l c o ­
p y r i t e a re a l so p r e s en t between the v e r y 
f ine p y r i t e g r a i n s of these c o l l o m o r p h i c 
b a l l s . T h i s i m p l i e s that c oppe r and i r o n 
su lph ides were f o r m e d on the s e a f l o o r , 
were r o l l e d a round c l a s t i c a l l y and d e p o s ­
i t ed as f r a gmen t s w i th in the tuf fs . The 
l a y e r s of s m a l l e u h e d r a l p y r i t e g r a i n s 
then o v e r g r e w the b r o k e n b a l l s i n m a n n e r 
s i m i l a r to that de ta i l ed by F e r g u s o n et a l . 
(1974). 

T h u s , even though some of the t e x ­
t u r e s o b s e r v e d at L a h a n o s m i gh t have 
f o r m e d by r e p l a c e m e n t p r o c e s s e s (e. g. , 
the f r a m b o i d s and the r a d i a l l y c r a c k e d 
aggregates ) , the c o l l o f o r m and r o u n d e d -
b a l l t e x tu r e s a r e i n d i c a t i v e of open - space 
f i l l i n g . T h i s was the accepted dogma i n 
the 1950 's when any e x t r e m e l y f i n e ­
g r a i n e d o r c o l l o f o r m banded su lph ides 
were c o n s i d e r e d to have deve loped as 
the r e s u l t of f l o c c u l a t i o n of c o l l o i d a l ge l , 
and the c i r c u l a r f o r m s to have been c o n ­

t r o l l e d by su r f a c e t ens i on of the t r a n s ­
p o r t i n g m e d i u m ( E d w a r d s , 1954; B a s t i n , 
1950). A s s u c h , c o l l o f o r m t e x tu r e s were 
c o n s i d e r e d i n d i c a t i v e of d epos i t i on f r o m 
a s o lu t i on i n an open -space e n v i r o n m e n t . 
It has a l so been d e m o n s t r a t e d m o r e r e ­
c en t l y (Roedder , 1968) that r a d i a l s t r u c ­
t u r e s can be deve loped f r o m s u p e r ­
sa tu ra t ed so lu t i ons w h i c h have a r a p i d 
ra t e of nuc l e a t i on , e s p e c i a l l y a round 
p r o j e c t i o n s o r i r r e g u l a r i t e s . T h u s the 
rounded f o r m s a r e m i m i c s of p r e - e x i s t ­
i n g t opography r a t h e r than the r e s u l t of 
su r f a c e t ens i on , but the o r i g i n a l c o n c l u ­
s i ons of B a s t i n and E d w a r d s r e g a r d i n g 
the n e c e s s i t y of open space f o r such 
f o r m s to g r ow i n , and p r e c i p i t a t i o n 
f r o m suspenso i d s i f not f r o m c o l l o i d a l 
s o l u t i o n s , a r e unchanged. I den t i ca l c o n ­
c l u s i o n s were r e a c h e d by B i r c h (1974) 
i n a s tudy of o re t e x t u r e s of the A r c h e a n 
M a t t a b i depos i t i n O n t a r i o . He d e s c r i b e d 
c o l l o f o r m l y - b a n d e d su lph ides i n c l u d i n g 
p y r i t e , c h a l c o p y r i t e , and s p h a l e r i t e , 
g r o w i n g around and coa t ing o v e r p r o j e c ­
t i ons of o the r g r a i n s . I n t e r e s t ing l y , the 
t e x tu r e s of M a t t a b i su lph ides dep i c t ed i n 
B i r c h ' s t h e s i s a re v e r y s i m i l a r to those 
o b s e r v e d at L a h a n o s , w i th c o l l o m o r p h i ­
c a l l y - b a n d e d aggregates of v e r y f i n e ­
g r a i n e d s u l p h i d e s , g roups of f r a m b o i d s , 
s h r i n k a g e c r a c k s , and r e c r y s t a l l i z a t i o n 
to and o v e r g r o w t h by c o a r s e r , e u h e d r a l 
p y r i t e . S i m i l a r g l o b u l a r , s p h e r u l i t i c , 
and banded c o l l o m o r p h i c t e x t u r e s i n 
vo l canogen i c depos i t s a t t r i bu t ed to 
" c o l l o i d a l o r i g i n s " , a re a l so d e s c r i b e d 
by B a r r i n g e r at R i o T i n t o i n Spa in 
(1954), by P o l l o c k et a l . (1972) at U c h i 
i n O n t a r i o , and by M a t s u k u m a and H o r i k o -
s h i (1970), K a n e h i r a (1970), and O g u r a 
(19 72) i n J a p a n . The same r a d i a l c r a c k e d , 
c o l l o m o r p h i c , f r a m b o i d a l , a t o l l , and r e ­
c r y s t a l l i z e d t e x tu r e s have a l so been d e ­
s c r i b e d by R o b e r t s (1980) at the r e c e n t l y -
d i s c o v e r e d C i r q u e depos i t i n n o r t h e a s t ­
e r n B r i t i s h C o l u m b i a . 

It i s of s i g n i f i c a n c e that not on ly p y ­
r i t e i s found i n the v e r y f ine c o l l o i d a l 
m a s s e s . The banded c o l l o m o r p h i c a g ­
g rega tes c on ta in ing r u d e l y - a l t e r n a t i n g 
bands of p y r i t e , c h a l c o p y r i t e , s p h a l e r i t e , 
and some tennant i te and ga lena , i m p l y 
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depos i t i on of the b a s e - m e t a l su lph ides 
w i th the p y r i t e . If the d epos i t i on of p y ­
r i t e con temporaneous w i th s ed imen ta t i on 
on the s ea f l o o r i s accepted , then d e p o s i ­
t i on of the b a s e - m e t a l su lph ide s would 
have taken p l ace at the same t i m e by s i m ­
i l a r p r o c e s s e s . T h i s i s the c o n c l u s i o n 
r e a c h e d for the K u r o k o depos i t s ( K a j i -
w a r a , 1970a, b; 1973a, b), and wou ld 
re fute at L a h a n o s the o ther c o m m o n l y 
p r o p o s e d m e c h a n i s m of b a s e - m e t a l e n ­
r i c h m e n t by add i t i on of ep igehet i c C u , 
Z n , P b , e tc . f r o m h y d r o t h e r m a l s o l u ­
t i ons to p r e - e x i s t i n g , syngenet i c p y r i t e 
(Jenks , 1971; R o b i n s o n and S t r ens , 1968; 
S h c h e r b a , 1971; S m i r n o v , 1972; W i l ­
l i a m s , 1966). A l t h o u g h Schouten (1964a, 
b, c) shows ev idence that comp le t e r e ­
p l a c e m e n t of p y r i t i c syngenet i c t e x tu r e s 
by b a s e - m e t a l su lph ides can be ef fected 
by so lu t i ons of a p p r o p r i a t e c o m p o s i t i o n , 
the o c c u r r e n c e toge ther at L a h a n o s of 
e x t r e m e l y f i n e l y - d i v i d e d i n t e r g r o w t h s of 
p y r i t e , c h a l c o p y r i t e , s p h a l e r i t e and 
tennant i te i m p l i e s depos i t i on of at l e a s t 
some b a s e - m e t a l su lph ides f r o m c o l l o i d a l 
s o lu t i ons a l ong w i th the p y r i t e . 

A d d i t i o n a l ev idence for the s y n - s e d i -
m e n t a r y d epos i t i on of b a s e - m e t a l s u l ­
ph ides wi th p y r i t e i s seen in the t e x tu r e s 
of the m i d d l e and bot tom zones at L a h a ­
nos where the f ine, banded, c o l l o m o r p h i c , 
r a d i a l l y - c r a c k e d and f r a m b o i d a l t e x tu r e s 
are p r o g r e s s i v e l y o v e r g r o w n by c o a r s e r , 
often e u h e d r a l o r zoned p y r i t e , i n s tages 
that have been documented above. T h i s 
c o a r s e r p y r i t e and the c o a r s e r a gg r e ­
gates of c oppe r , l e ad and z i n c su lph ides 
o c c u r r i n g w i th i t , appear to be i n d i c a t i v e 
of d iagene t i c o r l a t e r - s t a g e h y d r o t h e r m a l 
r e c r y s t a l l i z a t i o n of e a r l y - f o r m e d s y n -
s e d i m e n t a r y s u l p h i d e s . 

Such o v e r g r o w t h o r r e c r y s t a l l i z a t i o n 
of e a r l y - f o r m e d i r o n su lph ide has been 
d e s c r i b e d by s e v e r a l au thors (e. g. , Shaw 
and Hodgson , 1980; Chauhan , 1974; 
F e r g u s o n et a l . , 1974). L o v e (1967, p. 
335) d e s c r i b e s a " l a t e r g enera t i on of 
su lph ide s u r r o u n d i n g and even f i l l i n g i n 
between the g r a i n s w i th in f r a m b o i d s " as 
s e c o n d a r y m e l n i k o v i t e - p y r i t e ' , a l though 
B e r n e r (1964) cas t s e r i o u s doubt on the 
v a l i d i t y of m e l n i k o v i t e as a d i s t i n c t phase . 

Chauhan (1974) d e s c r i b e d a s i m i l a r j o i n ­
i n g of g r a i n s i n f r a m b o i d s by deve lopment 
of m a t r i x p y r i t e , and deve l opment of 
zoned p y r i t e c r y s t a l s f r o m the o r i g i n a l 
f r a m b o i d a l g r a i n s . F e r g u s o n et a l . 
(1974) and B o c t o r et a l . (1976) note that 
m a r c a s i t e m a y r i m o r c r o s s c u t p y r i t e 
i n la te d iagene t i c s tages . 

A s suppor t f o r the f o r ego ing c o n ­
c l u s i o n s , i t shou ld be noted that the 
p r e s e n t - d a y p r e c i p i t a t i o n of base m e t a l s 
a long wi th i r o n s u l p h i d e s , a l l of e x t r e m e ­
l y f ine g r a i n s i z e , on the s ea f l oo r n e a r 
v o l c a n i c f u m a r o l e s has been r e p o r t e d by 
s e v e r a l w o r k e r s . H o n n o r e z (1969) and 
H o n n o r e z et a l . (1971) r e p o r t e d d e p o s i ­
t i on of base m e t a l s as su lphates n e a r a 
vent on the He de V u l c a n o , S i c i l y , f o l ­
l owed by e r o s i o n , r e d e p o s i t i o n f u r t h e r 
away, and r e d u c t i o n to s u l p h i d e s . De 
B r e t i z e l and F o g l i e r i n i (1971) noted C u , 
P b , and Z n su lphates and c h l o r i d e s 
f o r m i n g n e a r the vent, but d id not d e ­
s c r i b e b a s e - m e t a l s u l p h i d e s , and P u c h e l t 
(1971) noted on ly i r o n s u l p h i d e s . F e r g u ­
son and L a m b e r t (1972) and F e r g u s o n 
et a l . (1974) documented the e n r i c h m e n t 
of base m e t a l s w i th i r o n su lph ide s n e a r 
s u b m a r i n e hot s p r i n g s i n N e w G u i n e a , 
but d id not f ind any b a s e - m e t a l su l ph id e s 
c o a r s e enough to ident i f y . On the o the r 
hand, both s p h a l e r i t e and c h a l c o p y r i t e 
have been p o s i t i v e l y i den t i f i ed w i th p y ­
r i t e and m a r c a s i t e i n m u d s f r o m the Red 
Sea Deeps (Stephens and W i t tkop , 1969; 
B i s cho f f , 1969; B i s c h o f f and M a n n h e i m , 
1969), and n e a r vents on the Ga lapagos 
R i f t ( B a l l a r d and G r a s s l e , 1979). 

F i n a l l y , i t i s i n t e r e s t i n g to specu la t e 
that the o c c u r r e n c e of the c o m p l e x i n ­
t e r g r o w t h s of c o a r s e r - g r a i n e d b o r n i t e , 
c h a l c o p y r i t e , c o v e l l i t e , and c h a l c o c i t e , 
o c c u r r i n g as s epa ra t e m a s s e s between 
the l a r g e r p y r i t e g r a i n s , a re sugges t i ve 
of the supergene a s s e m b l a g e s a s c r i b e d 
c o n v i n c i n g l y by C o n s t a n t i n o u (1972) to 
o x i da t i on of c oppe r su l ph id e s on the s e a 
f l o o r p r i o r to d i a g e n e s i s . 

A c k n o w l e d g e m e n t s . The author i s g r a t e ­
ful f o r a g rant f r o m the Ins t i tu t i on of 
M i n i n g and M e t a l l u r g y i n L o n d o n , E n g -
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l a n d , wh i ch made c o l l e c t i o n of the s a m ­
p l e s i n T u r k e y p o s s i b l e . S u p e r v i s i o n by 
P r o f e s s o r G . R. D a v i s at I m p e r i a l C o l ­
l ege , L o n d o n , i s g r a t e fu l l y acknowledged , 
as i s c r i t i c a l r e a d i n g of the m a n u s c r i p t 
by D r . A . H . C l a r k , D r . R. H . R i d l e r 
and D . W. Ha t t i e , and encouragement by 
D r . C . H a l l s of I m p e r i a l C o l l e g e . 
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ORE T E X T U R E S IN TURKISH V O L C A N O G E N I C M A S S I V E SULFIDE 
DEPOSITS IN LIGHT OF EXHALATIVE SULFIDE DEPOSITS F R O M AXIAL 
S E A M O U N T A N D EXPLORER RIDGE, N O R T H E A S T E R N PACIFIC O C E A N 

C R A I G H . B . L E I T C H 

Department of Geological Sciences, University of British Columbia, 

6339 Stores Road, Vancouver, British Columbia V6T 2B4 

A B S T R A C T 

The textures displayed by volcanogenic massive sulfides 
from deposits in the Eastern Pontids o f Turkey can be re­
interpreted in the light o f similar textures in massive sul­
fides from spreading centers in the eastern Paci f ic Ocean. 
Recently formed sulfides from the caldera of A x i a l Sea-
mount and Explorer Ridge show the same radiating cocks­
comb structures in marcasite as do Turkish pyritic sulfides, 
conf irming that the latter are pseudomorphous after mar­
casite. " R a d i a l - b o m b " textures are identical in both suites 
o f samples, and suggest dewatering of gel-like sulfide 
precipitates. Co l lomorphica l ly banded pyrite in the Tur ­
kish sulfides can now be inferred to have grown in the 
seafloor environment, by comparison with the recent sul­
fides. A l s o , round shelly pyrite " b a l l s " apparently grew 
around tube-worm holes. Overprint ing o f these primary 
depositional textures by recrystallization and precipitation 
of later coarse euhedral pyrite also are evident in both suites, 
and conf irm that such activity happens soon after init ial 
precipitation. 

Keywords: volcanogenic massive sulfides, textures, cocks­
comb, radial-bomb, co l lomorphic , tube-worm holes, 
overprinting, Turkey. 

S O M M A I R E 

Les textures des sulfures massifs volcanog^niques pro-
venant des gisements situ^s dans la region des Pontides 
orientales en Turquie ressemblent beaucoup a celles qui 
caracterisent les sulfures massifs des rides oceaniques de 
l 'Est du Paci f ique. Les sulfures formes recemment dans la 
caldera du guyot A x i a l et le long de la crete Explorer mon-
trent les memes textures radiaires en "crete de c o q " dans 
la marcasite que les amas pyritiques turcs; ces derniers r£sul-
teraient done d'une pseudomorphose de la marcasite. Les 
textures radiaires en " b o m b e s " sont identiques dans les 
deux suites, et font penser qu ' i l s'agit d 'un phdnomene de 
deshydratation d 'un precipite sulfure" co l lo idal . L a pyrite 
a bandes collomorphes dans les sulfures turcs serait une 
manifestation d 'un milieu sous-marin, tout comme les sul­
fures recents. De plus, des spheres pyriteuses recouvertes 
de coquillages se seraient formers dans les parois des tubes 
d'annelides. L a recristallisation de ces textures primaires 
de deposition et la precipitation d'une generation tardive 
de pyrite idiomorphe a grain grossier sont £videntes dans 
les deux suites, et confirment que de tels processus agis-
sent peu de temps apres la precipitation initiate. 

(Traduit par la Redaction) 

Mots-cle's: sulfures massifs volcanogeniques, textures, 
"crete de c o q " , bombe radiaire, col lomorphe, tubes 
d'annelides, recristall isation, Turquie . 

I N T R O D U C T I O N 

Hannington's & Scott's (1988) detailed description 

of the mineralogy and textures of exhalative mas­

sive sulfide deposits at the Ax ia l Seamount shield vol­

cano in the eastern Pacific Ocean provides a wealth 

of new information of these deposits and insights 

into the genesis of their ancient analogues, volcanic-

rock-associated massive sulfide deposits on land. In 

this regard, important comparisons and inferences 

have been previously made also by Oudin (1983), 

Oudin & Constantinou (1984), Kosk i et al. (1984), 

and Haymon et al. (1984) for sulfides formed at 

spreading ridges. The textures and paragenesis of sul­

fides in Kuroko-type deposits have been described 

by Eldridge (1981) and Eldridge et al. (1983), and 

their observations have been compared to similar tex­

tures in sulfides formed at spreading ridges by Koski 

et al. (1984). 

Textural studies yield important information that 

is useful in interpreting the history o f sulfides in 

ancient deposits. In this note, some of the textures 

of modern sulfides, from both Hannington's & 

Scott's (1988) discussion and my observations of 

their samples (Fig. 1), are compared to some very 

similar textures in two Turkish Cretaceous volcano­

genic massive sulfide deposits o f the Eastern Pon­

tids: Lahanos and Kiz i lkaya (Leitch 1981). 

Leitch (1981) described several characteristic tex­

tures of the Turkish sulfides: a) radiating cockscomb 

structures in pyrite defined by chalcopyrite and 

sphalerite "septae", b) round spherules with "radial-

b o m b " texture, c) collomorphically banded pyrite-

chalcopyrite, d) round, layered, " she l l y " pyrite balls, 

e) atoll textures and " frog 's-egg" texture formed by 

pyrite framboids infilled by chalcopyrite, and 0 over­

growth and recrystallization, causing destruction of 

original fine framboidal and collomorphic textures. 

Fol lowing examination of samples o f modern sul­

fides from the Ax i a l Seamount and Explorer Ridge, 

the hypotheses made in Leitch (1981) about the ori­

gin of such textures in the Turkish deposits can now 
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a) 

bJ 

F I G . 1 a). Radiating cockscomb texture of marcasite, 
growing on collomorphically banded, fine-grained mar­
casite and sphalerite. Axial Seamount sample, reflected 
light, parlly crossed polarizers, b). "Radial ly cracked" 
or " radia l b o m b " lexlure of marcasite in Axial Sea­
mount sample. Plane polarized, reflected light. 

be c on f i rmed . E a c h oT ihese textures is elaborated 
on be low. 

C O M P A R I S O N O F T E X T U R E S F R O M R E C E N T A N D 

A N C I E N T D E P O S I T S 

The rad ia t ing cockscomb structures o f marcasite 
in the A x i a l Seamount and Exp l o r e r R idge samples 
(F ig . la ) are ident ica l to those in the T u r k i s h ores 
(F ig . 5a o f Le i t ch 1981). Th i s identity con f i rms that 
the cockscomb structures i n the T u r k i s h ores prob­
ably were, as postulated, o r i g ina l l y f o rmed o f mar ­
casiie lhat has now recrystallized to pyrite. In a speci­
men from Exp lo re r Ridge, sphalerite also grew in the 
same fashion, with the " s e p t a e " in this case defined 
by marcasite . 

" R a d i a l l y c r a c k e d " textures in marcasite also 
present in the A x i a l Seamount samples (F ig . lb ) are 
s t r ik ing ly s imi lar to those f ound in the T u r k i s h 
pyrite, in f i l l ed by chalcopyr i te (F ig . 5b o f Le i t ch 
1981). The descript ive terms " r a d i a l - b o m b " and 
"c racked po r ce l a in " were in fact applied to these tex­
tures much earlier by L a s k y (1930), Rust (1935) and 
Schouten (1946a). These authors suggested that the 

radia l ly cracked spherules reflect shr inkage or " s y n -
eres i s " c rack ing that f o rmed as gel- l ike sul f ide 
precipitates dewatered after precipi tat ion. In the case 
o f the Turk i sh samples, Le i tch (1981) postulated that 
this dewater ing may have occurred dur ing diagene-
sis, but it is obvious that such changes can take place 
very soon after formation o f the sulfides, long before 
bur ia l and diagenesis. 

C o l l o m o r p h i c a l l y banded sul f ides , i n c lud ing 
pyr i te , chalcopyr i te and sphaler i te, wi th the band­
ing def ined by the d i f f e r ing sulfides or by curved 
rows o f gangue inc lus ions , also are character ist ic o f 
both sulf ides o n the recent seaf loor (Hann ing t on & 
Scott 1988, K o s k i Hal. 1984, O u d i n & Cons tant inou 
1984) and i n the T u r k i s h deposits (F igs . 2a, 2b and 
5d o f Le i t ch 1981). Such band ing was taken i n the 
Turk i sh specimens to indicate growth in open spaces 
on the sea f loor ; this suggestion can now be con­
f irmed with the discovery o f these textures in the 
samples f r om current ly prec ip i tat ing sulf ides (Kosk i 
et al. 1984). T h e para l l e l i sm is complete , even to the 
b rown " m e l n i k o v i t e - p y r i t e " ( H a n n i n g t o n & Scott 
1988) at the centers o f the c o l l omorph i ca l l y banded 
marcasite o r pyr i te . 

A n exp lanat ion can now be offered for the or ig in 
o f the r ound layered " s h e l l y " pyr i te bal ls f ound at 
the Lahanos deposit in T u r k e y (F ig . 2; see also F i g . 
6b or Lei tch 1981). They are almost identical to struc­
tures in A x i a l Seamount samples, wh i ch or ig inated 
by depos i t ion o f sphaler i te and marcasite a r ound 
tube-worm holes (Hann ing t on & Scott 1988, F i g . 
10a). Such a conc lus ion also has been drawn by Hay - 
tnon et al. (1984) for massive sulf ides formed at a 
Cretaceous fossi l spreading ridge now preserved in 
the Samat l ophio l i t e in O m a n , and by O u d i n & C o n -
stant inou (1984). who compared the textures o i su l ­
fides f rom the late Cretaceous Cyprus - type deposits 
f ound i n the T r o o d o s comp lex , C y p r u s , to sulf ides 
observed in recently f o rmed deposits near the J u a n 
de Fuca ridge ( N o r m a r k et al. 1983), the Ga lapagos 
ridge ( Law el al. 1981), the East Pac i f i c Rise (F ran-
cheteau el al. 1979, H e k i n i a n et al. 1980) and the 
Guaymas basin in the G u l f o f C a l i f o r n i a (Lonsda le 
et al. 1980, Peter & Scott 1988). 

Overg rowth , recrystal l i zat ion and overpr int ing o f 
or i g ina l f r ambo ida l and c o l l o m o r p h i c textures by 
later euhedral or more massive, coarser-grained sul­
fides (e.g., F i g . lOf o f H a n n i n g t o n & Scott 1988) 
were also postulated for the T u r k i s h deposits by 
Le i t ch (1981, F igs . 4 and 6). Th i s process also has 
been proposed by many others, i n c lud ing E ldr idge 
(1981), E ldr idge er al. (1983), O u d i n & Cons tant inou 
(1984) and K o s k i etal. (1984), who called the process 
an " in t ens i f y ing hyd ro the rma l s y s t e m " , causing 
overpr int ing , overgrowth, recrystal l izat ion and zon­
ing o f the sul f ides. It is interesting to note the ease 
and rap id i ty w i th wh i ch cha lcopyr i te recrystal l izes, 
even in the recent samples f r om the A x i a l Seamount 
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FtC i . 2. Large round " she l l y " pyrite ball ( " b a l l " only in cross-section), probably 
formed by filling in or growing around a tube-worm hole, and overgrown by later 
euhedral pyrite. Sample taken from Lahanos deposit, northeastern Turkey; com­
pare with Figure 10b of Hannington & Scott (1988). 

and E x p l o r e r R idge . In one o f these samples, cha l ­
copyrite varies f r om very f ine-grained relict balls (or 
possibly f ramboids ) 10 /tm across o n one side o f the 
section to a s m o o t h , even, complete ly recrystal l ized 
and homogeneous mass a few centimeters away. 
Such textures are c o m m o n in the T u r k i s h samples, 
w i th cha lcopyr i te a lmost always in f i l l i ng cracks and 
spaces between the more britt le pyrite (Figs. 5b and 
5d o f Le i t ch 1981). Th i s gives rise to the " f r o g ' s -
egg " texture (Rust 1935) shown in Figure 5c o f Le i tch 
(1981), and to the ato l l textures (Schouten 1946b) 
shown in Figures 3a and 3b o f Le i t ch (1981). A s 
wou ld be expected f rom observat ions o n the relative 
ease o f recrysta l l i zat ion o f sul f ides (Vokes 1969), 
sphalerite in the A x i a l Seamount sulfides also shows 
this tendency to recrystal l ize, but to a lesser extent. 
O f course, galena w o u l d recrystal l ize more easily 
than chalcopyr i te (and such was observed in the Tu r ­
kish samples), but it is much less abundant than chal ­
copyrite in both the T u r k i s h and the recent seaf loor 
sulf ides. The i ron sulf ides pyr i te and marcasi te , 
which are the most br i t t le , tend to preserve their 
or ig ina l textures best. 

A t the Lahanos deposit in T u r k e y , pyrite seems 
to pseudomorphose earlier marcasite, and preserves 
the rad ia t ing cockscomb texture o f the marcasi te . 
Th is re lat ion conf l icts somewhat with Hann ing t on ' s 
& Scot t ' s (1988) observat ion that marcasi te is later 

and forms at lower temperature than pyr i te . The 
exp lanat ion preferred here for the T u r k i s h pyr i t i c 
f r ambo ids is that they f o rmed after marcasite f ram­
bo ids , w h i c h are ub iqu i t ous in the recently f o rmed 
sulfides described by Hann ing t on & Scott (1988, F i g . 
lOe). 

A l t h o u g h the T u r k i s h deposits are, strictly speak­
ing , c omparab l e to K u r o k o deposits f o rmed i n a 
back-arc setting, whereas the seafloor deposits o f the 
Eas t e rn Pac i f i c are comparab l e to Cyprus - type 
deposits formed at spreading centers, the textures o f 
bo th are s im i l a r . Th i s s im i l a r i t y has prev ious ly been 
suggested by E ldr idge (1981) and K o s k i et al. (1984). 
T h u s despite the differences between these two types 
o f vo lcanogenic massive sulfides in their tectonic set­
t ing and metal ratios (e.g., Hu t ch inson 1973, F r a n k ­
l in et al. 1981), the sulfides were precipitated by simi­
lar processes. 

A C K N O W L E D G E M E N T S 

I very m u c h appreciate the chance to examine the 
recent seaf loor sul f ide samples k ind l y made avai la­
ble by D r . Sco t t , at a G . A . C . C o r d i l l e r a n Section 
short course g iven by h i m and others i n Vancouve i 
in 1986. I a lso am indebted to R . F . M a r t i n and tc 
an anonymous referee for signi f icant improvement ; 
to the manuscr ip t . 
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SERPENTINIZATION IN THE ARCHEAN KOMATIITIC ROCKS 
OF THE KUHMO GREENSTONE BELT, EASTERN FINLAND 

S Y L V A 1 N B L A 1 S A N D B E R N A R D A U V R A Y 

Centre Artnoricain d'Etude Structurale des Socles, Institut de Giologie, University de Rennes, 
35042 - Rennes Cedex, France 

A B S T R A C T 

Within the Suomussalmi-Kuhmo-Tipasjarvi greenstone 
belt of Archcan age in eastern Finland, there are numerous 
outcrops of serpentine-bearing rocks. Petrographic and 
mineralogieal observations have led to the recognition of 
three stages of mineral growth during metamorphism: 1) 
low-grade serpentinization, with dominant lizardite I cul­
minating in the complete transformation of magmatic ol i­
vine; l i ) prograde metamorphism, leading to the appear­
ance of a new generation of olivine associated with acicular 
antigorite, which shows an interpenetrating texture, and 
III) a renewed episode of low-grade serpentinization, cor­
responding to a partial conversion of metamorphic olivine 
to lizardite I I . Stages I and III correspond to the develop­
ment of lizardite with a mesh texture. During each stage 
of mineral growth, each serpentine phase shows a specific 
composition. Lizardite I is characterized by the presence 
of A l , M n , Ca , Na, K , C r and N i , whereas lizardite II 
appears to be highly depleted in these elements. The varia­
bility of F e 1 * contents in lizardite II is probably related 
to the compositional characteristic of the metamorphic o l i ­
vine. Antigorite is characterized by an enrichment in A l , 
Cr and M g linked to the breakdown of chromite during 
the main phase of prograde metamorphism. 

Keywords: serpentinization, komatiite. greenstone belt, 
Kuhmo, Archean, eastern Finland. 

S O M M A I R E 

A u sein de la ceinture archeenne de roches vertes de 
Suomussalmi-Kuhmo-Tipasjarvi (Finlande orientale) 
affleurent de nombreuses roches dans lesquelles abondent 
les minfraux serpenlineux. Les observations mineralogiques 
permettcnt de mettre en Evidence trois stades mitamorphi-
ques: I) serpentinisation de bas degre oil domine la lizar­
dite I, aboutissant a une transformation totale de l'olivine 
magmatique; II) metamorphisme prograde, conduisant a 
1'apparition d'une nouvelle gfneration d'olivine et au d£ve-
loppement d'aiguilles d'antigorite a texture interpenetree; 
III) nouvelle serpentinisation de bas degre correspondant 
a une alteration partielie de l'olivine metamorphique en 
lizardite II. Le premier et le troisieme stade correspondent 
a un developpement de lizardite a texture maillee. La lizar­
dite I est caracterisee par la presence d'6lcments comme A l , 
Cr, N i , M n , C a , Na et K, alors que la lizardite II en est 
totalement depourvue. Cette derniere presente des teneurs 
en F e 2 + variables, en relation avec la nature meme de l 'o l i ­
vine metamorphique. L'antigorite est caracterisee par une 
grande richesse en A l , Cr et Mg ; cet enrichissement est lie 

a la destabilisation de la chromite au cours de l'episode 
metamorphique prograde principal (stade. II). 

Mots-ale's: serpentinization, komatiite, ceinture de roches 
vertes, Kuhmo, Archeen, Finlande orientale. 

I N T R O D U C T I O N 

Serpent in i za t ion processes have long attracted the 
at tent ion o f numerous invest igators , and the 
associated l i terature is abundant (Canadian Miner­

alogist 17, part 4 , 1979). Studies have concentrated 
main ly o n the mineralogy and crystal lography o f ser­
pent ine minera l s , as wel l as on the mode o f serpen­
tine f o rma t i on i n var ious geo log ica l settings (Wicks 
& W h i t t a k e r 1977). Recent ly , the success Of chem­
ical analyses by mic roprobe methods has augmented 
the ava i lab le data-base and led to a better under­
s tand ing o f the geochemistry o f serpent in izat ion 
processes. 

T h e A r c h e a n greenstone belt o f S u o m u s s a l m i -
K u h m o - T i p a s j a r v i (B la is et al. 1977, Ta ipa l e et al. 

1980, P i i r a i n en 1988, B la i s 1989) is par t i cu lar l y well 
suited for the study o f serpentine minera ls , as the 
u l t rama f i c rock-types have undergone a mult istage 
h is tory and are composed p redominan t l y o f serpen­
t ine. T h e di f ferent phases o f serpent in izat ion have 
been related to var ious stages o f me tamorph i sm 
(P iquet 1982, B la i s 1989); this insight has led to the 
recogn i t ion o f successive textura l re lat ionships and 
the in terpre ta t ion o f geochemica l mob i l i t y . The 
present s tudy o f serpentine minera ls is based on 
pet rographic observat ions as wel l as detai led chem­
i ca l analyses o f the minera ls concerned . It demon­
strates the part ic ipat ion o f spinel in the development 
o f ant igor i te d u r i n g one stage o f m e t a m o r p h i s m . 

" G E O L O G I C A L S E T T I N G 

T h e three types o f l i tho log i c uni ts classical ly 
descr ibed i n A r c h e a n " g r an i t e - g r e ens t one " belts 
(W ind l ey & Br idgwater 1971) a lso are recognized in 
the A r c h e a n terranes o f eastern F i n l a n d , where out­
crops can be assigned as fo l lows: a gneissic basement 
con ta in ing rocks o f t ona l i t i c , t rondhjemi t i c and 
granodtor i t i c c o m p o s i t i o n rang ing i n age f r om 2.86 
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