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ABSTRACT 

The Keban mine is one of the most important and zinc 

producers in Turkey. It is located 54 km of Elazig 

eastern Turkey. 

The Keban metamorphic massif consists of calc-schists, 

dolomite marble , phyllite and marble . It forms part of the 

eastern Taurid belt, a prolongation of the Alpine orogenic belt. 

i 

The principal structural feature of the area is the northern 

extension of the anticline, a major recumbent fold 

with a NE- SW axis . Later movements acting in different directions 

gave rise to N-S, E- W, NW-SE and NE-SW directed folding and 

faulting over the previous anticline. Small bodies of quartz­

syenite porphyry , of Paleocene age, intrude the metasediments. 

Detailed study by chemistry, petrography and X-ray techniques 

on sanidine accounts for a composition range between Or65 Ab
35 

and Or
99 

Ab1• The ratio of Or to Ab tends to increase outwards 

from the central parts of the igneous body. 

Skarn zones have developed in association with the intrusion 

of quartz- syenite porphyry. These are located mainly vr.i thin the 

metasediments. The magnetite deposit of Zereyandere, the scheelite 

deposit of Kebandere and the main sulphide deposit were formed as 

part of the process of skarn formation . Minor amounts of some 

manganese minerals, and the minerals vanadinite and descloizite 

derived from the main sulphide deposit, are also found in the 



ii 

district . 

The main sulphide deposit of economic importance chiefly 

includes sphalerite , galena, iron and copper sulphides and 

several sulfo- salts in subordinate amounts . Of the by-products , 

silver comes from galena, polybasite and tennantite . Arsenopyrite 

in addition to chalcopyrite contains trace concentrations of 

gold. 

All the evidence suggests that the quartz- syenite porphyry 

is the source of mineralization. The location of ore minerals is 

controlled by certain rock types and by major and minor structural 

elements. Variation of vapour fugacity and temperature during 

mineralization are indicated by more than one stage of formation 

for certain ore minerals . Tne presence of different gangue 

minerals marks the fluctuating nature of the ore forming fluids 

whose last stage is believed to be alkaline rather than acidic. 

The main sulphide deposit is accepted as a semi-metasomatic 

contact deposit , while the magnetite and scheelite deposits are 

classified as being contact metamorphic . 

Using various methods 1 a temperature range of formation 

bebteen 620° and 78°0 is estimated for the ore minerals of the 

main sulphide deposit . For the ore minerals of the scheelite and 

magnetite deposits , the range is from 743°0 do\\n to 225°C. 
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by caused by small differences in composition . Descloizite 

pseudomorphs after vanadinite and apparent replacement 

features suggest it is relatively younger than the vanadinite . 

Origin and classification 

These supergene products of the lead- zinc deposit are 

believed to take their lead , ainc and copper content from 

the primary sulphides. V is the tenth in abundance among 

the metals in the earth ' s crust, and is markedly enriched 

in certain sedimentary rocks . However , it is a well known 

fact that shales in general show the highest , and dolomite 

and limestone the lowest vanadium contents amongst sedimentary 

rocks {Wasserstein, 1945) . Therefore the shale horizons are 

accepted as the most likely source in many similar 

In the Keban area the phyllite metamorphic equivalent of 

shales is regarded as the most probable source for the V 

and this assumption is also based on the analytical data of 

Maucher (1932) who reported 0.003% v2o5 in the sphalerite + 

galena, 0 . 0 1% v
2
o
5 

in the quartz syenite porphyry and 0 . 02% 

v
2
o
5 

in the phyllite . As stated before the minerals obviously 

occur in a close association with the dolomite marble rather 

than the phyllite . This may be explainable by its relatively 

great solubility which attracts V. Notestein (1918) has long 

before established the mutual relations of both V and calcite 

which precipitates V from vanadyl sulphate solution which is 
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soluble in solutions of alkali carbonates and bicarbonates. 

In this way V may be leached by sulphate beariug ground waters 

and precipitated by calcite. Moreover zoning of both minerals 

indicates a prolonged period of deposition, subjected to 

repeated variations in the composition of the depositing 

solutions . This deduction is also in full agreement with a 

supergene theory of formation. 

Crustal abundance of V and its enrichment in certain 

rocks creat a better case in favour of lateral secretion of 

than in the case of geochemically rare elements 

like Pb and Cu . The lateral secretion implies a process of 

mobilization of elements from a solid rock and their 

precipitation in openings nearby. Lovering (1963) has recently 

intraduced the term of lithogene to describe the process more 

accurately and emphasize source evnironment. According to 

the author a lithogene deposit is one where rocks or mineral 

deposits have been modified by the selective mobilization 

and recrystallization of some of their chemical constituents 

to form a later generation of minerals more than a em away 

from the place where the elements were mobilized . The agent 

mobilizing the elements might be any kind of water such as 

porosity in the rock except one that did not contribute 

magmatic elements to the final mineral deposit . 

definition and further explanation about the 
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environment and process from which vanadinite and descloizite 

form , appear to those present in the Keban area 

therefore the vanadinite- descloizite occurrence is well­

classified as being lithogene . 

It is most unlikely that these occurrences indicate that 

additional lead-zinc ore bodies can be found further away 

from the known ore bodies , as has been suggested by other 

workers in the area . 

F . Zoning 

The Keban area gives a good example of zoning . The ore 

bodies are immediately adjacent to the intrusive rocks. In 

a broad way zoning appears to be present outwards from the 

two centres , t he Zereyandere section in t he S, and t he 

Kebandere section in the N respectively. There, as well as 

in the inliers within the quartz syenite porphyry bodies; 

magnetite , scheelite, pyrite and chalcopyrite are most 

abundant and they create the two separate inner zones around 

the centres , between the main sulphide ore deposit 

forming the intermediate zone lies about in the middle of the 

area . This intermediate zone is followed with a zone mainly 

dominated by the manganese minerals . Finally the outermost 

zone is composed of vanadinite and descloizite formed by 

migration of certain minerals from the main sulphide ore 

deposit . 
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Peripherally outward from the igneous bodies, from 

areas of high temperature to those of lower temperature , there 

is clearly a gradual change in mineralization from scheelite 

and iron oxides to copper sulphides then iron sulphides . There 

are however local interruptions of this general pattern . 

Vertical zoning, one of the most striking features of 

hydrothermally formed deposits, is seen through the main 

sulphide ore deposits. From the assays and microscopic study , 

it is found that an orderly sequence is lacking at the higher 

levels , because the silver and zinc appear to occur abundantly 

above the lead . (300 qr/t silver , 1 gr/t gold, 12% zinc at 

the Derebaca deposit were recorded) . The Dilimli ore- shoot 

is another case where lead formed below a zone generally 

dominated by zinc . This recycling and lack of orderly sequence 

at higher levels have been regarded by some authors , as caused 

by mineralizing solutions of complex chemical composition . In 

general the lower levels e . g . 668 m level (in 1965) have 

dominantly massive pyrite occurrences and a re l ative enrichment 

in copper content appears to start to enter into the deposit 

at about the 705 m level. The zinc contentdecreased down to 

about 3% at the 668 m level in 1965 , along with the silver 

content which becomes 140 gr/t compared with 300 gr/t at 

higher levels . As stated before the silver content according 

to early reports was about 980 gr/t at surface . The Zn/Pb ratio 
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was 1 ,3 at the higher levels including the upper part of the 

Derebaca deposit • and general increases up to 2 were reported 

at the levels between the 745 m and 688 m levels after which 

the ratio falls down to about 1 at the lower levels (1965) . 

Although only present in minor amounts, gold maintains a 

steady content throughout the workings . 

G. Flotation process 

This well-known ore dressing process was applied to some 

ore samples on a laboratory scale, in order to obtain galena 

and sphalerite concentrates free £rom associated minerals. The 

tailings and middlings , although they are important for 

commercial applications were not considered to be of importance 

on the laboratory scale , because sufficient purified ore could 

be obtained from the concentrate . To check the accuracy oi 

the process , 8 recovered loose samples were counted on a 

basis of 300 points each under a binocular microscope . The 

results read off on the chart after Barringer, (1954) show 

the analytical error between 1 .1 00,.6 and 2 . 50% or in other 'trords 

percent of maximum probable undesirable compounds ranges from 

1 to 4.7. Table 34 gives further explanation on a ccuracy . 

The purified sulphides have been subjected to trace element 

analysis and cell-size measurement. 

At the early stage of grinding the samples were cut into 



Table 34 Grain oounts of purified samples (loose) 

Max Probable Max Probable 
Points Undesirable Desirable amt . of desired arnt . of unde- Analytical 

Sample No. Ore Counted Points Points Ore % sil'ed Ore % Error % 

.520/1 Galena 300 8 292 97 -30 2 . 70 1 . 80 

507 II 300 5 295 98.30 1.70 1.20 

J?tN- 1 " 300 11 289 96 .30 3.70 2.25 

Boo I I 300 3 297 99 . 00 1 . 10 1 . 00 

B/N- 1 Sphalerite 300 14 95.30 4.70 2 . 50 

Boo If 300 13 287 95 -70 4 . 30 2 • .30 

120/2 lf 300 10 290 96.70 3.30 2.05 

159/1 II 300 6 294 98 . 00 2 . 00 1.55 
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two or more pieces by a hydraulic jack, after which cuttings 

were turned into chips in a vibrating crusher. Though 

Taggart and others recommend a grain size between +48 and 

- 60 mesh, the mesh size +60, - 90 was found t o be most 

satisfactory f or the purpose , and the right size was obtained 

on a ball mill containing holder with three tungsten carbide 

balls in three-minute operation time. The holder was never 

loaded more than one-half of the full capacity . For each 

flotation process 100 gr ground ore with a pulp dilution of 

2o<';6 was used. 

·A 1 litre buchner separation funnel with the porosity 

4 is the main cell- tank but instead used bubble-columnar cell , 

which has so large lip (home- made) slightly dipped that to 

allow bubbles loaded with ore particles pouring into the 

smaller separation funnel connected with the vacuum . The 

bubble column funnel was connected into the pressure air tap 

supplied. In the case of over froth manually operated glass 

plate was in use in order to skim . The concentration of 

desired ore which gathers in the small funnel is removed after 

drying out by aceton. The tailing/middling in the bubble 

column funnel have been allowed attacRjng by aquia- regia to 

remove . After several attacking by aquia- regia the funnel 

is washed out by tap water . Now the funnel is ready for another 

run . Each concentration was run three times in order to make 



sure that the sample is purified (plate 42) . 

The fbtation reagents and methods for galena separation 

suggested by Pryor and by Sutherland were applied separately . 

The method based on Sutherland ' s research with a slight 

modification to meet the features of the ores were used with 

satisfying results. Sodium- di- ethyl dithiocarbonate 30 mgr 

per litre as collector , and sodium hydroxide N to bring up to 

12 , 6 pH the pulp alkalinity which also acts as depressant 

over sphalerite and pyrite (critical pH value for sphalerite 

6 . 2 , for pyrite 10 .5 , for galena > 13 below which values the 

mineral particles float) were used , 2- 3 drops of creozote help 

to produce abundant bubbles in the cell . The pulp alkalinity 

was checked by a Pye pH meter . 

Taggart's method was applied to samples having relatively 

coarse galena scattered within marble , which requires simple 

separation of a metal sulphide from its gangue mineral. 0.0068 

gr . per 100 gr of ore of KEX (Potassium Ethyl•Xanthate) as 

collector , 0 . 0068 gr per 100 gr of ore of cresol and 2 drops of 

pine oil were employed. The alkalinity of pulp was maintained 

at 8 . 5 pH with addition of sufficient Na2co
3

• 

The method after Rey was found to be most satisfactory 

in the case of slight abundance of pyrite over sphalerite which 

is easily separated from the former . 0 . 00453 gr per 100 gr of 

ore of KEX as collector , 0 . 15 gr per 100 gr of ore of CaO to 
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bring the pulp alkalinity between 8-9 pH 1 0.045 gr per 100 

gr of ore of Cuso4 as depressant and 1-2 drops of creozote 

to proQ.uce more froth when bubbles are not good enough, were 

used . Tap water was in use for all processes . 

H. Trace element analysis of the sulphides 

The sulphides purified by the flotation technique have 

been subjected 'o trace element analysis on the XRF automatic 

spectrograph. First a chart was run for each base sample of 

sulphide in order to detect the trace elements present. Then 

the standards were prepared so as to include detected elements 

on the basis of the addition method. In addition to minor 

elements shown in table 35 for galena; gold, radium and 

probably uranium are present , but in the absence of spec pure 

standards it was impossible to calculate their proportions, 

therefore they have been omitted from the table. Arsenic 

and iron , in galena and sphalerite respectively have been 

found far above the trace amounts . Table 35 and 36 illustrate 

the elements examined and their amounts in galena and 

sphalerite. 

Trace elements in galena 

The substitution of other elements for lead in galena has 

long been in doubt because many of them may be present in 

associated minerals . Among the trace elements , Sb , Bi 

and Ag have all been reported (Fleischer , 1955). As stated 



Table 35 Tr&ce element analyses of the purified galenas 

Sample No . 8oo r:JJ? 520/ 1 122 159/1 229 146 138/2 159 126 B-N/1 120/1 B-12 154 109 Ave .of 15 

Ag '747 735 818 875 1493 905 962 1Uj2 903 875 88o 623 "1231 614 905 1046 

Bi 358 418 405 376 415 398 397 387 346 393 407 362 410 390 415 392 

Mo 55 55 52 47 60 60 58 47 46 50 73 56 48 53 49 54 

Sb 1015 956 1087 1265 1797 965 1260 1168 1183 1158 1130 9'7J 1527 81? 1370 1176 

ppm Ni 62 97 62 75 76 Bo 73 78 65 '73 72 77 76 133 77 78 

Sr 37 33 37 48 40 62 43 35 31 35 lf7 45 34 37 36 40 

Ba 152 48 75 253 90 275 85 72 125 240 150 247 250 160 80 153 

Te 205 159 138 185 162 185 162 190 207 163 177 181 160 165 187 175 

Ga 39 4"! l+() 38 40 13 35 40 32 41 39 32 38 37 40 36 

% As 1. 41 1. 39 1.4-2 'l . lil 1.38 1.4 I 1. 33 1. 42 1. 39 1. 44 1. 40 1. 40 1. 40 1. 40 

Sb/Ag "1.36 1.30 '1 . 33 1. 45 1. 20 1.06 1. 30 1. 13 1. 31 1.32 1.52 1. 24 1.32 1. 51 

Bi/Ag 0 .48 0.57 0.50 0. 4} 0 .28 0. 44 0. 41 0. 38 0. 38 0. 45 0. 46 0. 58 0.33 0.64 0. 37 
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before galena itself includes evenly distributed Ag in the 

lattice , in addition to the silver ex- solution. 12 samples 

out of 15 have trace Ag less than 1000 ppm . Only one sample 

shows exceptional richness in silver as much as 1493 ppm . As 

pointed out by Fleischer (op . cit . ) there is a close connection 

between Ag and Sb values , the table becomes a repetition of 

suggestion , in which the Ag value is a !unction of the Sb 

value obtained . Whenever the Ag content increases , so does 

the Sb content or vice- versa. The Sb/Ag ratios vary from 

1 . 06 to 1.52. The Sb always dominates over the Ag content 

in the corresponding galena specimen . The variation in Sb 

content is most likely an effect of its solubility in galena . 

The relative concentration of Sb varies with the galena 

crystal habit, and the lowes t concentrations occur in 

octahedral crystals . (Marshall , 1961) . 

Trace elements in sphalerite 

The trace elements in the sphalerite samples studies are: 

Mn , Cd, Cr , Cu , Ga, Co , Ge , Sb and In . Of these elements the 

last three were most probably below the detection limit of 

the machine , while Co is an intermittent element usually below 

the detection too . A possibility for the intermittent 

presence of Co on the chart is that it may be a contaminant 

from pyrite . The amount of Mn is variable in the range from 

700 ppm to 4425 ppm , but the majority of the samples appear to 



Table 36 Trace element analyses of the purified sphal erit es 

Sample No . Boo '106 2Q.L 14o/2 126 n 159/ 1 120/1 194 122 B-N/1 229 22.2 154 121/2 AVB of '15 

Mn 1297 3160 4425 3275 1.300 1245 700 2250 3600 203.5 1435 121+2 1005 1033 2006 2000 

Cd 905 913 515 680 785 935 887 973 352 395 1092 918 970 958 810 805 

ppm Cu 125 90 85 105 1.30 85 90 95 120 88 92 1533 177 195 120 119 

Cr 90 102 115 115 110 78 95 88 82 122 92 74 8o 94 95 96 

Ga 72 85 75 60 56 91 76 87 8o 62 60 51 75 62 55 70 

% Fe 10. 81 13. "10 13.85 12. 71 10.33 10. 20 9.09 9.80 11 .. 55 10. 50 '10 .35 12.65 8 .. 90 13.05 10.90 11 . 19 
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have Mn between 1000 ppm and 2000 ppm Cd ranges from 352 to 

1092 ppm . With a few exceptions the Mn artd Cd content of a 

sample are apparently independent of each other . On the other 

hand the total iron composition of sphalerites analysed by the 

spectrometer accounts for a major constituent rather than trace. 

According to results obtained total iron content of sample 

is broadly a function of the Mn content. The highest total 

iron content found is 13.85% compared with a highest reported 

iron content for sphalerites of 26%. Cd being mainly 

substituted for zinc has a close relation to sphalerite, which 

may be explained by the relative ionic radii (Zn = 1.86f , 

Cd = 1. 89 A• ) . The Cd content shows great variation between 

515 ppm and 1092 ppm giving an arithmetic mean of 805 ppm 

for 15 samples. In all specimens Cr has been found to be 

present. Its content is variable within a small range with 

an average of 96 ppm for 15 samples . Cu and Ga are ever­

present trace elements in the specimens giving an arithmetic 

averate of 11 9 and 70 ppm for 15 samples respectively. 

The presence of Cr in the Keban sphalerite is significant , 

and it is attributed to the orogenic belt which is characterized 

by ultrabasic rocks along other acidic rocks, and the Cr 

is believed to from this kind of ultrabasic rock , 

which is present around the Keban massif . 

Trace elements in sphalerite may indicate the magma type 



from which the sphalerite formed (Evrard, 1945) a.nd may also 

indicate the metallogenetic province to which the magmatic 

source belongs. The metallogenetic province from which the 

Keban sphalerite is derived , is characterized by relatively 

high concentrations of Mn, Ga and Cr, with low concentration 

of Cd and Cu . These values are comparable with those found 

in the ore deposit o£ the Central Alps in Italy (Gabor, 1968) 

where Mn , Ga , Cd and Cu give an arithmetic average of 449 , 

215 1 3375 and 17 ppm for 16 samples respectively . 

No systematic variation of trace element content was 

detected in any of these minerals. This conclusion differs 

from those of other investigators most of whom have suggested 

a clear relationship of trace element content with temperature 

of formation . 



Introduction 

CHAPTER VII 

GEOTHERMOMETRY 

The temperatures of formation of minerals and ore 

deposits have long been paid attention , as this data can be 

helpful in the solution of abstract geological problems and 

in answering practical problems in economic geology . A series 

of temperature determina tions in an ore deposit could establish 

the original temperature gradient from which the direction of 

motion of the ore carrying fluids could be inferred and 

findings of this kind with the aid of other local factors 

could lead to new prospects . 

In the Keban area there have been found several 

materials suitable for different kinds of method suggested 

by others , but their application and reliability have long 

been in argument . Since the majority of them are of limited 

reliability, the combined results for the area will give only 

an approximate temperature range within which most of the 

minerals are believed to have formed . Among the methods 

applied are the iron content of sphalerite , the iron 

deficiency in pyrrhotite and d102 spacing of arsenopyrite . 

The indirect results obtained from microscopic studies will 

also be given in addition to the direct results . The contact 

metasomatic deposits at the Zereyandere and Kebandere section 
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unlike the main sulphide deposit , have no minerals from which 

temperatures may easily be estimated. Although approximate , 

a heat flow estimate provides a general idea for the maximum 

temperatureswhich were present within the contact zone. Some 

microscopic evidence appears also to be helpful in connection 

with the heat flow estimation . 

Temperature of the main sulphide deposit 

Sphalerite as a geothermometer 

Although controversial, this method has been used widely, 

Kullerud (1953) has shown experimentally that the amount of 

iron present in solid solution in sphalerite i s a function of 

the temperature of formation , provided that excess iron is 

available at the time of formation . In the presence of excess 

sulphur , iron will form pyrite rather than enter into 

sphalerite . As it is known now , the Keban sphalerites are 

characterised by high content of iron which indicates sulphur 

deficiency excess sulphur would have formed pyrite instead of 

iron in sphalerite . In many places , however, sphalerite is 

found in what appears to have been in equilibrium with 

pyrrhotite and chalcopyrite at the time of formation . Since 

neither pyrrhotite nor chalcopyrite are sulphur saturated 

minerals their presence indicates that sulphur was not in 

excess during the deposition of associated minerals. 

Sphalerite samples purified by means of flotation 



techniques were used for the cell- size measurements from 

which the temperature estimations have been done . The cell-

size values were determined using a wide-angle focusing XRD 

and a Philips powder camera (114 .59 mm in diameter) loaded 

with Industrial-G !ast X-ray film. The estimated temperatures 

of crystallization of these sphalerites uncorrected for 

confining pressure are summarized in table 37 . 

Table 37 

Sample No . Cell- size t: Mol.% FeS Temp . C 

109 5 .41 85 20 . 00 62o· 

120/1 5.4169 16.25 540. 

229 5 .4172 16 . 90 550" 
B- N/1 5 . 4184 20 . 00 620" 

165 5 . 4168 16 .25 540" 

The trace element analysis for sphalerite shows a maximum 

individual concentration of 4425 ppm Mn, 1092 ppm Cd and a 

maximum combined concentration of 5215 ppm of trace elements 

in sphalerite. Studies of Kullerud (1 953) and Skinner (1959) 

on the effect of Mn, of Kullerud (1953) on the effect of Cd, 

and of Toulmin (1960) on the effect of Cu on the sphalerite-

equilibrium relations prove that no correction is 

required to the temperature estimates owing to the low 

concentration of these elements. 

Iron deficiency in pyrrhotite 

Arnold (1962) has recently determined experimentally the 



solvus relationship between hexagonal pyrrhotite and pyrite . 

According to him the percentage of iron in pyrrhotite was 

temperature dependent , but insensitive to pressure. The 

temperature values obtained from the pyrrhotite geothermometer 

from the Highland-Surprise Mine where sphalerite occurs along 

with the pyrrhotite geothermometer were found to agree well 

with values obtained from the sphalerite . Subsequently 

Buseck (1962) and Kullerud et al . (1963) have attempted to 

apply the method to monoclinic pyrrhotite - pyrite assemblages. 

Following the suggestions some arguments mainly regarding the 

minor elements in pyrrhotite have been raised by some others . 

Among Sawkins et al . (1964) with the aid of fluid 

inclusions study of fluorite and quartz , and sphalerite as a 

geological thermometer have proved that the pyrrhotite is not 

safe enough to use as a thermometer . He found a maximum 

temperature far below 250°0 , below which no pyrrhotite is 

known to form . On the other hand pyrrhotite itself indicates 

0 0 

a temperature between 450 C and 530 C. 

Despite the above arguments , an attempt was done on two 

natural pyrrhotites , associating with pyrite from the main 

sulphide ore deposit . The d102 values after correction for 

shrinkage give d=2.081 and d=2 . 090 Ao corresponding to 48.68 

atomic percent iron and 49 . 62 atomic percent iron respectively . 

But on the diagram of the equilibrium relations in the system 
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FeS-S prepared by Arnold , there is a gap for iron content 

over 4? .50 atomic percent . Therefore the pyrrhotite from the 

main deposit of the Keban area was found not 

applicable as a geological thermometer. 

Arsenopyrite-Pyrite-Loellingite relation 

Clark (1960) has experimentally shown that d131 spacing 

of arsenopyrite is a function of variation of the arsenopyrite 

composition , namely d131 spacing is related to the temperature 

at which the arsenopyrite with known composition forms . 

Therefore measurement of d131 spacing makes possible an 

es timation of its temperature of formation . Arsenopyrite , 

pyrite and loellingite coexist in many polished specimens 

taken from tne different localities through the underground 

workings , and four of them were determined by the method 

described by Clark on a Philips XRD . The temperature results 

are tabulated in table 38 . 

Table 3S 

Sample No . Ao 'l'emp . C 

106 1.6330 450. 

122 1.6334 472 . 

146 1.6332 465. 

154 1.6332 465· 

Four analysed samples give an arithmetic mean of 461 °C for 

a temperature of formation . This value is lower than the 



critical value of 49t°C above which pyrrhotite fo:nns instead 

of pyrite . These results are all obtained from arsenopyrite 

shown by microscopic study to be of later formation than 

associated sphalerite. As stated earlier, arsenopyrite of 

earlier formation than sphalerite has also been found. 

However, such arsenopyrite exists alone and so could have 

formed at any temperature between 300° and 702°C . 

Microscopic evidence 

The ore microscopy study provides some evidence for 

formation of certain nlineral assemblages . OI 

them unmixing temperatures given by exsolution patterns are 

of primary importance . Temperatures deduced from this type 

of eVidence range from 78° to 550°C at most. 

The presence of covellite lamellae as an exsolution 
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within neodigenite indicates a temperature above 78°C (Palache 

et al . , 1944) Coexistance of blaubleibender covellin with 

covellite marks a temperature below 157°C (Moh, ·1964) . 

Valeriite exsolution in the is attributed to 

the temperature of 225°C by Borchert (1934) who also establishes 

a temperature of formation of 5Q0°C for bornite exsolution in 

chalcopyrite4 Despite lack of agreement on the figures for 

sphalerite-chalcopyrite assemblage provided by Buerger (1934), 

Borchert ( 1934) , and Sch,.,artz ('1931); 350-400°C, 550°C and 

650°C respectively, the average temperature of sphaleTite found 
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by its iron content is in good agreement with what is 

suggested by Borchert . In short, the microscopic evidence 

suggests a progressive decrease in temperature at which the 

metallic mineral assemblage of the main sulphide deposit 

formed . 

Temperature of the contact metasomatic deposit 

Microscopic evidence 

The contact metasomatic deposits provide comparatively 

limited evidence for estimating the temperature of formation . 

Although it is very rare chalcopyrite grains include valeriite 

exsolution indicating a minimum temperature of 225 c. The 

widespread presence of pyrite and of zoned anistropic 

grossularite correspond to a temperature of formation below 

743 C (Kullerud , 1953) . The formation of wollastoni t e 

indicates a temperature range from 660 to Boo c . 

Heat flow estimation 

Although approximate a heat flow estimate gives a general 

i dea of the upper temperature that existed within the ore­

bearing contact zones around the igneous rock . According to 

Jones (1934) and Lovering (1934) , the temperature gradient 

away from the contact into the country rock is sharp at t he 

beginning but i t rapidly becomes less as the country rocks 

are heated . The temperature at the contact, stays fairly 

invariable for a long period in the course of cooling of the 
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igneous rock and the country rock is warmed . It is 

explainable by a 11heat wave 11 running outward from the 

corresponding igneous rock (Jones, 1934). This heat wave 

moves slowly, and warms the country rock rapidly; after the 

rocks are warmed up , the cooling is slow . From this in a 

relatj.ve distance within the contact zone , temperatures are 

similar to those in the contact between the host and igneous 

rock . Moreover the temperature in contact is relatively 

higher than any spots in the country rock . If a temperature 

in the conta ct is known, this provides an upper temperature 

at which the minerals formed. 

By using the table developed by Jaeger (1957) the contact 

temperature for an igneous rock with a melting range between 

1200 -700°0 is 691 c. This value considers the latent heat 

of solidification and heat loss by volatiles. Although the 

figure appears to be much higher for an igneous rock having 

short melting range , this may be accepted as being the maximum 

temperature for hottest part of the rock . This maximum 

temperature is in broad agreement with the 743QC suggested by 

Kullerud for the association pyrite/garnet . 

Lovering (1955) suggests that a temperature of 

approximately between 850 
0 

to 900 C is about suitable for 

quartz monzonite or granite magmas in the hotter parts of the 

intrusive body l this suggestion appears to cover syenite magmas 
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as it lies between the two magmas in the classification . 

According to Lovering, the leading edge of a sill, dyke or 

other intrusions, may be as low as ?oo•c . 

In short in the light of different suggestions a maximum 

approximate temperature of ?OO'C for the contact metasomatic 

deposits is suggested as the most suitable temperature below 

which the metallic minerals form in order of decreasing 

temperature. 
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APPENDIX 

STAINING TECHNIQUE 

Staining technique for dolomite and calcite (Dickson, 1965) 

Procedure Time Carbonate Result 

Calcite 
Considerable etch 

Etching Ferroan calcite 

1. 5% HCJ. 10- 15 Dolomite sees 
Negligible etch 

Ferroan dolomite - - ----
Staining Calcite Very pale pink-red 
0 . 2 gr ARS*per depending on optical 
100cc. orientation 
1 .. 5% HOl 

Very pal e pink- red, 
2. 0 gr P.F"per 

30- 45 Ferroan calcite pale blue-dark bl ue, 
100cc. two superimposed give 
1. 5%HC1 sees 

blue 

Mixed in ratio Dolomite No colour 
ARS :PF = 3 : 2 Pale-deep turquoise, 

Ferroan dolomite depending on ferrous 
content 

Staining Calcite Very pale pink-red 
0 . 2 gr ARS 

10-15 Ferroan calcite 
per 100cc. 
1.59,6 HCl sees Dolomite 

Ferroan dolomite 
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Staining technique for dolomite and calcite (Evapy , 1963) 

Staining reagents Calcite Dolomite 

Compositions are Fe+2 Fe+2 Fe+2 Fe+2 +2 +2 
Fe z<1 Fe 2) 1 

given in weight % free poor rich free Mg+ Mg+ 

Critical solution 
strengths are Calcite Ferroan calcite A."lk.eri te 
underlined m1. e 

Time min. :t1 :!1 :t1 !-1 !, 

0 . 2% HCl red red red not not not 
0 . 2% ARS staid s taid staid ne ne ne 

o . 2%HC1 not light dark not light dark 
0 .5-1 . 0%PF staid blue blue s t ai blue blue 

ne ned 

0.2% HCl not light dark 0.2% ARS red purple stai mauve blue blue 0 .5- 1. 0% PF ned 

Staining technique for alkali feldspar (Rosenblum,1956) 

Procedure Time Result 

Etching; by leaving a 
thin section uncovered 10-15 Negligible 
face down over HF sees etch 
vapour 

Staining; by 
cobaltinitrite 15- 20 Yellow 
(saturated) sees 

WET COMBUSTION TECHNIQUE 

Graphite analysis of the phyllite by the wet combustion method 

In this method , graphite is simply converted into co2• The 
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loss after considering the other losses due to water and 

oxidation of iron, was as being C. Watch glasses 

loaded with 0 . 5 gr of finely ground powder of rock samples 

containing graphite were stored in an electric oven under 

various time and temperature conditions . 18 hour operating 

time and 375°C have been found most satisfactory . The effect 

of oxidation on FeO in each sample checked twice before 

and after heating. The differences with respect to water and 

FeO were subtracted from the total loss found after heat 

treatment . 

PREPARATION TECHNIQUE 

Sampling procedure: 

All the samples used for different analysis purpose were 

crushed to the required size in the following succession: 

a) Splitting by hydraulic jack reducing the size to 

one inch pieces. 

b) Further reduction using a j aw rock crusher. 

c) Cone quarter ing. 

d) Final crushing on a l'ema Disc Mill (Type T- 100) for 

2 to 6 minutes . This process provides a powder 

containing particles of about 20 micron . 

e) Bricquetting by using boric acid powder on a press at a 

pressure of 7 tons for 5 minutes. (For only major 

element analysis) . 



Preparation of standards for trace element analysis: 

Standards were prepared by the addition method (Ahrens 

and Taylor, 1961) using a sample \ofhich was believed to be 

representative of all trace elements possibly present in a 

similar sample as the base for "Master Hix". These were 

prepared to contain 2500 ppm of spec- pure compound of elements. 

Each master mix \'(aS placed in a screw topped plastic bottle \o.ri th 

three plastic mixing balls and shaken for 4 hours on a Spex 

Mixer Mill, it was then diluted \-lith its O'tm base sample to 

obtain concentrations of 2500, 1000, 750, 500, 400, 300, 200, 

100, 50 ppm of each element . 

Contamination correction 

To correct for small amounts of contamination from the H 

tube employed (only for P. W. 1540 XRF), the intensity of each 

element line was counted using spec-pure Si02 as a fraction of 

the WLI line intensity: for each sample the intensity of the 

WLI peak was measured and a simple correction for contamination 

done by this ratio . Onl y lead , nickel and copper have been found 

as contaminant and these were present in negligible amounts . 

X- RAY TECHNIQUE 

X- 1·ay diffraction technique: 

Apart from the identification purpose for some minerals, 

the following analyses have been done on the Philips high-angle 

XRD (P.W. 1051); the composition and structural state of alkali 
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feldspars, structural state of plagioclase, d-spacing of 

arsenopyrite and cell-size measurements of vanadinite. The 

cell-size measurements for garnets, fluoride, pyrite, magnetite, 

sphalerite and galena, and d- spacing of pyrrhotite were carried 

out by a large camera (114.59 mm in diameter), attached to the 

'1051 XRD. An exposure ti.rne of 6 and 15 hours for X-ra.y 

films has been found satisfactory for the above mentioned 

processes. 

All materials to be analysed except for manganese minerals 

and pyrrhotite which were drilled out from polished specimens, 

were separated under a binocular microscope. Afterwards the 

sample was stuck on the end of pyrex glass hair using collodian 

as adhesive . Attention was paid to obtaining a uniform 

distribution of the material on the glass hair . The glass hair 

was subsequently mounted in the camera and centred using the 

centring device . 

For the powder camera purpose Ilford Industrial G fast 

X- ray films were used and developed using standard processes . 

The films were measured on a standard Hilger and film 

measuring scale, with a vernier capable reading to mm. 

The shrinkage corrections were applied for every film . The 

operating conditions are given in the table below. 
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X- ray study of alkali feldspar 

Radiation 
Slits 
Goniometer 
Counter 
Discriminator 
Chart- speed 
Counter 
Operation 
Range scanned 
Peaks 

Mount type 

CuKa Ni Filter , 40 kv, 20 mA 

1/2° /min. 
Scintillation, 1730 v 
Att . 8. 40 Chan.8 
800 mm/hr 
R.M.2 T. C. 4 Mult.1 
R.H. 
29 19°-52° 
29 Int. Std. 28. 30, Analysis peaks 

20. 91 , 27 . 72 , 41 . 65 , 50 -95· 
Smear, Int. Std. CaF2 (Analar) 1/4 

X-ray study of plagioclase 

Radiation 
Slits 
Goniometer 
Counter 
Chart- speed 
Counter 
Operation 
Range scanned 
Peaks 

Mount type 

CuKa Ni Filter, 40 kv, dO mA 
'1 ° 1 0. 1° 1 1° 
Ossillator, at least once, '1/8° /min 
Scintillation, ·1730 v 
400 mm/hr 
R.M. 4, T.C.8, Mult . 1 

2Q 28°-32° 
No int . std. Analysis peaks, 2Q 

30 . 15, 30 . 1+8, 31 . 23 
Cavity 

X-ray study of arsenopyrite 

Radiation 
Slits 
Goniometer 
Counter 
Discriminator 

Chart- speed 
Counter 
Operation 
Range scanned 
Peaks 
Mount type 

CuKix Ni Filt er 1 40 kv , 20 rnA 
1 0 I Q • '1 0 I '1 0 

Normal 
Prop. 1730 v 
Prop. counter + discriminator Att. 4, 

Ampl. 25.6 v Chan . 4. 
200 mm/hr 
R. M. 2, T.C.8, Mult . 'I 
R.M. 
2Q 55-5°-56.5° 
29 Int . Std. 55. 79 Analysis peak , 56. 28 
Smear, Int . Std. CaF

2 
(Analar) 1/4 
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X- ray study of manganese mineral 

Norelco generator unit Instrument 
Radiation 
Camera 
Exposure time 
Film 

Cr Ka, V Filter 20 kv, 8 rnA 
57.3 rom with fine collimeters 
13 to 15 hours 
Ilford Industrial G fast 

X-ray fluorescent technique 

The major element analysis of the metamorphic rocks hns 

been run on the Philips {P. \\1 . 1210) automatic spectrograph against 

the four international standards of G-1, S-1, T-1, W-1 plus 28 

secondary standards supplied by the department. The operating 

conditions are tabulated in table 
Gener Colli 

Element Peak 29 ator kv rnA Crystal Path meter Cou.'lter Counts Time 

Si02 109. 15 w 1575 6o 32 LiF '110 V+G Coarse Flow FC 

Al2o3 
145. 13 w 1575 6o 32 LiF 110 V+G Coarse Flow FC 

Fe 85. 72 w 1575 60 8 LiF 110 V+G Coarse Flow FC 

MgO 79.05 w 1575 50 40 LiF 110 V+G Coarse Flow FC 

CaO 45.07 w 1575 6o 8 LU' 110 V+G Coarse Flow FC 

Na
2
o 105.05 w 1575 50 40 LiF 110 V+G Coarse Flow FC 

K
2
o 50. 58 w 1575 6 8LiF 110 V+G Coarse Flow FC 

Ti0
2 36. 58 w 1575 6 8 LiF 110 V+G Coarse Flow FC 

P205 87 .50 w 1575 50 40 LiF 110 V+G Fine Flow FC 

s 73. 50 w 1575 50 40 LiF 110 V+G Coarse Flow FC 

MnO 62. 89 Cr '1575 70 30 LiF 110 Air Fine Flow FT 20 



.A-8 

XRF Trace element analysis 

Trace elements in galena 

Element Peak 29 Tube Gener kv mA Crystal Path Colli Counter 
ator meter 

Te 18. 26 vl '1675 60 32 LiF 110 V+G Fine s FT 40 
Sb 19.08 w 1675 60 32 LiF 110 V+G Fine s FT 4o 
Ag 22 . 68 w 1675 6o 32 LiF 110 V+G Fine 5 FT 40 

Mo 28. 93 w 1675 60 32 LiF 110 V+G Fine s FT 100 

Sr 35 .85 \.J ·1675 60 32 L:i.F 110 V+G Fine s FT 100 

Bi 39. 11 w 1675 60 32 LiF '110 V+G Fine s FT 100 

As w 1675 60 32 LiF '110 V+G Fine s FT 100 

Ba 15.60 w 1675 60 32 LiF 110 V+G Fine s FT 40 

Ga 56. 20 w 1675 60 32 LiF 110 V+G F+S FT 100 

Ni 71.24 w 1675 60 32 LiF 110 V+G Fine F+S FT 100 

Holder: Rotating circular holder with mylar window beneath aluminium 
cover top, by a plastic cover. 

Operating conditions for trace elements in sphalerite 

Element Peak 29 Tube Gener kv rnA Cryst al Path Colli Counter 
a tor meter 

Cd 20. 95 w 1670 60 32 LiF 110 V+G Coarse s FT 40 

Fe 85. 65 w 1670 40 8 LiF '110 V+G Coarse F+S FT 10 

Mn 95 . 20 w 1670 60 32 LiF '110 V+G Coarse F+S FT l,D 

Cr 107. 12 w 1670 60 32 LiF '110 V+G Coarse F+S FT 40 

Cu 65. 62 w 1670 6o 32 LiF 110 V+G Coarse F+S FT 40 

Ga 56 . 20 w 1670 60 32 LiF 110 V+G Coarse F+S FT 40 
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Operating conditions for trace elements in fluorite 

Element Peak 29 Tube Gener kv rnA Colli Counter Counts Time 

Sr 

Ba 

Zr 

Rb 

Zn 

Cu 

Ni 

Zr 

Nb 

Sr 

Rb 

Pb 

Ba 

Mn 

Ni 

Cu 

Zn 

Sr 

35.83 w 
15 . 60 w 
32.12 w 
37.98 w 
6o.63 w 
65. 62 w 
7'1 . 32 VI 

ator met er 

1675 60 32 LiF 110 V+G Coarse S 

1675 60 32 LiF '110 V+G Coarse S 

1675 60 32 LiF 110 V+G Coarse S 

1675 60 32 LiF 110 V+G Coarse S 

1675 60 32 LiF 110 V+G Coarse S 

1675 60 32 LiE' 110 V+G Coarse S 

1675 60 32 LiF' ·110 V+G Coarse S 

FT 40 

FT 40 

FT 40 

FT 4o 
FT 4o 
FT 40 

FT '100 

Operating conditions for trace elements in quartz syenite 

porphyry 

w 
3() . 20 w 
35-64 w 
37.78 \v 

Ito . 70 w 
15. 60 w 

101 . 70 w 
75 .. 39 w 
69 . 23 w 
63 .89 w 

'1670 48 20 LiF 110 V Fine 

1670 48 20 LiF 110 V Fine 

'1670 48 20 Lil" 110 V Fine 

1670 48 20 LiF 110 V Fine 

1670 48 20 LiF 110 V Fine 

1670 48 20 LiF 110 V Fine 

1670 48 20 LiP 110 V Fine 

1670 48 20 Lif '110 V Fine 

1670 48 20 LiF 110 V Fine 

1670 48 20 LiF 110 V Fine 

Operating conditions for strontium in marble 

35.64 w 48 20 Li.F '110 V Fine 

OPTICAL SPECTROGRAPH TECHNictUE 

Fluorine analysis by the spectrograph 

s 
s 
s 
s 
s 
s 
s 
s 
s 
s 

s 

FT 

FT 

FT 

FT 

FT 

FT 

FT 

FT 

FT 

FT 

FT 

64 

64 

64 

64 

Operating condi;tions for the determinat ion of fluorine in marble 

Instrument : A Hilger & Watt s Automatic Large Spectrograph 
E 742 



Charge preparation 

Charge ratio 

Electrode type 
Anode 

Dimension of 
crater 
Cathode 

Optical system 
\-Javelength 

range 
Lens system 

Slit 
Camera 

diaphram 
Plate 
Analytical gap 

Exposure 
Special 
conditions 

Current 
Burn 
Timing 

Photographic 
Developer 
Fixer 
Washing 
Finishing 

Drying 

Lines 
Analysis 
Internal 
standard 
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Johnson Matthey spec pure cupric oxide 
J .M. 40 (int . std. ), National Carbon Co . 
graphite SP2, (buffer), Analar calcium 
Carbonate. 
0 . 2 gr sample, 0 . 15 gr CaC03, 0 . 025 gr GuO, 
0 . 225 gr C mixed in a plastlc vial using 
Spex Mixer Mill No .8ooo 

National Carbon Co. carbon rods (Cat .No.L. 
4306) 3/16'1 

1/811 x 2 . 5 mrn 

Johnson Matthey Carbon rods (Cat.No .J.M. 
1205) 5 mm . 

4600- 9600 A0 

Hilger E958 focused on slit - 7 step sector 
using 4 steps (2:1) ratio 
Height 6 mm, width 0 . 07 ll 
14 mm 

llford R40 
4. 4 mm 

Arc in an atmosphere of argon: oxygen (ratio 
80/20) at a flow rate of 5 lt./min. through a 
modified Stallwood jet 
6.8 A d. c. short circuit 
6 A d. c . 
Preburn: None, Exposure 30 sees. 

Ilford PO Universal for 4 mins. at 20°C. 
Kodak AI433+H for 3 mins. 
25 mins. 
Plates rinsed in distilled water containing 
Kodak photo- flo solution to ensure drying 
free from spots. 
On an Applied Research Labs. Inc . dryer at 
mark 2 for 10 mins. 

CaF2 5291.0 bandhead 
Cu 5105. 5lt1 

I HI. 



KEY TO UNDERGROUND MAPS 

0 MARBLE 
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