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ABSTRACT 

Three types of volcanogenic sulphide mineralizations 
were studied in the Eastern Black Sea Ore Province of Turkey: 
(1) massive sulphide type (Madenkoy, Kutlular, and Tunca 
deposits), (2) pyritic stockwork type (Kotarak Dere and 
Murgul stockwork deposits and the slightly mineralized Sirtkoy 
occurrence), and (3) pyritic impregnation type (Sarisu barren 
pyrite impregnation occurrence). 

In all cases the sulphide bodies and occurrences are 
associated with the Dacitic Series of Upper ,Cretaceous age; 
the hanging-wall rocks consist of the Upper Basic Series 
comprising basic lavas interc~ated with tuffaceous sediments 
and limestone members. 'Tectonic events are marked by broad 
regional folding and block faulting; the latter feature has 
played a major role in exposing the Dacitic Series. 

Geochemical exploration in the Eastern Black Sea Ore 
Province is dependent upon a sound knowledge of the genetic 
and structural features of the various deposit types, the 
chemistry and alteration characteristics of the host rocks, 
and the parameters controlling secondary dispersion of path­
finder and indicator elements. 

A well developed drainage pattern associated with 
block faulting makes stream sediment surveys an ideal method 
for outlining initial target areas of potential mineraliza­
tion. Drainage surveys indicate that As is the 'best,elemental 
pathfinder for outlining the sulphide deposits, the strongest 
anomalies being observed for concealed ore bodies with exposed 
mineralized stockworks. Zinc, Pb, Ag, and Cd exhibit anom­
alies which are dependent on the type of mineralization 
present, the strongest anomalies being associated with massive 
sulphide deposits, whereas weaker and more specific anomalies 
(mainly'Cu and'Mo) are related to barren stockwork and impreg­
nation occurrences. 

Studies were made of the primary dispersion of twenty­
seven elements in the footwall and hanging-wall formations of 
the various mineralized zones. The most effective results 
were obtained from the analysis of the dacitic footwall rocks., 
Fluorine, As, Cu, Zn, Pb, and Ba exhibit halos of high anom­
aly contrast in the dacites which are the host rocks for the 
ores. Fluorine and As increase significantly in the direction 
of massive sulphide mineralization (e.g. Madenkoy) and can, 
therefore, be used as directional vectors during drilling 
programs. Primary halos of As, F, Pb, Cu, Zn, Mo, Ba. and Mn 
in the hanging-wall hematitized pumice tuffs, and anomalous 
contents of F, Pb, and Ag in the basalts in the cover'rock 
sequence of the Madenkoy massive ore body, were detected; the 
lateral extent of these halos is about 100 m. The dispersion 
of Hg is restricted, and this element is not a good indicator 
of mineralization'despite its concentration of up to 7 ppm 
in ~he Nadenkoy massive ore. The dacitic-tuff breccia over­
lying the concealed Kutlular massive ore body is also enriched 
in As, Mo, Cu, Zn, and Pb. For the barren mineralized zones, 
the overlying basalts or spilites contain either increased 



(ii) 

concentrations of As and Cu only (e.g. Sirtkoy) or exhibit 
no recognizable primary halos (e.g. S~risu). When present 
(as at Madenkoy and Tunca), the hematitized rock units 
directly overlying the Dacitic Series were found to be the 
best sampling media for detecting primary halos as far as 
cover rocks are concerned. ' 

On a regional b~sis the potential of exposed stock­
work and pyritic imp~egnation zones can be assessed by their 
elemental content. Barren pyritic impregnation ceposits 
generally register only anomalous Fe and to a lesser extent 
Cu contents. Pyritic stockwork deposits with no associated 
massive sulphides are enri~hed in Fe, As, and Cu, whereas 
those accompanying massive sulphides are marked by enrich­
ments of some or all of ,Fe, As, Cu, Pb, Zn, Ag, Cd, and Mo. 
The barren, mineralized dacit~s are also characterized by 
higher contents of V, Ti, Co, and Sc but not Ni or Mg. 

Hydrothermal alteration characteristics were evalu-
ated by a simple, semi-quantitative X-ray diffraction tech­
nique. The ratio, clay (illite-sericite + kaolinite + 
montmorillonite)/feldspar, was found to be effective in 
detecting hydrothermally altered zones related to mineralization. 

Limited data on the trace element chemistry of pyrite 
from the stockwork and impregnation zones of the various 
deposits suggest that higher Co and Ni, and lower. As con­
tents occur in pyrite from barren pyritic deposits compared 
with massive sulphide deposits. 

Soils in the Eastern Black Sea Region can be effect­
ively used·as an alternative or adjunct sampling medil to 
rocks in areas of poor bedrock exposure. Lead, Zn, As, and 
Cu were found to be excellent indic~tors of massive sulphides. 
Selective extraction studies involving EDTA, hydroxylamine 
hydrochloride, and ammonium oxalate solutions indicated that 
the first .two extractants were the most effective in increas­
ing anomaly contrast. The hydroxylamine hydrochloride and 
EDTA extractions were also found to b~ better at enhancing 
hydromorphic anomalies of Zn and Pb over the concealed Madenkoy' 
massive ore body. 

Based on the present studies, guidelines for geo­
chemical exploration for volcanogenic sulphide deposits in 
the Eastern Black Sea Ore Province have been formulated. 
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INTRODUCTION 

Many economic volcanogenic sulphide deposits geneti­

cally related to a calc-alkaline volcanic series (Dacitic 

Series) of Upper Cre~aceous age occur in the Eastern Black 

Sea metallogenic province of Turkey. This region presents 

many similarities to the K~roko-type massive sulphide bearing 

Green Tuff regions of Japan. It has been known for its 

copper production since medieval times, and some of the 

deposits, such as Murgul (in operation at present), have 

been worked many times throughout history. 

Mineral exploration in the province is hindered by 

a high topographic relief, a dense vegetation cover, and 

limited accessibility. The economic sulphide dep~sits found 

so far are those that outcrop or sub-outcrop and. occur in 

relatively accessible areas. Large areas remain to be 

explored for concealed mineral deposits, and many others 

contain pyritic stockwork and impregnation zones that have 

not as yet been assessed as possible indicators of hidden ore. 

The main problems facing the exploration geochemist in this 

area are: (a) the formulation of cost effective and effica-

cious reconnaissance surveys in an area where accessibility 

and mobility are severely restricted; (b) the detection of 

blind ore deposits manifested by primary halos and alteration 

zones in the host dacitic and cover rocks; (c) the determi­

nation of geochemical vectors in the exposed stockwork and 

impregnation zones for outlining massive sulphide mineraliza­

tion under the covered flanks of the felsic volcanics; and 

(d) the assessment of geochemical methods of fingerprinting 
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exposed stockwork and impregnation zones to determine their 

possible association with concealed massive sulphide orebodies. 

Solutions to these problems were investigated by 

means of detailed geochemical studies over massive and stock­

work sulphide orebodies, and over pyritic impregnation and 

barren sulphide occurrences. These include the Madenkoy, 

Kutlular, and Tunca massive sulphide de~osits; the Kotarak 

dere stockwork sulphide deposit; and the Sirtkoy and Sar~su 

'barren pyritic stockwork and impregnation-type occurrences. 

The following studies were undertaken in the above mentioned 

areas: 

(a) Prior to any exploration work, a study of the geology 

and mineralization of the Eastern Black Sea Region was made 

on the basis of field work by M.T.A. and the published liter­

ature up to 1976. The author has also reviewed the features 

of volcanogenic massive sulphides in general, discussing the 

distribution and occurrence of these deposit~ in the Eastern 

Black Sea Province in light of recent advances in this field. 

(b) The ore mineralogy, texture, and chemistry of the sul­

phide orebodies and occurrences was investigated. A knowledge 

Df the chemistry of the ores was considered especially 

necessary to find the most effective indicator and pathfinder 

elements for use in geochemical exploration. 

(c) Orientation stream sediment surveys were carried out to 

investigate their efficacy in this region. Detailed drainage 

sampling was done in mineralized areas in an attempt to 

develop criteria for distinguishing economic and barren 

mineralized zones. 

(d) In the Eastern Black Sea ore province the volcanogenic 

sulphide deposits generally have associa~ed hydrothermal 
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alteration zones. Detailed mineralogical studies of surface 

and core samples from these alteration zones were carried 

out to formulate diagnostic parameters as guides to the 

location of ore. 

The lateral and vertical dispersion of several ele­

ments in the footwall and hanging-wall formations of the 

sulphide deposits were studied. All of the volcanogenic 

sulphide deposits in th~ region are associated with dacitic 

rocks which are usually exposed as small windows by block 

faulting. Special emphasis was, therefore, placed on these 

rocks, their major and minor element chemistry in the vicinity 

of different mineralizations being investigated to determine 

parameters for differentiating between exposed mineralized 

zones associated with concealed massive are and those related 

to barren mineralization. 

(e) Pedogeochemical surveys were carried out with a view to 

using the soils as an alternative sampling medium to rocks, 

particularly in areas where weathering and limited exposure 

makes bedrock surveys difficult. Selective extraction 

studies of the soils were made in an attempt to enhance 

anomalies over cover rocks and possibly differentiate these 

from those obtained over stockwork and impregnation zones. 

Most of the bedrock studies summarized above were 

concentrated in and around the Madenkoy massive sulphide 

deposit mainly because this is the type of deposit usually 

sought, and also because extensive diamond drilling ensured 

adequate samples of the ore and host rocks. In some of the 

study areas surface rock sampling was restricted by weather­

ing and poor exposure. In the Sirtkoy and Sarisu areas no 
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drilling programs have been initiated, and drilling at the 

Kutlular and Kotarak Dere deposits was still in progress Rt 

the time field work was carried out. In the Murgul area the 

prolonged mining and smelting activity, beginning in Medieval 

times, has resulted in considerable contamination and strip­

ping of the wall rocks. The drill cores, which have been 

exposed to the atmosphere for about ten years, are all thu~ 

also contaminated and weathered. No attempt was made. there­

fore to sample this deposit. 
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CHAPTE~ 1 

REVIEW OF THE GEOLOGY OF VOLCANOGENIC MASSIVE SULPHIDE DEPOSITS 

1.1 INTRODUCTION 

The present state of our knowledge of volcanogenic 

massive sulphides is reviewed, including their general 

characteristics, their tectonic environment of formation, 

their associated volcanic rocks, and their mineralogy and 

chemistry. A voluminous literature exists concerning these 

deposits, only a part of which is reviewed in the following. 

Effective geochemical exploration techniques for 

volcanogenic massive sulphide deposits are dependent upon a 

sound knowledge of their genesis, mineralogy and chemistry. 

With this in mind, a review of this nature was considered 

imperative. 

1.2 GENERAL FEATURES OF VOLCANOGENIC MASSIVE SULPHIDE DEPOSITS 

Volcanogenic massive sulphide deposits are stratiform, 

massive, pyritic, base metal sulphide bodies, occurring'in 

volcano-sedimentary rocks. They contain variable proportions 

of pyrite, chalcopyrite, sphalerite, and galena. The ores 

are'commonlY overlain by ferrugenous cherts and iron- and 

manganese-rich sediments of a mudstone and/or tuffaceous 

nature. The deposits often exhibit a verti~al mineralogical 

zoning. Many bodies are associated with stockwork mineral­

izations in extensively altered, sulphide impregnated volcanic 

or pyroclastic rocks constitu~ing the footwall. The associated 

volcanic rocks range in composition from basic pillow lavas 

to felsic calc-alkaline volcanics and pyroclastics. 
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Studies of younger deposits (e.g., those in Cyprus 

and the Kuroko deposits of Japan) as well as the present day 

formation of exhalative-sedimentary sulphide deposits in 

different geologic environments (e.g., Vulcano, Tyrrhenean 

Sea (Honnorez et al.,. 1973) and Talasea, New Britain, P.N.G. 

(Ferguson et al., 1974», has changed the concensus of opinion 

about the genesis of these·deposits from one of hydrothermal 

replacement to a process' of syngenetic volcanic-sediment~ry 

formation. These deposits are now largely believed to have 

been formed on the sea-floor by fumarolic activity associated 

with subaqueous volcanism. There are, however, still many 

exponents of ,the hydrothermal-replacement theory for some of 

the type deposits described below. 

1.3 CLASSIFICATION OF VOLCANOGENIC MASSIVE SULPHIDE DEPOSITS 

Several classifications of massive sulphide deposits 

have been proposed. Waltham (1968) classified the early . 

Paleozoic massive sulphide deposits of Norway into five types 

on the bases of their sulphide mineralogy ,and texture: 

1) magnetite ore, 2) magnetite-pyrite ore, 3) coarse-grained 

pyrite ore, 4) fine-grained pyrite ore, and 5) pyrrhotite­

chalcopyrite ore. 

Gilmour (1971) suggested a classification based on 

observable features, such as mineralogy, texture, and tectonic 

setting of the deposits. He stressed that multiple features 

rather than individual ones should be used to characterize a 

class of deposits, and thought all classes were parts of a 

continuous seiies. His series cover a spectrum of deposits 

in shales and siltstones (e.g. Mount Isa); felsic members of 
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calc-alkaline rocks (e.g. Buchans, Newfoundland; East Shasta, 

California; Matagami, Quebec; and Kuroko deposits, Japan); 

and basic rocks (e.g. Cyprus deposits). 

Hutchinson (1973), in his review of volcanogenic 

massive sulphide deposits, distinguished three types based 

on the type of igneous activity associated with the deposits, 

base and precious metal content of the ores, and the evolu­

tionary tectonics. His three classes are: 1) Cu-Zn-type in 

mafic to felsic volcanic rocks, also producing Au and Ag; 

2) Pb-Zn-Cu-pyrite-type in calc-alkaline volcanics, also 

containing Ag; and 3) Cu-pyrite-type in ophiolites containing 

Aul 

Geochemical studies, especially the rare earth element 

geochemistry of the volcanic rocks genetically associated with 

the massive sulphide deposits, are contributing greatly to 

our understanding of the tectonic environment of these 

deposits. Pearce and Gale (1976), as a result of this geo­

chemical approach, distinguished five different types of 

volcanogenic massive sulphide deposits: 1) Cyprus type-back 

arc type, 2) Lokken type-back arc type, 3) Noranda type-ocean 

basin type, 4) Joma type-continental margin type, and 

5) Kuroko type-acid island arc type. 

An approach similar to that of Hutchinson (1973) will 

be followed here in classifying these deposits. Associated 

volcanic rocks and sediments, tectonic environment, mineralogy, 

texture, and Co and Ni contents of the ores are taken as the 

bases for the classification. Table 1.1 summarizes the above­

mentioned characteristics of different volcanogenic sulphide 

deposits, and Figure 1.1 illustrates the tectonic environ­

ments of the four typei of deposits. 



Table 1.1 Charac~eristics of different types of volcanogenic massive sulphide deposits 

Type of deposit 

1. Cu-Zn-type 

2. Cu-Zn-type 

3. Cu-Zn-type 

4. Cu-Zn-Pb-Ag-type 

Associated volcanic 
rocks and sedi~ents 

Differentiated volcanics 
co~prising the full 
range from basalt to 
rhyolite. The magma 
type is island-arc 
tholeiite. Cherts and 
iron-rich sediments, 
greywackes and pyro­
~lastics. 

Ophiolite complexes, 
(pillow lavas-ultra­
mafics pelagic sedi­
ments). Ocean-floor 
and island arc tholei~ 
itic magma type. 
Cherts. Fe- and 10m-rich 
chemical sediments. 

Ophiolite co~plexes, 
possibly of ocean­
floor tholeiitic origin. 
Shales, mudstones and 
argillites with inter­
calated limestones. 

Felsic rocks of the 
calc-alkaline volcanic 
~uite. Pyroclastics: 
Fe- and Y~-rich tuffs 
and mudstones inter­
calated with lime­
stones. 

Tectonic 
envi:t:onment 

Early development 
of island-arc 
systems, possibly 
ocean-island 
environment 

, Marginal basin 
environment 

Small ocean basin, 
near continental 

Submarine, island­
arc environment 

Co and Ni contents 
of ores 

High Co, intermediate 
Ni concentra~ions 

Generally low Co and 
Ni concentrations 

Generally high Co and 
Ni concentrations 

Low Co and Ni con­
centrations 

Ore 
mineralogy 

Pyrite, chalcopyrite 
sphalerite, pyrrho­
tite, magnetite, 
minor cubanite and 
valleriite. 

Pyrite, chalcopyrite, 
sphalerite, marcasite, 
covellite, digenite 
and traces of macki­
nawite and pyrrhotite. 
Quartz and gypsu~ occur 
as gangue minerals. 

Pyrite, chalcopyrite, 
sphalerite, pyrrhotite, 
magnetite. Minor and 
traces of linnaeite, 
va11eriite~ Quartz 
and barite occur as 
gangue. 

Pyrite, chalcopyrite, 
sphalerite, galena, 
su1phosalts. Barite 
and quartz as gangue. 
minerals. Associated 
gyps~ deposits. 

Exam;>les 

Deposits in the 
Kee,.,atin green­
stone belts of 
Canada: Noranda 
and Xatagami 
t:linc areas 

Cyprus. O::lan. . 
and L~kken-type' 
(Norway) 
deposits 

Ergani and Kure.. 
deposits in 
Turkey; Besshi­
type deposits in 
Japan and Joma­
type deposits in 
Norway 

Kuroko-type 
deposits in 
Japan; massive 
sulphide deposits 
of Eastern Black 
Sea Ore Province, 
Turkey 

(X) 
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Miyashiro (1973) and Pearce (1975), as a result of 

geochemical studies, showed that the Troodos ophiolite com-

plex of Cyprus probably formed in ~n island·-arc "sensu 

stricto", or related marginal basin environment, instead of 

along ocean ridge. It is now widely excepted that most of 

the volcanogenic massive sulphide deposits are formed in 

island-arc or marginal basin environments. 

ISLAND 
ARC Type 4' 

(Cu-Zn-Pb-Ag) 

MARGINAL 
OCEAN 

Sea Level----~--~--7 ~---I---'7"---__:;:~i"f 

Fig. 1.1 

> 

- -
, , , , , , , 

, , , \ , , , , , ~\ , 

granitic 
Intrusions 

Simplified model illu~trating the. tectonic environ-

ments of the four types of volcanogenic massive 

sulphide deposits. 

The four types of volcanogenic massive sulphides appear 

to have a sequential formation that is related to the evolu-

tionary tectonics of island-arc orogenies. Thus, in ~n 

orogenic belt, type I (Cu-Zn) deposits are formed first, 

followed by the others according to the type of tectonic 

ev~ution of that particular island-arc.system. Examples of 
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this sequence are well illustrated by some orogenic belts. 

For instance in the Pont ids of Turkey the Kure deposit 

(type 3) is of Jurassic age, whereas the Eastern Black Sea 

massive sulphides (type 4) are of late Cretaceous age. A 

further example is th~ Cyprus deposits (type 2), and the 

Ergani deposit (type 3) of Southeastern Turkey. The two are 

believed to be on the same Alpine orogenic belt. But the 

former is of early Creta~eoust and the latter is of upper· 

Cretaceous age. This age difference could, however, be 

explained by different spreading rates at the two sites 

(Smith, 1971). Thus, in an orogenic belt it is highly likely 

for more than one type of volcanogenic massive sulphide 

deposits to occur. In the old orogenic belts, for example, 

the Keewatin greenstone belt of Canada, and the Caledonian 

greenstone belt of Norway, in which the characteristics of 

island-arcs have disappeared, almost certainly more than one 

type occurs. Indeed in the latter, two types, Joma-type 

and L;kken-type, have already be~n distinguished by Pearce 

and Gale (1976) by a comparison of their tectonic environ­

ments. At present, a great deal of geochemical work has yet 

to be done on the igneous rocks associated with these 

deposits in order to define the true nature of their tectonic 

environments. 

The Ni and Co contents of sulphide samples, especially 

the 'latter element have often been used in assigning sulphide 

deposits to sedimentary or hydrothermal origin (Fleis~her, 

1955). The Co and Ni contents were found to be useful in the 

classification, but variable amounts were found even between 

two deposits from the same mining area. 
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EXAMPLES OF VOLCANOGENIC MASSIVE SULPHIDE DEPOSITS 

Copper-zinc Deposits in the Keewatin Greenstone Belts 

of Canada 

The Precambrian Keewatin belt of the Canadian shield 

is a typical eugeosynclinal assemblage that includes massive 

sulphide deposits of the Noranda and Matagami mining areas 

(Hutchinson, 1965). The vo~canic rocks have been considered 

to be of calc-alkaline affinity by Goodwin and Rid1er (1970). 

However, an earlier geochemical study by Baragar (1968) 

suggested that they have tholeiitic features. Hutchinson 

(1973) believes that these rocks are probably similar to the 

island-arc tholeiites described by Jakes and White (1972). 

They possibly ~haracterise the early development of an 

island-arc system. These volcanics represent a well differ­

entiated compositional series, from basalt to rhyolite, and 

are intercalated with tuffaceous sedimentary rocks, greywacke 

and cherts. The whole succession has undergone metamorphism 

and deformation during the Kenoran orogeny. 

Sangster (1972) has reviewed the Precambrian volcano­

genic massive sulphide deposits of Canada. His account of 

the important geological features of these deposits can be 

summarized as follows: 

(a) The deposits are clustered in circular areas of acid 

volcanic rocks, probably representing volcanic centres 

and occur at stratigraphically favourable horizons at 

the contacts of felsic rocks. These favourable horizons 

,are marked by "exhalites" which are chemical sediments 

composed of ferruginous chert and/or iron formation. 
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(b) The deposits are associated with a single felsic forma­

tion in a particular region, in spite of the presence 

of several felsic formations •. 

ec) The sulphide deposits are structurally controlled and 

tend to align themselves along linear faults or rifts 

which probably determined the distribution of fumaroles 

and volcanic centres.· 

The above featur~s are well illustrated in the 

Noranda and Matagami Lake areas where the metamorphism and 

deformation have been less intense than in many other parts 

of the Canadian Shield. The ore bodies in the Keewatin green­

stone belts, as in the case with all Precambrian volcanogenic 

massive sulphide bodies consist of two types of ore: massive 

ore and stockwork-dissemination ore. The massive ores com­

monly pass down into a stockwork zone that consists of 

stringers and disseminations of sulphides within strongly 

altered felsic lavas and pyroclastics. The alteration is 

pipe-like in form and in some cases extends about 1000 m 

below the massive ore. According to Gilmour (19~5) the core 

of the alteration generally consists of massive chlorite, 

disseminated sulphides, and magnetite grading into zones 

with sericite-rich margins. The ch10ritized and sericitized 

rocks grade into massive and siliceous country rock. The 

massive ores are conformably overlain by "exhalites" and 

tuffs. The alteration does not extend into the hanging-wall 

rocks (Sangster, 1972). 

The massive ore contains variable proportions of 

pyrite, pyrrhotite, chalcopyrite, sphalerite, and magnetite 

with small amounts of cubanite and valleriite (Hutchinson, 

196'5). Sphalerite and chalcopyrite are "generally concentrated 
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at the top of a massive ore body, and pyrrhotite is more 

common towards the stockwork zone. 

The ore textures vary frbm.colloform (banded struc­

tures usually involving melnikovite pyrite, and sometimes 

chalcopyrite and sphalerite) to cataclastic, and boundinage 

'structures may be present. Some deposits such as the Horne 

mine show brecciation of toe massive ore (Sinclair, 1971). 

The ore-wallrock relatioriship~ are well illustrated by 

Sinclair (1971) in the latter mine. The massive sulphide 

ore bodies of the Horne 'ine occur in rhyolitic flows, tuffs, 

and breccias, and the H ore body occurs below the No. 5 ore 

body. According to Sinclair (1971) the ore formation took 

place syngenetically as a result of fumarolic activity 

related to felsic volcanism. Pyrite in the No. 5 zone con­

tains 12 to 60 ppm Co whereas pyrite from the H ore body 

contains Co contents of approximately 1000 ppm. Sinclair 

(1971) attributed this to the probable independent formation 

of the two are bodies. However, trace element contents of 

pyrite and pyrrhotite from the Matagami and Noranda area 

massive sulphides generally show high levels of both Co and 

Sn and intermediate amounts of Ni. The maximum median con­

tents of these elements in pyrite are 600, 250, and 130 ppm 

respectively (Roscoe,.1965). 

The lead iso'tope data obtained by Roscoe (1965) 

gives an age of 2.95 billion years for the Matagami area 

sulphides and somewhat younger ages for the 'Noranda deposits. 

The volcanic rocks that host the Noranda orebodies are also 

younger than the Matagami rocks. This relationship is 

suggestive of the hypothesis that .the formation of the 
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massiv~ sulphides and associated volcanic rocks are coeval 

as Roscoe (1965) has suggested. 

Recent geochemical work by 'Pearce ind Gale (1976) 

suggests that the Noranda-type massive sulphides are formed 

on the ocean floor in an island-arc type volcanic environment. 

1.4.2 Cyprus Massive Sulphide Deposits 

Many Cu-Zn massive sulphide deposits occur within the 

pillow lava and sediment succession of the Troodos ophiolitic 

complex of, Cyprus. This complex consists of an ultrabasic 

and basic intrusive core surrounded by two pillow lava units 

which are unc~nformably overlain by the Cretaceous Parapedhi 

sediments •. The whole complex represents a typical segment 

of the oceanic crust, and until recently it has been regarded 

to have been generated along a mid-ocean ridge. This hypo-

thesis has, however, been questioned by Miyashiro (1973) and 

Pearce (1975), as stated earlier. Miyashiro (1973) suggested 

that the Troodos massif, and probably some other ophiolite 

complexes, were formed as a result of basaltic volcanism in 

an island-arc setting. He based his argument on the differ-

entiation trends of the Lower Pillow Lava unit and the sheeted 

complex which follow a calc-alkaline trend. More recently 

Pearce (1975), studying 'the geochemical characteristics of 

the basalts, determined a probable tectonic setting for 

Cyprus. He suggested the probable development of the 

Troodos massif first in an inter arc basin with the extrusion 

of alkali basalts (within-plate) followed. by island-arc 

tholeiite basalts. 

The massive sulphides of Cyprus occur as lenticular 
< 

lenses at the top of the Lower Pillow Lava sequence, and are 
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covered conformably by the Cretaceous Parapedhi formation con­

sisting of shales, limestones, marls, and chemical sediments. 

The ore bodies are locally overlai~ by iron~rich, but 

manganese-poor ochres, containing sulphides in places. The 

orchres are believed ·to have been formed by the submarine 

oxidation of the sulphides (Constantinou and Govett, 1972). 

They are in turn commonly overlain by umbres (manganese- and 

iron-rich sediments). The massive ores are accompanied by a 

stockwork-impregnation zone in the silicified and brecciated 

lavas below them. The ore consists of pyrite, which is 

dominant, and interstitial chalcopyrite, covellite, digenite, 

sphalerite, and marcasite. Traces of mackinawite and 

pyrrhotite have also been recorded (Constantinou and Govett, 

1973). The amount of chalcopyrite and sphalerite 'increases 

towards the top. The top of the massive ore is characterized 

by a conglomeratic ore with blocks of sulphides in a matrix 

of sugary pyrite and is underlain by a compact massive ore 

(Constantinou and Govett, 1973). The collomorphic banding 

and framboidal textures are characteristic of this top zone. 

The massive ore passes into the stockwork zone through a 

zone consisting dominantly of quartz and pyrite. The under­

lying lavas exhibit extensive alteration comprising a silici­

fied zone surrounded by a chlorite zone. 

The zoning and textures of the ores are explained by 

·Constaninou and Govett (1973) in the following way: The 

primary ore composed of pyrite with traces of chalcopyrite 

and sphalerite formed in a caldera-like basin. This primary 

deposit was then subjected to submarine leaching, oxidation, 

and secondary enrichment, which probably explains the origin 
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of the ochre. The whole process of ore deposition is pre-

sumed to bave taken place during a break in the volcanism. 

The isotopic evidence from 'the Troodos complex 

strongly suggests the involvement of sea water (Sheppard, 

1976). He suggested that the sea water circulation in a 

tectonic env,ironment of high geothermal gradient ~as respon-
. 

sible for the metamorphism of the pillow lava units and that 

the sheeted complex belongs to the zeolite and amphibolire 

facies. He further postulated that the circulating sea 

water, descending to 2.5 km (to the layered gabbro of the 

Troodos massif), leached the base metals and deposited them 

at the points of its discharge on the sea-floor, thus forming 

the sulphides and the umbre (Spooner and Heaton, 1976). 

The Ni and Co contents of the ores are generally low, 

except for the Skourotissa ores which have a mean Co con-

centration of 485 ppm and a Co:Ni ratio of 13.8 (Table 1.2). 

1.4.3 Massive Sulphide Bodies of the Elazig Ophiolite Nappe, 

Southeastern Turkey 

The rocks of the Alpine orogeny in south Eastern 

Turkey consist mainly of spilites, keratophyres, and mafic 

tuffs of submarine extrusive character intercalated with 

mudstones, radiolarites, and limestones. Diabase, gabbro, 

chromitite, and serpentinite also occur in the belt. This 

sequence of Alpine rocks has been thrust over the younger 

sediments of the Arabian platform during the Miocene. , In the 

eastern part of this belt, a second thrust zone appears to 

the north of the former along which the Permian rocks of the • 

Bitlis massif have been thrust over the Alpine ophiolitic 

complex to the south. 
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Table 1.2 Base }Ietal~ Co and Ni concentrations of the Ergani, Madenk8y, and KUre (Turkey) 
and Skauritissa, Mathiati, Agrokipia and Kokkinoyia (Cyprus) massive sulphide 
deposits' . 

Hassive Sulphide 
Deposit 

a) Weiss mine' 
Ergani (Elazig), 
Turkey 

b) Anayatak mine 
Erganl (Elazig). 
Turkey 

c) MadenkBy (SUrt) 
Turkey 

d) KUre (Kastamonu) 
Turkey 

e) Skauritissa, 
Cyprus 

f) Mathiati, 
Cyprus 

g) Agrokipia, 
Cyprus 

h) Kokkinoyia, 
Cyprus 

/ 

(" 

i.Cu 

5.2 

10.0 

1.0 

2.75 

2.15 

1.47 

1.0 

1.·5 

i.Zn %Pb 

3.2 

3.0 

0.04 0.0015 

<0.01 0.02 

0.08 

0.29 

0.2 

ppm ppm Co:Ni 
Co Ni Ratio 

820 394 . 2.1 

2500 700 3.6 

59 75 0.8 

1525 <15 >100 

330 24 13.8 

51 33 1.5 

41 34 1.2 

63 63 1.0 

Remarks - References 

2. m.t. of. pyritic Cu-Zn 
massive sulphides asso,:" 
cia ted with stockwork-
impregnation zone (Cagatay 

, 1968) 

6 m.t. of pyritic Cu-Zn 
massive sulphides asso-
cia ted with stockwork 
veins (Griff Its et al., 
1972) . 

15 m.t. of massive and 
stockwork-,impregnation 
type sulphides. Average 
of 90 ore samples from 
drill-hole M-1 (Ca1gln, 
1976) 
Bakibaba and Asik8y Mines: 
together,13 m.t. of mas-
sive and impregnation 
type sulphides (Bailey 
et a1., 1966) Cobalt and 
Ni analysis by the M.T.A. 
laboratories (average of 
4 ore samples) 

6 m.t. of pyritic copper 
massive sulphides. Aver-
age of 10 ore samples 
(Constantinou and Govett, 
1972) 

3 m.t. of pyritic copper 
massive sulphides. Aver-
age of 56 ore samples 
(Constantinou and Govett, 
1972) 

65,000 t of pyritic mas-
sive sulphides. Average 
of 27 ore samples 
(Constantinou and Govett, 
197~) 

1 m.t. of pyritic massive 
ore. Average of 42 ore 
samples (Constantinou and 
Covett, 1973) 
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In the Elazig ophiolite belt, a number of massive 

sulphide deposits occur. The larger and better known ~f 

these, listed from west to east, are Elmali in the province 

of Mara~. Ergani in the province of Elazig, and Madenkoy in 

the province of Siirt. The orebodies in the Ergani area 

are overlain by limestone, basic tuff, and spilitic .agglom-

erate of upper Cretaceous agi~ and underlain by a silicified 

pillow lava unit, impregnated and veined with sulphides. 

The ~one of silicification is surrounded by a·more extensive 

chlorite zone. According to vagatay (1968) the ore minerals 

consist of pyrite, chalcopyrite, pyrrhotite, sphalerite, and 

magnetite. Less abundant minerals are cubanite, valleriite, 

marcasite, anatase, altered chromite, cobalt-pentlandite, 

linnaeite, and glaucodot. Covellite, cattierite, and 

digenite occur as secondary minerals. Quartz and barite are 

the gangue minerals. The mineral paragenesis indicates a 

relatively high temperature of ore formation. The occurrence 

of magnetite and chromite, and especially linnaeite, are an 

important feature of these deposits, and the last mineral has 

been taken as the diagnostic mineral of these deposits in 

this belt by ~agatay (in press). The occurrence of cobalt­

iferous minerals, such as pentlandite, linnaeite, and 

glaucodOt ma~e the deposits being quite rich in cobalt 

(Table 1.2). The Co contents of pyrite from the Ergani 

deposit appear to be variable, ranging from 20 to 2000 ppm. 

(Griffits et al., 1972). 

The ores vary in texture from colloform-framboidal 

to euhedral and subhedral. The replacement of primary 

magnetite, and the partial replacement of chromite, are 
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common. These features, together with the wall-rock relation­

ships led ~agatay (1968) and Griffits et al. (1972) to con­

clude that these deposits are of hidrothermal replacement 

origin formed as a result of the replacement of mafic rocks 

by ore solutions. ~agatay (in press) suggests that the 

sulphide bodies are post-orogenic and closely related to 

the thrust zones. Griffits et al. (1972), by K/Ar dating on 

adularia from quartz-epidote veins, determined an age of . 

ll.S ± 0.8 m~y., corresponding to Middle Oligocene for the 

Ergani massive sulphides. Although the above 'evidence 

supports a hydrothermal replacement origin one can argue 

that the epigenetic features of these deposits are due to 

the intense tectonic movements which probably imposed a 

second phase of hydrothermal activity and thus greatly modi­

fied the original, syngenetic deposits. The conformable 

mudstone hanging walls and colloform, framboidal textures of 

the massive ores of the sulphide bodies suggests that these 

deposits are most probably of exhalative-sedimentary origin 

related to subaqueous mafic volcanic activity. Although the 

mineral paragenesis of these deposits differs from the 

"Besshi-type" pyritic copper massive sulphides of Japan 

(Mitchel'l and Bell, 1971), they are quite similar in many 

respects. 

1.4.4 Kure Massive Sulphide Deposit; Northern Turkey 

Two economic ore bodies, AsikSy and Bakibaba" occur 

in the Kure mine area of Kastamonu province in northern 

Turkey. They are massive pyritic copper deposits, closely 

associated with pillow lavas and generally overl~in by 

argillites. Two pillow lava units, intercalated with two' 
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argillite-greywacke units, occur in the area. The whole 

sequence is of Jurassic age (Bailey et al.,' 1966). The orc-

bodies occur between the younger pillow lavas and the over-

lying argillite-greywacke unit. Intrusive rocks are also 

present in the area. These range from dunite and peridotite 

to silicic dacite with associated gabbro and diorite. The 

peridotites are altered to serpentinites. According to 

Bailey et ale (1966) two types of ore are present in a single 

ore body, a massive ore consisting of pyrite and chalcopyrite 

and a lower grade ore in the footwall containing mainly pyrite 

disseminations in a mafic pillow lava breccia. These ores 

are characterized by high Co and low Ni concentrations (Table 

1.2). The ore bodies occur near a thrust fault, but Bailey 

et ale (1966) think that the sulphide bodies have no genetic 

relationship to this structure; on the contrary they postu-

late that the ores were epigenetically formed by replacement 

of the pillow lavas and breccias, possibly during the Tertiary • 

. The epigenetic nature of stockwork zones is a general feature 

common to all volcanogenic deposits, but this feature does 

not necessarily make the associated massive ore epigenetic. 

In the Kure mine area the massive ore body may also be syn~ 

genetic. Further study is needed in this area before any 

statement about the origin of these ores can be' made. The 

deposits with their associated rocks and high Co contents 

are similar to the Ergani deposit, although some of the ore , 

minerals in the latter deposit have not been r~ported from 

the Kure ore bodies. The geological environment of these 

ores is similar to that of the Besshi-type pyritic-copper 

ores of Japan. 
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1.4.5 Bedded Pyritic Copper Deposits of the Shikoku 

Province of Japan 

These deposits occur in abundance in the Sanbagawa 

metamorphic belt of late Mesozoic age. Kanehira and Tatsumi 

(1970), reviewing the bedded cupriferous iron sulphide 

deposits in Japan, summarized the following general features 

of these deposits as follows: 

(i) The ores are mainly compact and generally consist 

of pyrite and some chalcopyrite. Pyrrhotite 

increases 1n amount towards the base of the 

deposits 

(ii) The ores occur as bedded and lenticular bodies 

(iii) The deposits are associated with metamorphosed 

submarine basic volcanics, their tuffs and 

associated black shales of Paleozoic age. They 

follow definite stratigraphic horizons. 

The most characteristic deposit of this type is the 

Besshi pyritic copper deposit (Mitchell and Bell, 1973). It 

is a conformable orebody consisting of three types of 

materials: a compact mass of pyrite, chalcopyrite, and 

sphalerite with a small amount of gangue consisting of hema-

tite, magnetite, sphene, muscovite, chlorite, and calcite; 

a banded ore, composed of sulphides and silicates; and an 

impregnated ore, containing mainly pyrrhotite. Sphalerite, 

bornite, and tetrahedrite occur in trace amounts. Laterally 

the orebody gives way to specu1arite-magnetite seams (Smirnov 
, 

et a1., 1969). The deposit is associated with the Palaeozoic 

Minawa Formation which consists of metamorphosed basic lavas 

and black shales. The rock assemblage is typically eugeo­

synclinal. The occurrence of continentally derived-clastic 

I 



22 

sediments in the form of quartzitic schists and shales is 

suggestive of a marginal oceanic environment. 

According to Kanehira and Tatsumi (1970, p. 62) the 

Co contents of pyrite from several deposits of this type 

ranged from 15 to 150 ppm with an average of 40 ppm. The 

Ni/Co ratios were in the range of 1/17-1/20. However, some 

ore samples of mixed pyrite and chalcopyrite gave Co contents 

up to 4000 ppm and Ni contents between 10 and 500 ppm. The 

Ni/Co ratios for these samples were between 1 and 1/30. 

1.4.6 The "Kuroko" Ore Deposits of Japan 

The Kuroko deposits of Japan are stratiform, base 

metal sulphide deposits, commonly showing mineralogical 

zoning. They are related to the Miocene felsic volcanic 

and pyroclastic rocks of the calc-alkaline suite in the 

Green Tuff regions of Japan. These deposits have been the 

subject of. intensive study in Japan and in a number of other 

countries. They have been summarized in two review papers 

by Matsukuma and Horikoshi (1970), and Lambert and Sato (1974). 

More detailed descriptions of the Kosaka mining district have 

been made by Horikoshi (1969), and that of the Hanaoka­

Matsumime mine by Ogura (1972). The following summary is 

largely based on these works. 

The Kuroko deposits are important producers of 

copper, zinc, lead, silver, and gold in Japan. The orebodies 

are often oval, lens-like in shape. They are overlain by 

tuffs, clay shales, and mudstones, and underlain by a 

stockwork and disseminated zone in the footwall. A single 
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ore body exhibits a common vertical zoning from black ore 

(kuroko), composed of sphalerite, galena, chalcopyrite .. 

pyrite, and barite on the top, into a pyrite-chalcopyrite­

rich yellow ore (oko); this ore grades downward into a 

pyrite-rich ore (ryukako) and finally into a siliceous stock­

work-disse~inated ore (keiko) at depth. Enargite,bornite, 

chalcocite, covellite, and stromeyerite are accompanied by 

various sulphosalts and electrum (Au-Ag alloy) commonly in 

the black and to a lesser extent in the yellow ore. The 

above zoning is not always strictly obeyed, and some of the 

zones may be missing. The sulphide ore bodies are commonly 

accompanied by gypsum ore (sekkoko) which is usually inter­

bedded with pyroclastic rocks. The stratigraphic position 

of the gypsum ore in relation to the sulphides is variable. 

The ore textures also show a variation from the stockwork to 

the black ore on the top. The stockwork-impregnation zones 

are usually characterized by anhedral pyrite crystals, and 

the amount of colloform and framboida1 pyrite increases 

towards the top of the massive ore. The brecciation in the 

ores is common in the black ore, which probably indicates 

steam explosions and sedimentation. 

Distribution of the Kuroko deposits indicates that 

they are concentrated in a narrow belt, extending for 1200 km, 

close to the boundary between the tholeiitic and the. high 

alumina basaltic belts (Lambert 'and Sato, 1974). The latter 

belt is known as the Green Tuff region of Japan where intense 

submarine calc-alkali volcanism of Miocene age took place. 

The Kuroko deposits were formed towards the more felsic, 

waning stages of volcanism. The stratigraphic successions 
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in the mining regions indicates that the kuroko mineraliza­

tion in all Green Tuff regions is restricted to the upper 

half of the Nishikurosawa stage (M~ddle Miocene) (Matsukuma 

and Horikoshi, 1970). The Kuroko deposits are generally 

a~sociated with submarine volcanic and pyroclastic rocks of 

dacitic and rhyolitic composition (Horikoshi, 1969). The 

latter rocks generally occur as lava domes in the vicinity 

of the kuroko ores. The rocks of the Green Tuff regioru, with 

their low Rb and radiogenic Pb, were most probably derived 

from the partial melting of young crustal rocks within a 

thick crust. The compositional changes from basalt through 

andesite to rhyolite were obtained by fractionation of basic 

and intermediate magmas within the crust (Lambert and 

Sato, 1974). 

. The Kuroko deposits are ~arked by extens~ve altera­

tion zones, especially in the footwall, and to a lesser 

extent in the hanging wall rocks. 

The alteration commonly appears as argillization and 

silicification. According to Shirozu (1974), and Iijima 

(1974) four argillic alteration zones concentrically envelope 

the deposits and are in turn surrounded by zeolite zones that 

may extend several kilometres from the orebodies. As one 

approaches a,deposit these argillic zones are: 

(a) a montmorillonite zone (30-100 m in thickness) 

(b) a sericite - mixed-layer illite - montmorillonite - Fe, 

Mg chlorite zone (variable, up to 200 m in thickness in 

deep-seated deposits) 

(c) a sericite - mixed-layer sericite - montmorillonite 

- kaolinite - Mg chlorite zone (approximately 100 m 

in thickness) 
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(d) a quartz + sericite zone (approximately 20 m in thickness). 

The clay alteration zones, according to Lambert and 

Sato (1974), developed not only during the 'Kuroko ore forma-

tion, but also for a few million years afterwards, thus 

extending the alteration zones into the hanging-wall tuffs 

and sediments. 

The concensus of opinion is that the Kuroko volcano-

genic m~ssive sulphides ~re of volcanic-exhalative origiq 

and formed on the sea-floor. The oS34 values for sulphides 

increase from the top to the bottom in an orebody. Kajiwara 

(1971) explained this in terms of pysico-chemical conditions 

of ore deposition. He suggested mixing of low pH, low Eh, 

o 0 and high T (250 C) hydrothermal ore solutions with high Eh, 

o . 
high pH, and low T Miocene sea water for the deposition of 

the sulphide ores. Gypsum and anhydrite were precipitated . 
as a result of a temperature rise and/or dilution of brines 

according to the same author. Sato (1973) .developed a 

chloriae-complex model from his thermodynamic calculations 

to explain the zoning, the probable physico-chemical condi-

tions of the ore solutions, and the ore-forming environments. 

o According to Sato's model, the temperature rose from 150 C 

in the top black ore to 250 0 C in the stockwork zone. Other 

parameters such as pH, log fS
2

, and log f0
2 

varied from 4.7, 

-15.0, and -49.2 in the top of the ore to 3.7, -13.6, and 

-38.6 'in th~ lower stockwork zone, respectively. 

Lambert and Sato (1974) suggested that the ore solu­

tions may have been derived from the ciystallizing felsic 

magmas within the magma chamber below. Another possibility 

is, of course, the leaching of the Green Tuff rocks by circu­

lating brines. The hydrogen, oxygen, and sulphur isotope data 



26 

strongly suggest circulation of sea water during the Kuroko 

mineralization (Sheppard, 1976). The ascending ore fluids 

, would discharg~ on the sea-floor and their ,density 

would rise above that of the sea water as it mixed with the 

latter (Sato, 1972). The resulting ore solution would then 

sink, and by flowing down the submarine slopes and depositing 

the sulphides, the result ~ould be the observed mineral 

zoning in the Kuroko deposits. 

The Co a~d Ni contents of the Kuroko ores are low, 

with a general increase of Co content from the black ore to 

the stockwork zone (Table 1.3). 

The general characteristics of the Eastern Black Sea 

ore province massive sulphides have been summarized in 

Chapter 3. The following comparison of the latter with the 

Kuroko deposits of Japan can be made: 

(i) Both are associated with the felsic calc-alkaline 

volcanics and pyroclastics and are overlain con­

formably by tuffs and clay beds 

(ii) The mineralogy, texture, and mineral zoning of 

the ores in both provinces are similar. Both 

are associated with barite and gypsum ores. 

Trace amounts of pyrrhotite in the ores of the 

Eastern Bl?ck Sea province may be due to slightly 

higher temperature or lower sulphur fugacities. 

(iii) The overall chemistry and minor element contents, 

including Co and Ni concentrations, of the ores 

in the two regions are similar (Table l.~ and 

1.4), the exception being the generally low Pb 

contents of the Eastern Black Sea massive sulphides. 



Table 1.3 Cu, Zn, Pb, Co, and Ni contents of the Kuroko-type ores of Japan 

Massive Sulphide %Cu %Zn %Pb Co Ni Co:Ni Remarks Deposit Ratio 

Kosaka and Hanaoka 
Mines 25 m. t. of 

(a) Black ore 2.2 22.5 16.0 Traces 10 <0.2 volcanogenic 

(7 samples) massive 
sulphide ore 

(b) Semi-black 4.5 7.0 0.6 10 20 0.5 at Kasaka 
ore (5 samples) mine: 35 m. t. 

(c) Yellow ore 7.4 2.0 0.2 30 40 0.75 of volcano-
genic massive N 

(18 samples) ...., 
sulphide ore 

(d) Pyrite ore 0.4 0.2 0.07 at Hanaoka 
(3 samples) mine, 

(e) Siliceous ore 1.9 0.2 0.06 40 15 2.67 Hokuroku 
district, (7 samples) Japan (Lambert 
and Sato, 1974) 

Average of 
above types 
of ore 3.28 6.38 3.39 20 21 0.95 

Kamiki ta mine: 0.01 13 3 4.3 The ore body 
Honko deposit is yellow ore, 

50 x 40 m in 
area and 130 m 
in depth 
(Ishikawa et 
al., 1962) 
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Table 1.4 Cu, Zn, Pb, Co, and Ni contents of some volcanogenic massive sulphides in the 
Eastern Black Sea Ore'Province 

Massive Sulphide ppm ppm Co:Ni Deposit and %Cu %Zri %Pb Remarks 
Location Co Ni Ratio 

MadenklSy 3.0 4.0 0.12 87 26 3.3 20 m.t. of massive 
«((aye11) and stockwork-

impregnation. type ore. 
Analysis of 41 ore 
samples only 18 of 
which were analysed 
for Co and Ni 
(au thor's da ta) 

Kutlu1ar 2.2 1.S 0.04 37 2S 1.S 1.5 m.t. of massive 
(SUrmene) and stockwork-

impregnation type 
ore. Average of 6 
samples of ore for 
Pb, Co, and Ni 
(author's data) 

Tunea 1.S 1.0 0.02 7 48 0.15 300,000 t. of mas-
(Ardellen) sive and stockwork-

impregnation type 
ore. Average of 4 
samples for Pb, Co, 
and Ni (author's . 
data) 

Lahanos 1.6 2.0 0.6 49 65 0.75 8 m.t. of massive 
(Espiye) and.stockwork-

impregnation type 
ore. Average of 84 
pyritic ore samples 
for Co and Ni 
(Leitch, 1975) 

Kizllkaya 1.0 1-2 0.02 35 85 0.4 10 m.t. of mainly 
(Espiye) stockwork-impreg-

nation type ore. 
Average of 45 pyritic 
ore samples for Co 
and Ni (Leitch, 
1975) 

Israll 2.0 0.12 0.005 280 98 2.9 200,000 t of massive 
(Tirebolu) ore. Average of 5 

samples. (Acar, 1974) 

HarkBy 8.0 10.0 7.5 trace trace 100,000 t of massive 
(Tirebo1u) and associated impreg-

nation and stockwork 
ore (D. Egin, pers. 
comm., 1977) 

Har~it-K8prUba~i 
(Tirebolu) : 

a) rich massive 1.0 10.0 7.5 trace trace Analysis of rich mas-
sive ore (Analysis of 
pyritic and stockwork 
ore) 

b) pyritic and 3.0 2.0 1.0 trace trace 5 m.t. of pro!cn ore 
stockwork reserve (D. Egin, pers. 
ore comm., 1977) 

SadeglSre 4.0 9.0 0.2 40 70 0.6 Reserve not known. 
(GOrele) Massive and associated 

stockwork and impreg-
nation zone. Average 
of 5 samples (Acar, 
1974) 
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There are, however, a few deposits such as Har~it-

Kepruba~i and Harkey that are high Pb-Zn. 

(iv) Both the Kuroko deposits of Japan and the Eastern 

Black Sea province volcanogenic massive sulphide 

deposits are characterized by hydrothermal 

alteration halos of argillization, sericitization, 

and silicification. In addition to these, carbon-

itization and hematitization have also been 

important processes in the Eastern Black Sea 

deposits, resulting in the occurrence of siderite, 

dolomite, calcite, and hematite in the alteration 

zones. This may be due to differences in the 

composition of the altered rocks and physico-

'chemical conditions of the ore-forming solutions. 
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CHAPTER 2 

REVIEW OF GEOCHEMICAL EXPLORATION FOR VOLCANOGENIC MASSIVE 

SULPHIDE DEPOSITS 

Volcanogenic massive sulphide deposits are important 

producers of the world's base and precious metals. The 

deposits in the Canadian Shield alone produce half of Canada's 

production of zinc and copper and one-third of the lead, as 

well as important amounts of gold and silver (Cameron, 1975). 

The Kuroko deposits of Japan supply half of Japan's output 

of copper, one quarter of its zinc, one-third of its lead 

and silver, and one-fifth of its gold (L~mbert and Sato, 

1974). In Turkey, most of the copper production, together 

with considerable amounts of gold, are supplied by the 

volcanogenic sulphide deposits of Ergani, Murgul, and Kure. 

Until recently, geochemical exploration has played 

a minor role in the discovery ,of volcanogenic massive sulphide 

deposits. However, in the last few years, geochemical 

,exploration for these deposits has assumed' a new i~itiative, 

and it is now more common for one to see reports in the 

literature of geochemical exploration techniques designed 

specifically for massive sulphides. 'This is for two reasons: 

(a) We now know a great deal more about the mode of forma-

tion, associated rock types and type of volcanicity, and 

the tectonic environment of these deposits. This has 

been achieved as a result of intensive studies over the 

last 15 years. 

(b) Gradual consumption of the present reserves of these 

deposits that usually occur near or at the earth's 

surface has brought about the need to search for blind 
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ore bodies of the same type under thick overburden. As 

a result, methods-of geochemical exploration specific 

to these deposits have been in~ensive~y investigated 

over the last few years in order to "fingerprint" anom­

alous zones above, and peripheral to, hidden orebodies. 

These investigations, reviewed below, have been carried 

out in many parts of the world. 

The relationship of volcanogenic massive sulphide 

mineralization to specific rock types has led a number of 

workers to study the chemistry and petrology of the associated 

rocks. Such regional 'studies narrow the target area from an 

entire orogenic belt to specific volcanic zones. Such a 

study was carried out by Descarreaux (1973) in the Abitibi 

volcanic belt of the Canadian Shield. He distinguished two 

types of volcanic rock suites, tholeiitic and calc-alkaline, 

and has shown that the sulphide deposits are associated with 

the calc-alkaline volcanic rock series. The association' of 

the Kuroko deposits with the felsic members of,the calc-' 

alkaline suite is also now well established (Lambert and 

Sato, 1974). Other volcanogenic massive sulphide deposits 

occur in ophiolite complexes and basic lavas of variable 

type, as discussed earlier. Such knowledge is of immense 

help in organizing programs in geochemical exploration for 

these deposits. 

Volcanogenic massive sulphide deposits are associated 

with endogenic hydrothermal alteration halos and more exten­

sive primary geochemical halos of major and minor elements. 

These halos occur extensively in the footwall of most of 

- these deposits, whereas the hanging walls are generally 

characterized by relatively weak or less extensive halos. 

The hydrothermal alteration halos of these deposits contain 
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propylitic and/or argillic assemblases which are commonly 

expressed as chloritization, kaolinization. sericitization 

and silicification. Such alteration zones ~re spatially and 

genetically related to the volcanogenic sulphide deposits. 

The shape, size, int~nsity, and mineralogical and chemical 

composition of the halos depend on many factors. The porosity, 

permeability, and chemical.composition of wall-rocks, the 

physicochemical properties of ore-bearing solutions, and the 

'physicochemical nature of the ore-forming environment are 

some of the major controlling factors. Descarreaux (1973), 

in a petrochemical study of the Abitibi volcanic belt, found 

high concentrations of Mg and K and a depletion in Na and 

Ca in the vicinity of Cu-Zn massive sulphide deposits in the 

Abitibi volcanic belt. The same trend was found, ·and its use 

in geochemical exploration has been outlined, by' other workers, 

for example, Sakrison (1967) in the Lake Dufault deposit, 

Quebec, Canada; Nilsson (1968) in the Boliden deposit, Sweden; 

Tatsumi ~nd Clark (1972) in the Kuroko deposits, Japan; Boyle 

(1974) in the Bathurst deposits, New Brunswick, Canada; 

Franklin et al. (1975) in the Mattagami deposits, Canada; 

and Goodfellow (1975) in the Brunswick No. 12 deposit, New 

Brunswick, Canada~ 

Primary dispersion of minor elements in the vicinity 

of massive sulphide deposits has also been investigated. 

Davenport and Nichol (1973), in the Birch-Uchi Lakes Belt of 

Ontario, Canada, showed that the upper felsic volcanic cycle 

with associated Zn-Cu-Ag sulphide deposits contained more 

Zn and less Cu, Co, and Ni than the barren, lower felsic 

volcanic cycle. Later, Cameron (1975), on a more regional 

scale, found S a~d Zn to be useful in distinguishing between 

• 



33 

massive sulphide and barren volcanic provinces in the 

Canadian Shield. Whitehead and Govett (1974) studies the 

primary dispersion halos of some minor elements in the 

Heath Steele mine, New Brunswick, Canada, and found by dis­

criminant analysis of the Pb-Zn data that an extensive Pb 

halo existed in the hanging wall. 

An excellent study-of the primary geochemical dis­

persion of base metals in the vicinity of many of the pyritic 

massive sulphide deposits in the Caucasus, Urals, and Rudnyy 

Altay regions of the U.S.S.R., was made by Ovchinikov and 

Baranov (l~72). They demonstrated that the subvolcanic­

hydrothermal deposits, such as the Gay, Madneuli and 

Leninogorsk, were associated with extensive alteration halos 

in their footwalls as well as in their hanging-walls; the 

hydrothermal-sedimentary deposits such as the Urup and 

Khudessia in the northern Caucasus, were associated with weak 

or absent alteration halos in their hanging-wall rocks. The 

deposits also exhibited an elemental zonation of Co-Cu-Bi 

enrichment in the footwalls, and a Zn-As-Pb-Ag-Ba enrichment 

in the hanging walls. yelchev and Tokmachieva (1971) also 

found a similar zoning in the Radka sulphide deposit in 

Bulgaria. 

Rock geochemical surveys in the vicinity of the mas­

sive sulphide deposits of Cyprus have been described by 

Covett (1972), and Pantazis and Covett (1973). These workers 

investigated the dispersion of Cu, Zn, Ni, and Co in pillow 

lavas, dykes, and sills. Their results did not give a definite 

.indication of the deposits. However, a combination of sta­

tistical techniques somewhat distinguished the mine areas 

from the background. 
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The primary dispersion of Cu, Zn, Pb, and Ba around 

the Kuroko deposits, of Japan, has been studied by Ishikawa 

et ale (1962), and Shiikawa et ale . (1975) •. The former authors 

mention the use'of Cr, V, and Co dispersion in geochemical 

exploration and indicate that the Pb content in wall-rocks 

is the best indicator of several of these deposits. The 

latter workers, using facter analysis, distinguished three 

major factors of which the first, (Co-V-Cu-Ni), and the third 

(Cr-Ni), were related to the mudstone intercalations, with 

the first giving high negative scores over the mineralization. 

The second factor (Pb-Ag-Zn-Cu) was related to mineralization. 

In the overburden they obtained extensive enrichments of Ba 

and Ag. Trend .urface analysis by the same authors outlined 

areas of mineralizatiQn. 

In the Eastern Black Sea region of Turkey, Tugal 

(1969) studied the primary dispersion of several elements 

including Cu, Zn, Pb, Te, Mo, S and As, on a 100 m interval 

sampling grid over and around the Lahanos mine. The disper­

sions of these elements were very erratic, and his isocon­

centration lines were usually centred around spuriously high 

values without any support from the surrounding samples. 

Leitch (1975), analysing total sulphide concentrates 

for several elements, in the pyritic ore horizon of the 

Lahanos and Kizilkaya deposits, demonstrated weak zonations 

of Co, Sb~As, and Cu. During the drilling stages of explo­

ration he suggests that increases in the ratios Co/Ni, As/Cu, 

As/Sb, increasing contents of base metals, and decreasing Se 

concentrations may be used to indicate the direction in which 

to search for ore. 
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, 
Secondary elemental disperstons from volcanogenic 

massive sulphides have also been studied by many workers. 

These investig~tions involve more ~onventional geochemical 

methods such as 'stream sediment and soil surveying. Copper 

and zinc in soils have been used successfully to locate 

buried Kuroko deposits (Shiikawa et al., 1975). Lake sedi-

ment and glacial till surveys have been 'demonstrated to be 

-
effective in reconnaissance geochemical exploration in the 

Canadian Shield, a large part of which is covered by lakes 

and glacial drift (Allen, et al., 1973; Ridler and Shilts, 

1974). Anomalous contents of Cu, Zn, Ni, Co, Mn, and As 

were obtained ,as a result of geochemical dispersion from a 

goss~n zone in the Agricola area, N.W.T., Canada (Allen, et 

al., 1973). A follow-up lake sediment and soil sampling 

survey in this area outlined the mineralization.' The most 

significant anomaly/background ratios in soils were indicated 

by Pb, Ag, Au, and As; mobile elements such as Zn and Cu 

gave relatively lower anomaly/background contrasts. Ridler 

and Shilts (1974) used till as a sampling medium in the 

Canadian Shield. Their technique involved the sampling and 

analysis of the <2 ~ fraction of the till for eu and Zn. 

This study was successful in outlining an exhalite horizon 

in the Kaminak Lake area within the Keewatin greenstone Belt 

of Northwest Territories. 

Geochemical methods of exploration for volcanogenic 

massive sulphides, based on a sound knowledge of the general 

features of these deposits, are now playing a major part in 

their discovery. These methods are applicable at all stages 

of exploration. The anomalous areas of possible mineralization 



36 

can be outlined by regional reconnaissance surveys involving 

drainage, lake sediment, or till sampling, according to the 

type of the secondary environment present. ' These areas can 

then be assessed by more detailed pedogeochemical and litho­

geochemical surveys, 'followed hopefully by successful drilling 

programs. 
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CHAPTER 3 

PHYSIOGRAPHY, REGIONAL GEOLOGY, AND MINERALIZATION OF THE 

EASTERN BLACK SEA ORE PROVINCE 

3.1 LOCATION OF STUDY AREA 

.The mineralized are~s studied lie within the eastern 

part of the Eastern Black Sea (Eastern Pontus) Metallogen~c 

Province (Figures 3.1 and 3.2). The metallogenic province 

itself extends from the river Kizilirmak in the west to the 

Russian border in the east. It has a length of ~bout 480 km 

from east to west, and a width of about 75 km from north to 

south. The region consists of the eastern part of the Pontid 

mountains which rise from the Black Sea coast southwards 

reaching an'elevation of 3937 m at Mount Kackar in the central . 
part. The study area comprises mineralizations within the 

coastal band (except Murgul) that covers the area up to 

elevations of 600 m. It includes seven study areas of 

mineralization bound by longitudes 41 0 and 41 0 35' and lati­

tudes 40 0 45' and 41 0 25' and extends from Sijrmene in the west, 

a town to the ~ast of Trabzon, to Hopa 1n the east, near the 

Russian border. From west to east the deposits studied are 

Kutlular, Kotarak dere, Madenkoy, Sarisu, Sirtkoy, Tunca, and 

Murgul (Figure 3.2). 

The population is mainly concentrated along the coast. 

Te~, hazelnuts, maize, tobacco, and beans are the main agri-

cultural products, and many tea processing plants occur along 

the coast. Fishing is an important industry. 

As a result of the rugged topographic relief the 

roads leading inland from the coast are hot well developed; 
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all are'rough earth roads on which travel is possible only 

by jeep. There is a good asphalt highway paralleling the 

coast. 

3.2 CLIMATE 

The coastal strip is the most humid and rainy part 

of Turkey. The rainfall reaches 2.5 m in many places and 

is due to two main factors - the meteorological depressions 

which originate in Europe and the northern winds that pass 

over the Black Sea picking up water vapor. The rainfall 

along the coast generally correlates with elevation. Figure 

3.3 illustrates the distribution of rainfall for the year 

1969. Generally the greatest amount of precipitation falls 

in the autumn with successively decreasing 'amounts in winter, 

spring, and 'summer. 

The temperature is moderately warm with a 14 0 C 

isotherm passing through the area. The warmest month is 

August and the coolest is February with average temperatures 

of 20°C and 7 0 C respectively (Tanriverdi, 1973). According 

to the observations made between the years 1929 and 1965, 

Tanriverdi (1973) reports that in Rize the most extreme 

o temperatures observed are in May and February with 40 C and 

o " 
-7 C respectively. However, proceeding inland from the coast 

the region increases in elevation and above 1000 m the winter 

is severe. None of the study areas, except Murgu1 at 1200 m, 

has an elevation above 600 m. 

3.3 TOPOGRAPHY AND DRAINAGE 

The coast forms a broad arc beginning at Arak1i, 

5 km east of Trabzon, and ending at the Russian border. The 
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coastal region rises steeply to the south, and topographic 

lows occur only where rivers enter the sea. These low areas 

are covered by alluvial soils and thus constitute the centres 

for agricultural activity and small towns. The general topo-

graphy, with its steep hills, deeply incised valleys, and 

waterfalls, presents a high topographic relief. 

The coastal strip is generally covered by a dense 

green vegetation comprising many species of shrubs and trees. 

In some parts the forest commences at the coast and continues 

inland. The vegetation cover over the coastal region as a 

whole is chiefly "Co1chis Flora" which is closely related to 

the coniferous forests of the Caucacus (Tanriverdi, 1973). 

Streams in the area form a well developed dentritic 

pattern with the headwaters originating in the high mountainous 

land to the south. They have a high velocity as a result of 

the high topographic relief, and, therefore, a high erosion 

capacity. The streams flow in deep~y disected valleys and 

mainly follow tectonic lines. As they approach the sea, they 

deposit their load in wide stream beds near the coast. 

The main rivers in the area are the Solakli deresi 

near Of; the Buyuk (Latum) dere and ~airler deresi near 

~aye1i; the Furtuna deresi and Tunca deresi near Arde~en; 

the Piskale deresi near Findikli; the Hopa deresi near Hopa; 

the Murgul deresi, and the river Coruh near Murgu1 • • 

3.4 SOILS 

The soils of the eastern Black Sea Region have been 

classified as a mountain type, red podzo1ic soil group formed 

under humid, subtropical climatic conditions (Oakes, 1958). 

However, in the opinion of the author the soils are not 
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sufficiently well developed to be called podzolic soils. The 

soils in the study areas are generally undifferentiated 

immature mountain soils. The thickness of the soils rarely 

exceeds 1 m, and as a result of the relief in the area they 

are well aerated and drained. The measurements of pH made 

on more than 100 soils show that they are strongly acidic 
, 

with pH values ranging from 3.5 to 6.7, the most frequently 

observed pH being 4.5. 

Soils, analyzed by X-ray diffraction for their clay 

mineralogy, were found to possess clays of illite and ver-

miculite type. The range of organic carbon contents for top 

soils in tea-planted and forested areas is 1.21% to 6.23% and 

2.06 to 19.48% respectively (Tanriverdi, 1973). 

Bedrock in the area is generally weathered. Fresh 

rocks are uSually difficult to find for sampling. 

3.5 HISTORY OF TECTONIC AND MAGMATIC DEVELOPMENT IN THE 

EASTERN BLACK SEA REGION 

The Eastern Black Sea Region, in a strict sense, 

forms the eastern part of the Pontids, one of Ketin's four 

tectonic units of Turkey (Ketin, 1959, 1966). On its southern 

extension the region is bordered by the North Anatolian Fault, 

• 
a right-lateral transform fault of major tectonic significance 

(Figure 3.4). 

The Eastern Black Sea Region has been involved in 

the Caledonian, Hercynian, and Alpine Orogenies. The Mesozoic 

rocks involved in the Alpine Orogeny rest on the Paleozoic 

meta-sediments and meta-volcanics involved in the Hercynian 

Orogeny. Some of the crystalline rocks in the region are 

probably of Precambrian age. During Precambrian time a 

I 
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. 
synclinorium extended from the Ukraine in the U.S.S.R. to the 

southern part of the Black Sea Region in Anatolia. According 

to Brinkmann (1974) metamorphism of the rocks in this struc-

ture occurred before Cambrian time. 

During the whole of the Paleozoic the present posi-

tion of the Black Sea, and the coastal part of the Eastern 

Black Sea Region, was occupied by a landmass that provided 

clastic sediments to the shallow Silurian and Devonian seas 

to the south. The Hercynian orogeny occurred during the 

Permo-Carboniferous period, and folding and faulting were 

accompanied by granitic intrusions, dated at 300 m.y. in 

Gumu~hane province (~oguiu, 1970). 

The Alpine Orogeny began with an important trans-

gression over the whole of Anatolia during Triassic and early 

Jurassic times. There is no record of Triassic rocks within 

the Eastern Black Sea Region, the period being marked by an 

unconformity between the Permo-Carboniferous and Jurassic. 

Muratov (1966) distinguished two major stages in the Alpine 

history of the region: a geosynclinal stage of basin forma-

tion and sediment deposition followed by a final stage of 

geosynclinal development and mountain building. The first 

stage covers the time span from the Triassic to the end of 

Oligocene; ,the final stage occurred during the Neogene and 

Quaternary. 

In the Eastern Black Sea Region the early phase of 

geosynclinal development began with the formation of the 

Lias-Dogger trough of northern Anatolia. This trough was 

bordered by the Pontian Landmass in the north which long 

continued as the source of clastic sediments. After the 

Cimmerian tectogenesis the Lias-Dogger trough moved northwards 
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with time and developed to be what is now known as the Pontian 

geosyncline. To the south of the Pontian geosyncline, car-

bonates and clastic sediments were deposited during the 
I 

Jurassic and Lower Cretaceous periods. During Middle 

Cretaceous time, an extensive eugeosyncline known as the North 

Anatolian Tethys containing radiolarite-ophiolite facies, 

formed along the present North Anatolian Fault. The rocks 

which evolved within this geosyncline clearly belong to a dif-

ferent tectonic unit. This .tectonic unit has been called the 

"Anatolids", by Ketin (1959), and the "Northern Anatolian 

Tethys Ophiolite Nappe" by Horstink (1971, in Akinci, 1974). 

The ophiolites of the North Anatolian Tethys are of Upper 

Cretaceous age and consist of serpentinites, gabbro-diabases, 

spilites, radiolarites, and limestones mapped as "Mof" on the 

Samsun and ~rabzon sh~ets of the geological map of Turkey 

(Gattinger et al., 1962; Goksu et al., 1974). 

According to Dewey et ale (1973), the extensive Upper 

Cretaceous-Eocene volcanicity·in the Eastern Pontids is related 

to subduction along the North Anatolian Fault. Tokel (1973) 

suggests that the North Anatolian Tethys closed at the end of 

the Cretaceous, but Ataman et ale (1975), believes the age of 

the completion of the closure to be Oligo-Miocene, which seems 

more reasonable. 

During Middle Cretaceous time the Pontian landmass was 

submerged under the present Black Sea. 

The volcanic activity in the eastern part of the Pontian 

geosyncline began during Jurassic time, becoming very extensive 

during Upper Cretaceous and Eocene times. It commenced with 

basaltic lavas, which were followed by andesites, dacites, and 

pyroclastics, all of which are particularly well developed along 

the coastal strip of the Easterp Black Sea Region. 
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The main tectogenesis and formation of tl1~ Pontian 

mountain chain took place at the end of the Eocene. The 

granitic, granodioritic, and porphyritic intrusions of the 

Eastern Pont ids were emplaced during the Upper Eocene and 

Oligocene. 

From Oligocene time onward the continuously subsiding 

Black Sea basin became the foredeep of the Pontids. The 

oceanic crustal structure of the Black Sea has been estab­

lished on the basis of seismic reflection and gravimetric 

data (Neprochnov, 1959; Rezanov and Chamo, 1969). The 

formation of oceanic crust in the Black Sea basin is attributed 

to the denudation of the continental crust of the Pontian 

landmass. 

3.6 STRATIGRAPHY 

The stratigraphy of the region have been compiled 

and is shown in the explanatory texts of the geological map 

of ~urkey for the Samsun and Trabzon sheets on a 1/500,000 

scale (Gattinger et al., 1962; Goksu et al., 1974). More 

detailed work has been carried out in specific parts of the 

Eastern Black Sea Region, for example by Kraeff (1963b) in 

the Hopa Murgul district; by Sawamura and Yilmai (1971) in the 

Surmene-Of district; by De Geoffroy (1960) and Kawada and 

Engin (1973) in the Cayeli district'; and by Tokel (1973) and 

Yilmaz' (1973) around Gumu~hane. 

Table 3.1 shows the general stratigraphy of the 

Eastern Black Sea Region at three locations from west to 

east. From the investigations mentioned above, a generalized 

stratigraphical succession has been compiled and is shown in 

Table 3.2. Descriptions of the formations follow. 



AGE 
PERIOD, EPOCli 

PLEISTOCE~L-RECE~~ 

MIOCE't"E-PLIOCE.'·m 

EOCE.~L-OLIGOC~E 

t~PER CRETACEOUS­
EOCD.r: 

UPPER CRETACEOUS . 

UPPER CRETACEOUS 

rJRASSIC-CRETACEOUS 

PE~V.O-CA~ONIFEROUS 

TABLE 3.1 STRATIGRAPHY OF THE EASTER.,,{ BLACK SEA REGION, TURKEY 

GlRESu~-TRABZON REGION 
Schultze-Westrum (1961) 

SEA and RIVER TERRACES 

YOL~G BASIC SERIES 
(basalt dykes. trachy-andesite) 

G~~ODIORlTE and MONZONITE 
INTRUSIONS 

UPPER BASIC SERIES 
(spi1ite, agglomerate, andesitic 
and basaltic lavas and tuffs) 

DACITE II 
(rhyodacite. hypabyssal dacite) 

DACITE and MmESITE MIXED SERIES 

LO~~R DACITIC SERIES 
(DACITE I) 

LOWER INOCERAMUS LIMESTONE 
LO~~R BASIC SERIES 
(spilite. basalt, andesite. 
agglomerate. tuff. massive 
limestone, and phyllite) 

CRYSTALLINE BASEMENT 
(sericitic quartzite and 
quartzite-conglomerate) 

~AYELi DISTRICT 

ALLu~IUM ~~ TERRACE DEPOSITS 

VOLCJU~IC CONGLOMERATE and 
~~DESITE BRECCIA:BASIC 
INTRUSIVE SERIES (basalt 
and andesite dykes) 

GRh~ITIC and DIORITIC 
INTRUSIONS 

UPPER BASIC SERIES 
(basalt and tuff intercalations. 
andesite tuff-breccia, sand­
stone, and limestone) 

DACITIC SERIES 
(dacite and dacitic tuff) 

LOWER BASIC SERIES 
(basalt, andesite. and 
volcanic breccia) 

MURGUL DISTRICT 
Kraeff (1963b) 

ALLUVIAL. PLEISTOCENE, and 
DEBRIS DEPOSITS 

~~DESITES AND BASALTS 

ALBITE TON.\LITE. G~~ODIORITE. 
and GRA.'UTE 
ALBITE DACITE III 
TUFF SERIES 
LIMESTONE-}u\RL SERIES 
HIPPURITIC LIMESTONE SERIES 

SPILITIC SERIES 
(Spilite. sodiu~ keratopyre. 
agglomerate, and tuff) 

ALBITE DACITE II 
(coarse and green to red­
violet in colour) 

ALBITE DACITE I 
(albite dacite, partly 
silicified and silicified 
albite dacite; and dacitic tuff) 

SPILITIC SERIES 
(sodium keratopyre-spi11ite 
with tuff and agglomerate) 

~ 

00 



TABLE 3.2 GENERAL STRATIGRAPHY OF THE EASTERN BLACK SEA REGION, TURKEY 

ERA OR EPOCH 

Quaternary 

Pliocene 

Miocene 

Upper Eocene-Oligocene 

Eocene 

Eocene 

Upper Cretaceous­
Lower Eocene 

Upper Cretaceous 

Jurassic-Cretaceous 

Carboniferous (Westphalian) 
Permo-Carboniferous 
Paleozoic-Precambrian 

FORMATION 

Glacial moraines, alluvial 
and terrace deposits 

Young Basic Series 

Basic Dykes 

Granitic intrusives 

Quartz-feldspar porphyries 

Flysch and interbedded 
volcanics 

Upper Basic Series 

Dacitic Series 

Lower Basic Series 

Crystalline Basement 

LITHOLOGY 

Volcanic conglomerate; sand, 
gravel, and clay 

Basalt and andesite dykes 

Granite, granodiorite 
and diorite 

Albite-granite-porphyrite and 
diorite porphyry 

Flysch (sandstone, shale, 
marl, and conglomerate) inter­
calated with andesite and 
tuff 

Spilitic basalt, keratopyre, 
and andesitic pyroclastics 
with intercalated limestones 

Dacite and dacitic tuff 

Basic volcanics and pyro­
clastics 

a) Hercynian granitic 
intrusions 

b) Meta-sediments 
c) Metamorphic Series 

~ 
\0 
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3.6.1 Crystalline Basement 

The crystalline basement comprises mainly Paleozoic 

rocks,of the Hercynian orogeny, divisible into three main 

series: 

a) Metamorphic Series, 

b) Permo-Carboniferous Metasedimentary Series, 

c) Granitic IntruQions of the Hercynian orogeny. 

The Metamorphic Series consists of mica-schist, quartz-

ite, phyllite, and gneisses. On the basis of geomagnetic 

anomalies, and correlation with crystalline basement rocks 

in southern Russia, the gneisses are most probably Precambrian 

(Brinkmann, 1974). No fossils have been reported from any 

of the rock types of this series. The metamorphic, series 

occurs as far north as the Soganli mountains, 45 km south of 

the town of Of. 

The Permo-Carboniferous Metasedimentary Series 'is 

typified by arkose, quartz sandy schist, and quartzite. There 

are also lavas and tuffs of andesitic nature occurring in 

the south of the region. This series contains fossils,and 

is petrologically similar to the metamorphic series mentioned 

above. Thus, the two series could be synonomous. 

The Hercynian granites were intruded into the mica 

schists and gneisses and in places caused melting of these 

rocks. These granites occur at a number of localities (eg. 

Gu.mu,hane, Kelki t Valley). In the Gumushane region the 
, . 

" 

granites cover 250 km2 and occur in contact with Upper 

Carboniferous quartzites; they have been dated at about 

300 m, y. (Cogulu, 1970) • • 
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3.6.2 Lower Basic Series 

The Triassic is not marked by sedimentation or vol-

canism in the Eastern Black Sea Region. Instead the Lower 

Basic Series of Lower Jurassic to Upper Cretaceous age lies 

unconformably on the ·Permo-Carboniferous Series of the 

crystalline basement. The Lower Basic Series is composed of 

tholeiitic basalt, andesite, and volcanic breccia in the 

~ayeli area (De Geoffroy, 1960); spilites of a keratophyre 

nature and associated tuffs and agglomerates in the Murgu1 

district (Kraeff, 1963b); and basaltic lava flows and asso­

ciated dykes and plugs in the Gumu~hane area (Tokel, 1973). 

3.6.3 Dacitic Series 

The volcanogenic sulphide mineralization in the 

Eastern Black Sea Region is intimately related to the Dacitic 

Series of Upper Cretaceous .age. This series consists of 

dacite and dacitic pyroclastics. The dacite varies in char-

acter from place to place; in some areas it is porphyritic 

whereas in other areas it is equigranular. The Dacitic 

Series has been divided into three units (Kraeff, 1963b) -

Dacite I~ Dacitic Tuffs, and Dacite II. Dacite I and the 

Dacitic Tuffs are commonly grouped together and called the 

Lower Dacitic Series or Dacite I (Schultze-Westrum, 1960; 

Kraeff, 1963b). Dacite II does not occur in the Madenkoy 

area (~ayeli). However, around the Murgul area and Arhavi 

area Dacite II is of widespread occurrence. In the Murgul 

mine area it is coarse grained and hematitized. The sulphide 

ore deposits are generally found either between Dacite I and 

the overlying Dacitic Tuffs or within the Dacitic Tuffs. 

.. 
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For the first case most of the economic massive sulphide 

occurrences can be given as examples. The latter case is 

well represented by the Murgul sulphide de~osits where the 

stockwork ore occurs within the Dacitic Tuffs and is over­

lain by hematitized pacite II. 

3.6.4 Upper Basic Series. 

This is an extensive formation which has a widespread 

occurrence especiall~ along the coastal strip. The series 

consists mainly of spilitic basalt, keratophyre, and andesitic 

pyroclastics, with some limestone intercalations. The lime­

stones in the Madenkoy area are dated as Maestrictian (upper­

most Cretaceous), but the age of the whole series is Upper 

Cretaceous to Eocene. In the Gumu~hane area the Upper Basic 

Series consists of rock types covering the range- from olivine­

dolerite through hornblende-andesite and trachy-andesite to­

trachyte (Tokel, 1973). In-the Murgu1 area the series is 

made up of spilitic basalt, keratophyre spilite, and basic 

pyroclastics amounting to 1000 m in thickness (Kraeff, 1963b). 

As in the Qa~eli area, the Upper Basi~ Series of the Kutlular, 

the Kotarak Dere, and the Tunca areas consist of basic rocks 

with pyroclastics and limestone intercalations. 

3.6.5 Flysch ahd Interbedded Volcanics 

The Upper Basic Series is unconformably overlain by 

a series consisting of flysch with intercalations of ande­

site, tuff,- and porphyries. The flysch itself is comprised 

of sandstone, conglomerate, shale, marl, and limestone. It 

is fossiliferous, .has been dated as Eocene (Gattinger et al., 

1974), has a wide distribution, and occurs to the south of 



53 

the Tatos batholith as well as near the Black Sea Coast 

(e.g. in Pazar). 

3.6.6 Quartz-feldspar Porphyries 

These intrusive porphyries occur south of the 

Qayeli area. They are porphyritic with feldspar and quartz 

phenocrysts and some mafic-minerals. In the Murgul area the 

porphyries are called Dacite III and in places they are 

associated with some pyritic and sulphidic mineralization 

(Kraeff, 1963b). In the vicinity of the Lahanos massive 

sulphide deposit (Tu~a~. 1969), the Dacite III has intrusive 

as well as extrusive characters. 

3.6.7 Tertiary Igneous Intrusives 

The most important and voluminous intrusive rocks 

in the region are the synorogenic granitic intrusions that 

form the high plateau south of the coastal strip. The 

largest intrusive, exposed to the south of Rize, is called 

the Tatos batholith. The Tertiary intrusives occur along 

the major anticlinal axis of the eastern Pontids, and range 

in composition from tonalite and granodiorite to granite. 

Contact metamorphism of the country rocks has been induced 

by the intrusives, for example, the Upper Cretaceous lime­

stones and lavas north of Gumu~hane have been highly meta­

morphosed and the Eocene flysch (Lutetian) east of the 

Soganli Mountains exhibits anatexis as a result of the 

intrusions. The age of the Tertiary intrusives is believed 

to be Eocene to Oligocene on geologic evidence. The batho-

lith to the south of Rize was dated" at 25 m.y. by 90gulu (1970). 
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There are also a number of diorite-gabbro intrusions 

in the 9aye1i area (Figure 4.1). These are believed to be 

of the same age as the granitic intrusives.· 

,Basic dykes of basaltic and andesitic composition in 

the gaye1i area have 'been called "dolerite dykes" by Kawada 

and ~arman (1973). Andesitic dykes also occur near the 

Madenkoy massive sulphide deposit. The 'age of these basic 

dykes ~s thought to be Miocene. 

3.6.8 The Young Basic Series 

The Young Basic Series unconformably overlies the 

Upper Basic series and consists of two units in the ~ayeli 

area - andesite breccias, and volcanic conglomerates. This 

Pliocene Series is best seen along the coast between Cayeli 

and Pazar. The volcanic conglomerates along the coast con­

tain rounded pebbles and boulders of up to 0.5 metres in 

diameter representing various rock types. The groundmass is 

basaltic in composition. 

In the Murgul Region, between. Murgul and ~oruh, the 

series consists of hornblende-augite andesite and augite­

hornblende basalt sometimes with olivine (Kr~eff. 1963b). 

3.6.9 Glacial Mor~itie.z A1luvi.1 and Terrace Deposits 

Towards the coastal region where the stream and river 

beds are broader, and the rate of flow is slower, alluvial 

deposits with many striated pebbles and boulders are exten­

sively developed. The striated pebbles and boulders derive 

from glacial moraines which occur on the high plateau region 

south of the coastal strip. In addition, during Pleistocene 
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time glacial valleys were formed and boulder clays were 

deposited on the higher plateau parts of the region. Allu­

vial terrace deposits are widespread in the r~gion and 

several levels can be observed. Sea terraces are well 

developed around Trabzon as well as at a number of other 

coastal locations. 

3.7 STRUCTURAL GEOLOGY OF THE EASTERN PONTIDS 

The Eastern Pontids, with its volcano-sedimentary 

complex of Mesozoic and Tertiary age, forms a distinct tec-

tonic unit whose .rocks generally strike in a N~E~SWW direc- V 
tion and dip northerly, the rocks becoming younger from 

south to north. 

Geological mapping carried out in the region after 

1960 has shown that the Eas~ern Pontids do not represent a 

typically Alpine folded region (Zankl, 1961; Schultze­

Westrum, 1961; Kraeff, 1963a and 1963b). For instance, there 

are no tectonic elements such as nappes and overthrusts of 

the classic Alpine type. On the contrary the region has a 

germanotype (horsts and grabens) tectonic style with fault 

tectonics predominating (Kronberg, 1970), and folding is only 

gentle in some parts of the .region. In the Qayeli area some 

folds are present within the'Lower Dacitic Series, having a 

NE-SW trend. In the Surmene district certain synclines and 

anticlines have E-W and NE-SW trends. Similarly, in the 

Hopi-Murgul region, folding is only gentle, with axial 

trends of NE-SW, and NE plunges. The work of Japanese geolo­

gists in the last few years has revealed frequent dome struc­

tures within the region. Sawamura and Yilmaz (1971), working 
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in the Surmene district, mapped a large dome, with a core 

of Lower Basic Series (Kestel Dome). The presence of 

several dome structures with NW-SE trends in the Hopa-Murgul 

region has been postulated by Sawa et a1~ (1972). 

Tectonic movements, which gave rise to block-faulting 

and dome structures, are old, beginning probably during the 

Lias and continuing throughout the Alpine Orogeny up to the 

present. These tectonic movements were not, however, con-

tinuous throughout the Alpine~Orogeny; for example, one _ 

discontinuity, which resulted in the unconformity between 

the Da~itic Series and Upper Basic Series, is well illustrated 

in the Surmeneand Qayeli districts. 

Tectonic lines, generally deep faults, which facili-

tated the intrusion of hypabyssal dacites of Upper' Cretaceous 

age, as well as the granitic, basaltic, and andesitic rocks 
, 

of Tertiary age, played an important role in the distribution 

of the volcanogenic sulphide deposits. Later faulting related 

to tectonic uplift followed the same tectonic lines and 

resulted in the exposure of dacitic windows-beneath the basic 

cover. 

The faults in the central part of the Eastern Pontids 

have two dominant trends, NW-SE and NE-SW (Kronberg, 1970). 

In the Surmene district the fault trends are mainly in E-W, 

N-S, and NW-SE directions. In the ~ayeli area, the faults 

affecting almost all the formations, generally have NE-SW, 

NW-SE, NNE-SSW, and NEE-SWW trends, the most common being 
-...~~~- -~ ~---.... 

those with NE-SW trends. In the Hopa-Murgul region faults 

are developed in NW-SE, NE-SW, N-S, and E-W directions (Kraef, 

1963b). Faults trending NW-SE are the most common and oldest 

in most parts of the Eastern Pontids. 
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3.8 MINERALIZATION 

3.8.1 Plate Tectonics and Mineralization in the Tethyan 

Region with Special Reference to Turkey 

The general relationship of ores to specific magmatic 

rock suites has been known for many years. According to the 

plate tectonic hypothesis,·calc-alkaline rock series and 

associated granitic and 'granodiorite intrusions mark the, 

sites of compressive plate margins whereas ophiolite belts 

represent oceanic crust which have been generated at m!d-

ocean ridges and later obducted over the Benioff zones (Dietz. 

1963; Isacks, Oliver and Sykes, 1968; Dewey and Bird, 1970). 

It thus follows that the plate boundaries, especially along 

the consuming margins, are locations of important meta11o-

genic belts (Pereira and Dixon, 1971; Smith, 1971; Si11itoe, 
, 

1972; Guild, 1972; Mitchel and Bell, 1973). 

Mineralization in the Tethy~n region, in the light 

of the plate tectonics hypothesis, has recently been examined 

by Dixon and Pereira (1974), and Grant (1974). The opening 

of the Atlantic during Permian or early Triassic times 

resulted in mo~ements in the Tethyan region which developed 

as a true ocean filled with islands or microcontinents. 

These microcontinents are now represented by the Rhodope 

massif in the Balkans, the Menderes, Anatolian and Bitlis 

massifs in Turkey, and the Lut massif in Iran. These massifs 

are important elements of the Alpine ~rogeny, and alt~ough 

they were rigid blocks they were later intruded by Alpine 

igneous phases. 

Ophiolite belts in the Tethyan region form the second 
. 

tectonic element, ranging in age from Jurassic to Upper 
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Cretaceous. The ophiolite complexes in Cyprus, southeastern 

Turkey, Iran and Oman, are of Upper Cretaceous age. These 

are associated with important mass~ve copper-pyrite and 

chromite deposits (e.g. the Ergani and Siirt-Madenkoy mas-

sive copper-pyrite deposits and the Guleman chromite deposits 

in southeastern Turkey; and the Kure massive pyritic copper 

deposit in the western Pontids of Turkey). The Elburz and 

Zagros ophiolite belts in Iran are also known to contain 

pyritic copper deposits (Dixon and Pereira, 1970). 

The compressional plate margins are marked by calc-

alkaline volcanicity and granitic intrusions. This type of 

volcanicity, and related ore deposits, represents the third 

element in the Alpine orogenesis. Such volcanic activity of 

Lower Jurassic age occurred in the Carpathians of "Romania, 

in the Crimea, and in the major Caucasus; all of " these vol-

canic belts have associated massive copper-pyrite and porphyry 

copper deposits. 

The time period from Jurassic to Eocene witnessed the 

development of two island arc systems and associated mineral-

ized-belts in the central and eastern Tethyan region. The 

first belt is manifest within the Carpathians of western 

Czechoslovakia, passes through Romania, Yugoslavia, Bulgaria, 

and the Eastern Pontids (Black Sea), terminating in the 

Elburz mountains of Iran (Superceanu, 1971; Akinci, 1974) • 
. 

Important deposits associated with this belt are - the 

Kremnica, Banska, and Matra in Czechoslovakia; the Brad, 

Rodna, Boshia, Stara Zagora, and Burgas deposits in Romania; 

the Majdenpek and Bor deposits in Yugoslavia; the MedetS 

deposit in Bulgaria; the Kopruba~i, Lahanos, Madenkoy, Tunca, 

and Murgul deposits in the Eastern Pont~ds; and the Pambec~ 
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Zangezur copper-molybdenum belt in the Minor Caucasus. The 

second mineralized belt is the Pelagonia-Taurus-Zagros 

island arc system (Dixon and Pereira, 1974). This belt is 

a parot of the southern branch of the Alpine-Himalayan orogen. 

The Vardar zon~ of the Hellenides and the Zagros Mountains 

in Iran contain many polymetallic massive sulphide and por­

phyry copper deposits, associated with calc-alkaline volcanics 

and granitic and granodioritic intrusions. 

3.8.2 Mineralization in the Eastern Black Sea Ore Province 

Two genetic types of ore deposits occur in the Eastern 

Black Sea Ore Province: 

a) deposits associated with the Upper Cretaceous­

Eocene calc-alkaline volcanic suite, 0 

b) deposits genetically related to the Eocene­

Oligocene granitic and"granodioritic intrusions. 

The deposits of the first category include the vol­

canogenic, polymetallic sulphide, and exhalative-sedimentary 

manganese deposits. The deposits of the second category 

include copper and iron skarn deposits and copper-molybdenum 

type occurrences around the Tatos batholith and smaller 

granitic stocks in the region. Import~nt occurrences of the 

above types of mineralizations are given in Figure 3.5. 

3.8.2.1 Ore Deposits Associated with the Upper Cretaceous­

Eocene Calc-alkaline Volcanic Suite 

Five types of ore deposits of this genetic associa­

tion occur in the province: 

(a) Massive sulphide-type deposits 

(b) Stockwork-type sulphide deposits 
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Figure 3.5 Principal mineral deposits of the Eastern Black Sea Ore Province, Turkey. (Massive sulphide 

deposits: I-Akkoy, 2-Lahanos, 3-Har~it-Kopruba~i, 4-Harkoy-Kopruba~i, 5-Irail, 6-Zigana, 
7-Kutlular, 8-Madenkoy, 9-Tunca, lO-Peronit, Il-Kutonit, 12-Sivrikaya, 13-Akar~en, l4-Zin.kot, 
15-Kuvarshan. Stockwork sulphide deposits': I-Kizilkaya, 2-Kotarak Dere, 3-Petek, 4-Murgul. 
Vein sulphide deposits: I-Kumarli, 2-Zevli, 3-Gozevi-Baskoy, 4-Arpalik, 5-Gatak, 6-Aytepe, 
7-Bulancak, 8-Piraziz, 9-Dari, IO-Fol, Il-Alacadag, 12-Dereba~i, 13-Hot. Skarn sulphide 
de~o9its: l-Oyraca, 2-Torul,. 3-Hozarak, 4-Ayman, 5-Pilarcivat. Iron deposits: I-Camba~i, 
2-Kiran Maden, 3-Asokoy, 4-Cimildag. Manganese deposits: I-Geci, 2-Akoluk, 3-Pirki, 
4-Abuhem~in, 5-Peronit, 6-Korucular, 7-Cavdarl~. 

~ 
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Cc) Impregnation-type sulphide deposits 

Cd) Vein-type sulphide deposits 

(e) Exhalative-sedimentary manganese deposits 

All four types of sulphide deposits are generally 

related to the Dacitic' Series of Upper Cretaceous age. How-

ever, the vein type appear to range in age from Upper 

Cretaceous to Middle Tertiary. The sulphide deposits of the 

first three types either occur within the Upper part of th~ 

Dacitic Series '(eg. Murgul), or at the top of the series, 

being covered by the Upper' Basic Series (eg. Madenkoy). The 

manganese deposits are of Upper Cretaceous age and occur at 

or near the base of the Upper Basic Series. 

(a) The Volcanogenic massive sulphide deposits in 

the province are polymetallic, pyritic, copper-zinc-lead 

deposits displaying variable grade with respect to these ele-

ments. For example, the Madenkoy, Lahanos, Kutlular and 

Tunca deposits are mainly Cu-Zn ore bodies whereas HarQit-

Kopruba~i and Harkoy are essentially Pb-Zn-Cu deposits. An 
, 

abundance of the Cu-Zn association is characteristic of the 

eastern part of the Eastern Black Sea Ore Province. 

The massive sulphides occur as conformable lenses 

having associated stockwork~impregnation zones in the footwall 

dacites. The massive ores are generally overlain by hema-

titized sedimentary pyrocl~stic rocks having a lateral extent 

exceed{ng the dimensions of the massive sulphide body in the 

order of a few hundred metres. The footwall dacites display 

widespread alteration halos represented by intense feldspar 

alteration and argillization accompanied by silicification 

and carbonatization. The alteration continues into the over-

lying rocks with a lesser intensity, often being most 
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prominent in the first 20 m or more of the hanging-wall pyro-

clastic rocks which may demonstrate argi11ization as well 

as carbonitization and hematitization (e.g. Madenkoy deposit). 

Thus, the massive sulphide deposits are essentially 

composed of two parts - massive ore which is considered to 

be syngenetic, and a stockwork-impregnation zone which is 
, , 

essentially hydrothermal ahd epigenet~c in origin. The mas-

sive ore generally shows vertical zonation from a sphale~ite-

galena-chalcopyrite-rich zone at the top, through pyrite-

chalcopyrite-rich zones into massive pyrite at the bottom. 

In most deposits, such as Lahanos (Tugal, 1969; Leitch, 1975) 

and part of Madenkoy, this zonation is well represented 

whereas in others, such as Kutular and Tunca, some of these 

zones may b~ missing. 

The ores comprise varying amounts of pyrite, chalco-

pyrite, sphalerite, and galena as the main ore constituents, 

together, with minor amounts of marcasite, pyrrhotite, ten-

nantite-tetrahedrite, bournonite, enargite, electrum, and 

traces of Pb, Bi, Sb, Se, and Te minerals such as bismuthin-

ite, tetradymite, and se1igmannite (Table 3.3). Other 

minerals are quartz, barite, carbonates, and clay 'minerals. 

The ore textures described by Tugal (1969) and Leitch 

(1975) from Lahanos are in agreement with those observed by 

the author in Madenkoy, Kutlular, Kotarak Dere, and Tunca. 

The top of the massive ore is characterized by fine fram-

boidal, collomorphic and botryoidal textures generally shown 

by pyrite, which may be accompanied by chalcopyrite, sphal-

erite, and galena. This assemblage of minerals commonly 

forms banded collomorphic aggregates. Towards the bottom of 

the massive ore, and especially within the stockwork-
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TARtE 3.3 Ore and gangue minerals tn volcanogenic sulphide deposits in the Eastern Black Sl'll Ore l'rovincc, 
Turkey 

Hineral Theoretical formula !-!assivc Sulphide Stockwork Vein type! 
deposits deposits deposits 

Major minerals 

Pyrite FeS2 x x x 

Chalcopyrite CuFeS2 x x x 

Sphalerite ZnS x x x 

Galena PbS x x x 

Minor minerals 

Harcasite FeS2 x x x 

Pyrrhotite FeS x x x 

Bornite Cu5FeS4 x x x 

Fahlore (Cu,Fe)12(Bi,AS)4S13 x x x 

Enargite Cu3AsS4 x ? 

Bournonite PbCuSbS3 x x 

Dlgcnite CU9S5 x x 

Chalcocite Cu2S x x 

Cove111te CuS x x 

Rare minerals 

Sel1gmannite FbCuAsS3 x ? 

Blsmuthlnite BiiS3 
Tetrad)'Dlite BiTe2S x ? 

nedleylte Bi7Te3 x ? 

Electrum (Au,Ag) x x 

Arsenopyrite Ji'eAsS x 

Betekhtinite Cu1O(Fe,Pb)S6 x 

ldaite Cu3FeS4 
x 

Boulangerite Pb5Sb4S11 
X 

AlUnite .PbCuBlS3 
x 

Gansue minerals 

Barite BaS04 x x x 

Gypsum CaS04 x x 

Chalcedony Si02 x 

Quartz Si02 x x x 

1111 te-sericite hydrous Al,Fe,Mg x x x 
aluminosiHcate 

Kaolinite Al2S12OS(OH)4 x x '1 

Calcite CaCo3 x x x 

Siderite FeC03 x x x 
Dolomite (C3,Hg)C03 x x x 

Ankerite Ca(Fe.Hg,!-ln) (CO) x x x 
2 

Note: x indicates occurrence of minerals 
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impregnation zone, this type of texture gives way to coarse, 

euhedra1 to subhedra1 pyrite and chalcopyrite together with 

zoned pyrite grains. This coarser granular pyrite and chal­

copyrite generally shows catac1astic deformation. It,is 

believed that this euhedra1 phase is earlier than the fram­

boida1 and co11omorphic phase. A later hydrothermal phase 

manifests itself as chalcopyrite-sphalerite veining in the 

massive ore and also fills the cataclastic fractures within 

the pyrite-chalcopyrite euhedra1 phase. This vein filling 

phase has been interpreted by Aslaner (1971) to be the result 

of plastic deformation processes. Some of the massive sul­

phide bodies (eg. Madenkoy) have associated gypsum ores 

which are usually interbe4ded with tuffaceous material. 

The massive sulphide deposits of the Eastern Black 

Sea Ore Province, with their characteristic vertical zonation, 

mineralogy, texture, and minor element geochemistry, exhibit 

close similarities to the Japanese Kuroko deposits as dis­

cussed in the previous chapter. They were probably formed 

in a r~1~t1ve1y shallow and quiet volcanic-exhalative sub­

marine environment, being either deposited on the sea floor 

or within uncompacted pyroclastic material as result of the 

mixing of volcanic exhalations with sea water, probably 

towards the waning stages of the dacitic volcanism (~ 

Chapter I). 

Interesting features are apparent in the distribution 

of the volcanogenic massive sulphide deposits in the Eastern 

Black Sea Ore Province. Their tendency to occur along NE-SW 

zones is striking. For example, the six dep~sits and occur­

rences studied by the author fall along a linear extending 

from Kutlular in the southwest' to Murgul in the northeast. 
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These zones are be1'ieved to be lineaments of deep structural 

significance which have been active during the whole of the 

Alpine Orogeny, thus controlling ~he location of dacitic 

magmatic activity and the distribution of the associated ore 

deposits. 

The distribution and genesis of the Black Sea sulphide 

deposits has previously been discussed by a number of workers 

(Tugal, 1969; Tuga1 and ,Phillips, 1971; Hamamcioglu and Sawa, 

1971; Vujanovic, 1974; Popovic, 1975). It is believed by 

some that these deposits are hydrothermal in origin and are 

related to the Tertiary granitic intrusions. The occurrence 

of , these deposits along linear zones led Popovic (1975) to 

consider these linear features to be thrust zones and channel-

ways for hydrothermal solutions from granitic intrusive pro-

cesses. He has proposed three such zones: a) Arhavi-

Sivrikaya-Peronit thrust fault, b) Rize-Pi1arcivat-Kutonit-
. 

Peh1ivan koy-Maradit thrust fault, and c) Madenkoy-Tunca-

Akar~en thrust fault. 

The well known massive sulphide deposits in this 

province from west to east are the Akkoy, Har~it-Kopruba~i, 

Harkoy, lsrai1, Yarmaden, Haskoy and Lahanos deposits 'in the 

province of Giresun; the Kutlular, KOtarak Dere, and Ba~timar 

deposits in the province of Trabzon; the Madenkoy and Tunca 

deposits in the province of Rize; and the,Peronit. Kutonit. 

Akar~en. ~inkot. Irsa. and Kuvarshan in the province of Artvin. 

(b) Volcanogenic stockwork sulphide deposits commonly 

occur as an intricate network of veins and veinlets. the 

thickness of which vary from a few mm (e.g. Sirtkoy) to 

15 cm (e.g. Murgul). These stockwork deposits are invariably 

associated with the Dacitic series. whi<ch is silicified in 
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the proximity of the mineralization. The ore minerals are 

mainly pyrite and chalcopyrite with minor to trace amounts 

of pyrrhotite, sphalerite, galena,. tetrahedrite-tennantite, 

and traces of telluride minerals, usually occurring as small 

inclusions (Table 3.3)~ The gangue minerals are quartz, 

barite, carbonates, and clay minerals. The mineralogy and 

textures of these deposit~ are similar to the stockwork and 

impregnation zones of the massive sulphides. Thus many pf 

the stockwork sulphide deposits presently exposed at the 

surface may represent the stockwork zones of massive sulphides 

which have been removed by erosion or are concealed beneath 

the flanks of the overlying cover rocks. The best example 

of this is seen at the Kotarak Dere and Kizilkaya (near 

Giresun) where a very small amount of massive pyiite ore 

remains above the Stockwork zone. 

Economic stockwork deposits are important for their 

copper, pyrite, and gold (eg. Anayatak, 9akmakkaya, and 

~arkba~i in the Murgul area; Kizilkaya near Espiye; Kotarak 

Dere. near Of). A large number of uneconomic occurrences 

(eg. Sirtkoy) occur in the region; in these the principle 

mineral is pyrite occurring as thin veinlets with minor 

amounts of chalcopyrite. 

(c) Impregnation - type sulphide mineralizations are 

uneconomic and widely distributed in the Eastern Black Sea 

Ore Province. They occur as sulphide impregnations in the 

Dacitic Series. Pyrite is generally the only ore mineral, 

but occasionally traces of chalcopyrite and galena may also 

be present. For example, the Sarisu occurrence is pyrite­

bearing only and displays similar hydrothermal alteration 

: features to those observed in the footwall rocks of the 
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Madenkoy deposit. Similar occurrences have been reported by 

Kawada and Engin (1972) in the Beyazsu area of the vayeli 

district, and by Sawamura and'Yilmaz (1971) in the Surmene 

district. 

(d) The vein-type sulphide deposits are polymetallic 

fissure fillings with ore minerals comprising galena, bourno­

nite, tennantite-tetrahedrite. aikinite~ pyrite. chalcopyrite, 

sphalerite, idaite, digenite, boulangerite, betekhtinite~ 

arsenopyrite, and marcasite (Table 3.3). The gangue minerals 

are quartz, barite, calcite, and dolomite. These deposits 

are essentially subvolcanic hydrothermal mineralizations 

occurring generally in northwest trending fissures and frac­

tures within the altered dacites, andesites, and pyroclastics. 

The age .of these deposits appears to be variable from Upper 

Cretaceous, to Middle Tertiary. The subvolcanic ~ydrothermal 

vein type deposits of the Surmene district occur in the 

dacitic series within northeast-trending fracture zones 

. (Sawamura and Yilmaz, 1971), whereas the veins of Bulancak 

have been genetically related to the Middle Eocene igneous 

activity. The latter resemble the Neogene subvolcanic hydro­

thermal veins of Japan (Akinci, 1974). The vein-type sulphide 

deposit of Piraziz in the province of Giresun occurs in'frac­

tures of andesitic breccia and is marked by wall rock 

alteration, mainly silicification and argillization (Aslaner 

and Cagatay, 1973). 

These,deposits show a wide distribution in the west­

ern part of the Eastern Black Sea Ore Province. The sulphide 

deposits in this group are Kumarli, Arpalik, Karakiraz, and 

Gozevi-Ba~koy in the province of Ordu; Ku~luvan, Dari, and 

Derekoy in the province of Giresun; Dereba~i in the provi~ce 
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of Trabzon; and Alacadag and Fol in the province of 

Gumu~hane. 

(e) Exhalative-sedimentary manganese deposits in 

this province are of the bedded nodular type. They are mainly 

associated with dacitic and andesitic tuffs of Upper Cretaceous 

age and are generally small in size, reserves being around 

1000 t or less. Some of the manganese deposits have been 

worked in the past. In the Surmene district the manganese 

deposits occur either at or near the base of the Upper Basic 

Series (Sawamura and ·Yilmaz, 1971). At Peronit, near Arhavi, 

the manganese ores occur as nodules within silicified dacitic 

tuffs, being covered by purple dacitic tuffs (Kraeff, 1963b). 

Other manganese deposits in th~ region include Geci, AkQluk, 

and Ili~ar in the province of Ordu; Pirki, Galyan, and 

Gazlik in the province of Trabzon; Yukari Oturak and Abuhem~in 

in the province of Rize; and Korucular and Qavdarli in the 

province of Artvin (Gumu~, 1970; Uzkut, 1971). 

3.8.2.2 Deposits Genetically Associated with Eocene-Oligocene 

Granitic and Granodioritic Intrusions 

The deposits in this group comprise: 

(a) Skarn-type deposits, and 

(b) Copper-molybdenum vein-type occurrences. 

Porphyry copper deposits have not yet been found in 

the region although a few showings are present in and around 

the large Tatos batholith. An Exploration program by M.T.A. 

is still in progress having as its aim the discovery of 

porphyry-type copper mineralization. 

(a) Skarn-type deposits occur at the contacts between 

Tertiary quartz porphyries or granites and limestone, basalt, 
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or basic country rocks. Two phases of hydrothermal mineral­

ization are present in these deposits (Vujanovic, 1974). 

The first is marked by the formation of contact silicates 

such as actinolite, diopside. garnet, epidote, and chlorite, 

together with magnetite and hematite. The second phase is 

characterized by the formation of sulphide ores consisting 

of pyrite, chalcopyrite, and minor sphalerite and galena, 

with a gangue of quartz and calcite. Where a low sulphur 

fugacity has prevailed hematite-magnetite bodies formed 

rather than sulphide bodies. 

The skarn-type sulphide deposits are generally small 

and uneconomic, the most important being, Toru1 in the pro­

vince of Gumu~hane; Hazarak, Ayman, and Kestel in the province 

of Trabzon; and Pilargilat near Arde~en. 

The· iron deposits occur as lenses of hematite­

magnetite and are usually small in size. The iron deposits 

in the region include: vamba~i in the province of' Ordu; 

. Kiran Maden in the province of Giresun; Asokoy and Kusmer 

Yay1a in the province of Trabzon; and Cimildag in the province 

of Rize (Gumu~, 1970). 

(b) Copper-molybdenum vein-type occurrences are 

closely associated with the granites. Popovic (1975) pro­

poses a copper-mo1ybdenum-zinc zone immediately surrounding 

the Tatos batholith. Copper-molybdenum mineralization of 

this typ~ occurs at Kosedagi, Tirya1 Dag, Ispir, and Gumu~hane. 
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CHAPTER 4 

LOCAL GEOLOGY AND MINERALIZATION 

4.1 INTRODUCTION 

The main geoiogical features of the various types of 

volcanogenic sulphide mineralizations in the Eastern Black 

Sea region are summarized in Table 4.1. The deposits studied 

by the author comprise the Madenkoy, Kutlular and Tunca 

massive sulphide deposits;' the Kotarak Dere and Murgul 

pyritic copper stockwork deposits; the slightly mineralized 

Sirtkoy stockwork-impregnation zone; and the Sarisu barren 

pyrite impregnation occurrence. The Murgul deposit was not, 

however, studied in detail mainly because of severe contami­

nation problems in the area. 

All the mineralized bodies are associated with the 

Dacitic Series which has been exposed in many areas by block 

faulting. For example, the Madenkoy, and Kutlular deposits 

are concealed massive sulphide orebodies with exposed stockwork­

impregnation zones and the Tunca massive sulphide deposit sub­

outcrops on the edge of the down-faulted part of a dacite 

window. 

Diamond drilling programs have been carried out by 

the M.T.A. at the Madenkoy, Kutlular, Kotarak Dere, Tunca, 

and Murgul deposits; no drilling has been done at the Sirtkoy 

and Sarisu occurrences (Figure 4.1). 

Detailed descriptions of the geology and ore ~ineralogy 

of these mineralizations are given below. The chemistry of 

the oris is dealt with in Chapter 6, and the hydrothermal 

alteration and chemistry of the host rocks are described in 

Chapter 8. 
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Table 4.1 VOLCANOGENIC SULPHIDE MINERALIZATION, EASTERN BLACK SEA l'ROVINCE, TURKEY. 

DEPOSIT 
(type) 

HADENKOY 
(Massive) 

KUTLULAll 
(Massive) 

TUNCA 
(MasSive) 

KOTARAIC DERE • 
(Stockwork) 

MURGUL 
(Stockwork) 

SITRKOY 
(Stockwork) 

SARISU 
(Pyrite 
impregnation) 

RESERVES{in tons) 
and 

GRADE (in X) 

20m; 4%Zn, 3XCu 
(Ag+Au) 

1.5m;2.2%Cu, 
O.4m;l.5%Zn 

O.3m;l.5%Cu,l.O% 
• Zn 

2.Om:O.4%Cu, 
l.O%Zn 

47m;l.4%Cu 

MASSIVE ORE 

Concealed; pyrite, 
sphalerite, 
chalcopyrite ,minor 
galena ,gypsum, barite 

Concealed;pyrite, 
chalcopyrite, 
sphalerite ,minor 
galena,barite. 

Exposed; pyrite, 
chalcopyrite, 
sphalerite ,galena. 

Small remnant of 
massive ore. 

Not formed 

Not formed 

Not formed 

FOOTWALL ZONE 

Post-ore andesite and 
chalcopyrite-pyrite 
stockwork and pyritic 
impregnation zone in 
dacitic tuffs 

Diabase and chalcopyrite­
pyrite stockwork and 
pyrite impregnation 
zones in dacitic tuffs 

Same as Madenkoy;no 
andesites. 

Chalcopyrite-pyrite 
stockwork (minor 
sphalerite) and pyritic 
impregnation zones in 
dacites. 

Chalcopyrite-pyrite-stock­
work with minor sphalerite, 
galena,and barite in' 
dacitic tuffs:peripheral 
gypsum. 

Pyrite and minor chalco­
pyrite stockwork (0.2% 
Cu) in porphyritic dacite. 

Pyrite impregnation zone 
in dacites. 

HANGING-WALL ZONE 

Hematitized pumice tuffs 
overlain by basalts and 
andesitic tuff breccias 

Mineralized dacitic tuff 
breccia overlain by basalts. 

Hematitized porphyritic 
dacites overlain by 
basalts. 

Basalts 

Hematitized dacites and tuffs ,. 
overlain by andesites,· 
agglomerate,sandstone, 
l~mestone 

Basalts 

Basalts and andesitic tuff 
breccias. 

.REMARKS 

Undisturbed;part of 
stockwork-impregnation 
zone exposed. 

Undisturbed; stockwork 
and impregnation zones 
exposed:post-ore hydro­
thermal activity. 

Stockwork,impregnation, 
and massive ore zones 
exposed by steeply 
dipping fault zone. 

Most of stockwork and 
impregnation zones 
exposed. 

Extensive mining activ­
ity since Medieval time. 

Basalts are locally 
pyritued. 

No associated stockwcrk. 

" N 
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'4.2 MADENK5y (1) AREA 

4.2.1 Previous Work 

Geological work in the Cayeli area was begun in 1940 

by Atabek, and pursued later by De Geoffroy (1960). The 

Madenkoy deposit has been known for a long time; closed and 

demolished galeries suggest that it was worked in Medieval 

times. Detailed exploration work in the area was initiated 

by M.T.A. in 1967. Mapping of the Madenkoy, Sirtkoy, Sarisu, 

and surroundirlg areas was done by Kawada and Sarman (1973) at 

a 1/10,000 scale. Detailed geological mapping of the Madenkoy 

(1) deposit was carried out by Altun (1972) at a 1/1000 scale. 

Between 1967 and 1975, 45 diamond drill-holes, amounting to 

about 12,000 m of drill-core, were drilled over the deposit. 

On the bases of the drill-core data Nebioglu (1975) has pro­

duced a revised geological interpretation of the Madenkoy 

mine area. 

4.2.2 Geology of Madenkoy (1) Area 

The stratigraphy in the Cayeli Area has beeri summarized 

in Table 3.1, and.the distribution of the various rock types 

is given in Figure 4.1. In the vicinity of the Madenkoy 

deposit (Figure 4.2) the following formations are observed 

(in stratigraphically descending order): 

4. Alluvium 

3 •. Basic Dykes (andesitic dykes) 

2. Upper Basic Series (pumice tuffs, basalts, andesitic 

breccia, intercalated limestones and sandstones) 

1. Dacitic Series (dacite and dacitic pyroclastics) 
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The existence of volcanic breccias and pumice tuffs 

in this area strongly suggests the presence of a nearby vol­

canic centre. 

In the Madenkoy area there was an important orogenic 

event at the end of the dacitic vulcanism that resulted in 

the folding of the Dacitic Series. This series, as a result, 

generally dips to the NE at about 45 0
• There is also a dis­

tinct unconformity developed between the Dacitic series and 

the north~ester1y dipping Upper Basic Series (Figure 4.3). 

The 1atte~ series also plunges towards the NE (Figure 4.4). 

Determining whether this plunge is due to an original submarine 

slope or to a later tectonic tilting requires further detailed 

structural analyses. Nevertheless, the plunge and the observed 

lines of evidence outlined below suggest the presence of a 

volcanic centre to the SW of the Madenkay area. Evidence tor 

this is based on: (a) thickening of the pumice tuff units 

towards the SW of the Madenkoy map area; (b) coarsening of 

the pumice fragments towards the SW; and (c) increase in the 

intensity and extent of the hydrothermal alteration from NE 

to SW (see Chapter 8). These features suggest that this vol­

canic centre is the source of the Dacitic and Upper Basic 

Series as well as the sulphide ores. 

Faults with NNE and NW trends occur in the Madenkay 

area; these are steeply dipping and usually reverse faults. 

A description of the lithologies occurring in the 

Madenkoy area follows. 

4.2.2.1 Dacitic Series 

The Dacitic Series in the Madenkoy area is composed 

mainly of dacitic.tuffs and lavas •. However, in drill cor~s 4, 
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Geological cross sections, }ladenkoy massive sulphide deposit 
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30. and 110 which have been sampled and stud!~d by lll~ ~uthur, 

there is evidence of the presence of a shallow intrusive 

dacite body. The hydrothermal alteration is so intense, how­

ever, that the intrusive character of the rock is only sug­

gested by the relict textural relationships. This rock has 

a porphyritic texture with large quartz phenocrysts. The 

feldspars are completely altered. The alteration consists 

mainly of argillization. carbonitization. and silicification. 

The carbonates are dolomite and siderite with well developed 

large crystals. There is considerable sericite and kaolinite 

after alteration of the feldspars. The matrix consists mainly 

of clay minerals and fine-grained quartz. The dacite under­

lies the ore or occurs under altered dacitic tuffs. It 

usually contains some well developed pyrite crystals. 

The dacitic tuffs are also hydrothermally altered in 

the vicinity of the Madenkoy massive sulphide deposit. The 

hydrothermal alteration near the massive ore body is generally 

in the form of sericitization (including illite) kaolinitiza­

tion, carbonitization. and some silicification. The colour 

of the tuffs may be yellow. gray. or white according to the 

type of alteration. Red to purple colours due to hematitiza­

tion are also observed to the south of the detailed survey area 

(Figure 4.2). These rocks consist of quartz phenocrysts and 

phenocrysts of andesine to oligoclase composition in a fine 

matrix of the same composition. Pumice fragments are also 

common in some of the dacitic tuff samples. In the vicinity 

of the ore deposit there is an extensive silicification and 

some pyrite impregnatibn of these rocks; this is represented 

by fine hydrothermal quartz and globular aggregates of pyrite 

respectively. .The feldspars of the dacitic tuffs are altered 
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to kaolinite and illite-sericite clays with some carbonates, 

and the quartz phenocrysts are usually corroded. Relatively 

less altered tuffs occur to the north east .of the ore deposit, 

near the Latum Bridge in Madenkoy (II) area. These tuffs 

present good flow structures and contain plagioclase and 

quartz phenocrysts in a fine-grained matrix consisting of 

quartz, plagioclase, and clays of montmorillonite and 

kaolinite. 

In the central part of the Madenkoy mine area (Figure 

4.2) dacitic. tuffs are tectonically brecciated. This can be 

especially well observed in road cuttings where a strong 

silicification and fine pyrite dissemination and veining can 

be seen. 

In places the dacitic tuffs demonstrate good lamina­

tions and bedding, and are ~ntercalated with pelltic tuffs 

.as observed in drill-hole 4. 

4.2.2.2 Upper Basic Series 

This formation includes the pumice tuffs, andesitic 

tuff-breccias, and a marl-sandstone unit which is interbedded 

with limestone. All the above mentioned pyroclastic rocks are 

intercalated with at least four basalt flows in the area. 

4.2.2.2.1 Pumice Tuffs 

These rocks have been studied by the author in some 

detail because of their close association with the Madenkoy 

deposit. Their occurrence and petrology are described below. 

For a detailed X-ray diffraction study of their hydrothermal 

aiteration and chemistry the reader is referred to Chapter 8. 
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The pumice tuffs unconformably overlie the Dacitic 

Series and appear to occur at two stratigraphic horizons 

(Figures 4.3 and 4.4). Each' of the pumice ,tuff units varies 

in thickness from 25 m' to 40 m; their thicknesses increases 

towards the SW of the map area (Figure 4.2). The massive ore 

is almost always overlain and sometimes intercalated with the 

pumice tuffs, the boundaries between the two being sharp. 

However, the pumice tuffs extend far beyond the limits of 

the sulphide deposit along the general strike of the rocks. 

They are intercalated with friable, gray to brown tuffaceous 

sandstones which are in places impregnated with fine sulphide 

grains. Occasionally the pumice tuffs also possess red lime­

stone intercalations which are not laterally continuous. 

The pumice tuffs demonstrate a colour variation from 

violet to greenish gray. However, they usually have a violet 

to brick red colour in the vicinity of the ore body. As a 

result of this colouring they have previously been called 

violet'tuffs (Altun, 1972). 

Megascopically these rocks are soft, finely foliated, 

and banded. They contain euhedral to subhedral quartz crys­

tals and pumice fragments in a fine-grained quartz and clay­

rich matrix. In the southwest of the map area these tuffs 

demonstrate fine, alternating hematite and quartz-carbonate­

rich layers with a thickness of about 1 mm. This greenish 

grey and brown banding and fine foliation ,is particularly 

characteristic of the pumice tuffs in the Madenkoy area. In 

places one colour may dominate over another and the whole rock 

becomes either greenish-gray or violet to reddish-brown in 

colour. In dfill, holes, such as 10L 106, 108, and 110, it 
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is possible to see the gradual passage between the two. 

Quartz and carbonate veining are common in hand specimens 

of the pumice tuffs. 

Thin section examination of the pumice tuffs reveals 

that they consist of 'quartz, altered feldspar crystals, and 

variable sized altered pumice fragments in a fine quartz, 

carbonate, and clay matrix: These pumice fragments are 

oriented parallel to the laminations and banding, and oc~as­

ionally show microfolding. The hematite occurs as very fine 

amorphous grains, forming hematite-rich layers, and in places 

fills microfractures. Manganese oxides and occasionally 

mangan~se carbonate (rhodochrosite) may also be present; the 

pumice tuffs in drill-hole 117 are considerably enriched in 

manganese (T.Y. Nebioglu, pers. comm., 1975). The pumice tuffs 

may also be impregnated with various sulphides such as pyrite, 

sphalerite, galena, and su1phosalts. In addition native copper 

and specularite have been obse~ved (T.Y. Nebioglu, pers. 

comm., 1975). 

The pumice tuffs display a strong hydrothermal altera­

tion. The feldspars and pumice fragments are usually com­

pletely altered leaving ghost crystal outlines and structures 

generally filled with clay minerals. The matrix contains a 

high proportion of carbonate in the form of dolomite. Dolo­

mite veining is also a common phenomenon. Silicification is 

also widespread, being represented by fine, mozaic textures 

of hydrothermal quartz. This secondary quartz replaces some 

feldspars and primary quartz crystals and occasionally occurs 

as veins. The corrosion of primary quartz, and the deposition 

of mozaic textured, fine hydrothermal quartz, are well demon­

strated in some thin sections of these rocks. 
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In conclusion, the nature of the occurrence and petro­

chemistry (~ also Chapter 8) of the pumice tuffs strongly 

suggests a pyroclastic-sedimentarY,origin for these rocks. 

At least part of the hematitization was contemporaneous with 

the sedimentary bedding. Later ascending iron-rich solutidns 

resulted in hematite enrichment and Veining, the process 

taking place towards the end of the sulphide deposition in a 

sulphur deficient, oxidizing environment. During the deposi­

tion of these rocks the environment was alkaline; the pH 

probably being between 8 and 9. 

4.2.2.2.2 Basalt Flows 

These rocks are intercalated within the pumice tuffs, 

andesite tuff-breccias, and the limestone-marl-sandstone 

series. They are fine-grained, dark 'green rocki with pronounced 

flow and onion-shaped exfoliation structures. Thin section 

studies show that they have an ophitic texture and contain 

amygdales that are filled with calcite. Phenocrysts of 

augite and olivine are altered, and the feldspars which are 

of labradorite composition are altered to 'clay minerals around 

the grain boundaries. Calcite, and occasionally dolomite 

veinlets are common especially in the lower members of the 

basalt flow units. The matrix consists of needle shaped 

plagioclase microlites and altered pyroxenes. 

A plot of the ratio FeO (total Fe expressed as FeO) 

/MgO against Si0 2 content for 40 basalt samples from the 

Madenkoy area is shown in Figure 4.5. The results indicate 

considerable variation from calc-alkaline to tholeiitic com­

position for these rocks. Similar results were obtained by 

Akinci (1974) in the Giresun area. 
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4.2.2.2.3. Andesitic Tuff-Breccias 

The andesitic tuff-breccias are green in colour and 

contain angular and subrounded pebbles of dacite, ~ndccitc, 

and basalt. The groundmass is fine grained and has been 

argillitized. Although the green colour has been attributed 

to chloritization, microscopic and X-ray powder diffraction 

studies ·did not reveal the presence of chlorite. Instead, 

the clays in the matrix were found to be mainly montmoril­

linite with some kaolinite. These rocks also contain a sig­

nificant amount of calcite. and when in contact with the 

hematitized pumice tuffs, the lower parts of the breccia are 

usually hematitized. 

4.2.2.2.4 Limestone - Marl - Sandstone Series 

The 'limestone - marl - sandstone series lies uncon­

formably on the andesite tuff-breccias and pumice tuffs. The 

limestone can be classified as a marly limestone varying 1n 

colour from red to gray and containing abundant Globotruncana 

and Globogerina fossils. It has been dated as Senonian 

(Upper Cretaceous) on the basis of these fossils (Altun. 1972). 

The sandstone 1s fine-grained and arkosic in composition. 

4.2.2.3 Basic Dykes 

These dykes are of andesitic composition and of Miocene 

age. In the Madenkoy (I) area they are generally fresh in 

appearance, containing occasional calcite veinlets, and large 

hornblende phen~crys~s and amygdales filled with calcite in 

places~ Columnar jointing is a distinctive feature. The 

variation in the FeO (total Fe expressed as FeO) with Si0 2 con­

tent for a limited number of samples suggests a calc-alkaline 

affinity (Figure 4.5). 
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4.2.3 Mineralization 

4.2.3.1 Occurrence 

The Madenkoy sulphide deposit is a pyritic, Zn-Cu 

volcanogenic massive sulphide deposit associated with dacitic 

volcanism. It occurs in the uppermost levels of the Dacitic 

Series and is covered by- the Upper Basic Series. The mineral-

ization took place during the final stages of the Dacitic stage 

of volcanism and consists of two parts: 

(a) a massive ore body which is totally under rocks 

of the Upper Basic Series, and 

(b) stockwork and impregnation sulphide zones which 

are partly exposed. 

o The massive ore is lens-shaped, dips at about 50 NNW 

(Figure 4.3), and occurs as a conformable body underlying the 

pumice tuffs. The length ~f the massive ore along its strike 

is about 420 m (Figure 4.4). The limit of its western exten-

sion is not known, and deep drilling is required-to outline 

the western boundary. The massive ore thickens in a NNW 

direction, reaching vertical thicknesses of 106 and 84 m in 

drill-holes 30 and 105 respectively. In a NNW-SSE direction 

its surface projection is at least 180 m wide. 

To the SW of the massive ore body a 15 m thick section 

of gypsum ore was observed in drill-hole 4 (Figure 4.4). The 

gypsum is interbedded with sedimentary dacitic material. 

The stockwork and impregnation zones, occur within 

the upper levels of the Dacitic Series and have a combined 

lateral width of about 100 m in an easterly direction from 

the massive ore and a much wider lateral distribution to the 

south of some 350 m as evidenced from drill-hole logs. 
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The stockwork zone which extends for approximately 

20 m beneath the massive ore consists of veins, mainly of 

chalcopyrite and pyrite, having a thickness of about 1 cm 

with occasional local thickening. This zone passes both 

vertically and laterally into the more extensive impregna-

tion zone. 

;', . 

4.2.3.2 Ore Mineralogy· 

Vertical core sections of the Madenkoy massive su1-

phide deposit were studied in drill-holes 30, 37, 101, 105, 

106, 108, and 110 (see Figure 4.2 for locations). Megascopic 

examination of the massive sulphide ore generally suggests a 

division of the massive ore into a spha1erite-chalcopyrite-

pyrite-rich black ore and a chalcopyrite-pyrite-rich yellow 

ore, a zoning similar to that observed in the J~panese 

Kuroko deposits, with the exception that the Madenkoy black 

ore is poor in Pb and is more like the sub-black ore of the 

Japanese deposits. In drill-holes 37, 101, and 110 the top 

of the massive sulphide sections are represented by b1ack-

ore which is friable, fine-grained and rich in.sphalerite and 

barite; most of the galena present is concentrated in this 

zone. Chalcopyrite and pyrite also occur in major quantities 

as "blebs" and pebb,les giving the ore horizon a brecciated 

appearance; chalcopyrite veining is also a common feature of 

this zone. This type of ore gradually passes into a yellow, 

fine-grained, friable ore consisting mainly of pyrite and 

chalcopyrite with some bornite. Sphalerite is always present 

and may exist in considerable quantities at some levels, 

occurring mainly as veins associated with chalcopyrite. The 

deposition of yellow ore appears to hav~ been interrupted in 
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some core sections (e.g. 101 and 110) by deposition of pumice 

tuffs and gray to brown tuffaceous sandstone layers which are 

often disseminated with sulphides. 

In drill-holes 30, 105, and 106 the massive ore sec­

tion begins with a pred~minantly pyrite-chalcopyrite mineralogy. 

Sphalerite is, however, a major constituent and at some levels 

increases considerably in 4uantity. Since these three drill­

holes cut the western part of the massive sulphide ore it may 

be presumed that the black ore is confined only to the east­

ern and central parts of the ore body. 

The yellow ore zone generally passes into a pyrite, 

chalcopyrite and quartz-rich stockwork zone which in turn 

grades into a pyrite-rich impregnation zone. The contacts 

between the last two zones are gradational and, therefore, 

difficult to place. 

The distinction between the black and yellow ores is 

also by no means easy and simple. This becomes especially 

apparent when the sulphide samples are studied microscopically. 

Polished sections of ore specimens from drill-holes 101 and 

110 were examined under the microscope to determine the 

detailed mineralogy and textural relationships which could 

. shed light on the genesis of the deposit. The ore minerals 

present are pyrite, sphalerite, chalcopyrite with minor 

amounts of galena, bornite, and tetrahedrite. The gangue 

mineral~ are barite and quartz. Specimens from the massive 

part of the ore body show the pyrite, chalcopyrite, sphalerite, 

bornite, and galena to have a colloform texture (Plates 4.l(a), 

(b), (c), and (d». The colloidal intergrowth between these 

minerals, giving globules and spheroidal aggregates, is typi-

cal of ore at the top of the massive sulphide body. It is 
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: this fine intergrowth that makes the distinction between the 

black ore and yellow ore difficult under the microscope as 

well as causing considerable technological problems in con-

centrating these ores. 

The pyrite occurs as either collomorphic intergrowths 

and spheroids or euhedral to subhedral crystals. In places 
. 

subhedral crystals have catac1astic texture which becomes 

more common towards the base of the massive ore and continues 

into the stockwork zone (Plate 4.l(f) and 4.l(g». in some 

sections the cataclastic pyrite exhibits magnetite, ilmenite, 

and hematite in its fractures and may contain pyrrhotite 

and rutile inclusions (Plate 4.l(h». Pyrite at the top of 

the massive ore commonly contains marcasite which becomes rare 

in the stockwork zone. The pyrite also displays a zonation, 

suggesting at least two stages of growth (Plate 4.l(g». 

Chalcopyrite and sphalerite exhibit either a collo-

morphic texture or occur as fracture fillings and veinlets 

(Plate 4.l(e) and 4.l(f». Sphalerite occasionally has a 

cataclastic texture and may contain tetrahedrite and bornite 

inclusions in places. The vein-type sphalerite commonly con-

tains chalcopyrite exsolutions. In the pyrite-rich yellow 

ore and stockwork ore the chalcopyrite contains rare inclu-, 

sions of native gold. 

Relatively small amounts of galena occur in the upper 

levels of the massive ore body. It has as collomorphic as 

well as euhedral to subhedral texture and is closely asso-

ciated with sphalerite. 

Bornite is usually present in minor amounts forming 

colloidal growth structures with pyrite, chalcopyrite, and 
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PLATE 4.1 

• Ore Textures, Mndenk~y massive sulphide deposit 

Plate 4.1(a) Collomorphic intergrowth of pyrite and chalco­
pyrite. Top of orcbody; dril~-hole 110 
(Specimen KC-5 -220X-Oil). 

Plate 4.I(b) Collomorphic banding and collomorphic 
spllorulltes of pyrite."chalcopyrite. and 
bornite. Note the cataclastic pyrite on 
the left hand side of the photomicrograph. 
Top of orcbody; drill-hole 110 (Specimen 
KC-a -220X-Oil). 

Plato 4.l(c) Collomorphic spherulite$ of pyrite and 
chalcopyrite, together with sphalerite and 
galena. Note the porous and vuggy nature 
of the sphnlerite. Top of orebody; drill­
hole 110 (Specimen KC-5 -220X-Oil). 

Plate 4.l(d) Sphalerite-chalcopyrite-pyritc-bornitc col­
lomorphic banding. A few euhedral pyrite 
crystals can also be seen. Top of orcbody; 
drill-hole 110 (Specimen KC-8 -llOX-Air) • 

• 
Plate 4.l(e) Veinleto of chalcopyrite infilling frac-

tures in pyrite, probably a 'radial bomb' 
texture. Top of orebodYi drill-hole 110 
(Specimen KC-8 -220X-Oil). 

Plate 4.1(£) Cataclastic pyrite, with chalcopyrite infil­
ling fractures. Yellow ore; drill-hole 110 
(Specimen KC-7 -220X-Oil). 

Plate 4.l(g) A zoned pyrite crystal. Stockwork zone; 
drill-hole 110 (Specimen KC-lO -llOX-Air). 

Plato 4.l(h) Cntnclastic pyrite containing magnetite, 
ilmentie. and sphalerite in fractures. 
Stockwork zone; drill-hole 110 (Specimen 
KC-lO -lI0X-Air). 

Note: PY pyrite 
CP chalcopyrite 
SP sphalerite 

GL galenn 
BR bornite 

M magnetite 
It ilmenite 

• 
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sphalerite (Plate 4.l(b) and 4.l(d». It also occurs as 

small inclusions in sphalerite and pyrite. In a few sec­

tions it has been altered to covellite •. 

Tetrahedrite-tennantite occurs as small grains in 

minor quantities and is usually associated with chalcopyrite, 

and sometimes with sphalerite. It is concentrated towards 

the upper part of the massive ore. 

Electrum (an Ag-Au alloy) was occasionally observed 

in polished sections from the top of massive ore, occurring 

as small highly reflective dots. 

The polished section studies indicate three phases 

of sulphide mineralization in the Madenkoy massive sulphide 

deposit. These phases, in chronologie order are: 

(i). an early pyrite (chalcopyrite and minor sphaler­

ite) phase displaying a cataclastic texture and euhedral to 

subhedral crystals. 

(ii) a pyrite, chalcopyrite, sphalerite and minor 

bornite mineral paragenesis which exhibits col1oform inter­

growth, and 

(iii) a vein and fracture filling hydrothermal phase 

of chalcopyrite, sphalerite, and minor bornite which fill the 

fractures and interstices of phases (i) and (ii). 

The first phase is particularly characteristic of 

the stockwork and impregnation zones as well as the lower 

half of the massive ore (Table 4.2). The second phase is 

thought to be of volcanic-sedimentary origin, the textures 

being those which typically occur in a low-temperature 
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aqueous environment. As can be seen from Table 4.2 this 

phase is more common in the upper part of the massive ore 

body. The third phase (hydrothermal cha1cqpyrite-spha1erite 

veining stage) generally occurs within the massive ore body. 

It is characterized by exsolution of chalcopyrite within 

sphalerite. 

Table 4.2 Vertical distribution of three ore-forming phases in ore· 
samples from drill-hole 110 

Sample Level Type of Euhedral, Colloform Hydrothermal 
No. (m) ore subhedral, sedimentary chalcopyrite-

cataclastic phase sphalerite 
phase veining phase 

KC-5 102.34-107.70 Black ore X X 

KC-8 107.70-111.75 Black ore X X X 

KC-12 111.75-114.90 Black are X 

KC-11 114.90-119.70 Black ore X X X 

KC-7 150.20-155.55 Yellow ore X X 

KC-6 155.55-158.6 Yellow ore X 

KC-10 ·161. 65-165. 35 Stockwork-
impregnation 

KC-3 170.00-175.50 " X X 

KC-22 185.20-190.10 " X 

KC-13 190.10-196.65 " X 

Note: X·signifies presence of phase. 

Marcasite is present only in the first four samples. 
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4.3 SIRTKBy STOCKWORK MINERALIZATION 

The Sirtkoy occurrence is situated 9 km southeast of 

the coastal town of Caye1i (Figure 4.1). The stockwork and 

associated impregnation mineralization at Sirtkoy is"asso-

eiated with the Dacitic Series and have been exposed as a 

result of block faulting in NE and NW directions (Figure 4.6; 

~ also Figure 9.15 for cross section). 

At Sirtkoy the mineralized rocks contain from 0.04 

to 0.18% eu together with minor amounts of Zn and Pb "(see 

Table 6.6). The main mineral is pyrite which occurs as vein-

lets and impregnations and is usually present as euhedral to 

subhedral grains, some of which exhibit an intergrowth with 

quartz. Chalcopyrite occurs in minor quantities. An iron-

capping (gossan) developed on oxidised veins of a stockwork 

nature occurs in the Gumusdere stream. Small amounts of . . 

secondary copper minerals, such as covellite, occur in this 

gossan. 

The dacite containing the mineralization is light gray 

to greenish in colour, locally shows a holocrystalline-
, ~ ..... .. 

porphyritic texture, and is commonly autobrecciated, contain-

ing pebbles and boulders of the dacitic rock. Extensive 

alteration is present' in the form of chloritization and 

sericitization in and around the mineralization. The Dacitic 

Series is unconformably overlain by spi1ites of the Upper 

Basic Series ~hich have also been chloritized and pyritized. 

These rocks exhibit distinctive onion-shaped exfoliation struc-

tures and contain amygdales which are filled with quartz, 

sericite, and occasionally pyrite. 
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4.4 SARISU BARREN PYRITIC IMPREGNATION OCCURRENCE 
u 

The Sarisu occurrence is 'lo.cated 7 km south of Cayeli 

(Figure 4.1). 

At Sarisu the barren pyritic impregnation zone is 

confined to a fault bound porphyritic dacite window (Figure 

4.7; ~ also Figure 9.16 for cross section). The geological 

setting at this locality is somewhat similar to that at 

Madenkoy. The dacite is stratigraphically overlain by dacitic 

tuffs which are in turn followed by basalt flows. Pyrite is 

the only sulphide mineral and occurs as fine subhedral to 

• anhedral grains exhibiting a common intergrowth with quartz. 

Th~ mean Cu, Zn, and Pb contents of mineralised samples are 

24,. 29, and 15 ppm respectively (~ Table 6.7). The dacites 

exhibit argillic hydrothermal alteration with kaolinite and 

montmorillonite clay minerals predominating. An exploration 

gallery opened by a private mining company in the altered 

dacite has collapsed, but the rubble .round the opening of 

the gallery is similar to the pyrite impregnated dacite observed 

at the surface. 
.-.' , 

4.5 KUTLULAR MASSIVE SULPHIDE DEPOSIT 

The Kutlular massive sulphide deposit occurs within 

the Surmene district of Trabzon province. 

Block-faulting with a "NW trend has played an important 

role in exposing dacites associated with the orebody (Figure 

4. B; ~ also Figures 4.10 and 9.12 for c~os $ _,sec,tion) • The 
, , 

deposit i~ a Cu-Zn volcanogenic sulp~ide depo~it with a 

reserve of 1,500,000 tons assaying 2.2% Cu. The northern 

part of the orebody contains 400,000 tons of the massive ore 

averaging 1.5% Zn. The deposit was found by drilling subsequent 
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to detailed geological mapping. T~enty five drill-holes 

amounting to 3855 m have been drilled by M.T.A. The massive 

sulphide ore is completely concealed and occurs between the 

Dacitic Series and the overlying Upper Basic Series (Figure 

4.8). It is ellipsoid in shape, elongated in a N35 0 W direc­

tion with a length of about 230 m. The projected width of 

the deposit on the surface is 140 m, and the thickness varies 

from a few metres to 30 m. The ore minerals and ore textures 

are similar to those at Madenkoy, with ~he exception that at 

Kutlular the massive ore consists entirely of yellow and 

pyrite ore containing pyrite and chalcopyrite •. Sphalerite 

occurs in relatively small amounts, and galena is present 

only in minor quantities. Polished section studies of ore 

samples collected from drill-hole K-8 indicate that the massive 

ore is brecciated and is somewhat more enriched in sphalerite 

at the top. Massive pyrite occurs at the base of the massive 

ore where. it passes into the stockwork and dissemination 

zones. The three mineralised phases observed at the Madenkoy 

deposit are also observed here, but the hydrothermal phase 

appea!s to be considerably more pronounced in this deposit. 

The occurrence of chalcopyrite exsolution in sphalerite sug­

gests relatively high formation temperatures of the order of 

3500 C for the deposit. The ore minerals, in order of abund­

ance, are pyrite, chalcopyrite, sphalerite, galena, and 

tetrahedrite-tennantite. Barite and quartz are the main 

gangue minerals. 

The Dacitic Series is extensively altered and displays 

an extensive pyritic dissemination zone. The massive ore is 

overlain by a dacitic tuff-breccia consisting of poorly sorted 

dacitic pebbles in a matrix of mainly clay and quartz. This 
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cover rock is hydrothermally altered and contains vcinlets 
• 

of pyrite and chalcopyrite, as well as small pockets of 
• 

gypsum. The dacitic tuff-breccia is in turn unconformably 

overlain by basalts of the Upper Basic Series. The basalts 

have a porphyritic texture and contain amygdales that are 

usually filled with calcite. The basalts are thin in the 

vicinity of the deposit and in places have been eroded 

allowing the Dacitic Series to outcrop. The two series have 

been intruded by a diabase dyke of possibly Tertiary age. 

4.6 KOTARAK DERE STOCKWORK DEPOSIT 

The Kotarak Dere stockwork sulphide deposit is situ­

atad in the Surmene district west of Trabzon province. 

This deposit is also 'ass6ciated with a block-faulted 

dacitic window (Figure 4.9). Seventeen drill-holes amounting 

to 2052 m of diamond drill-core has been drilled by M.T.A. 

in the vicinity of this deposit. Tha reserves are estimated 

to be about 2 m.t. assaying O~4%.Cu. Analysis by the M.T.A. 

laboratories of sub-surface ore samples indicate the presence 

of high amounts (up to 12%) of Zn in a few samples. The 

surface exposures suggest that the deposit is of the stockwork 

type, associated with an extensive pyritic impregnation zone 

in the Dacitic series. In addition, a small pocket of massive 

pyrite near the Kotarak Stream is present (Figure 4.9, see 

also Figure 9.14 for cross-section). 

It would appear from bath the above description and 

the ~ubsequent geochemical studies (See the section on Regional. 

Assessment of Mineralized zones in Chapter 8) that the stock-. 

work exposure at Kotarak Dere was once associated with a mas-

sive sulphide orebody now eroded away. 
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The ore minerals and their textures are similar to 

t~ose observed at the Madenk~y and Kutlular deposits. Pyrite, 

sphalerite, and chalcopyrite are the more common ore minerals. 

A massive pyrite orebody outcrops in the vicinity of drill­

hole D-l. The stockwork and impregnation mineralization 

occur within the dacite and dacitic tuffs of the Lower Dacitic 

Series where they are strongly altered. Basalt and volcanic 

breccia of the Upper Basic Series overlie rocks of the Dacitic 

Series which have been exposed as a result of NE and NY block 

faulting that elevated and exposed the Upper Basic Series 

to erosion in this area. The limestone intercalations in the 

volcanic breccia have been dated as Upper Cretaceous 

CA. Gumruk~u, pers. comm., 1975). 

4.7 Tunca Massive Sulphide Deposit 

The Tunca massive sulphide body is located in the 

eas~ern part of the province, south of the coastal town of 

Arde~en (Figure 3.1 and 3.3). 

The orebody outcrops on the steep, northern bank of 

the Tunca River near the village of Tunca (Figure 4.11 and 

4.13) •. It was found by M.T.A. in 1972 and mapped by Todorovic 

and Nebioglu (1972) with later revisions by Can (1976). 

Exploratory drilling was carried out by M.T.A. between 1973 

and 1975. The reserves in the deposit are about 300,000 tons 

of sulphide ore assaying about 1.5% Cu and 1.0% Zn with only 

minor amounts of Pb. 

The geological setting, ore-mineral paragenesis, and 

ore textures are similar to those at the Madenkoy deposit. 

The massive ore has a mean thickness of 5 m and outcrops for 

about 70 m in an E-W direction. At its western bouridary," 
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7- drill-hole). For location of cross section 
~ Figure 4.11 • 
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there is a 1.5 m thick clay bed containing boulders of the 

massive ore (20 to 30 cm in diameter), a feature that probably 

represents submarine reworking of the massive ore. 

The ore minerals are mainly pyrite, chalcopyrite and 

sphalerite, with minor quantities of galena and tetrahedrite-

tennantite. The gangue minerals are quartz and barite. The 

massive ore is underlain by stockwork an4 dissemination zones 

within the exposed dacite window. The massive ore in the 

exposed southern part the dacite window has been eroded away 

as a result of uplift along a fault which follows the Tunca 

river; only remnants of the stockwork and diss~minated zones 

occur in this dacitic block. 

The ore body is overlain by a hematitized porphyritic 

dacite that displays a strong localized foliation. This unit 

is in turn overlain by a basalt that has been brecciated and 

hydrothermally altered, the fractures being filled with hema-

tite and carbonates (calcite and dolomite). 

4.B MURGUL STOCKWORK DEPOSIT 
I 

The Murgul stockwork deposit is located near Artvin 

in the eastern part of the region (Figure 3.1 and 3.3). The 

deposit comprises two orebodies (Anayatak and 9akmakkaya) 

about BOO m apart (Figure 4.12 and 4.14). The oldest mining 

activity is believed to date from Medieval times. At present, 

Anayatak and ~akmakkaya with reserves of 21 and 22 million 

tons assaying 1.67. and 1.2% Cu respectively, are the largest 

copper mines in operation in Turkey. The blister copper con-

tains 0.8% Ag and 0.2% Au. The area has been described in 

detail by many geologists (Kraeff, 1963(b); Mado, 1972; Sawa 

et a1., 1972; and Buser and Cvetic, 1973). 
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The mineralization occurs within dacitic tuffs of the 
• 

Dacitic Series. The stockwork ve'i~s are comprised mainly of 

pyrite and chalcopyrite with a quartz gangue. On the upper 

s~ratigraphic levels, the stockwork veins contain minor 

~phalerite and galena with a barite gangue. Silver and gold 

tellurides have also .been found in this deposit (B. Arman, 

pers. comm., 1976). The thickness of the veins varies con-

siderably, tbe average being of the order of 10 cm. The 

mineralized zones in both deposits are ellipsoidal with their 

long axes baving a NW trend. Both these zones pass laterally 

into soft, kaolinized horizons which contain an abundance 'of 

1a~ge pyrite crystals exhibiting many variations of the cubic 

system. Pockets of gypsum occur adjacent to the sulphide 

bodies in a tuff-sandstone unit of the Dacitic Series. 

The mineralization is confined to spongy dacitic 

tuffs and overlying dacitic tuffs. The spongy dacitic tuffs 

are mainly submarine tuff flows interbedded with sandstones 

and conglomerates of the same composition. This unit gener-

ally contains pumice fragments in its lower levels and is 

often folia~ed in places (Sawa et a1., 1972). On tbe upper 

levels of the deposit the spongy tuff unit passes into dacitic 

tuffs which are intercalated·with sandstone, red limestone, 

marl, and siltstone. These rocks contain pumice fragments at 

some levels and are usually hematitized. 

The ore bodies are overlain by a hematitized dacite 

unit which in turn is covered by an andesite-agglomerate-

sandstone~limestone unit of the Upper Basic Series. 
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CHAPTER 5 

ANALYTICAL METHODS 

5.1 INTRODUCTION 

The methods of analyses used in the prescnt research 

together with the elements concerned are outlined below: 

(a) atomic absorption spectrometry for Cu, Zn, Pb, 

Cd, Fe, and Mn in all samples and for Ag, Ni, 

and Co in selected samples. 

(b) 

(c) 

(d) 

direct read~ng optical 

Mn, Cu, Pb, Zn, Cd, Ag, 

Sn, Ti, Be, Mg, Ca, Sr, 

colorimetry for As and 

specific ion electrode 

for F. 

spectrography for Fe, 

Mo, V, Co, Ni, Cr, Ga, 

Ba, K, Li, AI, Sc and 

Mo. 

and ionanalyser (Orion) 

Sit 

(h) flameless atomic absorption spectrometry for total 

and differential thermal phase analysis of Hg. 

(f) selective extraction techniques for Fe, Cu, Zn, 

and Pb in soils and in selected pumice tuff 

samples • 

. (g) pH electrode and millivolt meter for soil pH 

and universal indicator (BDH) with compatible 

color chart for stream water pH. 

(h) X-ray diffraction for feldspar, quartz, and 

clay minerals. 

(i)' microwave-induced argon plasma for selenium 

analysis. 

Detailed descriptions of the various methods are given, 

and a comparison is made of the atomic absorption and direct 
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reading spectrographic methods for CUt Ph, Zn, Fe, and Mn. 

A comparison is also made of the c~lorimetric and spectro­

graphic methods for As and Mo. Some factors affecting the 

colorimetric determinations of As and Mo were investigated. 

Various methods of Se analysis are discussed and a microwave­

induced argon plasma system was investigated with the aim of 

developing a fast and precise method for Se analysis. 

5.2 ATOMIC ABSORPTION SPECTROMETRY 

Cu, Ni, Co, Pb, ~n, Ag, Cd, Fe, and Mn were analysed 

by atomic absorption spectrophotometry. Nitric acid and 

nitric/perchloric acid digestion procedures were employed 

fo~ rocks, soils, stream sediments, ores, and separated 

pyrite samples. All of the samples were attacked by using 

the nitric acid procedure to obtain a higher total extraction. 

For the ore samples a combined bromine-nitric acid attack was 

used. These three sample digestion procedures are described 

in Appendix B.l. 

Samples prepared by procedures noted above were 

analysed using a Perkin Elmer 403 atomic absorption spectro­

photometer. An air/acetylene (ratio: 57/27) flame was used 

with operating conditions shown on Table 5.1. 

The bromine-nitric acid digestion is satisfactory if 

the galena content of the samples is less than 3%. In all 

the samples analysed the lead content did not exceed 1%. At 

the end of the procedure nitric acid in place of hydrochloric 

acid was employed for leaching (Appendix B.3) to avoid the 

precipitation of silver as silver chloride when this element 

is present in high quantities (i.e. 150 ppm). 
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TABLE 5.1 

Analytical characteristics of the elements analysed by atomic absorption 

spectrophotometry. 

Element l1avelength Slit detection limit 
nm ~1idth llg/ml 

Cu 324.7 4 0.01 

Pb 283.3 4 0.5 

Zn 213.8 l~ 0.01 

Cd 228.8 4 0.01 

Ag 328.0 4 0.01 

Hi 232.0 3 0.1 

Co 240.7 3 0.1 

Fe ·371.9 3 0.1 

279.5 3 0.1 
lin 201.5 3 1.0 
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Comparison of the nitric and the nitric/perchloric 

acid digestions were made by analysing a number of rock, 

soil, and stream sediment samples. The results for iron, 

manganese~ copper, lead, and zinc are presented in Table 5.2, 

from which it is evident that as far as the extractability 

is concerned, the nitric acid digestion is adequate for all 

the elements except iron in the rock and stream sediment 

samples. This is due to the form in which the iron occurs; 

in the soil samples iron is present mainly as iron hydroxides 

whereas in hematitized-pumice tuff rock samples and stream 

sediments the element occurs as more chemically resistant 

oxides. In the cases where the lead is above 600 ppm the 

extractability of the element, using the nitric acid diges-

tion, is up to 2.4 times higher in some rock, soil, and stream 

sediment samples when compared with the nitric/perchloric 

procedures. This is thought to be due to the precipitation 

of lead chlorid~ (PbC1 2 ) in the presence of perchloric acid. 

Thus, when lead is to be determined, and the element is pres­

ent in high concentrations (above 600 ppm), the nitric acid 

digestion should be the preferred.method. The 1atter.pro-

cedure also has the advantage of being faster and less costly. 

5.3 DIRECT READING OPTICAL SPECTROGRAPHIC ANALYSIS 

o All of the rock and ignited-soil samples (at 450 C) 

and some sulphide samples were analysed for Fe, Mn, Cu, Pb, 

Zn, Mo, Cd, Ag, Co, Ni, Cr, Ti, V, Mg, Cu, K, Be, Sr, Ba, Li, 

Sc, Al, and Si, and in some samples As, by using a combina-

tion of direct reading spectrographic techniques and a 

computer program which processes the raw data into elemental 
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Table 5.2 Extractability of metals with nitric acid and nitric acid! 

perchloric acid digestions. Number of samples for rocks, 

soils and stream sediments are 23, 16,and 10 respectively. , 

Extractability 

(Nitric acid!Nitric+perch10ric acid)x100 
Element Sample Mean Range 

Type 

Rock 43.3 18.3-103.2 

Fe Soil 82.7 57.5-100.0 
Stream sediment 42.9 29.8- 54.4 

Rock 98.0 90.0-110.9 

Mn Soil 95.4 57.5-111.8 

Stream sediment 73.2 . 60.3- 87.7 

Rock 81.5 71.3- 85.7 

Cu Soil 91.8 78.6- 96.5 

Stream sediment 74.4 62.4- 89.0 

Rock 64.8 33.7-127.7 

Pb Soil 69.9 32.0-240.0 

Stream sediment 80.0 80.0-113.3 

Rock 77.0 40.6- 92.8 

Zn Soil 76.9 43.2- 95.7 

Stream sediment 79.5 72.1- 84.2 

,I 
1 
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concentrations. A detailed description of the system is 

given in Applied Geochemistry Research Group Technical 

Communication Report No. 59 (1973). The sample preparation 

and operating conditions are given in Appendix B.2. The 

analytical characteristics of the above-mentioned elements 

for this system are give~ on Table 5.3. 

5.4 COMPARISON OF RESULTS OBTAINED BY ATOMIC ABSORPTION 

ANALYSIS AND DIRECT READING SPECTROGRAPHIC ANALYSIS 

A comparison, by means of linear correlation analysis, 

of the atomic absorption and direct reading spectrographic 

methods for Cu, Zn, Pb, Fe, and Mn, is presented in Table 5.4. 

The table shows good correlations between the two techniques 

except in the case of iron in rocks and copper in soils. 

The poor correlation for iron is due to the low iron extrac­

tion by the nitric acid digestion (see Table 5.2). The poor 

correlation for copper is partly due to self absorption of 

the 327.39 nm line at high concentrations (Ahrens and Taylor, 

1961), and partly due to the weight loss of soils as a result 

of ignition before the direct reading spectrographic analysis 

were done. 

A number of ore samples w~re analysed after dilution 

with specpure silica. The results obtained by the atomic 

absorption and the direct reading spectrographic methods 

indicate reasonably good agreement except in the cases of 

copper and lead (Table 5.5). The former is due to the self 

absorption at high concentrations of copper as mentioned 

earlier, and the latter is thought to be due to matrix effects 

which give elevated signals during determination by the direct 

reading spectrographic procedure. 
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Table 5.3 Analytical characteristics of the elements determined by the 

direct reading spectrographic system. 

Wavelength ** 
Element Detection Upper Precision 

nm Limit * Limit % 

Fe 273.96 0.1% 15.0% N.D. 
J.fn (I) 279.83 20 500 40 at 1000 ppm 
Hn (II) 293.31 500 10000 N.D. 
Cu 327.39 4 1000 24 at 1000 ppm 
Ph 283.31 4 1000 48 at 20 ppm 
Zn 328.23 10 1000 N.D. 
J.fo 317.03 0.6 100 N.D. 
Cd 228.80 1.5 100 N.D. 
Ag 338.29 0.4 100 35 at 2 ppm 
Co 345.35 2 1000 10 at 38 ppm 
Ni 341.47 2 1000 10 at 42 ppm 
Cr 425.44 4 1000 20 at 38 ppm 
Ti 365.35 20 20000 42 at 1000 ppm 
V 437.92 10 1000 29 at 100 ppm 
Mg 277.98 0.06% 5.0% 32 at 0.5% 
Ca 315.89 0.1% 25.0% 45 at 2% 
K 404.40 0.2% 10.0% 24 at 2% 
Be 313.03 0.8 100 38 at 3' ppm 
Sr 460.73 8 1000 40 at 200 ppm 
Ba 455.40 10 1000 34 at 150 ppm 
Li 610.36 6 1000 64 at 20 ppm 
Sc 390.75 6 100 100 at 10 ppm 
Al 237.84 0.7% 15.0% N.D. 
S! 243.52 4% 46.0% N.D. 
As 234.93 20 1000 N.D. 

Note: all values in ppm unless mentioned. 

* Detection limit is defined as twice the standard deviation at zero concentration. 

** Precision is defined as P = 100 x CL/C + K' where P is precision; CL is 
detection limit, C is the cconcentration at which prec~sion is required and k' 
is a constant of the system for each element (N.D.- constant k' not available 
for these elements therefore precision was not determined). 
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Table 5.4 Comparison of atomic abso~ption (nitric acid digestion) and direct 

reading spectrographic methods of analysis. 

Element 

Cu 

Zn 

Pb 

Fe 

Mn 

Number of 

samples 

198 

198 

198 

126 

12"6 

Rocks 

Correlation 

coefficient 

0.81 

0.94 

0.90 

0.85 

0.81 

Soils 

Number of Correlation 

samples coefficient 

222 0.57 

222 0.95 

222 0.98 

222 0.33 

222 0.92 

~ ..... 
w 



Table 5.5 Comparison of atomic absorption and direct reading apectrographic methods for ore samples. Atomic 

absorption determinations of Cu, Pb, Zn were made after a-bromine/nitric acid digestion; Fe, Mn 

and Ag were analysed after a nitric acid digestion. 

Fe% Mn(ppm) Cu(ppm) Pb(ppm) Zn(ppm) . Ag(ppm) 
Sample 

A.A D.R. A.A. D.R. A.A. D.R. A.A. D.R. A.A. D.R. A.A. D.R. 

M-1 34.4 47.0 1930 2902 7800 6795 2350 3355 6600 'Ie 109 162 

M-2 26.0 37.0 130 N.D. 75000 6293 1900 5979 31000 'Ie 128 154 

M-3 . 31.6 40.0 130 N.D. 45000 5784 1900 2997 144000 'Ie 119 135 

M-4 43.2 43.0 150 N.D. 33000 5208 1050 1371 39000 * 76 85 ...... 
J-& 
~ 

M-5 5.3 4.6 4000 2191 8270 2312 62Q 451 20500 * 17 20 

M-7 29.6 42.0 2200 4105 14700 5304 505 747 11400 9406 14 17 

M-8 . 42.8 56.0 340 293 63000 6275 185 214 14000 * 21 26 

M-9 44.8 40.0 280 313 3150 6996 145 75 1110 816 5 8 

M-10 41.6 57.0 180 N.D. 1160 1307 310 368 2100 1698 6 N.D. 

3127 27.6 42.0 120 N.D. 54800 6193 480 1085 3880 3741 26 28 

3131 4.2 15.0 430 817 208 289 32 87 62 320 2 N.D. 

Note: N.D.: not detected 

* above calibration range 
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For the reasons exp1ained'~bove atomic absorption 

analysis are better suited for the sulphide analysis. 

5.5 COLORIMETRIC ANALYSIS 

5.5.1 Arsenic Analysis 

Ars,enic ana1yses'of rocks, soiJs, and, stream sediments 

were carried out by the "Gutzeit method" after a potassium 

bisu1phate fusion. ' The method involves leaching with 6M 

hydrochloric acid after the fusion, followed by generation 
adding 

of arsine (ASH3 ) and hydrogen by~stannous chloride and zinc 

pellets. The evolved arsine reacts with mercuric 'chloride 

paper to give coloured-spots ranging from yellow to brown. 

These spots are compared with prepared standards. The method 

has been described by Stanton (1968) and in an Applied Geo-

chemistry Research Group Technical Communication Report 

- 1971. A detailed description of the method is given in 

Appendix B.3.1. 

Work was carried out by the author to determine the 

effect of certain parameters on this method. 

It is, generally believed that the potassium bisulphate 

fusion technique is not a good method of sulphide digestion. 

To check this'a number of sulphide samp~e~ were digested by 

the sodium hydroxide fusion method. The effect of the two 

digestion procedure on arsenic determinations were not sig-

nificant1y different (Table 5.6)~ The sodium hydroxide 

fusion technique has a disadvantage in giving a high dilution 

factor of 250. The potassium bisu1phate fusion was found to 

be adequate and much more rapid for sulphide digestion. 
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Table 5.6 Effect of the KHS04 and NaOH fusion techniques on the analysis 

of arsenic in sulphide samples . 

Sample 

M-2 

M-3 

M-5 

M-7 

M-11 

M-13 

M-18 

3123 

3127 

3133 

KHS0
4 

fusion 

As (ppm) 

4500 

1750 

225 

850 

110 

750 

10 

25 

3500 

95 

NaOn fusion 

As (ppm) 

4250 

1625 

344 

1000 

125 

758 

N.D. 

40 

3250 

110 
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The effects of solution acidity on the sensitivity 

of arsenic analysis was investigated by taking 1 ml a1iquots 

containing relatively large quantities of arsenic into three 

test tubes and then making them up to 5 m1 with 2M, 4M, and 

6M hydrochloric acid. The results suggested a significant 

improvement of sensitivity with lower acidities (Table 5.7) • 
. 

The reaction time between arsine (AsH 3 ) and the mercuric 

chloride paper depends considerably on the acid strength of 

the solution. The rush of hydrogen, carrying the ariine, 

will shorten the time of the reaction. This, therefore, 

results in lower sensitivity with lower pH. The size of the 

zinc pellets are also important as far as the sensitivity 

and the precision are concerned. Finer zinc particles 

present a larger surface area and cause a greater rate of 

hydrogen and arsine generation. It is, therefore, important 

to keep these parameters constant for good precision. 

Although better'sensitivity is obtained with low molarity 

hydrochloric acid solution, for faster and better leaching, 

and in the case of Mo analysis (see following section), 6M 

hydrochloric acid was used throughout the analyses., 

, The method described above has a precision better 

than ±20% at the 95% confidence level over the concentration 

range 5-30 ppm (Table 5.8). About 100 samples can be analysed 

per man day. The detection limit of the method is 4 ppm 

with a dilution factor of 8. The detection limit can be 

lowered by using lower dilution factors. 

5.5.2 Molybdenum Analysis 

The colorimetric method used for Mo analysis is des-

cribed in an Applied Geochemistry Research Group Technical 
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Table 5.7 Effects of solution acidity on arsenic determinations 

I made up to 5 ro1 with 4 ml of 2M Hcl 

II made up to 5 ro1 with 4 m1 of 4M nCl 

III made up to 5 m1 with 4 ml of 6M HCl 

I II III 
As (ppm) As (ppm) As (ppm) 

5500 5000 4500 

2100 1600 1400 

1100 800 750 

325 300 225 

140 130 110 

12.5 .10 10 

Table 5.8 Precision at 95% confidence level of the Gutzeit method as 

dete~ined by ~ep1icate analyses of two rock samples 

Rock Number of Mean Coefficient Precision 
sample No. analysis As of variation (2 x coefficient of 

(ppm) (%) variation) (%) 

446 11 30.4 3.5 7.0 

78 10 4.9 9.7 :1:9.4 
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Communication Report - 1971. The potassi~m bisulphate fusion 

was used for the digestion of rock~ soil, and stream sediment 

samples. Sodium. hydroxide fusion/hydrogen peroxide oxidation 

was used for the dissolution of ore samples. Molybdenum was 

also determined in rock and soil samples by the direct read~ 

ing spectrographic technique. A detailed description of the 

colorimetric method is given in Appendix B.3.2. 

Many problems are associated with the method when 

analysing siliceous, carbonaceous, and sulphide-rich samples. 

In these cases after the addition of zinc dithiol solution a 

greenish gelatinous precipitate was usually formed. This 

precipitate passed into the toluene layer. A longer and 

more vigorous shaking appeared to settle the precipitate 

such that reasonable absorbance measurements could be made. 

Also, the aceione-washing procedure of Hoffman and Waskett­

Myers (1974) gave improved clarity to the toluene layer in 

such cases. 

The effect of the acidity of the sample solution on 

molybdenum analysis was examined by preparing two sets of 

standard solutions in 6M HC1 and 7M HC1. The calibration 

graphs obtained from these two sets of standards are shown 

in Figure 5.1. The graphs suggest that higher absorbance 

and therefore higher sensitivities are obtained at higher 

acidities. Because As and Mo were determined from aliquots 

of the same solution, and higher sensitivities were obtained 

at lower acidities for As analysis (see preceding section), 

a compromise was made and 6M HCl was used for the leaching. 

With a dilution f~ctor of 8 the detection limit was 

0.3 ppm. The precision (2 x coefficient of variation at a 

particular concentration) of the method was ± 15% at 4 ppm. 
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1 2 3 5 

Standards 
in 7 M HCI 

ppm Mo 

Figure 5.1 Effect of acidity on molybdenum determination. 
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Molybdenum in rocks and soils was also analysed by 

the direct reading spectrographic method. A good correla­

tion was obtained between the two methods. The correlation 

coefficients (r) were found to be 0.82 and 0.71 for rocks 

and soils respectively. The number of rock and soil samples 

included in the calculations were 143 and 195. 

5.6 FLUORINE ANALYSIS BY ION-SELECTIVE ELECTRODE 

Fluorine analyses of rocks were carried out by the 

method of Boyle (1976). Details of this method are given 

in Appendix B.4. The method involves fusion of the sample 

with concentrated NaOH solution first at 200 0 C and then 420 0 C 

and leaching of the fused sample in a citrate-acetate buffer. 

The final pH is tested to ensure a pH of 7.0 to 7.5. The 

fluorine content of the final solution is measured with a 

fluoride specific ion electrode, reference electrode, and 

ionanalyser (Orion) or millivolt meter. 

The dilution factor was 400 during the analysis that 

give a range of 8-4000 ppm which was adequate for the author's 

purposes. The method is easy and fast with a production of 

about 150 samples per man day being possible. From rock 

samples, the precision of the method was calculated to be 

± 8.6% at 814 ppm and ± 30% at 40 ppm. 

5.7 MERCURY ANALYSIS - FLAMELESS ATOMIC ABSORPTION METHOD 

Quantitative total mercury analysis and qualitative 

thermal evolution profiles of mercury were made using a 

method of flameless atomic absorption spectrophotometry. The 

mercurometer used is essentially the same as that used by 

James and Webb (1964) with modifications by Halenko (in prep.). 
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The apparatus is schematically i~lustrated in Figure 

5.2. It consists of three parts: • a sample introduction 

system, a mercur~meter, and a read-out system. 

The sample introduction system, in the case of total 

mercury analysis, consists of a charcoal containing-tube, a 

wash bottle containing sample solution and 2 m1 of 10% 

stannous chloride that can be fitted with a sinta glass 

bubbler for generation of mercury, a tube containing magnesium 

sulphate connected to the wash bottle by tubing in the manner 

shown in Figure 5.2. The charcoal and magnesium sulphate 

(MgS0 4 ) are used respectively to clean the nitrogen carrier 

gas and absorb any water vapor generated during bubbling of 

• the sample solution. Stoppers were used to direct the flow 

of the carrier gas. 

In the case of mercury vapor phase analysis the wash 

bottle is replaced by a Stanton-Redcroft furnace (100 volts 
o . 

and max. temperature: 1050 C) connected to a linear program-

mer (Stanton-Redcroft, model LVP-C). 

The mercurometer has two flow meters (1100 Rota-

meter Mfg. Co. Ltd. England) to regulate and divide the 

nitrogen mercury mixture into two equal parts. The mercury 

in one channel is absorbed by palladium chloride-impregnated 

glass woo1. The light emitted from a mercury lamp is 

absorbed by the two cells connected to the two channels. 

The signal is the difference in absorbance between the two 

cells measured by two photometers. 

The read-out system is made up of a voltmeter 

(Philips PM 2440) and a two channel Servescribe recorder, 

one channel of which records the temperature in the case of 

thermal evolution mercury analysis. 
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Figure 5.2 .Apparatus for mercury analysis: 

A: Sample Introduction Unit for total mercury 
analysis 

B: Sample Introduction Unit for mercury vapor 
evolution analysis 

c: Mercurometer 
D: Read out unit 
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A warm-up time of 30 minutes is required for the 
. 

apparatus. Details of the analytical procedure for the 

total and vapor evolution profile mercury analysis are given 

in Appendix B.S. 

Solution standards and U.S.G.S. rock standards were 

run and a calibration graph was obtained for each batch of 

samples. About one standard for every ten samples was 

included to check the drift frequently observed for the 

instrument. The detection limit of the method was found to 

be 10 ppb. Precision of the method is 15% at a concentration 

of 200 ppb at the 95% confidence level. 

The mercury. evolution profiles were compared with 

those of the artifically prepared standards of Halenko (in 

prep.) and the previous results of Watling, et al. (1973). 

5.8 SELECTIVE EXTRACTION METHODS 

Soil, rock, and stream sediment samples were leached 

using three reagents - 0.05 M ammonium EDTA (pH:4.65), acid-

ified 1M hydroxylamine hydrochloride (NH 20H. HCl) solution 

(pH:l.3), and ammonium oxalate in oxalic a~id (pH:3.3). 

Details of the analytical procedures of these methods are 

given in Appendix B.6. The residues left after extractions 

were washed twice with deionized water and kept for further 

o 
analysis after drying at 50 C. The elements investigated by 

these methods were Fe, Mn, Cu, Zn, and Pb. 

5.8.1 EDTA Extraction 

A one-hour EDTA extraction was used to leach the 

geochemical samples. The 0.05M ammonium EDTA solution has 

the advantage of being sprayed directly into the flame of 
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the atomic absorption spectrophotometer. A more concen­

trated EDTA solution would be too heav~ and, therefore, a 

dilution step would be necessary in the procedure. 

During sample leaching and standard preparation care 

was taken to prevent hydrolysis. At low pH values precipi­

tation of metals occur in the EDTA solution. The pH had to 

be controlled during the preparation of samples and stand­

ards using small quantities of concentrated ammonia, as the 

pH of the extractant solutions could be changed considerably 

by the occurrence of organic acids and hydroxides in the 

geochemical samples (Table 5.9). 

Details of the method are given i~ Appendix B.6.1. 

5.8.2 Acidified Hydroxylamine Hydrochloride Extraction 

The method used by Chester and Hughes (1967) was 

modified to permit a more practical leaching. A more acidic 

solution (pH:l.3) than that used by Chester and Hughes (1967) 

was employed to obtain 

(a) a stronger extraction and, 

(b) a more effective solution matrix to keep the 

extracted metals in solution. 

A sixteen-hour period was used with the hydroxylamine 

hydrochloride extraction. The sample solution was analysed 

instead of analysing the residue. The latter procedure would 

have involved the total analysis of the extracted as well as 

non-extracted samples and a weight correction. 

Details of the method are given. in Appendix B.6.2. 

, 
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TABLE 5.9 

Modification of the pH of the EDTA solution (pII: 4.65) by soil and 
hematitizcd pumice tuff samples 

Sample Sample pH of Sample 
number Type Solution 

US-46 Soil 3.9 

US-50 Soil ' •• 0 

K-23 Soil 4.2 

K-25 Soil 4.3 

2 Rock 5.2 

64 Rock 4.6 

74 Rock 5.0 
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5.8.3 Ammonium Oxalate Extraction 

0.157M ammonium oxalate in oxalic acid (pH:3.3) was 

used for iron-manganese oxide extraction of rock and s~il 

samples. The method is that described by Le Riche and Weir 

(1963). The samples were emersed in the ammonium oxalate 

solution for five days and then stirred under ultra-violet 

light for one hour. Total analysis of the attacked residues 

and unattacked samples was carried out, and the ammonium 

oxalate extractable metals were calculated after the neces­

sary weight corrections. 

Details of the method 'is given in Appendix B.6.3. 

5.9 p'H DETERMINATIONS 

The pH of soils was determined in the laboratory. 

A field test was used to determine the pH of stream waters. 

5.9.1 Determination of Soil pH 

10 g of '-2 mesh (B.S.S.) soil sample was treated with 

20 ml of O.OlM calcium chloride solution for 30 minutes with 

occasional stirring. The pH of the solution was determined 

using a pH meter (Pye, Model 60S). The sensitivity of the 

meter is 0.05. The method has good precision. 

5.9.2 Determination of ehe pH in Stream Waters 

5 ml of stream water in a calibrated test tube was 

mixed with 0.1 ml of BDH (British Drug House) universal indi­

cator. The colour of the solution was compared with the 

colours on the BDH colour chart. This method covers a pH 

range of 4.0 to 11.0 and has a sensitivity of 0~5 of a 

division. 
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5.10 X-RAY DIFFRACTION ANALYSIS 

Hydrothermal alteration minerals in rock samples were 

determined by X-ray diffraction analysis using a Phillips 

X-ray diffractometer. The samples were ground to -250 mesh 

(B.S.S.) and packed in aluminum metal holders of fixed area • 

. Special care was taken to produce the same close packing and 

smooth flat surfaces for all samples. The constant grain 

size, packini, and flatness of sample surfaces are important 

in obtaining reproducible results. 

The rock samples were scanned from 4 degrees to 40 

degrees with a scanning speed of 1 degree per minute, using 

CoKa radiation. The chart recorder speed was 600 mm/hour 

with a time constant of 2. The X-ray diffractometer was 

operated at 34 kv and 24 ma at a sensitivity of 400 cps. 

Feldspar, ~uartz, clay minerals, carbonates (calcite, 

dolomite, siderite), and hematite peak intensities at par­

ticular 26 angles (Table 5.10) were measured and recorded 

for each rock sample. The peak intensities depend on several 

characteristics of the sample which can be summarized as 

follows: (a) crystallinity; (b) grain size; (c) packing and, 

therefore, orientation a feature that is especially true in 

the case of minerals with tabular and platy habits (e.g. 

carbonates, clay minerals, micas and to a lesser extent 

quirtz), resulting in the strengthening of basal reflections; 

(d) matrix effects such as the occurrence of other reflec­

tions at the same 26 value which could enhance the signal. 

For the above variables, grain size and packing can 

be controlled to some extent, and the other variables should 

be roughly constant as ,long as one is dealing with a single 

rock type. The peak height (intensities) recorded under 

• 
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TABLE 5.10 

Characteristic reflections of minerals at 't-lhich peat: intensities lolere 
measured by X-ray diffraction 

Hineral 28 values 
. (Co Ka radiation) 

Feldspar 32.4 - 32.7 

Quartz 31.1 

Kaolinite ~ 14.5 
-

Uontmori1lonite ~17 

Illite-sericite ..... 10.3 

Chlorite 14.4 

Calcite 34.3 

Dolomite 36.1 

Siderite 37.8 

Hematite 38.9 
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TABU 5.11 

Identification of cley 1I1nerals by X-ray powdor diffraction <dcor Shaw, 1911) 
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the above-specified conditions are, therefore, related semi­

quantitatively to the mineral concentration. 

From the recorded peak intensities .the ratio of clay 

(kaolinite - montmorillonite - illite - sericite)/feldspar 

was calculated for the rock samples. 

Clay minerals were identified using tests summarized 

in Table 5.11. In some cases the clay fraction had to be 

separated (see Appendix A.5). From this fraction, disc 

mounts and loosely packed mounts were prepared to obtain 

the basal and random orientations needed for identification. 

5.11 SELENIUM ANALYSIS 

5.11.1 Purpose of Selenium Analysis 

The hydrothermal phase of ore formation is the major 

phase in which selenium is concentrated. The element occurs 

in a wide variety of deposits, either in a dispersed state, 

isomorphously substituting for sulphur, or more rarely, 

forming its own minerals. The silver and gold veins of 

Mexico and Chile contain high concentrations of selenium 

(Sindeeva, 1964). Other deposits with a high selenium con­

centration include pyrite and copper-pyrite deposits, poly­

metallic sulphide deposits with sulfarsenide and arsenide 

minerals,sandstone-type uranium deposits, and certain skarn 

and greisen deposits. Selenium is also reported to be con­

centrated in the massive sulphide orebodies of the Noranda, 

Flin F1on, Normetal, and Aldemac mines (Hawley and Nichol, 

1959), with average concentrations up to a few hundred ppm. 

The widespread occurrence of selenium in ore deposits 

makes it a good pathfinder, but difficulties encountered in 
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the analysis of the element have largely prevented its 

application in mineral exploration. The need for a fast. 

practical, and economic method for selenium analysi~ hast 

therefore, always been present. 

5.11.2 Review of Present Methods of Selenium Analysis 
/ 

Earlier methods of selenium analysis consisted mainly 

of a distillation technique from selenium tetrabromide, the 

detection limit being about 10 ppm, a value which is too 

high for normal geochemical samples (Robinson, et al., 1973;. 

and Lakin, 1959). The more sophisticated methods of neutron 

activation used by Brunfelt and Steinnes (1967) and Kiesl, . 

et. al. (1970), and the spectrofluorometric method employed 

by Schnepfe and Flanagan (1973) are too slow and expensive 

to be used in exploration geochemistry. The recent and a 

more feasible method appears to be the atomic absorption 

method by hydride generation. The first account of this 

method was given by Holak (1969), and this was followed by 

a series of reports by Madsen (1971), Dalton and Ma1anoski' 

(1971), Fernandez and Manning (1971), Pollock and West (1972, 

1973) and Thompson and Thomerson (1974). The principle of 

the method depends on the generation of covalent hydrides 

of Groups IV, V, and VI elements where the number of valency 

electrons are equal or greater than the number of orbitals, 

these include Ti, Ge, Sn, B, Si, A1, Bi, Te, Pb, and P, as 

well as As, Se, and Sb. Sodium borohydride (NaBH4 ) has been 

found to be the best reducing agent and generator of hydro-

gen. The generated hydrides are measured by an atomic 

absorption spectrophotometer. A detection limit of 0.15 ugl 

litre selenium has been reported by Fernandez (1973). 
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A method similar to that of Thompson and Thomerson 

(1974) was investigated by S. Walton (pers. comm., 1975) a 

member of the Applied Geochemistry Research Group; this gave 

a detection limit of 4.1 ng/m1 using 1 m1 a1iquots of stand­

ard solution. A precision of ± 12% at 50 ng/m1 using 1 m1 

concentration and a working range of 5 ng/ml to 70 ng/m1 

was obtained. 

The atomic absorption method of selenium analysis by 

the hydride generation technique appears to be particularly 

promising. 

Two methods of selenium analyses were investigated 

by the author. These were the conventional colorimetric 

method and the microwave-induced argon plasma method. 

5.11.3 Colorimetric Method of Selenium Analysis 

Cheng (1956) used 3,3 '- diaminobenzidine to determine 

selenium colorimetrically. Later Luke (1959) applied the 

separation of selenium by co-precipitation with arsenic. 

Mabuchi and Nakahara (1963) used a dithizone procedure for 

selenium determinations. However, investigations by Stanton 

and McDonald (1965) indicated copper interference and insta­

bility of the selenium complex for the latter procedure. 

The method used by the author is essentially that 

of Stanton and McDonald (1965) who used a 3,3'-diaminobenzi­

dine as the complex forming reagent. ,Details of the method 

are given in Appendix B.7. It should be noted that there 

are s~rious problems associated with this method as discus­

sed below. 
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5.11.3.1 Discussion 

As can be seen from the procedure (Appendix B.7), 

the method is long and tedious, involving two separations 

and two evaporation stages. The average productivity is 

about 15 samples per man-day.' The linear calibration range 

is 0.5-30 ppm and the detection limit is about 0.5 ppm 

using a 19 sample. The precision was found to be bad and 

the results for batch analyses of the same sample set indi­

cated a poor correlation (Table 5.12). 

This poor correlation is probably related to the 

loss of selenium during the two evaporation stages. To 

evaluate the loss during the whole procedure, solutions con­

taining 1, 5, and 10 ~g selenium were treated in the same 

way as the samples. Care was teken not to over-dry and not 

to evaporate the acids vigorously. At the end of the pro­

cedure, the selenium contents of the solutions were found 

to be not detectable for the solutions originally containing 

1 and 10 ~g selenium, and 2.75 ~g Se for the solution orig­

inally containing 5 ~g See 

These results suggest that considerable loss of 

selenium occurs during the evaporation stages and possibly 

some during the filtration stage. 

The other problems with the method are the occas­

ional formation of a white precipitate of ammonium per­

chlorate and the formation of white, brown, and purple 

gelatinous precipitates within the toluene phase. The 

former did not affect the readings. The latter problem, how­

ever, had a considerable effect on the spectrophotometric 

readings, a feature that is probably due to silica which had 

to be filtered off before the spectrophotometric determinations. 
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TABLE 5.12 

Comparison of duplicate selenium analyses obtained for two different 
ba.tch analyses 

Rock First batch I 
Second batch 

s'ample determinatiot:l determination 
l1umber Se (ppm) ISe (ppm) 

I 

DR-2 0.5 0.5 

DR-7 5.4 N.D 

DR-l8 1.6 2.1 

DR-19 2.3 11.0 

DR-27 3.0 2.9 

DR-29 1.2 0.8 

DR-38 . U.D. 0.7 

DR-48 N.D •. ~ N.D 
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Because of poor precision and low productivity, this 

method was thought to be unsuitable for the author's 

investigations. 

5.11.4 Microwave Induced Argon Plasma Analysis 

5.11.4.1 Introduction 

Plasm~ is an ionized gas with the concentration of 

electrons and ions being in equilibrium. It has the import-

ant property of sustaining large quantities of electrical 

energy which can then be used to obtain high temperatures. 

A plasma can be formed by dissociating and then ionizing 
, 

gas molecules at atmospheric pressure by applying a high 

frequency electromagnetic field. 

Analytical use of plasma has become important as a 

source of atomic vapor for absorption and emission spectro-

scopy. The atomization is achieved at temperatures above 

5,000 K. "For analytical purposes an inert gas is necessary 

to prevent the formation of ion-plasma complexes. 

No attempt will be made here to give a complete 

review of plasma sources for emission spectrography. The 

interested 'reader is referred to review articles by 

Greenfield et a1. (1975 a~ b). 

The use of plasma as an excitation source has become 

important because of the high electronic temperatures (as 

high as 10,000 K) attained by the plasma sources. This 

enables this type of, source: 

(a) to excite analytically useful spectr~l lines of 

a large number of elements. 

(b) to reduce chemical and spectroscopic interfer-

ence~ and self.absorption. 
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(c) to yield high sensitivities. 

These three characteristics are all 1nterre1ated. 

Three types of plasma emission sources are 'employed 

1n the analytical field. 

(1) Plasma jets. These operate on a d.c. power 

supply an4 are capable of being operated up to 

100 kw (Greenf1eld et a1., 1975a). 

(ii) Microwave plasma generators. These are operated 

at frequencies greater than 300 MHz, the most 

common frequency being 2450 MHz. These are 

operated at lower power (up to about 120 watts). 

(iii) High-frequency (radio-frequency) plasma genera-

tors operating at frequencies between 1-300 MHz. 

The high-frequency plasmas operate at relatively 

high powers (0.4-15 kw). 

The low-powered microwave plasmas have been used for 

the determination of sulphur, phosphorus, and, the halogens 

and certain'other elements in solution (Murayama et al., 

1968; Aldo~s et al., 1971 and Fallgatter et al., 1971). 

Meyer and Lam Shang Leen (1973) and Meyer (1973) described 

an induction-coupled, microwave plasma system for the analysis 

of geochemical samples. This system was designed to analyse 

metal vapors evolved from solid samples through a temperature 

o range of 20 to 1000 c. Solutions could also be used by 

vaporization of the residue after a solvent evaporation 

procedure. 

The use of high-frequency plasma generators as exci-

tation sources in optical spectroscopy have recently become 

more common than the low-powered microwave plasma generators. 

This is due to the following reasons: 
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(i) a plasma of any inert gas can be formed at atmos­

pheric pressure with the radio-frequency plasma 

generators, 

(ii) more stability and fewer problems of· the extin­

guishing of radio-frequency plasmas, 

(iii) better sensitivity and less interference due to 

the higher temperatures attained with the radio­

frequency type of plasmas, 

(iv) inexpensive and easy operation of the radio­

frequency plasma generators. 

Inductively coupled radio-frequency plasma S04rces 

have been used to determine sulphur and phosphorus (Kirkbright 

et al., 1972) and iodine, arsenic, mercury, and selenium in 

aqueous solutions (Kirkbright et al., 1973). Recently, there 

have been a number of successful attempts at using the induc­

tion coupled radio-frequency plasma generators as sources for 

multi-element atomic emission spectrophotometric analysis 

(Kirkbright and Ward, 1974; Greenfield, et al., 1975c; Scott 

and Kokot, 1975). 

Among the attempts at selenium determination three 

can be mentioned. Aldous et ale (1971) determined selenium 

with a detection limit of 3.24 ppm using the 203.9 nm selenium 

line employing a microwave plasma generator operating at 

2450 Mhz and 100 watts. Lichte and Skogerboe (1973) analysed 

selenium with a detection limit of 0.04 ppm using the 196 nm 

selenium line and employing the same type of plasma generator 

as that used by Aldous et ale (1971). And finally Kirkbright 

et ale (1973) .determined selenium ~ith detection limits of 

0.11 and 0.16 using the 196.1 and 203.4 nm selenium lines by 



139 

employing a radio-frequency plasma generator operating at 

36 MHz and 5kw. 

5.11.4.2 Research and Development on an Inductively Coupled 

Microwave Plasma System for Selenium Analysis 

5.11.4.2.1 Introduction 

The aim of the present research in this field was to 

develop a fast and precise method of selenium analysis, and 

provided the method was applicable, to investigate the differ­

ent forms of selenium in the primary and secondary geochemical 

environments by studying vapor evolution profiles. A better 

understanding of the geochemistry of selenium in the vicinity 

of volcanogenic sulphide environments could, therefore, be 

outlined •. However, the author's research in this field failed 

to produce a useful method. Nevertheless, an account of this 

research points out several problems associated with low­

powered microwave plasmas and sampl~ introduction systems 

that may be of interest to future investigators in this field. 

The system used is essentially the one described by Meyer and 

Lam Shang Leen (1973) and Meyer (1973) with some modifications. 

The present research described here is the first real appli­

cati~n of this system to the quantitative analysis of geo­

chemical samples. The apparatus is fully described by Meyer 

and Lam Shang Leen (1973) and Meyer (1973), but, a short 

description will serve to orient the reader at this point. 

5.11.4.2.2 Instrumentation 

The microwave-induced argon plasma system used in 

present research consists of three parts: (a) sample. 
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introduction, (b) vapor excitation, and (c) signal detection 

units (Figure 5.3). 

(a) Sample Introduction: a Leco induction furnace 

operating at 14.6 MHz and 1500 w, was used to 

heat micro-crucibles (electrodes) of graphite, 

carbon and steel within a combustion tube (35 

mm in internal diameter) placed concentrically 

in the coil of the furnace. The combustion 

tube extends into a 5 cm long and 2 mm internal 

diameter quartz tube heated by a coil to pre- . 

vent condensation on the walls of the tube. The 

argon gas is introduced into the base of the 

combustion tube through a sample changer. The 

flow rate is read on a flow meter. The flow of 

argon forms the plasma as well as acting as a 

carrier gas for the evolved vapors. The iron, 

graphite, carbon, and gold-foil electrodes pre­

pared were capable of holding 10, 10, 50, and 

10 mg of sample. The temperature of the cruc-

ibles was controlled by a variable transformer 

attached to the induction furnace. Temperatures 

o 0 of 1100 C for the graphite crucible and 840 C 

for the iron crucible were obtained with full 

power. By heating the sample using full power 

a total analysis could be made and by slowly 

heating the sample vapo~ evolution profiles 

could be obtained. 

(b) Vapor Excitation: the excitation of the vapor 

evolved was achieved by a Microtone 200 micro­

wave generator operating at 2450 MHz. An alumel 
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wire was attached to the quartz tube to ensure 

plasma stability. 

(c) Detection System: radiation from the plasma was 

dispersed by a Czerny-Turner 0.3 - m monochro-

mator with bilaterally adjustable slits. A photo-

multiplier connected to a 'negative EHT supply 

of 1.0 kV was"used to detect the light at a 

particular wavelength. The signals were amp1i-

fied by a chopper stabilized operational ampli-

fier and displayed by a Servoscribe recorder. 

The whole detection unit was placed in an 

aluminum cage to reduce the effect of radio-

'and microwave- frequency interference. 

A period of at least 30 minutes was necessary for 

the warm-up of the apparatus, especially the microwave gen­

erator. A particular spectral line of selenium (e.g. 196.1 

nm) was located on the monochromator-detector system by 

adjusting the monochromator so that the maximum signal was 

obtained from the light emitted from the e1ectrode1ess dis-

charge lamp of selenium. 

5.11.4.2.3 Preparation of Standards 

Two sets of solid standards were prepared by two dif-

ferent procedures. The first set of standards was prepared 

by weighing out 109 of specpure Johnson-Matthey rock, base into 

a 100ml beaker and adding adequate amounts of selenium solu­

tion (i.e. for 1 ppm add 1 m1 of 10 ~g/ml solution of Se). 

Twenty m1 of absolute alcohol were added and the whole 

stirred throughly to make a slurry which was then evaporated 

o to dryness on a hot plate at 55 C. The'materia1 was grou~d 
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in an agate mortar, another 20 m1 of absolute alcohol was 

added, and the mixture was stirred and evaporated as before. 

When dry, the standards were homogenized in a shaker mill 

for 15 minutes. 

The second set of standards was prepared from an 

ignited tuff used as the rock base. Adequate amounts of 

selenium solu~ions were added to a 4g portion of the rock 

base, dried uhder an infra red lamp, and then homogenized 

thoroughly in a mechanical mortar for six hours. 

The first set of standards gave a better calibration 

curve. This was probably due to better homogenization. 

Liquid standards were analysed after adding a1iquots 

of selenium standard solutions to a blank rock base in an 

iron electrode. 

5.11.4.2.4 Investigations 

The spectral lines of selenium, 203.9 nm and 196.1 

nm, were investigated to find the most sensitive line. It 

was found that the 196.1 nm line gave the greatest sensitivity. 

The argon plasma is formed by sparking a tes1a coil 

at the tip of a quartz tube while the argon is flowing. The 

plasma generator was usually operated at about 80 W. Increases 

in power resulted in slight increases in sensitivity (Table 

5.13). 

Greater flow rates reduced the sensitivity due to 

dilution of the element vapor by large quantities of argon 

(Table 5.14 and Figure 5.4). High flow rates of argon also 

reduce the plasma temperature thus decreasing the number of 

excited atoms and lowering the sensitivity. The power and 

the argon flow rate are interrelated as far as plasma stability 
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Table 5.13 The effect of microwave generator power on 

the signal obtained by running a solid 

standard containing 5 ppm selenium 

Power in watts 

75 

100 

120 

Signal intensity 
(Arbitrary divisions) 

20 

22 

23 

Table 4.14 The effect of argon flow rate on the sensitivity 

of the signal obtained by running a 5 ppm 

selenium solid standard 

Flow Rate 
1itres/minute 

7 

8 

9 

Signal intensity 
,: (Arbitrary divisions) 

20 

18 

12 
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is concerned. The best conditions for stability were obtained 

at a flow rate of 8 litres/min and a power of 80 watts. 

It was found that the sensitivity changed consider­

ably depending on which part of the plasma was being observed. 

The original viewing position of below the tip of the quartz 

tube was not used. Instead, the portion just.above the tip 

of the quartz tube was viewed. Thus, the absorption by the 

quartz tube at the low wavelength range was avoided. Further 

absorbance was. caused by the frosting of the quartz tube. 

The new viewing position above the tip of the quartz tube 

increased the sensitivity by a factor of two. A SO ppm Se 

solid standard gave signal heights of 40 and 78 arbitrary 

divisions at the two referred positions. 

The slits and the height on the monochromator were 

set to 0.05/0.05 and 6 respectively to obtain better signals 

at the 196 nm selenium line. 

The effects of different electrodes on the release 

of selenium from the solid samples and standards were 

examined. The electrodes were made of iron, carbon, graphite, 

and gold foil. 

Better results were obtained with the iron electrodes 

which gave much sharper peaks and less background inter­

ference (Figure 5.5). With the gold foil electrode an 

unstable plasma was obtained. This was thought to be due to 

the small mass of the crucible which caused a sudden evolu­

tion of vapors, and this in turn greatly diluted the plasma 

and at times resulted in an extinguished-plasma. The carbon 

crucible held about 50 mg sample from which the evolved 

vapors were usually too great for the low power plasma. The 
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calibration curve obtained using solid Se standards and 

iron electrodes is presented by Figure 5.6a. 

Aliquots of known amounts of selenium solutions were 

transferred to iron electrodes filled with a blank rock base. 

The standards prepared in this way gave a better calibration 

(Figure 5.6b). A "dissolution procedure of preheating at 

l30 0 C was nec~ssary before the final heating to 600o C. 

5.11.4.2.5 Discussion 

Many problems are associated with this type of sample 

introduction. EVen when using solid samples of 10 mg in 

weight, the quantities of vapor evolved were more than the 

low power pla~ma could cope with. .As a result an unstable 

plasma was obtained in most cases, often producing negative 

signals (Figure 5.5e). The vapors evolved are mainly water 

vapor, sulphur dioxide, and carbon dioxide. The water vapor 

evolved from the structure of 'different minerals at differ­

ent temperatures caused problems by giving false signals 

due to the establishment of an unstable plasma. Even samples 

which were left in the open air 'for 15 minutes after being 

run at 600 0 C produced significantly strong signals which 

were thought to be related to adsorbed moisture from the 

atm~sphere. Since different samples contained different 

amounts of constituent vapors, different backgrounds and 

matrix interferences were, therefore, present. 

~ecause of background interference, calibration with 

the solid standards was not possible below 5 ppm See The 

calibration graph became flat above 50 ppm. With the solu­

tion standards in the blank ~ock base, concentrations down 

to 1 ppm' could be measured~ but much stronger signals were 
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obtained with the solid standards., This was thought to be 

due to,the higher background contribution from the latter 

type of standards. The sour~es of interferences wer~ investi-

gated. The interferences are believed to have been caused by 

molecular bands of N2 (Pearse and Graydon, 1950) and possibly 

OH. 

Because of the high detection limits no attempt was . 
made at quantitative analysis of samples~ Initial analysis 

gave results which were higher than expected. Some qual ita-

tive vapor evolution studies were carried out, from which it 

was found that selenium in the elemental form was vaporized 

at ,320 oC using iron crucibles (Figure 5.7a). Selenium in 

the selenite (Se0 3) form was evolved from solid standards at 

430oC. About 15 samples were slowly heated to obtain their 

selenium vapor evolution profiles. The most common peaks 

were obtained at 320oC, 370
o

C, and 430 0 C corresponding to 

selenium, structural selenium in pyrite, and selenite 

respectively (Figure 5.7). 

5.11.4.2.6 Conclusions and Recommendations 

The solid sample introduction system described here 

was unsuitable for the low power microwave plasma. Intro-

duction of samples in solutions followed by evaporation of 

the solvent appeared to be more promising. A nebulising 

system involving a solvent evaporation procedure of the type 

used by Fallgatter et ale (1971) seems to be a feasible way 

of, sample introduction. 

More work needs,to be done on the analysis of vapor 

evolution profiles to determine the different forms of 
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selenium in geochemical samples. This type of work could 

contribute considerably to an understanding of the geo­

chemistry of this element. 
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CHAPTER 6 

CHEMISTRY OF THE SULPHIDES 

6.1 INTRODUCTION 

Geochemical exploration for a particular type of 
/ 

deposit, requires data on the chemistry of the typical are to 

ascertain the effective indicator and pathfinder elements. A 

good knowledge of the chemistry of the ores, combined with their 

are mineralogy can also help in solving many questions about. the 

primary and secondary dispersion of their constituent elements. 

Ore samples from Madenkoy, Kutlular, Tunca, Kotarak 

Dere, Sirtkoy and Sarisu were analysed for Cu, Zn, Pb, Cd, 

Ag, As, Mo, Ba, Co, and Ni •. Mercury was only determined in 

the Madenkoy and the Kutlular are samples, and fluorine 6nly 

in the Madenkoy drill-hole 110 are samples. The analytical 

methods are described in Chapter 5. 

Several samples of pyrite were separated from the 

or~s of all the sulphide bodies. The techniques of separa-

tion used are summarized in Appendix A.2.6 •. The pyrite 

samples were analysed for Cu, Zn, Pb, As, Mo, Co, and Ni. 

The main purpose of these analyses was to investigate any 

differences present between the minor element chemistry of 

the pyrite from different types of sulphide bodies. 

6.2 CHEMISTRY OF THE ORES 

In common.with most volcanogenic massive sulphide 

deposits of calc-alkaline rock association the economic 

sulphide bodies studied in this thesis are polymetallic in 

nature. All are enriched in base metals (with the exception 

of lead which occurs only in minor amounts), gold and silver, 
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as well as in many other elements such, as Ba, Hg, As, and 

Cd. The contents of base metals and minor elements in each 

of the ore samples are controlled by the type and relative 

amounts of ore and gangue minerals in the particular sample. 

At, the Madenkoy massive sulphide deposit the vertical 

mineral zoning observed and described in Chapter 4 is indi-
I 

cated by the chemical analysis (Tables 6.1 and 6.2). In this 

deposit the ore samples from drill-hole 110 represents the 

full range of zones present, the zoning being exemplified 

clearly by the Hg and As distributions (Figure 6.1). The 

contents of Pb, Zn, Cu, Cd, Ag, Ba, As, and Hg increase 

sharply towards the top of the ore; Mo is more concentrated 

in the black are and remains constant in the other zones. 

Cobalt, and to a very large extent F, are enriched in the 

stockwork and impregnation zones. The Ni content decreases 

slightly towards the stockwork-impregnation zone of the 

deposit. The distribution of most elements such as Zn, Pb, 

Cd, Ag, Ba, As, and Hg are controlled to a large extent by 

the occurrence and abundance of sphalerite, galena, barite, 

and sulphosalts. For example, the As and Hg,conc~ntrations 

are mainly dependent on the content of sulphosalts, galena, 

and sphalerite which have their highest m~da1 abundance in 

the black ore. 

Tin was also analysed in a few are samples from the 

Madenkoy deposit, the content of which ranged from a few ppm 

to 945 ppm. The highest Sn content was found in a pyrite-

sphalerite-rich ore sample. T'he Sb, Bi, Ge, and Au analyses 

carried out at the M.T.A. laboratories in Ankara gave ranges 

of N.D. (not detected) - 520 ppm; N.D. - 150 ppm, N.D.- 40 ppm; 

and N.D. - 2.6 ppm respectively for these elements. The 
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detection limits were respectively 100, 10, 10 and 1.5 ppm. 

All four elements are concentrated at the top of the massive 

ore and are undetectable in the stockwork and dissemiiation 

zones. Germanium has its highest concentration in zinc-rich 

I 

Table 6.2. Analysis of samples from different zones of the 

M~denkoy massive sulphide deposit in drill-hole 

101. All concentrations are in ppm. 

Type of Zone Number of Cu Zn ·Pb Cd Ag 
Samples 

BLACK ORE 7 samples 40400 167860 2840 615 22 

YELLOW ORE 6 samples 37720 45430 1390 157 10 

STOCKWORK AND 
IMPREGNATION 4 samples 57350 6075 460 10 5 . 
ORE 

samples (about 25% Zn), and Au is more highly concentrated 

in Ag-rich samples (about 130 ppm Ag), the latter feature 

suggesting that the occurrence of electrum is the main con-

trolling factor in the distribution of gold. Gold also 

• occurs as rare inclusions in chalcopyrite in the lower levels 

of the massive ore. 

Ore samples from drill-holes at the Kutlu1ar, Kotarak 

Dere, and Tunca depo~its were also analysed, and results are 

given in Tables 6.3, 6.4, and 6.5. Samples from the Kut1ular 

deposit are mainly from the .yellow ore; at Kotarak Dere only 

the massive pyrite and underlying stockwork and impregnation 

zones were sampled; and at Tunca only the stockwork-

impregnation zone was samp1ed~ The available samples from 

all of these deposits are probably too few to be representative. 
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Table 6.3 Analysis of ore samples from drill-hole K-IO of the Kutlular massive sulphide deposit. 

Element concentrations are in ppm except for Hg which is in ppb. 

Sample Position of Type of 
No. sample zone Cu Zn Ph Cd Ag As Mo Hg Ba Co Ni 

3123 22-23 m Impregnations and 
veins in hanging-wall 25000 2300 200 29 7 40 25 60 685 33 13 

3125 24-25.5 m " " 34600 760 800 7 29 2200 65 374 273 59 45 

3127 26-27 m " " 68500 760 480 23 26 3500 220 136 23912 76 26 
...... 

3130 30-31 m " " 2640 1040 92 8 5 600 220 61 45170 30 18 l.n 
co 

3133 34-36.5 m " " 36000 900 1200 300 95 - 23912 76 26 

3136 39.5-41 m Stockwork 409 147 67 3 16 113 5 36 655 5 8 

3138 43-45 m " 208 62 32 2 2 100 40 12 460 21 37 



Table 6.4 Analysis of ore samples from the Kotarak Dere sulphide deposit. 

All element concentrations are in ppm." 

Sample Position of Type of 
No. sample zone Cu Zn Pb Cd Ag As Mo Ba Co Ni 

Core-l 

D-l 2-2.5 m Massive pyrite 1200 970 296 7 15 650 30 8969 3 27 I-' 
VI 
\0 

D-2 7-8 m Massive pyrite 320 220 92 5 4 450 29 20 16 

466 6-6.5 m Stockwork- 530 310 136 2 6 8 2598 3 44 

462 10.5-11 m " 1300 30000 32 110 5 19 1322 5 56 

463 18-18.50 m " 130 1800 32 7 2 1 900 2 60 



Table 6.5 Analysis of surface ore samples from the Tunca ore deposit. 

All concentrations are in ppm. 

Sample Type of 
No. zone CU Zn Pb Cd Ag As Mo Ba Co Ni 

~ 
0' 
0 

TO-l Stockwork-impregnation 230 300 52 1 1 58 7 746 4 53 

TO-2 " " 4200 1070 320 6 43 650 15 2439 2 74 

TO-3 " " 710 29000 280 79 8 150 1 11122 5 46 

405 " " 280 370 140 1 3 60 3 353 _ 3 52 

406 " " 73 1800 36 5 2 11 1 2191 3 30 
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The general decrease of base metals and other minor 

e1ement~ from the top of the massive ore into the stockwork 

and dissemination zones observed in the Madenkoy deposit is 

present in the Kut1u1ar and Kotarak Dere orebodies. How-

ever, in the last deposit the Cu and Zn contents in the stock-

work and dissemination zones are higher than in the massive 
) 

pyrite. The decreasing trends shown by As and Hg in the 

Kut1u1ar ore are more regular than those of the other elements. 

Ore samples from the stockwork and impregnation ,zones 

of the Tunca deposit have comparable amounts of base metals, 

Ag, As, Mo, and Ba with those of the Madenkoy, Kutlular, 

and Kotarak Dere deposits. The Co contents in the Kutlular, 

and especially in the Tunca and Kotarak Dere ores, are con-

siderab1y lower than those in the Madenkoy ores. For the 

Kut1u1ar ores, Co > Ni; for the Kotarak Dere and Tunca ores 

Co < Ni. 

Mineralized samples from the Sirtkoy and Sarisu 

occurrences contain lower contents of As, Mo, Ag, and Ba 

(Tables 6.6 and 6.7), especially Sarisu which contains very 

low quantities of Cu, Zn, Pb, and Cd as well as As, Mo, Ag, 

and Ba. The Co content of the ores from these two occur-

rences are higher than'a11 the other depo~its except the 

Madenkoy deposit. The average Co/Ni ratio for both the 

occurrences is about 1.5. 

Ores from the Lahanos, Kizi1kaya, and other deposits 

were analysed by Tuga1 (1969). The results are within the 

range encountered in the deposits studied in this thesis. 

The mean contents were 0.42% Cu, 0.30% Zn, 0.69% Pb, 150 ppm 

As, 93 ppm Mo, 25 ppm Mo, 4 ppm Ag, and 15 ppm Ni. Leitch 

(1975) analysed ore concentrates from the pyritic ore zones 



Table 6.6 Analysis of surface ore samples from the Sirtkoy barren stockwork-impregnation 

mineralization. All concentrations are in ppm. 

Sample Type of 
No. zone Cu Zn Pb Cd Ag As Mo Ba Co Ni 

SO-l Stockwork-impregnation 660 202 172 1 1 12 1 393 70 20 

S0-2 II " 1060 430 28 2 1 7 2 61 34 33 ..... 
0\ 
to-) 

50-3 II II 1760 116 10 2 1 18- 4 74 34 33 

50-4 " " 350 147 10 1 1 <4 1 56 19 21 



Table 6.7 Analysis of mineralized surface samples from the Sarisu barren pyrite-impregnation 
mineralization. All concentrations are in ppm. 

Sample Type of .... 
0'\ 

No. zones Cu Zn Pb Cd Ag As Mo Ba Co Ni w 

SSo-l Impregnation 10 24 10 1 <1 <4 15 48 20 

SS0-2 Impregnation 38 38 10 3 1 <4 1 41 16 21 

SSO-3 Impregnation Z8 29 15 3 1 <4 2 48 12 15 

5S0-4 Impregnation 28 23 24 1 1 <4 3 74 24 14 
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of the Lahanos and the Kizi1kaya deposits and found log­

arithmic mean contents of 280 ppm Cu, 55 ppm Zn, 155 ppm Pb, 

400 ppm As, 9 ppm Ag, 23 ppm Co, and an arithmetic mean of 

82 ppm Ni for the Lahanos deposit; and logarithmic means of 

490 ppm Cu, 180 ppm Zn, 130 ppm Pb, 250 ppm As, 7 ppm Ag, 

29 ppm Co, and an arithmetic mean of 65 ppm Ni were calcu-
I 

1ated for the Kizi1kaya deposit. Gold assays performed by 

the Black Sea Copper Company (K.B.I.) gave 1.7 and 1.1 ppm 

for the black ~nd yellow ores of the Lahanos deposit, and 

0.15 ppm for the Kizi1kaya ores. 

From the ore chemistry studies it is clear that As, 

Hg, Ag, Cd, Pb, Zn, and Ba are concentrated in the massive 

ore. It'is probable, therefore, that the secondary disper­

sion of these 'elements can be useful in distinguishing 

between the different types of sulphide deposits. Copper 

and Mo in the secondary environment could be good indicators 

of the mineralization in general, but their use in discrim-

inating between the different types appears to be inadequate. 

6.3 MINOR ELEMENT CHEMISTRY OF THE PYRITE 

6.3.1 Previous Work and Objectives of the Study 

As far as the are genesis is concerned considerable 

emphasis has been placed on Co and Ni, and to some extent S, 

Se, and As in pyrite and coexisting sulphides (Loftus-Hills 

and Solomon, 1967; Bethke and Barton, 1971). 

Auger (1941) and,Haw1ey (1952) studied the distribu-

tion of several minor elements in the pyrite of Canadian 

gold deposits. No discernible regularities in the distribu-

tion of As with depth, temperature of formation, or grain 
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size was found by these workers. Cobalt followed a similar 

pattern to As except that it was more abundant in the high 

temperature pyrite, thus giving rise to higher ColNi ratios 

in this phase of pyrite. Carstens (1941 and 1942, !n 

Fleischer, 1955, p. 999 and 1004), analysed hydrothermal and 

. sedimentary pyri~e and found that the Co contents of the 

hydrothermal pyrite were considerably higher (mean of 500 ppm) 

than those of the sedimentary pyrite (usually less than 100 

ppm). Furthermore ,the Co contents were higher than the Ni 

contents in the hydrothermal type whereas the reverse was 

true for the sedimentary type. Similar results were obtained 

by Hawley and Nichol (1961) who found higher C~ and Ni con­

tents and ColNi ratios for hydrothermal pyrite. Sinclair 

(1971) analysed pyrite from the No. 5 and H ore bodies of 

the Horne mine at Noranda, Quebec. His results indicated that 

the pyrite from the H ore body contained significantly higher 

contents of Co and Se, both of which decreased with depth. 

As a result he suggested that the two ore bodies were formed 

independent of each other. Tugal (1969) analysed four 

pyrite samples from the Lahanos mine and seve~al pyrite 

concentrates from a number of deposits in the Eastern Black 

Sea Region. He could not detect Co in any of the pyrite 

samples and ~ould only detect As in one pyrite sample (487 

ppm As), whereas Ni ranged between 21 and 75 ppm with a mean 

of 39 ppm. However, pyrite concentrates from several deposits 

gave ColNi ratios within the range of 0.52 and 102.10, most 

ratios being generally greater than one. 

Following the observation that pyrite-rich samples 

in the Madenk~y deposi~ contained more As than similar samples 

from the Sirtkoy and Sarisu areas and the above studies, 
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emphasising the relationship between trace element content 

or pyrite and ore genesis, the author dec~ded to analyse 

pyrite samples from the various' types of mineralization in 

the Eastern Black Sea Province in an attempt (a) to shed 

light on the genesis of the deposits under consideration, 

and (b) to determine any diagnostic differences between 
I 

pyrite from the stockwork and dissemination zones of economic 

and noneconomic deposits, differences which hopefully would 

have a practical use in geochemical exploration. 

Ioeally, such a study should be carried out by elec-

tron microprobe, analysis which would eliminate the factors 

(e.g. exsolution and occluded material) affecting the dis-

tribution of As and other minor elements in the pyrite-rich 

samples. Attempts by the author to analyse pyrite for Cu, 

Co, Ni, and As by a Cambridge electron micrd analyser and 

Geoscan were, however, negated by the high detection limits 

of both these instruments for these elements. Consequently 

the author had to resort to the less efficient method of 

wet-chemical analysis. The technique for separating pyrite 

from other sulphides and gangue minerals is a long and 

tedius one (Appendix B.6). It was difficult to obtain pure 

pyrite samples due to the fine intergrowth of various ore 

minerals, especially in the case of massive sulphide samples. 

For example, pyrite sample CONC-l, separated from the top of 

the Madenkoy massive ore, contained 7% Zn and 6% Cu (Table 

6.8). However, some of the pyrite samples from the Murgul 

and Kutlu1ar deposits were coarse grained enough to minimize 

impurities. Polished section and binocular microscope 

examinations of all the pyrite samples were made to ensure 

a good separation. 
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Only a limited number of pyrite samples could be 

obtained due to the small number of mineralized samples 

available, particularly from the Sirtkoy and Sarisu areas. 

The data are, therefore, too limited to draw any statisti-

cally valid conclusions. Nevertheless, the study yielded 

some tentative results as regards the minor element chemistry 
I 

of the pyrite and its bearing on the genesis and exploration 

of these deposits. 

'Copper, Cu, Zn, Pb, Ag, and Cd were also analysed in 

addition to Co, Ni, and As in order to determine the pres-

ence of any impurities in the samples. 

6.3.2 Results 

Pyrite samples separated from core samples obtained 

from drill-holes 110 and 101 in the Madenkoy deposit were 

analysed, and the results are tabulated in Table 6.8. The 

results suggest that As is higher in the upper levels of 

the orebody and decreases gradually downwards. However, at 

the top of the orebody the presence of chalcopyrite, sphal-

erite, galena, and tetrahedrite-tennantite is indicated by 

the high concentrations of Cu, Zn, Cd, Pb, and Ag. In these 

samples it is difficult to determine how much of the As is 

due to the above mentioned impurities and how much of the 

element occurs as an isomorphous substitute. Co and Ni 

show no systematic variation with depth, and except for the 

first impure pyrite sample the Co contents are considerably 

higher than the Ni content~ for the Madenkoy pyrite. 

The trace element contents of pyrite from the other 

deposits and occurrences are presented in Table 6.9. In the 

economic deposits - Kutlular, Kotarak Dere, and Tunca - the 





Table 6.9 Trace element contents of pyrite fr~ Murgu1. Kut1u1ar. Tunca. Kotarak Dere. Sirtkoy. and Sarisu. 
All e1~ental concentrations are in pv.n. 

Mineralization S a::lp Ie Remarks-Type of Zone Cu Zn Pb Mn Ag Cd As Co Ni No. 

A-1 Disseoination zone (hand- 2600 17 36 12 4 5 80 40 16 
picked pyrite) 

A-2 Diss~~ination zone (hand- 750 11 32 12 4 5 80 56 16 

~GUL 
picked pyrite) 

C-1 Dissemination zone (hand- 590 84 98 12 3 5 1400 20 12 
picked pyrite) 

C-2 Stockwork zone 250 312 36 8 3 6 130 40 12 

Mean 4 Samples 1048 106 51 11 4 5 97* 39 14 

K-1 Dissemination zone (hand- 310 176 48 28 3 6 250 76 56 
picked pyrite) I-' 

Q'\ 

K-3 }~ssive yellow ore 14700 188 92 36 9 5 75 128 56 \0 

·KUTLULAR (chalcopyrite impurity 
present) 

K-4 Stockwork zone 170 320 64 4 3 5 240 56 12 

~!ean 3 Sa::1ples 240* 248 56 16 5 5 188 66 34 

T-1 Stockwork zone 1300 136 52 28 5 5 42 84 60 

T-2 }~ssive ore; impurities 430 900 220 20 6 6 400 20 30 
:rUXCA present 

Mean 2 Samples 865 518 52* 24 6 6 42* 52 45 

D-1 Stockwork zone 520 440 140 20 3 5 550 20 16 
KOTARAK P-2 Massive pyrite zone 250 256- 108 24 3 4 450 24 16 DERE 

!1ea.."l 2 Sa.:lples 385 348 124 22 3. 5 500 22 16 

SIRTKOY S-l Stockwork-~pregnation 590 400 40 2 2 4 65 416 124 

SARISU S5-1 Stockwork-impregnation 24 2 32 2 2 4 6 184 100 

* Y~i~~ concentrations of elements not included in the calculation of the mean 
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As contents of' pyrite are similar to those of the Madenkoy 

deposit and relatively higher than those of the Sarisu and 

Sirtkoy occurrences. The As content for the Sirtkoy pyrite 

is, however, within the range observed for a number of eco-

nomic deposits. Pyrite from the Sarisu impregnation occur-

rence is distinctly lower in As, and a~though only one pyrite 
I 

sample was analysed from this occurrence it is believed to 

be representative; analyses of a few mineralized samples 

containing pyrite from this occurrence also gave very low 

As concentrations (Table 6.7). 

The contents of Ni and Co in the pyrite from the 

Sirtkoy and Sarisu area are higher than those of the economic 

deposits. The exception being the Co content of the Madenkoy 

pyrite which is comparable with that of the Sarisu pyrite, 

but still considerably lower than that of the Sirtkoy pyrites. 

Following from the results discussed above, an attempt 

was made to find a simple factor which could discriminate 

between economic and barren mineralization. The ratio As/ 

(Co ~ Ni) ratios for pyrite from the stockwork-impregnation 

zones was found to be the best diagnostic parameter for this 

purpose. 

The As/(Co + Ni) ratios for pyrite from the stockwork-

impregnation zones of the various deposits studied are pre-

sented in Table 6.10. The results suggest that this ratio 

is a good discriminator between economic and barren minera1-

ization. Only one sample from the Madenkoy deposit has a 

similar ratio to that of the Sirtkoy mineralization. 

Pyrite is a 'common and widely distributed mineral in 

areas of different types of sulphide mineralization. Thus, 

sampling of exposed mineralization and subsequent pyrite 
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Table 6.10. The As/(Co + Ni) ratio of pyrite samples from 

the stockwork and disseminat~on zoncs of 

various types of mineralization. 

Sample Deposit As/(Co + Ni) 
Number (Mineralization) ratio 

CONC-4 1.5 

CONC-S .. 1.0 

CONC-6 
MADENKOY 

0.1 
o-t~ssive) 

CONC-15 0.5 

A-1 1.4 

A-2 1.1 

C-1 
MURGUL 

43.8 (Stockwork) 
C-2 2.5 

K-l KUTLULAR 1.9 

K-4 (Massive) 3.5 

T-1 
TUNCA 0.3 (Massive) 

KOTARAK DERE 
D-l (Stockwork-eroded massive 15.3 

sulphide) 

.. 
S-l 

SIRTKOY 
0.1 (Stockwork-impregnation) 

SS-2 
SARISU 0.02 (Impregnation) 



172 

analysis provides a useful approach for regional assessment 

of mineralized zones. However, the problems of represent­

ative sampling and efficient separation of pyrite free of 

impurities severely limits this technique as an exploration 

tool. There is a need for more data and further investigation 

-before any firm conclusions can be drawn about the use of 

this method in geochemical exploration for massive sulphides. 
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CHAPTER 7 

HYDROGEOCHEMICAL EXPLORATION 

7.1 INTRODUCTION 

The presence of a well developed dentritic drainage 

pattern fed by a year round active ground water flow makes 

hydrogeochemical surveying a practical exploration tool in 

the Eastern Black Sea Region. The streams in the area have 

steep gradients and high erosive capacities with consider­

able material being introduced from unstable slopes. 

The stream waters are clear, except after heavy rain­

falls, and t.hey generally have a near neutral pH. Oxidation 

processes, in the vicinity of sulphide bodies are generally 

expressed in the stream waters by pH values as low as 4 or 

less. 

A regional drainage survey was carried out by M.T.A. 

in part of the region between Rize and Findikli using Cu, 

Zn, Pb, and Mo in stream sediments with a sample density of 

one sample per square km (Yegulalp et al., 1972). This 

survey delineated all of the major mineralized zones in that 

part of the region, except the Tunca deposit. In the Tunca 

area the anomalies were probably masked to a considerable 

degree by high dilution in the Tunca river which is the only 

drainage channel associated with this deposit. 

In the present study the pH of stream waters was 

determined in conjunction with D.R. Boyle using the method 

of Boyle and Troup (1976) (See Chapter 5.9.2). A reconnais­

sance stream sediment survey in the Qayeli area, and more 

detailed drainage sampling in the Madenkoy, Sirtkoy, Sarisu, 

and Kutlular areas, were carried out with the following objec­

tives in mind: 
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(a) To investigate the efficiency of regional geo­

chemical stream sediment surveys in exploration, 

(b) To determine useful indicator and pathfinder 

elements and to study the factors controlling their dispersion, 

(c) To determine the regional and local background 

and threshold values for (b), and 

Cd) To investigate the possible use of these indi­

cator and pathfinder elements in distinguishing between 

different types of sulphide mineralizations. 

During the field work 205 spring and stream sediments 

were collected from the ~ayeli and Kutlular areas. The 

reader is referred to Appendix A for sample collection and 

preparation methods. The samples were analyzed for Cu, Zn, 

Pb, Ag, Cd, Mo, Fe, and Mn. Barium was only analysed in 

selected samples from the Madenkoy and Sirtkoy areas. All 

of the analytical methods used are described in detail in 

Chapter 5. The sample. sites were plotted on maps and are 

presented in Figures 7.1, 7.2 and 7.3. 

7.2 DATA PROCESSING AND INTERPRETATION 

All the elemental values were entered on punched 

cards, and routine statistical parameters such as means, 

standard deviations, ranges, and correlation coefficients 

were computed. During the data processing some highly anom­

alous samples were excluded from the data to prevent a bias 

in the results. A summary of the results is given on 

Table 7.1. 

A second program was used to plot normal and lognormal 

histograms and cumulative probability distributions. It was 

found that all elemental distributions were best approximated 
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by a lognormal distribution. From the lognormal cumulative 

plots, estimates of the mean, the mean plus one standard 

deviation, and the mean plus two. standard deviations were 

calculated; the limits of the class intervals were set at 

these levels. Because of the poor precision of the analytical 

method for Mo at low concentrations, the first two classes 

were combined in order to avoid a high background variation 

for this element. 

Estimates of the regional background values for the 

various elements were made by using the stream sediments 

collected to the east and south of the Madenkoy deposit where 

no mineralization is known to occur. The average regional 

background contents for the elements studied correspond to 

the geometric means for the total data. The ,geometric means 

and the other parameters for the background data are pre­

sented in Table 6.2. 

A comparison of Table 7.1 (total data) and Table 7.2 

(selected background data) suggests that when estimating the 

average regional backgr~und contents of elements from the 

total (backgro~nd and mineralized) data it is best to take 

the geometric mean or 50th percentile value from the log­

arithmic cumulative curve. 

7.3 pH OF SPRING AND STREAM WATERS 

The pH values for spring and stream waters in the 

Cayeli (Sirtkoy, Sarisu), Madenkoy (also includes drill-hole 

waters), and Kutlular areas are presented in Figures 7.1, 

7.2 and 7.3 respectively. The pH values obtained from 70 

measurements range from' less than 4 to as high as 8.5. The 

regional background is abo~t 7. 



Table 7.1 Statistical summary of total stream sediment data (total number of samples is 205)*. 

Element Number Range 
Standard 50th Correlation coefficients (in ppm of of Means percentile deviations 

unless stated) samples values Arith. GeOID. (Log10 distrn) Arith. Geom. As Cu Zn Pb" Ag Cd Me Mn Fe 

As 199 "1.5 - 175 14 . 4.7 3 27 3.9 1.00 

Cu 197 2 - 4600 127 40 33 362 4.6 0.38 

Zn 197 16 - 9900 346 ll5 69 lll0 3.3 0.41 0.73 

Pb 197 4 - 2640 56 25 17- 203 2.8 0.49 0.91 0.87 . Ag 146 0.5 - 80 1.8 0.9 0.7 6.7 3.1 0.40 0.95 0.76 0.98 

Cd 197 0.5 - 190 3.3 1.6 1.8 14.7 2.4 0.50 0.93 0.95 0.99 0.99 .... 
'-I 

Mo 170 0.5 - 14.1 2.4 1.3 1.4 1.7 2.5 0.52 0.50 0.41 0.48 0.48 0.67 0\ 

Mn 178 ll2 - 7000 1121 775 785 825 1.5 -0.08 -0.03 -0.11 -0.07 -0.07 -0.03 -0.01 

Fe% 178 0.6 - 11.2 3.7 2.6 2.4 2.2 1.7 0.08 0.16 -0.08 -0.05 -0.05 -0.02 0.25 0.39 1.00 

* Not all the samples were analysed for all elements and very highly anomalous samples were excluded from the computations. 



Table 7.2 Statistical summary of Stream sediment data from background areas. 

Element Number Range Means Standard Correlation coefficients deviations (in ppm unless . of of 
stated) samples values . Arith. Geom. Arith. Geom. As Cu Zn Pb Ag Cd Mo Hn Fe 

As 51 1.5- 8 2.6 1.9 1.9 3.4 1.00 

Cu 51 2 - 106 28 15 21 3.4 0.18 

Zn 51 25 - 280 95 88 42 1.5 -0.09 0.09 

Pb 51 4 - 60 17 15 9 "1.7 0.43 0.49 0.11 

Ag 51 0.5- 1 0.9 0.9 0.2 1.3 0.01 0.29 0.15 0.34 
!o--A 

Cd 51 0.5- 2 1.3 1.1 0.6 1.6 0.13 0.66 0.20 0.34 0.18 ...... 
...... 

Mo 51 0.5- 3.5 1.3 1.1 0.6 2.1 0.16 -0.10 -0.21 0.14 0.04 -0.2? 

Mn 51 280 -3440 1329 1133 681 1.9 0.26 0.55 0.36 0.8S 0.37 0.47 -O.OS 

Fe% 51 0.6- 6.0 2.9 2.S 1.3 1.5 0.13 0.61 0.53 0.44 0.51 0.60 -0.13 0.63 1.00 
. 
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The third older streams traversing the impregnation 

zone of the Madenkoy deposit usually have pH values within 

the range 4 to 5 (Figure 7.2). These acid waters are,'neutral­

ized as soon as they join 'a lower order stream. For instance, 

Maden stream, a second order stream traversing the stockwork 

and impregnation zone of the Madenkoy deposit, had an acid pH 

only at one point on its course. The general pH values in 

the Maden stream and the Latum river are constant at 7. 

Three alkaline pH measurements were encountered over the con­

cealed massive sulphide deposit. Two of them were drill-hole 

waters having pH values of 8.5, and the third was a seepage 

giving a pH measurement of 7.5. These waters are believed 

to have come in contact with or were in equilibrium with the 

pumice tuffs and carbonate rocks. • 

The pH values .for the spring and stream waters near 

the mineralized Sirtkoy area range from 4 to 6.5. The pH 

is about 4 for waters in Gumu~dere stream draining the gossan 

(Figure 7.1). 

In the Sarisu area, the pH of spring and stream 

waters ranges from 5.5 near the mineralization, to 7.0 in 

the immediate surroundings (Figure 7.1). 

In the Kutlu1ar area the pH values range from less 

than 4 to 7. The strongly acidic pH values draining the 

deposit can be attributed to low stream gradients and a more 

extensive outcropping of the stockwork and impregnation zones 

(Figure 7.3). 

In the Tunca area the pH values of spring and stream 

waters range from 4 to 7. Those values lower than 5.5 were 

indicative of sulphide 'oxidation in this area. 
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The acid pH values in the region are generally asso­

ciated with zones of sulphide oxidation in the exposed dacite 

window, there being an absence of pyritic black shales in the 

region and' a general lack of considerable organic matter in 

the streams. Thus, the pH measurements of spring and stream 

waters appear to have a useful application ~n exploration for 

sulphide mineralization in the Eastern Black Sea ore province. 

This application is limited, the acid waters generated as a 

result of the oxidation of the sulphides being, in some 

cases, neutralized in less than ten metres. Nevertheless, 

pH measurements are a practical in-field technique during 

geochemical surveys and routine geological mapping since 

they serve to direct attention to possible areas of mineral­

ization. Furthermore pH measurements are invaluable addi­

tional information in interpreting geochemical data from the 

secondary environment. 

7.4 ANALYSIS OF SIZE FRACTIONS 

Stream sediments from the Maden and Latum streams in 

the vi~inity of the Madenkoy deposit were separated into 

-20-60 mesh (-750-25q p), -60-80 mesh (-250-200 p), -80-100 

mesh (-200-150 p), and -100 mesh (-15 p) size fractions and 

analysed for Cu, Zn, Pb, Cd, Ag, and As. The metal contents 

of each of the stream sediment size fractions, together with 

the frequency each size fraction displayed maximum elemental 

concentrations, are presented in Tables 7.3 and 7.4. The 

first table indicates ~hat the metals in the Maden stream 

sediments are concentrated mainly in the coarser fractions 

(-60-80 and -80-100 mesh sizes). On the other hand the metals 



Table 7.3 Analysis of size fractions of strea~ sediments fro~ Y~den stream draining Y~denkoy dep~sit (contents in p~). 

Sa:lp1e: 1 2 4 6 

Size Element; 
'Fraction 
(mesh) Cu Zn Pb Cd Ag Cu Zn Pb Cd Ag Cu Zn Pb Cd Ag Cu Zn Pb Cd 

-20 - 60 2500 41000 3960 240 43 6200 42000 4640 210 5 2400 3400 508 19 5 2700 21000 600 110 

-60 - SO 5000 45000 5200 250 33 . 5200 5240 5240 300 10 1220 9400 648 52 10 1430 21000 1040 110 

-80 - 100 5800 47000 5280 280 50 5500 4440 4440 300 10 810 6900 680 32 10 1320 12200 960 70 

-100 4900 38000 5280 230 31 3000 4040 4040 140 5 410 3800 440 18 5 550 5000 560 28 

Table 7.4 Analysis of size fractions of stream sediments from Latum River near Madenkoy deposit (contents in ppm). 

S<Q~1e: 9 13 15 16 

Size Element: 
Fraction 
(mesh) Cu Zr. Ph Cd As Cu Zn l'h Cd Ag Cu Zn Pb Cd Ag Cu Zn . Ph Cd 

-20 - 60 20 32 8 1 . 1 . 31 83 16 2 1 25 51 20 2 1 63 170 32 3 

-60 - 80 20 40 12 1 1 69 860 32 4 1 120 200 16 1 1 71 190 28 3 

-80 - 100 30 58 8 2 2 109 400 28 4 1 88 550 28 5 1 73 240 36 4 

-100 37 12 12 1 2 121 470 44 4 1 141 570 40 5 1 79 220 32 4 

Ag 

5 

8 

6 

7 

Ag 
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1 

1 

1 
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display max. ele;ental 
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in the sediments of the Latum stream, into which the Maden 

stream drains, are enriched in the finer fractions, especially 

in the -100 mesh fraction (Table 7.4). 

The dispersion of arsenic follows a somewhat differ-

ent pattern. In the stream sediments from the Maden stream 

the element is concentrated in the finest fractions analysed: 

in the Latum stream sediments arsenic consistently increases 

with decreasing grain size (Table 7.5). In order to elimi-

nate any doubts about the variation in elemental concentra-

tion due to the effect of grain size on the efficiency of 

the sample digestion, selected size fractions were ground to 

-100 mesh and re-analysed. Comparison with results obtained 

from the original unground samples indicates that the differ-

ences are small and within the limits of the analytical error 

(Ta~le 7.6). 

A binocular microscopic examination of the' size frac-
J 

tions of several stream sediments from the Maden stream 

revealed the presence of composite sulphide grains in the 

coarse fractions, the sulphides becoming more and more liber-

ated as individual minerals in the finer fractions. Distant 

from the orebody, in the Latum stream, the sulphides usually 

occur in the finer fractions as a result of the breakdown of 

the composite sulphide grains during transport. 

The above evidence suggests that the predominant type 

of elemental dispersion from the sulphide mineralization in 

this region is mechanical. 

7.5 SELECTIVE EXTRACTION ANALYSIS 

The mode of dispersion of trace metals in stream sedi­

ments from the Madenkoy area was further investigated by 
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Table 7.5 Arsenic contents (in ppm) of size fractions of sediments from 
the Maden stream and Latum River, Madenkoy area. 

Size Samples from Maden Stream Samples from Latum River 
Fraction 
(mesh) 1 2 4 6 162 148 10 13 

-20 - 60 115 205 38 68 38 29 N.D. 4 

-60 - 80 188 213 66 94 38 40 N.D. 5 

-80 - 100 200 250 78 88 43 40 4 8 
-100 225 250 51 63 46 45 5 15 

-80 115 250 44 66 45 41 4 13 

Table 7.6 Arsenic content of ground (-100 mesh) and unground stream sediment 
samples from the Madenkoy area. 

Size 
Sample Fraction Ground Unground 

(mesh) As ppm As ppm 

1 -20 - 60 110 115 

-60 - 80 163 188 

4 -20 - 60 41 38 

-60 - 80 68 66 

148 -20 - 60 29 29 

-60 - 80 38 40 

13 -60.- 80 8 8 
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selective extraction procedures involving 0.05 M ammonium 

EOTA (pH:4.65) and acidified 1M hydroxylamine hydrochloride 

(pH:1.3) solutions. These extraction procedures are des-

cribed in detail in section 5.8 in Chapter 5 and in Appendix A.6. 

The EOTA extraction desorbs exchangeable metal ions 

from clays and possibly from some colloidal organic particles 

and from iron- and manganese-oxides and hydroxides. The 

hydroxylamine hydrochloride solution, in addition to extract­

ing the above forms of the metals, dissolves the common car­

bonates, manganese oxides and hydroxides, and clays. These" 

two solutions have little" effect on sulphides, except galena 

for which the solubility was found to be 0.01 and 5.0 per 

cent by the EOTA and hydroxylamine hydrochloride solutions 

respectively (Table 9.3). More information about the nature 

of the dissolution of geological materials by the two solutions 

is given in Chapter 9. 

The percentages of the various metals extracted by 

the two solutions, as compared with the nitric/perchloric 

acid digestion, are given in Tables 7.7 and 7.8. The average 

percentages for exchangeable Cu, Zn, and Pb by the EDTA are 

13.5, 5.3, and 38.5 respectively. Some of the base metals 

dissolved may be associated with Mn-oxides and hydroxides 

represented by 20% of total Mn extracted (Table 7.7). 

The amounts of Cu, Zn, Pb, and Mn extracted by hydrox­

ylamine hydrochloride (27%, 10%, 69%, and 51% respectively) 

are about twice, and for Fe about 20 times greater than that 

by EDTA. Therefore, approximately 13% and 5% of Cu and Zn 

respectively are structurally bound in Mn-oxides and hydrox­

ides, and to a lesser extent in Fe-oxides and clay minerals. 

The high extractabilities of Pb are in part due to the 
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Table 7.7 Percentage of extractability* of various metals from Madenkoy 
stream sediments using 0.05 M EDTA solution. 

+ 
Percentage of metals extracted by EDTA 

Sample 
Number . Fe MIl , eu Zn Pb 

1 ·eM) 0.22 24.0 5.8 2.5 66.7 

5 eM) 0.17 12.6 11. 7 6.3 46.2 

6 (M) 0.25 21.8 8.0 6.4 47.2 
10 (L) 0.29 24.4 11.4 3.5 6.7 

13 (L) 0.13 10.4 30.4 7.9 25.5 

Mean 0.21 19.8 13.5 5.3 38.5 

Std. dev. 0.06 3.35 9.8 2.2 23.0 

*Extractability is expressed as n(EDTA extractable metal in ppm/HNO) 
+ HC104 extractable metal) x 100". 

+(M)-stream sediment from Maden stream. 

eLl-stream sediment from Latum River. 

Table 7.8 Percentage of extractability* of various metals from Madenkoy 
stream sediments'using 1M acidified hydroxylamine hydrochloride 
solution 

Percentage of metals extracted by hydroxylamine hydrochloride 
+ Sample 

Number Fe Mn Cu Zn Pb 

1 (M) 4.4 65.9 9.7 3.6 88.2 . 

2 (M) 10.0 75.6 ·30.0 7.4 86.2 

4 (M) 5.1 45.2 18.7 8.1 74.0 

5 (M) . 5.1 62.9 28.8 14.4 60.7 

6 (M) 6.2 70.2 28.0 10.4 55.2 

162 (M) 1.8 16.9 23.3 14.3 65.5 

148 (M) 4.9 66.7 22.1 8.5 64.3 

10 (L) 1.3 22.0 36.4 14.0 62.5 

13 (L) 2.9 31.8 41.1 12.9 65.5 

Mean 4.6 50.8 50.8 10.4 69.1 

Std. dev. 2.6 22.3 22.3 3.8 . 11.4 

*Extractabi1ity is expressed as "(hydroxylamine hydrochloride extracted, 
metal in ppm/lIN03 ~ HCI04 extracted metal) x 100". 

+(M) stream sediment from Maden stream. 

(L) stream sediment from Latum river. 
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Te1ative1y higher solubility of galena in hydroxylamine hydro­

chloride solutions. 

Extrapolation of the results obtained by the hydroxy­

lamine hydrochloride extraction suggests that about 70% of 

the Cu and 90% of the Zn in stream sediments near the Madenkoy 

deposit occurs in sulphides, Fe-oxides, and in clay minerals. 

Evidence cited above on the size fraction analysis and micro­

scopic examination of the samples, verify the above results. 

In regional geochemical programs a hot nitric acid 

attack for stream sediments appears to be the best digestion' 

procedure in this region for detecting mechanical dispersion 

trains. However" weaker attacks such as the EDTA and hydroxy­

lamine hydrochloride extraction procedures should be useful 

in detecting hydromorphic anomalies during detailed follow-up 

work. 

7.6 HYDROGEOCHEMICAL DISPERSION OF METALS 

7.6.1 Introduction 

The elemental distribution in the stream sediments of 

Fe, Mn, Cu, Zn, Pb, As, Ag, Mo, and Ba in the Cayeli area; 

Cu, Zn, Pb, As, and Ag in the Madenkoy area; and Cu, Zn, Pb, 

and As in the Kutlu1ar area are presented 'in Figures 7.4 to 

7.21. Cadmium values were not plotted for any of the areas, 

but its disp~rsion is briefly dealt with in the following text. 

Barium was only determined in selected stream sediments from 

the Madenkoy and SirtkEy areas; values for this element have 

been plotted on the Gayeli base map. Silver and Mo were not 

determined in stream sediments from the Kut1u1ar area. 

The correlation matrices for the stream sediment data 

for the Madenkoy, Sirtkoy, and'Sarisu areas have been computed 
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and are given in Table 7.9. The correlation matrix was not 

calculated for the Kutlular area stream sediment data as the 

number of samples from this area is too small. For the range 

and average background contents of the various elements the 

reader is referred to Tables 7.1 and 7.2. 

7.6.2 Dispersion of Metals 
• 

A study of the dispersion of As, Cu, Zn, Pb, Ag, Mo, 

and Ba in the ~ayeli area drainage sediments is a valuable 

aid in delineating mineralized zones in gene;al and differ-

entiating the three types of mineralization in this area 

(Figures 7.4, 7.5, 7.6, 7.7, 7.8, 7.9, and 7.10). Only Cu 

and to a lesser extent Mo and As are anomalous in the vicinity 

of all three types of mineralization (Madenkoy massive sulphide 

deposit, Sirtkoy pyritic stockwork, and Sarisu pyritic impreg-

nation occurrences). The strongest anomalies of As and Cu 

were observed in the vicinity of the Madenkoy deposit (Figures 

7.4 and 7.5), and Zn,Pb, and Ag occur in significantly ano-

'malous concentrations only near the Madenkoy deposit (Figures 

7.6, 7.7, and 7.8). Near the Sirtkoy and Sarisu occurrences 

the contents of As, Cu, Zn, Pb, and Ag are i1most within the 

regional background variation. Arsenic, Cu, Zn, and Pb also 

dispiay high concentrations in the Kutlu1ar area (Figures 7.11, 

7.12, 7.13, and 7.14). From these data it is evident that 

high contents of As together with elevated levels of elements 

such as Zn, Pb, and Ag are specific to the sediments of 

streams draining stockwork and impregnation zones associated 

with massive sulphide bodies. It is also significant that 

the above listed elements are generally intercorrelated in the 

vicinity of massive sulphide deposits (e.g. Madenkoy) , whereas 
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no, or very little correlation, was observed between these 

elements in the Sirtkoy, Sarisu, and general background areas 

(Tables 7. 2 ~nd 7.9). This is in accordance with the ·su1-

phide chemistry of mineralized samples from these various 

areas, As, Zn, Pb, and Ag being more enriched in massive 

sulphides with respect to the other types of deposits (~ 

Chapter 6 for contents of these elements in mineralized 
• 

sa m·p 1 e s fro m the va rio u s de po sit s) • 

Among the elements As, Cu, Zn, Pb, Ag, and Cd the 

most extensive dispersion trains were displiyed by Zn and 

to a lesser extent by As and Cu. This is especially clear 

in the detailed survey of the Madenkoy area (Figures 7;15, 

7.16, 7.17, 7.18, and 7.19). The extent of the dispersion 

of Zn, Cu, and· Pb follows the order of solubility of their 

su1phates (sm~thsonite (ZnS0 4) being the most and anglesite 

(PbS0 4> the least soluble of the three). For example, the 

anomalous Cu and Pb contents in Latum Stream do not extend to 

the eastern side of this stream bed whereas Zn occurs in 

anomalous concentrations on both si~es (Figures 7.5, 7.6, 

and 7.8). The background variations in the Cu, and to a les-

ser extent Zn contents, in the Qaye1i area are related to 

bedrock geochemistry. Lead displays ~ somewhat uniform back-

ground in the Qaye1i area. Silver and Cd exhibit dispersion 

behaviours similar to those of Pb and Zn respectively as 

would be expected from the geochemistry of these four elements. 

Silver and Cd, however, have restricted dispersion patterns 

and display low background variations, mainly due to the high 

detection limits and low sensitivity of the analytical methods 

used. In the vicinity of the. Madenkoy deposit, Ag occurs in 



Table 7.9 Correlation coefficients for streac sediment data frQa the Y~denkoy, Sirtkoy, and Sarisu areas 

.. 
MADE}.1(OY SIRTKOY 

(78 Samples) (34 Samples) 

As Cu Zn Pb Ag Cd Y.o Mn Fe As Cu Zn Pb Ag Cd Mo Mn Fe 

As 1.00 1.00 

Cu 0.45 0.02 

Zn 0.47 0.76 -0.23 0.37 

Pb 0.55 0.95 0.86 -0.29 0.46 0.52 

Ag 0.46 0.97 0.76 0.98 -0.04 0.56 0.14 -0.27 

Cd 0.73 0.97 0.96 0.99 0.99 -0.07 -0.13 0.03 0.43 -0.24 

No 0.58 0.61 0.53 0.64 0.65 0.82 -0.23 -0.12 0.28 -0.04 -0.25 -0.15 

Y.n -0.01 0.08 -0.74 -0.02 0.01 0.01 0.16 -0.1.2 0.79 0.81 0.49 0.59 0.07 0.28 N 
0 

Fe 0.06 0.18 0.07 0.06 0.09 0.05 0.35 0.53 1.00 0.05 0.36 0.20 0.43 0.24 -0.54 0.24 0.19 
N 

1.00 

Table 7.9 (continued) 

SARISU 
(28 Samples) 

As Cu Zn Pb Ag Cd Me Y.n Fe 

As 1.00 

Cu 0.33 

Zn 0.51 . -0.01 

Pb 0.01 -0.14 0.27 

Ag 0.02 0.01 0.15 0.11 

Cd 0.22 -0.18 0.37 0.20 0.01 
}fa -0.22 -0.23 0.13 -0.8 -0.03 0.07 

Y.n -0.06 0.09 0.11 -0~16 0.16 0.24 -0.03 

Fe 0.29 0.78 O.OS -0.01 0.01 -0.16 0.09 0.13 1.00 
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high concentrations, but its concentration diminishes away 

from the deposit and anomalous contents die out at tatum 

stream (Figure 7.19). 

Molybdenum exhibits an' erratic dispersion with a 

noisy backgr,ound in the ~ayeli area (Figure 7.9). Part of 

the background variation below the'S ppm level can be attrib­

uted to the relatively poor precision of the analytical 

method. However, the values greater than 8 ppm are related 

to sulphide mineralization in the area. The anomalous 

occurrence of Mo in stream sediments draining all types of 

sulphide mineralization makes 'it an ideal indicator of 

sulphide mineralization in general; it has, however, no 

discriminating properties with regard to type of mineraliza­

tion in the Eastern Black Sea Region. 

Barium in the form of barite is an important indi­

cator element of massive sulphide deposits in the region. 

Its concentration in the Madenkoy ore samples range from 

100 ppm to 3.3 per cent; the 'Sirtkoy and Sarisu occurrences 

have considerably lower contents, ranging from tens of ppm, 

to a few hundred ppm (~ Tables 6.1, 6.6, and 6.7). Despite 

its potential as 'a good indicator Ba demonstrates a restricted 

dispersion in the vicinity of mineralization due to its 

immobile character, barite being one of the most insoluble 

of sulphates (Figure 7.10). The contents of the element in 

the two stream sediments draining the stockwork impregnation 

zones of the Madenkoy deposit are at the background levels of 

170 and 129 respectively. High contents of Ba in the Maden 

stream sediments -diminish in the tatum stream. The element 

is present at background levels in the spring and stream 

sediments in the Sirtkoy area. 
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The dispersions of Fe and Mn in the Cayeli area 
• 

reflect 'to a large degree the bedrock geochemistry; streams 

draining basic rocks have considerably higher Fe and Mn con-

tents than those draining acid volcanic rocks (Figures 7.20 

and 7.21). In the Sirtkoy area, and to a lesser extent in 

• the Sarisu area, ,the stream sediments draining the mineral-

ized zones are much higher in Fe and Mn than those draining 

the Madenkoy·deposit. The high Fe and Mn contents in the 

Sirtkoy and Sarisu areas are partly due to the predominance 

of basic rocks in these areas. These elements in the Sirtkoy 

. area are also enriched in the gossan zones which provide con­

siderable material to the Gumu~dere stream. Iron oxide 

(limonite) precipitation was observed locally in seepages at 

Madenkoy, Sirtkoy, and Kutlular; the dissolved Fe in the acid 

seepage waters (pH:4) precipitates as soon as the pH rises 

to less acid values (i.e. 5.6). Apart from the above forms 

Fe also occurs as iron sulphides (mainly pyrite) in the min-

eralized areas. There is little or no correlation between 

Fe and Mn and other elements in stream sediments draining the 

Madenkoy and Sarisu mineralized zones (except between Fe and 

As in the Sarisu area). This suggests that the scavenging 

effects of the oxides and hydroxides of Fe and' Mn in these 

areas are minimal (Table 7.9). The correlation between As 

and Fe in the Sarisu area is indicative of the association of 

both these elements with pyrite. In contrast to Madenkoy 

and Sarisu, there is a moderate correlation between Fe and 

Mn, and Cu, Pb, Zn, Ag, and Cd in the Sirtkoy and non­

mineralized areas (Table 7.2 and 7.9). In and near the gos-

san at Sirtkoy the metal cations are absorbed by Fe- and Mn-

oxides and hydroxides during the formation of the gossan before 
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they can be freely transported ,into the stream. The clement 
. 

association of the original gossan is, therefore, reflected 

in the nearby stream sediments as a result of mechanical 

transport of the gossanous material. 

7.7 SUMMARY AND CONCLUSIONS 

Melt-waters from the snow-capped granitic massif in 

the south of the area, together with a high annual rainfall 

(up to 2.5 m) and a high topographic relief give rise to 

fast flowing, all year-active streams. Thus, the stability 

of hydromorphic anomalies in first and even second order 

streams is severely affected by flooding during periods of 

high rainfall or warm upland temperatures. In some mineral-

ized areas such as Tunca there is no tributary drainage; the 

large streams flowing through these areas have no anomalous 

expression. 

In the 9ayeli and Kutlular areas the patterns for As, 

Cu, Zn, Pb, Ag, Cd, and Mo in the drainage net reveal the 

differences between the three types of mineralization. 

Arsenic is an excellent pathfinder for outlining the types 

of deposits, the strength and size of the drainage anomaly 

being related to the type and tenor of mineralization. The 

strongest As anomalies were observed in the vicinity of con-

cealed massive sulphide deposits with partly exposed stock­

work and impregnation zones (Madenkoy and Kutlular). Zinc, 

Cu, Pb, and Ag exhibit stream sediment anomalies which are 

chiefly dependent on the type of mineralization; the strongest 

anomalies are associated with massive sulphide deposits 

whereas weaker and more specific anomalies (mainly Cu) are 

related to stockwork and impregnation deposits. Molybdenum 
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is not a good indicator of deposit type since strong anom­

alies are developed in stream sediments associated with both 

massive and stockwork deposits. 

The constant flushing and youthful drainage pattern 

in the area retards the scavenging abilities of Fe, Mn, and 

organic precipitates thus reducing problems of interpretation 

due to these substances. 

Sulphide mineralization is also indicated by the pH 

of spring and stream waters, values ranging from less than 

4 to 5 being characteristic of waters leaching sulphide 

mineralization. 
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CHAPTER 8 

LITHOGEOCHEMICAL EXPLORATION 

8.1 Introduction 

An investigation of the bedrock geochemistry in the 

vicinity of the six mineral deposits and occurrences in the 

Black Sea Ore Province was mounted with a view towards 
, , 

developing the following diagnostic parameters: (a) the 

detection of primary halos and alteration zones in hanging-

wall and footwall formations of blind ore deposits, 

(b) indications of the position (with directiona1'vectors) 

of concealed massive sulphide deposits, features that could 

aid the siting of exploratory drill-holes, and (c) discrimi-

nating features to differentiate barren stockwork and 

impregnation zones from their more productiv~ counterparts 

associated with concealed massive sulphide bodies. 

Par~ of the research on 1ithogeochemica1 exploration 

in the Eastern Black Sea Region has been described in a 

paper by Qagatay and Boyle (in press). 

8.2 HYDROTHERMAL ALTERATION 

8.2.1 Introduction 

Hydrothermal alteration involves the mineralogical 

and chemical changes which occur as a result of the inter-

action between hydrothermal fluids and rocks. The type of 

alteration and subsequent mineral paragenesis depends on the 

mineralogy and chemistry of the initial rocks, the chemical 

composition of the hydrothermal solutions, and the tempera-

ture and pressure of the hydrothermal environment. The shape 
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and size of the altered zones arc determtncd largely by the 

physical features of the host rock9 such as porosity and 

permeability. 

Many different types of hydrothermal alteration have 

been recognized. Chloritization, kaolinitization, sericiti~ 

zation, greisenization, argillization, and propilitizntion 

are terms to describe typical mineralogical' assemblages. 

Potassium, sodium, or magnesium metasomatism are general 

terms that indicate specific chemical changes. Several 

attempts have been made to group hydrothermal alteration 

mineral phases into type assemblages which are formed under 

similar conditions of temperature, pressure, and pH. Creasey 

(19~9 and 1966) distinguished three types: propy1itic, 

argillic, and potassium silicate hydrothermal alteration 

assemblages. Burnham (1962) classified hydrothermally 

altered rocks into two facies, argillic and phyllic, his 

argillic facies being the equivalent of Creasey's propylitic 

and argillic types. Meyer and Hemley (1967) grouped hydro­

thermal alteration into five mineral assemblage types, in 

order of decreasing hydrogen metasomatism, as follows: 

(a) advanced argillic, (b) sericitic, (c) intermediate argil­

lic, (d) propylitic, and (e) potassium silicate assemblages. 

Three types of wall rock alteration, similar to the 

assemblages of Creasey (1959) are generally adequate for 

practical purposes. Subfacies, such as montmorillonite, 

kaolinite, and sericite within the argillic type, can be dis­

tinguished during .detailed studies. It is important to 

recognize that the term "assemblage" does not mean a group 

of minerals found in equilibrium with one another. In most 
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cases equilibrium among alteration minerals and hydrothermal 

solutions may not have been attained (Meyer and Hemley, 1967). 

The data for the above classifications were obtained 

mainly from three sources: (i) field data, predominantly 

from the hydrothermal alteration studies in porphyry copper 

deposits (Stringham, 1952; Creasey, 1959, 1966; Kent, 1963), 

(ii) laboratory stability field studies of feldspars and 

clays (Gruner, 1944; O'Neill, 1948; Hemley et al., 1971), 

(iii) present day hydrothermal alteration in geothermal 

areas such as Wairakei, New Zealand and the Salton Sea, 

California (Kerr, 1955; White, 1955, 1968). . . 

The formation of certain hydrothermal alteration 

mineral species under weathering conditions has been known 

for a long time (Penrose, 1894). Clay minerals such as 

illite, montmorillonite, ha1loysite, and kaolinite can form 

by supergene processes especially under intense acid leaching 

tropical conditions (Kerr, 1955). On this account certain 

difficulties may arise in distinguishing between the products 

of hypogene and supergene alterations. However, some minerals 

such as dickite, nacrite, and sericite have been established 

as being strictly hypogene in origin. It is also generally 

believed that montmorillonite cannot form in rocks which 

have already been hydrothermal1yargillized since its forma-

tion requires some MgO. 

The two main objectives of hydrothermal alteration 

studies in the Eastern Black Sea Region are firstly, to 

obtain a better understanding of the ore forming environments 

and secondly, to e~tablish favourable criteria for discover-

ing ore bodies. The spatial association of hydrothermal 

alteration with ore deposits has led many workers to study 
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the alteration zones with the aim of determining guidelines 

in the search for ore (Hewett~ 19~8; Lovering, 1949; 

Schwartz, 1955, 1956; and Creasey, 1959). 

For the alteration studies in the mineralized study 

areas, 229 carefully collected fresh surface rock and drill­

hole samples were analysed by X-ray diffraction analysis, 

and about 50 thin sections were examined .under the petrographic 

microscope. A description of lateral and vertical zonation 

of the hydrothermally altered rocks in the study areas is 

given and the mode of formation of these different zones are 

discussed~ 

The relative abundance of the alteration minerals 

has been assessed by the intensity of their particular X-ray 

reflections (Table 5.11). For a more detailed account of 

the X-ray diffraction techniques used for clay mineral 

recognition and for estimating the relative abundance of 

alteration minerals the reader is referred to section 5.10. 

8.2.2 Hydrothermal Alteration in the Madenkoy Deposit 

The Madenkoy ore body is enveloped by an extensive 

zone of argillized host rocks, which in turn is probably 

surrounded by a zeolite zone. Zeolites could not be detected 

by X-ray diffraction analysis due to their small amounts, 

but their presence in the dacitic pyroclastics in the north 

bank of the Latum stream, about 300 m north cast of the 

Madcnkoy deposit has been revealed by thin section studies. 

In these rocks radial aggregates of mordenite usually replace 

the volcanic glass shards. 

The lateral distribution of clay and carbonate min­

erals are given in Figures 8.1 and 8.2, and their vertical 
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distribution in drill-holes 101, 1~8, and 110 is illustrated 

in Figure 8.3. Three distinct hydrothermal alteration zones 

can be distinguished in the Madenkoy deposit. These zones 

are characterized by montmorillonite, kaolinite (-mixed-

layer sericite-montmorillonite) and sericite. Their features 

and distribution can be summarized as follows: 

Zone (1) Montmorillonite ~ calcite ± chlqrite'± kaolinite l 

2 ± illite zone. This zone occurs principally at the upper 

stratigraphic levels within the cover rocks where the 'basalts 

are usually carbonated. Chlorite and illite are occasion-

ally present. The feldspars are partly altered in the pumice 

tuffs; in basalts they are relatively fresh. This zone 

grades imperceptively into Zone 2 with the appearance of 

kaolinite. 

Zone (2) Kaolinite + mixed-layer sericite-montmorillonite 

+ dolomite ± montmorillonite zone. This zone is generally 

restricted to the hanging wall rocks and occurs in closer 

vroximity to the massive ore body than Zone 1. The pumice 

tuffs contain kaolinite, montmorillonite, and occasionally 

mixed-layer sericite-montmorillonite. The dominant carbonate 

mineral in this zone is dolomite. The occurrence of dolomite 

rather than ankerite is suggested by the relative intensity 

of X-ray reflection peaks for this mineral. The feldspars 

lThe term "kaolinite" includes all the kaolin group of min­
erals; dickite, nacrite, and kaolinite probably are present 
in most cases, but their specific presence was not authenti­
cated except for nacrite which was determined in a few 
pumice tuff samples. 

2Illite is used here to indicate clay minerals with a rela­
tively broad basal X-ray reflection at about 10 A. This 
suggests the presence of expandable mixed-layering. In 
contrast, sericite does not contain any expandable mixed­
layering and give sharp peaks at 10 A. 
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in the basalts are more altered in this zone than they are 

in Zone 1; in the pumice tuff samples the feldspars are 

usually completely altered. 

Zone (3) Illite or sericite + kaolinite + dolomite + siderite 

+ pyrite zone. This zone is confined to the dacitic rocks 
, 

below the massive ore and 'encloses the stockwork and impreg-

nation zones of the deposit. The rocks in this zone are . 
silicified, the feldspars are almost completely altered, and 

dolomite and siderite generally occur in major quantities. 

The distribution of the illite-sericite group of clay min-

erals in this zone is irregular. In the stockwork-impreg-

nation zone in drill-hole 110 the dominant clay mineral is 

sericite; in drill-hole 108 illite is abundant for about 

50 m below the massive ore giving way to sericite at depth. 

As far as ,the lateral distributions of the two minerals are 

concerned, illite occurs more extensively and in greater 

quantities than sericite. 

In addition to the above alterations, the pumice 

tuffs are generally hematitized. The hematite largely occurs 

as very fine amorphous grains impregnating the tuffs and 
. 

occasionally forming thin layers or veins within them. 

The distributions 'of clay and carbonate minerals in 

the altered host rocks of the Madenkoy deposit are summarized 

in Table 8.1. The mineralogy of kaolinite and sericite-

montmorillonite minerals in the clay fractions of the pumice 

tuffs were studied by X-ray diffraction and are described 

below: 

Kaolinite: The mineral is highly crystalline, well ordered, 

and gives basal reflections at 7.085, 3.560, and 2.377 A with 



Table 8.1 

Clay and carbonate mineral distribution in the Madenkoy massive sulphide deposit • 

. 
Mineral Dissemination Stockwork HANGING-WALL ROCKS 

zone zone -- - -, Pumice Tuffs Basalts 

Illite --------
Chlorite 

; IIf' :.: ..... ~ :. -. ----

Montmorillonite --------
" .. - ~- -----

Mixed-layer 
illite- MASSIVE montmorillonite --------------

; ORE 
Kaolinite --------

Sericite 
------calcite ------

Dolomite --- -- -_ ... _- - -- - -- ----
Siderite .-- ---- ----- ------ -

- --- --- -~- ~-

N 
N 
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relative intensities of 10, 6.5, and 3 respecti~e1y. Its 

gradual collapse between 400 0 C and 5500 C agrees with the 

general properties of the kaolinite group of clay minerals. 

The relative intensities of the X-ray reflections obtained 

with loosely packed cavity mounts of the mineral indicates 

that the kaolinite is present in the form of nacrite (Table 8.2). 

Table 8.2 X-ray reflections of nacrite in pumice tuffs 

(loosely packed cavity mount). 

d-spacing 

i 7.085 4.44 4.33 4.14 3.93 2.85 3.56 

Relative 
intensity 
(maximum 10) 10 4 2.5 1 0.5 0.5 6.5 

Mixed-layer illite-montmorillonite: This is an unusually 

regular, highly ordered mixed-layer clay which is generally 

confined to the pumice tuffs. It is present in sparse amounts 

in the dacitic rocks of the impregnation zones, and less 

ordered varieties may occur in the basalts within the altered 

zone 2. The basal spacings, the results of heating, and the 

glycerol tests on this clay are given in Table 8.3. The data 

in this table compare well with that of bravaisite described 

by Mil10t (1970, p. 17). 

8.2.3 Hydrothermal Alteration in the Sirtkoy Pyritic Stock-

work Occurrence 

The dacite and the overlying basic rocks in the 

vicinity of the Gumuedere stream are hydrothermally altered. 

The hydrothermal assemblage consists of - chlorite + sericite 

+ quartz + pyrite ± calcite ± dolomite. The basic rocks are 



Table 8.3 

X-ray diffraction properties of mixed-layer illite-montmorillonite clay. 
(in all tests oriented disc mounts were used). 

Air dried Glycerol treatment Heated at 4000 C 0 Heated at 550 C 

d-spacing Intensity* d-spacing Intensity d-spacing Intensity d-spacing Intensity 

27.50 10 29.75 10 45.00 10 46.5 10 

12.00 9 13.70 3 9.87 4 9.78 5 

4.91 1 9.34 2 4.90 1 . 4.89 1 

3.70 ! 5.39 1; 3.26 2 
4.69 ! 

* The basal reflection with highest intensity is give~ the value-lO. Intensities of other reflections 

were calculated relative to the highest intensity. 

N 
N 
U1 
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strongly chloritized and in most cases pyritized. The dacitic 

rocks around the gossan near Gumu~dere stream have been seri­

citized and to a less extent chloritized. Feldspars in the 

dacites and to a lesser extent in the basic rocks are altered 

mainly to sericite. 

8.2.4 Hydrothermal Alteration in the Sarisu Pyritic Impreg­

nation Occurrence 

The typical hydrothermal alteration assemblage in 

this area is - kaolinite + montmorillonite + quartz + pyrite 

+ dolomite ± calcite ± illite. Kaolinite is widely distrib­

uted in the dacites and is occasionally present in the basic 

rocks. Montmorillonite occurs in both the basalts and 

dacites, especially where the latter are pyritized. Dolomite 

is also widely aistributed in large quantities in the 

dacites and the feldspars in the dacite are partly 

altered. 

8.2.5 Hydrothermal Alteration in the Kutlular Massive Sul­

phide Deposit 

The hydrothermal alteration in ihe Kutlular area is 

represented by an - illite + quartz + pyr~te ± montmorillon­

ite ± sericite ± chlorite ± calcite - mineral assemblage. No 

obvious zonation was observed, but a vertical distribution 

of the alteration minerals in drill-hole K-S suggests that 

the massive yellow ore body is enveloped by an illite - pyrite 

zone (FigureoS.4). In this alteration envelope, feldspars are 

almost totally altered to clay ,minerals. Caicite and chlorite 

occasionally occur in the footwall and hanging-wall dacitic 
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Illite ~ quartz + pyrite ± chalcopyrite ± calcite (no fresh 
feldspar) • 

6°-r:lm J-Illite + chlorite + quartz + pyrite + chalcopyrite ± calcite 
7o-~ (no· fresh feldspar) 

• 
80-

Montmorillonite .+ kaolinite ± calcite (fresh feldspars present) 

Figure 8.4 Vertical distribution of minerals in the Kutlular massive sulphide 
deposit (1- stockwork-impregnation zone, 2- massive ore, 3- dacitic 
tuff-breccia, 4- diabase). 

Sericite + quartz + calcite ± pyrite (no fresh feldspars) 

Sericite + quartz + pyrite ± calcite (no fresh feldspars) 

Chlorite + illite + calcite ± pyrite (fresh feldspars present) 

Figure 8.5 Vertical distribution of minerals in the Kotarak Dere deposit (1- stock­
work-impregnation deposit, 2- massive pyrite, 3- dacitic tuff). 
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rocks and in the diabase. Montmorillonite occurs in the 

diabase and is only sparsely present in the hanging-wall of 

the deposit. Sericite was recognized in one drill-core (K-8) 

sample in the footwall which is silicified. 

, 
8.2.6 Hydrothermal Alteration in the Kotarak Dere Stockwork 

Deposit , 

. The hydrothermal mineral assemblage in this deppsit 

is similar to that observed in the Kutlu1ar deposit. The 

mineral assemblage in the Kotarak Dere deposit consists of 

sericite, illite, quartz, chlorite, and pyrite. Compared 

with the surrounding dacitic rocks, sericite occurs in rela-

tively greater amounts around the remnant of massive pyritic 

ore and the pyrite impregnation zone near drill hole 1. 

Sericite generally predominates over illite. Chlorite is 

present in large amounts surrounding the sericite-rich zone 

although both chlorite and sericite occur together in the 

dacites as well as in the overlying basalts. The closer 

spatial association of sericite with mineralization rather 

than chlorite is also suggested by the vertical distribution 

of these. two minerals. For example, in drill-hole 1 sericite 

is present whereas chlorite and feldspar are absent in a 10 m 

thick zone enveloping the massive pyrite ore (Figure 8.5), 

the last two minerals being generally present remote from the 

strongly mineralized zones (e.g. in drill-hole 15 where there 

is only occasional pyrite impregnation). 

The footwall rocks are generally silicified. 
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8.2.7 Hydrothermal Alteration in the Tunca Massive Sulphide 

Deposit 

The distribution of hydrothermal alteration m~nerals 

was determined in surface rocks of this deposit and in drill­

holes T-I and T-5. Three distinct hydrothermal alteration 

assemblages can be distinguished (Figure 8.6). These zones 

to some extent conform to the lithology and display the 

following features: 

(1) Chlorite zone: This zone generally contains chlorite, 

calcite, and rarely dolomite as alteration minerals. It is 

confined to the basic hanging wall rocks, the feldspars in 

these rocks being only slightly altered. 

(2) Sericite or illite ~ chlorite zone: This zone occurs 

mainly i~ the hanging wall hematitized dacite and in the 

footwall dacites remote from the mineralization. Illite 

occurs in the upper, and sericite is present in the lower 

stratigraphic levels in the footwall'dacites (Figure 8.6). 
, 

The hanging wall dacites are impregnated and veined by hema-

tite and contain calcite in places. The feldspars in this 

zone are more altered than in Zone 2. 

(3) Sericite or illite zone: This zone is confined mainly 

to parts of the footwall 4acites. As observed in drill core 

T-l the only clay mineral is sericite or illite. The former 

mineral occurs in the lower levels of the footwall dacite 

and increases in amount with depth. Illite is generally 

confined to the upper levels of the footwall dacite. This 

zone is marked by an extensive feldspar alteration and some 

silicification. 
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Vertical zonation of hydrothermal alteration 
halo at the Tunca massive sulphide deposit 
(Zone I: Chlorite - calcite, Zone II: Illite­
sericite - chlorite ± hematite, and Zone III: 
Sericite. Legend: 1- basalt, 2- limestone, 
3- hematized dacite, 4- massive sulphide, 
s- stockwork and impregnation zone in dacite. 
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• 
8.2.8 Discussion 

From the preceeding descriptions it is evident that 

the hydrothermal alteration features in different study 

areas have similarities as well as differences. The main 

similarity is that the common form of alteration spatially 

associated with ore deposition is sericitization (including 

the presence of illite) of the dacitic footwall rocks. This 

alteration type involves hydrogen metasomatism including 

~ 2~ 2+ replacement of ions such as Na ,Ca and Mg from the 

~. 

feldspars and. mafic minerals of the wall rocks by H , the 

H+ activity'increasing with temperature. 

The fields of formation of the alteration and sul-

phide assemblages at 250 0 C in the Madenkoy deposit are 

given in Figure 8.7. The temperature of formation of these 

various alteration zones are evidently different. However, 

the effect of higher temperature is to lower the pH and to 

increase the H2 S partial pressure (Meyer and Hemley, 1967, 

p. 220). 

As noted earlier, alteration Zones 2 and 3 in the 

Madenkoy deposit contain kaolinite, dolomite, and siderite. 

In addition, the Zone 3 has illite-sericite clay minerals. 

The formation of kaolinite and illite-sericite in the same 

suite generally requires at least moderately high temperatures 

(250-350 0 C) and acid conditions (pH:3 to 5), although seri-

cite can form under neutral to slightly alkaline conditions 

and kaolinite may form at lower' temperatures. In general 

carbonates cannot be precipitated by simple cooling of hydro-

thermal solutions. Their deposition requires one or more of 

the following conditions: (1) rise in temperature, (2) boil­

ing of hydrothermal solutions, (3) mixing, and (4) reduction 
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s 

-6 

-42 -40 

Figure 8.7 Field of formation of ore and 
hydrothermal mineral assemblages 
within massive ore, stockwork 
and impregnation zones, and 
pumice tuffs at the Madenkoy 
massive sulphide deposit in the 
Cu-Fe-S-O system at 250 0 C and 
0.1 molar total sulphur. Base. 
diagram redrafted after Meyer 
and Hem1ey (1967, p. 220). 
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+ in H activity. In most cases of silicate alteration asso-

ciated with .mineralization the last factor and to a lesser 

extent the third are responsible for carbonate deposition. 

The occurrence of clays and carbonates together at the 

Madenkoy deposit can best be exp1ained·by the changing nature 

of the hydrothermal solutions. It is believed that the 
I 

hydrothermal solutions which precipitated the massive ore 

and the stockwork ore were also responsible for the formation 

of the illite-sericite and kaolinite. These solutions were 

low in pH and high in temperature and sulphur fugacity. 

The solutions, however, become more alkaline with declining 

temperature towards the end of ore deposition. The hydro-

thermal activity would appear to have continued with less 

intens~ty after the formation of the pumice tuffs and basalt . 
flows. Later movement of compaction fluids' evolved as a 

result of diagenesis, and later deformation probably modi-

fied the alteration patterns surrounding the deposit. The 

pH of the pumice tuffs (average of S.5 as determined by 

measuring the pH of a 0.01 CaC1 2 solution after it was 

equilibriated with powdered pumice tuff samples), their' 

hematitized nature. and the occurrence of native copper in 

these rocks suggests that the hydrotherma~ solutions were 

considerably alkaline with low sulphur and high oxygen fuga-

cities (Figure 8.7). As a 
. 2-

result of the increased C0 3 

activity, dolomite (± siderite) and calcite (± dolomite) 

were deposited in the pumice tuffs and basalts respectively. 

The presence of kaolinite suggests that either the hydro-

thermal. solutions were acid during the earlier stages of the 

formation of Zone 2 or the kaolinite has a detrital origin. 
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NE 

Idealized cross section sho~ing the. spatial 
of the Madenkoy massive sulphide deposit 

association 
and the hydro-

thermal alteration zones. (Zone I Montmorillonite 
calcite ± illite ± chlorite ± kaolinite ± dolomite 

± hematite;'Zone II Kaolinite mixed-layered sericite 
montmorillonite do~omite ± siderite ± hematite; 

Zone III Illite-Sericite kaolinit~ dolomite 
± siderite. 
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In either case the stability of the kaolinite under later, 

alkaline conditions is remarkable. The various sulphide 

grains in the pumice tuffs are regarded as detrital, being 

derived from the erosion of the sulphide ore below. 

The mixed-layer sericite-montmorillonite clay prob-

ably represents 'a transition between sericite and montmori1-
I 

lonite with the change in conditions of alteration. Mont-

morillonite in Zone I was formed by the reaction of alkaline 

hydrothermal solutions (mixed with sea water) with the fe1d-

spars and volcanic glass. Silica from'the volcanic glass 

were probably responsible for the silicification of the foot-

wall dacitic rocks and the hanging wall pumice tuffs. This 

silica probably resulted from the reaction of the glass with 

hydrothermal sol~tions to produce hydrothermal quartz, 

possibly through an unstable low cristoba1ite phase. 

In the Madenkoy area the most intensive and extensive 

hydrothermal alteration occurs towards the southwest of the 
i 

Madenkoy map area (Figure 8.1, 8.2, and 8~lO). An idealized 

cross section illustrating the spatial association of the 

ore and hydrothermal alteration zones is given in Figure 8.8. 

All other studied mineralized zones, except Sarisu, 

have similar alteration mineral assemb1age~, but these are 

somewhat different from those present at the Madenkoy deposit. 

In other mineralized zones the absence of kaolinite and 

montmorillonite is a common feature, and magnesium metasoma-

tism manifests itself in the form of chloritization rather 

than dolomitization. 

The porous, glassy nature of the dacitic rocks seems 

to have played a major role in the extensive nature of the 

alteration zones in all of the mineralized areas. 
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8.2.9 Hydrothermal Alteration as a Guide to Ore 

8.2.9.1 Introduction 

Most of the earlier work related to the use of hydro-

thermal alteration as a guide to ore has been done on por-

phyry copper deposits (Schwartz, 1955, 1956; Creasey, 1959, 

1966; Gupta et al., 1965; Lowell and Gui1bert~ 1970; Hausen 

and Kerr, 1971). These workers attempted to delineate 

certain phases of hydrothermal alteration associated with 

the productive ore-forming stages through studies of mineral 

paragenesis and physical and chemical changes involved in 

the different phases of alteration. 

Studies of hydrothermal alteration related to vol-

canogenic massive sulphide deposits, and their use in 

exploration, have recently become available. These investi-

gations are reviewed in Chapters 1 and 2. 

It is evident from the detailed descriptions of 

hydrothermal alteration described in the previous section 

that certain general features can be used in exploration. 

In particular, the assemblage of illite-sericite (± kaol{n-

ite) alteration minerals associated w~th the mineralizing 

processes in the Eastern Black Sea Ore Province appears to 

be significant. Another feature of the alteration zones 

that emerged from the studies described above is the marked 

alteration of feldspars. The assessment of feldspar altera-

tion and its use in mineral exploration is described below. 

8.2.9.2. Use of Feldspar Alteration As a Guide to Ore 

The hydrothermal alteration of feldspars to mont-

morillonite-kaolinite, and il1ite-sericite-groups of clay 
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minerals has been well documented (Schwartz, 1955; Creasey, 

1959; Meyer and Hemley, 1967; and others)~ Present day 

alteration of plagioclase feldspar in pyroclastic rocks by 

thermal spring waters to form montmorillonite, kaolinite, 

and sericite has been reported from Wairakei, New Zealand 

and Nevada, U.S.A. (White, 1955). 
; 

The author's examination of several thin sections of 

the dacitic rocks and pumice tuffs in the Madenkoy area 

revealed extensive increasing feldspar alteration as the 

ore body is approached. This led the author to evaluate 

the feldspar alteration in the mineralized zones studied. 

The feldspar, clays, and carbonates were measured by a simple 

X-ray diffraction analysis under a con~tant set of conditions 

such as even grain size and packing and constant operating 

conditions.of the X-ray diffractometer. It is assumed that 

this ensures that.the peak intensity for a particular X-ray 

reflection of a mineral is directly proportional to its 
\ 

amount. The arbitrary values of the peak intensities can 

only be compared for samples of the same rock type (i.e. the 

same matrix). A detailed account of the analytical technique 

is given in section 5.10. 

The .feldspars generally alter to montmorillonite, 

kaolinite, and illite-sericite clay minerals. In hydro-

thermally altered dacitic and pumaceous rocks, clay minerals 

a~e also formed by the alteration of volcanic glass and 

pumice. The contribution from these can be assumed to be 

constant for the dacites and pumice tuffs. The ratio "clay 

(montmorillonite - kaolinite - illite-sericite)/Feldspar" 

should, prove, therefore, to be an effective indicator of 

hydrothermal alteration. In the mineralized areas this ratio 
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was found to be the best index for assessing the degree of 

hydrothermal activity associate~ with mineralization. Based 

on the frequency distribution of this ratio, intervals of 

0-0.2, 0.3-0.7, 0.8-6.5, and> 6.5 were selected for pur-

poses of pattern recognition. 

A reconnaissance bedrock survey in the Gaye1i area, 
I 

covering the Madenkoy, Sirtkoy, and Sarisu deposits and 

mineralized zones, and detailed studies of the Madenkoy, 

Kutlular, Kotarak Dere, and Tunca deposits were carried out 

to assess the effectiveness of this ratio. In the recon-

naissance survey, areas of strong alteration as indicated 

by the clay/feldspar ratio, correspond to the Madenkoy, 

Sirtkoy, and Sarisu deposits and mineralized zones (Figure 

8.9). There is little difference in the intensity of alter-

ation in these areas, and the ratio is, therefore, indica-

tive of hydrothermal alteration only and not of deposit 
, 

type. In the Sarisu disseminated pyrite deposit the dacites 

are highly altered, but the basalts are only slightly 

altered. In the Sirtkoy area the dacites, and to a lesser 

extent the basalts, are strongly altered near the focus of 

mineralization. Outstde ,of the mineralized zone at Sirtkoy 

the dacites and the basics show no sign of alteration. In 

the large but discontinuous exposure of dacitic rocks in 

the Madenk~y area, the clay/feldspar ~atio outlines an 

alteration halo in the dacitic rocks around the deposit. An-

alteration halo is also exhibited in the pumice tuffs over-

lying the concealed massive ore. This zone is about 200 m 

in width and 500 m in lateral extent. Compared to the pri­

mary F' and As halos over this deposit, the clay/feldspar 

halo is more extensive. 
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In the immediate vicinity of the Madenkoy deposit 

an extensive zone of alteration extends along the entire 

pumice tuff-dacitic tuff contact (Figure 8.10). Above the 

ore zone, only the pu~ice tuffs display an anomalous alter­

ation pattern; the basalts, andesite tuff-breccia, and 

sandstone show little plteration, and the clay/feldspar halo 

in the hanging-wall rocks is, therefore, not as pronounced 

as the primary elemental halo for F, Pb, and Ag. Intense 

alteration in both the dacites and pumice tuffs continues 

for about 300 m SW of the massive ore zone; this trend is 

also evident for the base metals, F and As. The alteration 

halo in the dacites is much more uniform than the primary 

halos for the indicator elements. 

In the Kut1u1ar and Kotarak Dere areas, the ratio 

outlines extensive alteration halos in the' footwall dacites 

(Figure 8.11 and 8.12), especially in the former area where 

all the samples collected from the footwall dacites were 

practically devoid of fresh feldspars. The hanging-wall 

dacitic agglomerates also show strong alteration in this 

deposit. In these two areas the clay/feldspar ratio exhibits 

a more extensive halo than the primary dispersion of many 

indicator and pathfinder elements. 

In the Tunca area the ratio is highly anomalous for 

all samples co1le'cted within the dacite window (Figure 8.13). 

The hematitized dacites stratigraphically overlying the ore 

show some alteration whereas the diabase is only slightly 

altered. 

The present studies show that the feldspar/clay 

ratio and the relative distributions of the clay alteration 
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products can be used to estimate the magnitude of hydro-

thermal activity and mineralizing processes. 

8.3 BEDROCK GEOCHEMISTRY 

8.3.1 Introduction 

The following main lines of investigations on the 

use of bedrock geochemistry in prospecting for the volcano-

genic massive sulphide deposits in the Eastern Black Sea 

Region were undertaken in the present research: 

(a) Discrimination between mineralized favourable and 

unfavourable dacitic rocks of both local and regional nature: 

In the Eastern Black Sea Region there appears to be a single 

stage of dacitic volcanism represented by the Dacitic Series, 

although subdivision of this series into two dacitic series 

has been proposed in some localities (~ section on,regional 

stratigraphy, section 3.6). It is possible, therefore, that 

a particular phase of dacitic volcanism may be more favour-

able to mineralization than others. In exposed windows of 

dacite extensive pyritic stockwork and impregnation.zones 

which may be associated with nearby concealed massive' ore 

bodies are also present in the area. During the present 

research spe~ial emphasis was placed on the bedrock geochem­

istry of the,host dacitic rocks with the objective of 

assessing the regional and local favourability of dacitic 

rocks for mineralization. 
> " 
~, 

(b) Detection of elemental halos in both the hanging-wall 

and footwall formations of concealed ore deposits: Chemical 

data obtained during reconnaissan~e and detailed geological 

mapping can be used to outline primary halos associated with 
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suboutcropping or blind ore deposits. Subsurface and surface 

rock geochemistry around the six deposits and mineralized 

zones were studied with a view to determining the nature of 

the vertical and lateral primary dispersion characteristics 

of several elements that could be used as directional vectors 

in the search for concealed massive orebodies. 
I 

(c) Detection of Exhalite Zones: In the Eastern Black Sea 

Ore Province typical exha1ite horizons such as jaspers, 

ferruginous cherts, and iron formations associated with the 

sulphide mineralization are not common; instead the vo1cano-· 

genic sulphide zones in this region are commonly overlain 

by hematitized pyroclastics, sediments, or volcanics that 

may extend laterally beyond the dimensions of the deposits. 

These rocks are also enriched in Mn (e.g. Madenkoy, Har~it­

Kopruba~i, and Harkoy deposits) and have thicknesses varying 

from a few metres to tens of metres. For example, the 

Madenkoy massive sulphide deposit is overlain by a hemati-

tized pumice tuff unit which is intercalated with pumaceous 

sandstones and red marly limestones; the Har~it-Kopruba~i 

and Harkey deposits are blanketed by a ferruginous chert 

(D. Egin, pers. comm., 1977); the Lahanos massive sulphide 

body is covered by a hematitized marly limestone unit (D.W. 

Hattie, pers. comm., 1977); and the Tunca, lsrail, and 

Murgul deposits are overlain by hematite-impregnated and 

hematite-veined dacitic rocks. On the other hand, deposits 

such as Kutlu1ar, Kotarak Dere, and Kizilkaya have beleached 

pyroclastic cover rocks immediately overlying the deposits. 

When present the hematitized rock formations 'usually form an 

ideal horizon for primary halo studies. Detailed petrochem­

ical studies of the hematitized pumice tuffs at the Madenkey 
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deposit were made to elucidat~ their origin, determine their 

relationship to the ore deposit, and thus to detect any 

primary elemental halos that could be useful in exploration. 

(See section 4.2.2.3.1 for petrological description, and 

section 8.2 for alteration characteristics of these rocks). 

For the bedrock, geochemical studies a total of 483 

diamond drill-core samples from the Madenkoy, Kutlular, 

Kotarak Dere, and Tunca deposits and '203 surface and shallow 

drill-core samples from all six deposits and mineralized 

zones and surrounding areas were collected and analysed for 

27 elements by various analytical techniques. Not all the 

samples were analysed for the full range of elements. For 

the methods of sample collection, sample preparation, and 

analysis the reader is referred to Appendix A.l.1, Appendix 

A.2.2, and Chapter 5 respectively. 

8.3.2 Data Processing and Presentation 

The res~lts of the analyses of the surface and shal­

low drill-core samples were statistically processed, and 

arithmetic and logarithmic histograms and cumulative fre­

quency plots were computed for each of the rock types in 

mineralized and unmineralized areas (~Appendix C). For 

the elements investigated their distribution in the various 

rock types were best approxima~ed by a 10g10 normal distri­

bution. As an estimate of the dispersion of the data about 

the mean, the means plus one standard deviation for all ele­

mental distributions in the various rqck types were calculated 

and are shown in Tables 8.4 and 8.5. 

Class intervals 'for distribution plots of As, Cu, 

Zn, Pb, and F correspond t~ the 20th, 50th, 80th, and 95th 
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Table 8.4 Composition of Dacitic Rocks Associated with Volcllnogenic Sulphide lUneraUzlltion 

In the Eastern Black Sea Region. Values are gIven for the Mean and M~an + One 

Standard 'Deviation (In italics) of LoglO Transormed Data (all values are in ppm 

except' where otherwise noted). 

MASSIVE SULPHIDE DEPOSITS STOCKWORK DEPOSITS BARREN 
UWIIN- MIN-

ERALIZED ERALlZED KOTARAK 

DACITES DACITES MADENKOY KUTLULAR TUNCA DERE SIRTKDY SARISU 
(1.9) (83) (36) (to) (1) (Z4) (l6) . (lO) 

Fe % 1.2 (4.4) 2.S (6.0) 1'.8 (3.1) 2.0 (3.6) 2.9 (8.9) 3.0 (6.4) 5.2 (S.8) 5.3 (1.4) 

Mn 303 (lOBO) 400 (HaS) 362 (860) 208 (36S) 279 (120) .537 (t.472) 675 (2ts7) 248 (100) 

As 3 (9) 6 (26) 7 (22) 21 (97) 40 (lS6) 3 (9) 7 (28) '2 (4) 

Cu 13 (42) 36 (2%5) 40 (29S) 32 (l3Z) 120 (B4S) 38 (260) 43 (212) 26 (19) 

Pb 14 (21) 21 (63) 2S (83) 29 (126) 70 (361) 17 (32) 13 (23) 16 (2'1) 

Zn 72 (142) 9S (4'15) 184 (62'1) 11 (2'1) 50S (4~SO) 148 (89S) 74 (UO) 20 (63) 

As <0.1 (-) 0.2 (,1,.0) 0.2 (l.2) O.S (2.8) 1.3 (1.5) 0.3 (1..1) 0.1 (0.3) 0.1 (-) 

Cd 1 (2) 2 (6) 2 (B) 1 (2) 5 (29) 2 (8) 2 (2) 2 (3) 

Ko 1 (3) 2 (6) 2 (4) 10 ($0) 2 (9) 3 (1) 2 (4) 2 (4) 

Ba 84 (270) 113 (43'1) 90 {356} ,. 226 (525) 816 (2??0) , 208 (15'1) 90 (323) so (84) 
~. I 

Sr 27 (60) 25 (82) 23 (75) 9 (%3) 33 (%42) 11 (Z5) 40 (l04) 73 (Z60) 

V 17 (36) 28 (94) 11 (Z2) 24 (38) 29 (36) 37 (10) 87 (337) 305 (511) 

Co 3 (7) 3 (9) 2 (5) 2 (3) 2 (4) 4 (t.0) 12 (lS) 7 (l5) 

Hi 12 (35) 13 (36) 13 (29) 22 (48) 24 (41) 24 (31) 7 (l1) 9 (29) • 

Cr 20 (48 21 (54) 20 (40) 32 (62) 38 (59) 33 (61) 8 (22) 41 (l4S) 

7i 914 (2430) 107S (35l5) 454 (l338) 9SS (lBlO) 1680 (l99S) 1660 (314B) 2570 (1810) 5148 (805S) 

F 201 (432) 306 (740) 466 '(HOO) 154 (250) 750 (U06) 360 (7tl) 173 (587) 284 (385) 

Be 0.2 (0.2) 0.3 (0.6) 0.3 (0.5) 0.3 (0.4) 0.2 (-) 0.2 (0.3) 0.4 (l..U 0.2 (0.3) 

Li 10 (26) 5 (23) 11 (40) 3 (10) 7 (26) 1 (2) 2 (1) 2 (4) 

Se 2 (9) 4 (l4) 3 (9) 8 (tl) 6 (ZZ) 7 (t6) 8 (24) 19 (30) 

Ca 21 (26) 17 (27) 16 (25) 8 (18). 18 (Z2) 19 (29) 19 (23) 20 (30) 

~ % 1.1 (2.3) 1.1 (2.l)' 1.1 (2.4) 1.2 (Z.l) 2.1 (3.9) 1.3 (2.9) 0.8 (t.9) 0.6 (t.S) 

Ca% 0.4 (0.9) 0.4 (l.3) 0.5 (l.4) 0.2 (0.5) 0.4 (t.2) 0.3 (0.4) 1.1 (3.6) 1.0 (2.4) 

Mg% 0.4 (l.2) 0.6 fl.B) 0.6 (l.4) 0.3 (0.4) 0.8 (2.8) 1.0 (3.0) 0.5 (t.2) 0.7 (t.4) 

At% 8.1 (9:5) 8.5 (22.7) 6.4 (ll.2) 8.0 (9.4) 8.5 (lO.6) 9.S (U.4) 7.9 (t.0.5) 1~.3 (l7.S) 

S1 % 38.1 (47.9) 36.6 (49.5) 35.3 (43.7) 46.6 (46.9) 37.0 (46.9) 44.3 (48.4) 31.8 (41.S) 35.6 (5%.4) 

* From Caye1i area, 

+ Includes dacites from all deposits except Sarisu 

Notes Numbers in brackets for the various areas ~epresent the numb~r of outcrops from which 

the composite chip samples were taken. 
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Table 8.5 

Composition, of Cover Rocks A~sociated with Volcanogenic Sulp~\ide Hincral1z3tion in the «ayeH 

Area. Eastern Black Sea Region. Values are given for the }Ican and Hean + One Standard' Deviation 

(in italics) of Log Transform~d Data 
10 

(all values arC! in ppm except where otherwise noted). 

HADENKOY SIRtKOY 

BACKGROUND BACKGROUND 
UPPER BASICS PUHICE TUFFS UPPER BASICS PUMICE TUFFS UPPER BASICS 

(11) (9) (29) (32) (9) 

Fe % 6.7 (8.5) 2.3 (3.7) 4.1 (5.2) 2.8 (4.5) 9.6 (4.8) 

tin 1850 (3640) 457 (1007) 1415 (2300) 730 (2650) 2400 (5880) 

As 2 (5) 2 (4) 3 (6) 5 (21) 7 (29) 

Cu 27 (132) 8 (21) 77 (181) 19 (210) 171 (703) 

Pb 23 (39) ,9 (14) 32 (53) 21 (70) 18 (32) 

Zn 90 (175) . 60 (95) 100 (345) 123 (330) 106 (255) 

Ag 0.1 (_) <0.1(-) 0.3 (1.3) 0.7 (2.5) < 0.1 (_) 

Cd 2 (3) 1 (2) 2 (,3) 2 (3) 2 (3) 

J10 1 (2) 1 (2) 2 (4) 2 (31 2 (41 

Ba 64 (146) 20 (39) . 90 (214) 86 U571 146 (430) 

St 65 (19'1) 61 (145) 127 (272) 34 ('19) 20 (62) 

V 238 (367) 15 (20) 145 (345) 23 (53) 316 (435) 

Co 21 (42) 33 (49) 19 (35) 4 (22) 17 (66) 

Nt 12 (28) 10 (35) 36 (105) 13 (73) 14 (3'1) 

Ct 15 (38) 17 (51) 108 (415) 17 (42) 26 (59) 

T1 5566 (8340) 703 (1470) 2870 (4305) 790 (2000) 5956 (?782) 

F 140 (237). 105 (160), 256 (482) 450 (1365) 115 (192) 

Be 0.2.t-) 0.2 (-) 0.2 (0.4) 0.4 (2.0) 0.2 ( .. ) 

Lt 5 (22) 8 (17) 13 (44) 21 (59) 1 (4) 

Se 15 (19) 1 (7) 11 (5) 3 (12) 20 (32) 

Ca 23 (31) 19 (24) 16 (20) 20 (28) 24 (28) 

IC% 0.4 (1.6) 0.7 (2.0) 0.9 (1.6) 1.2 (2.7) 1.2 (4.0) 

C3% 1.9 (2.8) 0.2 (0.5) 3.1 (7.0) 0.6 (2.6) 1.7 (4.2) 

}tg % 2.5 (6.8) 0.2 (0.5) 2.1 (6.6) 0.6 (l.9) 0.7 (2.9) 

Al % 8.0 (10.4) 7.9 (9.2) 7.4 (9.4) 7.6 (10.l) 8.7 (10.4) 
S1 % 25.8 (35.2) 43.0 (45.0) 21.4 (29.3) 33.2 (45.4) 30.5 (40.3) 

Note (1) Numbers in brackets below each rock type represent the nl~ber of outcrops from which comp~slte 

chip samples were taken. 

(2) Upper basic rocks represent basalts and spilites. 
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percentiles of the 10g
l0 

transformed data for dacitic rocks. 

Distribution patterns in the dacites and overlying pumice 

tuffs (these rocks have a similar composition to dacit~s) 

can be interpreted directly; the basalt samples collected 

from the Upper Basic Series are interpreted in the light of 

the mean concentrations for the elements compiled in Table 8.5. 

The As, F, Cu, Zn, and Pb concentrations in the 
> 

gayeli and Madenkoy areas were plotted on maps. The data 

for the Kutlular, Kotarak Dere, and Tunca areas were not 

plotted. However, the sample sites for these areas are 
, 

given in Figures 4.8, 4.9, and 4.11, and the data for As, F, 

Cu, Zn, and Pb are compiled in Appendix D. 

The results of the drill-core sample analyses from 

the Madenkoy and Kut1u1ar"Kotarak Dere, and Tunca deposits 

in profile form along logged drill-core samples are shown in 

Figures 8.14, 8.15, 8.16, 8.17, 8.18, and 8.19. 

8.3.3 
~ 

Reconnaissance Bedrock Survey in the Caye1i Area 

Where poss'ible, composite chip samples of available 

bedrock exposures were taken during reconnaissance geological 

mapping. The Qaye1i area, which contains all three types of 

mineralization mentioned p~eviously, is typified by an exten­

sive cover of basalts and andealtic-tuff breccias of the 

Upper Basic Series (Figure 8.20). Andesitic breccias, prob-

ably of the Young Basic Series, occur only in the northern 

part of the area around the Sarisu pyritic impregnation occur-

renee. Intrusive bodies of diorite are confined to the area 

'between Sirtkoy and Sarisu. Exposed within the cover of 

Upper Basic Series are three windows of dacitic rocks at 

Madenkoy, Sirtkoy, and Sarisu. 
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Exposure in the area as a whole is unfortunately not 

very good, due mainly to a heavy vegetation and soil cover; 

the greatest amount of exposure occurs in areas where exten-

sive block faulting in NE-SW and NW-SE directions has 

occurred (Madenkoy, Sirtkoy, and Sarisu). 

For reconnaissance surveys, As (Figure 8.20), F 

(Figure 8.21), Pb (Figure 8.22), Zn (Figure 8.23), and Cu 

(Figure 8.24)·were found to be of most value for detecting 

and differentiating between the three types of mineraliza-

tion. Fluorine and As are sensitive indicators of hydro-

,thermal activity and,minera1izing processes (pyritization) 
, , 

respectively. Thus, in the Madenk~y area both elements " 

demonstrate good vector properties in pointing out mineral­

ization. Over the blind Madenkoy ore body, the primary halos 

of F and As have dimensions of the order ~t 200 x 400 metres, 

extending over both the dacites and basic cover rocks. 

In the Sirtkoy area F shows a slight enrichment in 

parts of the dacitic exposure within the stockwork zone; the 

basics overlying mineralization sh'ow no, enrichment. Arsenic 

on the other hand is anomalous in both the mineralized 

dacites and overlying basics. Outside of the mineralized 

zone at Sirtkoy, As and F exhibit background values in both 

the dacites and basics. 

At Sarisu F is enriched in the hydrothermally altered 

dacites and displays only background values 1n the surround-

ing basics. Arsenic shows no enhancement whatsoever in the 

mineralized dacites and would therefore,appear to be an 

active mineralizer only during processes of pyritization 

associated with stockwork and massive sulphide mineralization. 
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Pb and Zn are also good 1ithogeochemical indicators 

in this province; both elements clearly show stronger anom­

alies in the vicinity of massive sulphide mineralization 

(Madenkoy) as compared to the stockworks (Sirtkoy) and 

disseminated pyrite (Sarisu) occurrences (Figures 8.22 and 

8.23; ~ also Table 8.4). Copper is not a particularly 

sensitive indicator of the type of mineralization present, 

although it is anomalous in mineralized dacites as a whole. 

These results suggest that As, F, Zn, Pb, and Cu 

in rocks sampled during 'reconnaissance surveys are good 

'indicators of mineralization. This should permit both 

detection of mineralization and a certain degree of diag­

nosis as to its type. 

8.3.4 Detailed Bedrock Surveys 

Detailed geochemical bedrock surveys were carried 

out over the Madenkoy, Kutlu1ar, Kotarak Dere, and Tunca 

deposits with the following results. 

8.3.4.1 Primary Halos in Dacitic Host Rocks 

Dacitic rocks hosting economic massive sulphide ore 

bodies gerierally contain a stockwork zone surrounded by more 

extensive pyritic impregnation and argillic alteration zones. 

In the vicinity of suspected ore, the dispersion patterns of 

certain indicator elements in the dacitic host rocks may be 

useful in indicating both the presence and position of mas­

sive ore. As was indicated by the results of the reconnais­

sance survey in the Qayeli area the initial exploration 

depends to a large extent on such detailed bedrock studies 
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as those for As, F, Zn, Pb, and Cu in exposed dacitic windows 

within the Upper Basic Series. 

The exposed section of the dacitic rocks near,the 

Madenkoy deposit shows distinct signs of hydrothermal altera­

tion and pyritic im~regnation; only a very small portion of 

the stockwork zone is exposed. Arsenic, F, and especially 

Pb and Zn form anomalous halos in the dacitic tuffs along the 

entire length of the dacite-pumice tuff contact (Figures 8.25, 

8.26, 8.27, and 8.28). Although the average F and As con­

tents (466 and 7 ppm respectively, Table 4.4) of the Madenkoy 

'dacites are significantly highe~ than those for unmineralized 

dacites (201 and 3 ppm respectively) their distribution in 

the footwall rocks are marked by only a few sporadic anom­

alies; Cu displays a similar pattern to As (Figure 8.29). 

On the other hand Pb and Zn exhibit almost continuous anom­

alies in the footwall zone and form a lateral halo extending 

almost 300 m to the south of the concealed are zone. On a 

plan view the primary halos for As, Pb, Zn, and F in the 

footwall zone appear to extend 100-200 m outward from the 

dacitic tuff-pumice tuff contact, but due to'later tectonic 

tilting these halos may actually be smaller in size. Alter­

natively, the true lateral extent of these halos out of the 

map plane (SE of the massive ore zone) may have been greater 

than their present observed width. Unfortunately none of 

the drill-holes were deep enough to locate the extentlon of 

the halos below the massive ore. However, drill-holes 4 and 

73 traversing the dacitic footwall rocks give an idea of the 

dispersion of As, Pb, Cu, and Zn in these rocks (Figure 8.14). 

The concentrations of these elements are variable in the 
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footwall dacites along the core sections, wide dispersions 

being demonstrated by Zn, As, and Cu. 

In dri11~ho1e 110 Hg decreases sharply with depth 

in the impregnation zone, and within 40 m from the massive 

ore the element is present in backgrourid concentrations (about 

60 ppb). Fluorine on the other hand increases from values 
; 

of about 200 ppm just below the massive ore to more than 

1500 ppm within 40 m of it (Figure 8.15). Thus, F is con-

centra ted in a zone about 20 m outward from the massive ore 

body, having a halo whose observable width is about 300 

metres within the dacitic footwall rocks. Such dispersion 

features emphasize the important role of this element during 

mineralizing processes • . 
As discussed below, in a section on the Regional 

Assessment of Mineralized Stockwork and Impregnation Zones 

(~ also Table 8.4), the footwall dacites in the Kut1ular, 

Kotarak Dere, and Tunca deposits display anomalously high 

concentrations of As, F (except at Kut1ular), Cu, Zn, Pb, 

Ag, Cd, Ba, and Mo. The drill-core profiles for As, F, Cu, 

Zn, Pb, and Mo also demonstrate the high contents of these 

elements in the stockwork and impregnation zones of these 

deposits (Figures 8.17, 8.18 and 8.19). The mineralizing ore 

fluids circulating through impervious dacitic rocks have 

produced elemental halos that are extensive as well as inten-

sive in places (e.g. Kut1u1ar). 

8.3.4.2 Primary Halos in Hanging-wall Rocks 

Exposures of the Lower Dacitic Series in the Eastern 

Black Sea Region are sparse, and there is much geological 

evidence 'to suggest that massive sulphide deposits are only 
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preserved (e.g. Madenkoy and Kutlular) if they have a suf-

ficient capping of cover rocks, generally of the Upper 

Basic Series. Detailed mapping in the Madenkoy and Sirtkoy 

areas and drill-core sampling in the Madenkoy, Kutlular, 

Kotarak Dere, and Tunca Deposits was carried out to confirm 
, 

the existence of primary elemental halos in the hanging wall 

rocks, some of, which were'observed (e.g. As and F) during the 

initial reconnaissance survey of the qayeli area. 
" 

In the Madenkoy area, pumice tuffs (violet tuffs) 

and intercalated tuffaceous sandstones lie directly over the 

massive sulphide orebody and extend laterally about 300 m to 

the SW and NE. In terms of chemical composition these rocks 

are similar to dacites', a major exception being an excess Fe 

content represented by hematitization. Compared to the 

basalts they have much lower contents of Mn. V, Co, Ni, Cr, 

and Ti. On a visual basis, the pumice tuffs from background 

and mineralized areas'cannot be differentiated. The surface 

pumice tuffs.collected close to the mineralization, however, 

are significantly enriched in elements such as As,. F, Pb, 

Zn, Ag, Ba, Mn, and to a lesser extent Fe, Cu, and Mo (Table 

4.5). For most of these elements their means exceed even 

the mean plus one standard' deviation for the background tuffs. 

For the Madenkoy pumice tuffs, As, Pb, Zn, and F form anom-

alous halos along the full length of the footwall-hanging 

wall contact zone and extend for more than 200 m SW of the 

ore zone. The vertical distributions of As, F, Zn, Pb, Cu, 

and Mo in drill-cores through this deposit also confirm the 

existence of primary halos in the pumice tuffs (Figures 8.14, 

8.15, and 8.16). The contents of As, Fe, Zn, Pb, and Mo in 
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these rocks generally increase as the oreb~dy is approached 

(e.g. drill core sections 101 and 110, Figure 8.15). 

The minor elements such as As, Cu, Zn, Pb, and'Mo 

in the pumice tuffs probably occur as sulphides (for Cu, Zn, 

Pb) or as minor elements in sulphides (for As and Mo) yhich 

are occasionally present as disseminations. In addition con-

siderable cont~nts of these elements are thought to occur in 

clays (especially the mixed-layered sericite montmorillonite 

and montmorillonite), and iron and manganese oxides as sug-

gested by the three different selective extraction procedures 

carried out on these rocks (Table 8.6). Especially indicative 

in this respect is the strong relationship between As and Fe 

as shown by the ammonium oxalate extraction (See section 5.8 

for details of the analytical procedures for these techniques, 

and see section 9.5 for their extractive properties). 

Table 8.6 Mean extractAbilities of metals from 16 pumice 
tuff drill-core samples for three types of extrac­
tion procedures [extractability expressed as 
(reagent extractable meta1/HN03 + HC104 extract­
able metal) x 10ru. 

Type o.f 
exttact"lon 

Percentage 
of Fe 

Percentage 
of Mn 

Percentage 
of Cu 

Percentage 
of Zn 

Percentage Percentage 
of Pb of As 

extracted extracted extracted extracted extracted extracted 

E D,T!A 1.3 14.4 16.2 6.9 25.1 No detect-
(pH:4.65) able 

extraction 

Hydroxy- 6.3 62.4 37.9 34.0 34.4 No detect';' 
!amine able 
hydrochlo- extraction 
ride (pH: 1. 3) 

Ammonium 18.2 19.8 25.7 13.1 45.0 
oxalate 
(pH:3.3) 

Compared to thei~ background counterparts the basalts 

overlying the Madenkoy deposit are considerably enriched in F, 
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Pb, and Ag (Table 8.5), and these elements are, therefore, 

good indicators of underlying sulphide mineralization. As, 

Cu, Zn, Sr, and Ba are only slightly enriched in the Madenk8y 

basalts, but as a group they may also aid interpretation. 

The drill-core profiles for F, Zn, Pb, and As also suggest 
~ 

enrichment of these elements in the basalts (Figures 8.14, 

8.15, and 8.17). 

The dispersion of Hg in drill-cores 101 and 110 above 

the Madenk8Y sulphide orebody produced dissappointing ~esults 

(Figure 8.15). Despite the fact that the ore contains as 

m'uch as 7 ppm Hg, the overlying rocks rarely repo.rt values 

greater than'40 'ppb. 

The Upper Basic Series (mainly spil1ites and basalts) 

stratigraphically overlying the Sirtk8y pyritic stockwork' 

deposit have increased concentrations of As and Cu only, thus 

reflecting the type of mineralization over which they lie. 

There is a distinct diagnostic difference between the compo-

sition of basic rocks overlying the Madenkoy massive sulphide 

ore (high F, Pb, Ag) and those overlying the pyritic stock-

work mineralization (high As and eu only). These parameters 

can, therefore, be used to indicate the type of ore under-

lying anomalous zones in the Upper Basic Series. 

The cover rock exposure (tuffs and basalts) around 

Sarisu is restricted; the results obtained for the basalts 

(4 samples) reveal a general absence of primary anomalies for 

any of the elements. 

The Kutlular massive sulphide deposit is overlain by 

a dacitic-tuff breccia unit which is mineralized. Veinlets 

and disseminations of pyrite and chalcopyrite are common in 

these rocks. The dacitic-tuff breccia is in turn followed ' 
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by a thin cover of basalts which has largely been eroded. 

A few surface samples of the dacitic tuff-breccia and the 

vertical profiles for As, Mo, Cu, Zn, and Pb in drill-core 

K-8 indicate a strong enrichment of these elements (Figure 

8.17) in the cover rocks. Fluorine is generally low in the 

hanging-wall rocks'as in. the footwall dacites of this deposit. 

In the Kotarak Dere deposit, the dacitic tuffs cover­

ing the massive pyrite contain high concentrations of As, Cu, 

Zn, and Pb in drill-core 1 (Figure 8.18). 

In the Tunca deposit As, F, Cu, Zn, and Pb are 

siightly enriched in the hanging-wall hematitized dacites. 

The profiles for As, F, Cu, Zn, and Pb in drill-cores T-l 

and T-5 also suggest enrichment of the above mentioned ele­

ments in the hematitized dacites whereas background concen­

trations of these elements occur in the overlying baslats 

(Figure 8.19). 

In general, it can be concluded that the dispe~sion 

of As, F, Pb, Zn, Ag, and Cu in hanging-wall rocks are useful 

indicators of underlying mineralization. The hematitized 

rocks, when present, constitute an ideal horizon to sample 

during detailed surveys. Dispersion of elements such as As 

and F can also be used as possible directional indicators of 

underlying mineralization. 

8.3.5 Regional Assessment of Mineralized Stockwork and 

Impregnation Zones 

Mineralized zones in dacites have a widespread occur­

rence in the Black Sea region. Many of these mineralized­

altered zones bear no relationship to massive sulphides or 

productive stockwork deposi~s. Thus, in order·to formulate 
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initial priorities for detailed exploration of exposed min­

eralized zones, these areas must first be assessed on a 

regional basis. With this in mind the possibility of develop­

ing certain geochem~cal criteria by which to judge the mineral 

potential of the numerous stockwork and impregnation occur­

rences in the Black Sea region was investigated. The 

'importance of ~eveloping such,criteria is further emphasized 

by the fact that the larger massive sulphide deposits are 

completely concealed beneath a protective cover of Upper 

Basics, and a portion of their mineralized footwall rocks 

may be the only signature of the deposits at the surface. 

Bedrock sampling was carried out in stockwork-impregnation 

zones for which ~ priori information with regard to mineral 

potential was known (Madenkoy, Kutlular, Tunca, Kotarak Dere, 

SirtkBy, and Sarisu). 

It is extremely unlikely that a proper assessment 

and hence criteria can be obtained if unbiased sampling is 

carried out in these mineralized zones (i.e. sampling of 

sulphide and sulphide-free material). In many cases the 

exposure and demarcation between these zones is not good, 

and a confident decision as regards mineral potential can 

only be made if care is taken to sample the same type of 

material at each outcrop. For this reason it was decided 

that only altered rocks visibly free of sulphides should be 

sampled, as this type of material represents the largest 

percentage of the available exposure in these rocks. Since 

it is often difficult, with limited exposure, tO,determine 

whether the stockwork or-impregnation (or transitions between 

the two) are being sampl~d, it was decided on logistical 

grounds to classify exposur~s merely as mineralized dacites 
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noting any observations that might aid interpretation. For 

the Madenkoy deposit, Cu was the only elem~nt to show a 

marked difference in concentration between stockwork and 

impregnation zones. Fortunately this element is not a strong 

indicator of deposit type. 

The average compositions (and mean + one standard 

deviation) of the mineralized dacites associated with massive 

sulphide bodies, Cu-pyrite stockworks, and barren pyritic 

impregnation zones are given in Table 8.4. The· compositions 

of the mineralized dacites as a whole (excepting those of 

Sarisu)' and the unmineralized dacites from the ~ayeli area 

are also given. 

Compared to their background counterparts, rocks 

taken from the mineralized stockwork-impregnation zones 

(whole population) ar~ significantly enriched in Fe, As, Cu. 

Pb, Zn, and F, and to a lesser extent in Ag, Cd, Mo, and Ba. 

Mn, Sr, Co, Ni, and Ti are not noticeably enhanced in these 

mineralized zones, indicating their lack of participation in 

mineralizing processes. 

The results for the individual deposits indicate that 

no one ~lement can be adequately used as a'discriminator. For 

example, due probably to a much higher level of hydrothermal 

activity at Kutlular, some of which post-dates mineralization, 

the more readily leached elements such as Zn, Sr. and F show 

a considerable depletion. Furthermore. Mo. which is only 

slightly anomalous in other deposits, displays a very high 

mean concentration in the Kutlular dacites; to a lesser extent 

the same is also true for Ag and Ba. With the exception of 

Tunca, As has its highest concentration in the Kutlular 

dacites. A further problem affecting the interpretation' 
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of single element data relates to the proximity of the sampled 

zone to ore. For the Tunca dacites, the relatively high con­

centrations observed for all of the indicator elements.is 

related to the fact that a fault bisects the ore zone thus 

permitting the stockwork-impregnation zone immediately below 

the ore to be exposed. 

Since each of the massive sulphide deposits have dif­

ferent characteristics as regards tenor or ore, degree of 

hydrothermal activity, and degree of exposure, an adequate 

assessment of mineralized dacitic exposures can only be made 

by examining, on a re~ative basis, a more comprehensive sel­

ection of trace elements. Thus the dacites associated with 

massive sulphide ores form a clearly anomalous group having 

abnormally high concentrations of most and in some cases 

(Madenk~y, Tunca) all of the base metal indicators (Cu, Pb, 

Zn, Ag) as well as As and F. Compared to the other types of 

mineralization outlined in Table A.l, Pb is the only element 

which is consistant1y higher in the footwall rocks of massive 

sulphide deposits; greater weight can therefore be given to . 

the observed levels for this element. 

Although the Kotarak Dere occurrence has been classed 

in Table 4.1 as a stockwork deposit, there is strong evidence 

to suggest.that it represents the exposed root of an eroded 

massive sulphide deposit. A small remnant of massive sul­

phide mineralization occurs in the middle of the exposure and 

disseminations of sphalerite (unlike Sirtk~y) have been 

found in the stockwork zone. Geochemica11y the Kotarak Dere 

dacites are similar to the footwall rocks of the Madenk8y 

deposit; only As and Pb exhibit lower levels in these rocks. 

Although it would appear likely that massive sulphides have 
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been eroded away, it is still possible that ore is present 

under the covered flanks of the. dacite. Present drilling 

has been confined to assessing the mineral potential .of the 

stockwork zone. As its chemistry fits the criteria mentioned 

above for mineralized dacites associated with massive sul-

phides, it is suggested that drilling be extended over the 

flanking Upper Basic Series. 
, 

The altered dacites in the Slrtkoy stockwork deposit 

have a chemistry distinctly different from dacites related 

to massive sulphide mineralization. Of the ore indicators, 

only Fe, As, and eu are enriched in this deposit. The other 

base metals, together with F, have values very similar to 

those for unmineralized dacites. The basic elements Mn, V, 

Co, and Ti are also high in these'rocks, but Ni and Cr are 

not. The same trend for the above mentioned basic. elements 

was also observed for the Sarisu dacites. The differences 

in the concentrations of these elements in the Sirtkoy and 

Sarisu dacites, and those of dacites from other areas may be 

attributed to one of two factors as follows: 

(1) The possible existence of more than one dacitic 

phase of volcanism which probably followed different differ-

entiat ion trends. However, the occurrence of the Madenkoy 

and Sirtkoy windows along the same trend and the absence of 

any multiphase characteristics are evidence against'·this 

possibility. 

(2) The possible incorporation of the basic elements 

as the result of contact-metamorphic processes between intru-

sive dacites and the basalts and spilites of the Upper Basic 

Series. The basic elements may therefore be used to indicate 
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stockwork and impregnation deposits having more of an intru­

sive nature rather than a submarine exhal.tive one. 

The above results suggest that the basic elements 

may be useful in regional assessment of dacitic rocks in the 

Eastern Black Sea Region. However more regional data on the 

content of these elements in the dacitic rocks of this region 

is needed to reach any firm conclusions. 

The Sarisu impregnation deposit is characterized by 

high levels of Fe and Cu only. Geochemic~lly, deposits of 

this type can be differentiated from more productive mineral~ 

ized zones by their lack of base metal (excepting Cu), As, 

and F contents •. 

Finally, the major elements such as K, Ca, Fe, and 

Mg in the dacites from the min.ralized areas follow trends 1n 

accordance with the'alteration patterns described in section 

8.2 (Table 8.7). For example, enrichment of Fe, Ca, and Mg 

in the Madenkoy dacites compared with the unmineralized 

dacites is in accordance with the mineralogical changes 

(dolomite and siderite formation) that took place during 

alteration. 

Depending on the degree of exposure, a minimum of 

10-15 samples, areally representing the mi~eralized zone 

should be taken for regional assessment. Where only single' 

mineralized outcrops are exposed care should be taken to 

sample material free of sulphides. This method of a visual 

cut-off in sampling was found to give the most meaningful 

results in the Eastern Black Sea Province. Exposures which 

have higher than normal contents of most of the base metals 

(particularly Pb) as well as As and F should be given a high 



Table 8.7 Variations in some major element contents of dacitic rocks from various mineralized areas 

compared with unmineralized dacites from the Madenkoy area. 
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priority for detailed surveying. For a technique such as 

this, analytical precision is imperative •. 
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CHAPTER 9 

PEDOGEOCHEMICAL EXPLORATION 

9.1 INTRODUCTION· 

Residual soil surveys have been extensively and 

successfully. used in geochemical exploration (Warren and 

Delavault, 1966;. Haykes and Webb, 1962, p. 203). In the 

U.S.S.R., "meta110metric surveys", which usually involve the 

sampling of soils, have been widely used in mineral explora-

tion and geological mapping (Schirokow and Kowaljowa, 1961; 

Isaregradskiy, 1962). Because residual soils are formed as 
• 

a result of in-situ weathering their chemical features will 

generally reflect faithfully the chemistry of the parent 

bedrock. In areas of deep residual soil cover and limited 

bedrock exposure residual soil surveys may, therefore, be 

effectively used in geochemical prospecting. In the Eastern 

Black Sea Region this is especially true, the limited rock 

exposure in some localities makes residual soil sampling 
. 

an ideal adjunct to bedrock surveys in geochemical exploration. 

The soils in this region are generally undifferent-

iated, immature mountain soils that have developed under 

humid, moderate climatic conditions. The soils are slightly 

acid (pH about 4.5), and because of the relatively high 

relief are well aerated and drained. Their thickness rarely 

exceeds 1m and their constituent clay minerals are mainly 

illite and vermiculite types. The carbon content of the 

topsoils ranges up to 6.23% and 19.48% for tea-planted and 

forested areas respectively. 

Because of undifterentiated nature of the soils, 

samples were taken at an arbitrary horizon (30 cm below the 
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surface). Two hundred and twenty-~ne soil samples were 

collected along several traverses in the Madenkoy, Sirtkoy, 

Sarisu, Kutlular, and Kotarak Dere areas (Figures 9.1, 9',2, 

9.3, and 9.4). A minus 80 mesh (-200~) size fraction was 

analysed for (a) Fe, Mn, Cu, Zn, Pb, and Cd by atomic absorp­

tion spectrometry after a hot nitric acid digestion, (b) As 

and Mo by colorimetric methods, (c) Ba and Ag'by direct 

reading optical spectrography, and Cd) Hg by a flameless 

atomic absorption method. Not all the samples were analysed 

for the f~ll range of elements. For the details of sample 

collection, sample preparation, and analysis, the reader is 

referred to Appendix A.1.2, Appendix A.2.3, and Chapter 5 

respectively. 

Selective extraction experiments involving EDTA, 

hydroxylamine hydrochloride, and ammonium oxalate solutions 

on selected soil samples were carried out to enhance anom­

alies over concealed massive sulphide deposits and to eluci­

date the mode of occurrence of the various metals. 

9.2 DATA PROCESSING AND PRESENTATION 

Elemental concentrations for all the soil samples 

were entered on computer cards and processed to obtain simple 

statistical parameters such as range, arithmetic and log­

arithmic means, standard deviations, 50th percentiles, and 

correlation coefficients. The results are given in Table 9.1. 

The frequency histograms and cumulative frequency diagrams 

were also plotted (~Appendix C). From these plots it 

was evident that all of the elements were best approximated 

by a lognormal distribution. However, Cd and Ag show some 

deviation from .both the normal and 10gnor~al distributions, 



Table 9.1 Statistical summary of total soil data (total number of samples'is 221*). 

Element Number Range of Means 50th Std. deviations Correlation Coefficients 
(in ppm of . values Arith. Geom. percentile Arith. Geom. As Cu Zn Pb Ag Cd Mo Hg Ba MIl Fe 
unless samples (Log10 distrn) 
stated) 

As 221' 1.5-780 15 7.5 6.5 20 3.4 1.00 

Cu 221 4-1890 45 72 58 217 3.3 0.18 ...., 
Zn 221 15-4000 185 112 73 335 2.4 0.13 0.44 !XI ...., 
Pb 221 8- 760 55 34 24 82 2.4 0.71 0.34 0.31 

Ag 150 0.1-17.0 0.6 0.2 0.1 1.7 3.2 -0.05 -0.04 .. 0.01 ~0.04 

Cd 210 0.5-17 1.5 1.2 0.9 1.5 1.9 0.08 0.42 0.91 0.31 -0.01 

Mo 147 0.5-18.1 3.3 2.3 2.1 2.9 2.5 0.64 0.22 0.15 0.46 0.03 0.21 

Hg(ppb) 148 11-624 86 70 65 65 1.9 0.2 0.13 0.40 0.23 0.67 0.37 0.21 

Ba 150 42-1619 145 113 101 173 1.8 0.2 0.08 0.51 0.28 0:64 0.51 0.20 0.77 

M."l 124 30-6500 1075 592 824 1023 3.8 . -0.13 0.34 0.17 -0.13 0.01 0.15 -0;37 0.22 -0.08 

Fe% 124 0.7-15.0 4.9 3.8 3.9 3.5 2.3 0.20 0.15 -0.06 0.24 -0.15 -0.14 -0.17 0.20 -0.26 0.22 1.00 

~Not all samples were analysed for all elements 
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partly due to low analytical sensitivity and high detection 

limits. 

The elemental concentrations in soils along the 

various traverses were plotted in profile form on a 10SlO 

scale and are presented in Figures 9.5 to 9.16. 

9.3 THE pH OF SOILS 

The pH of soils was determined in the laboratory by 

soaking ten grams of -2 mesh soil in 20 ml of a 0.01 M 

calcium chloride (CaC1 2 ) solution for 30 minutes and measur­

ing the pH using an electrode and mV meter (~ section 

5.9.1 for the method). 

The pH measurements of 100 soils from all study areas 

ranged from 3.5 to 6.7 with an average of 4.5. pH values 

between 5 and 6.7 were rare and only observed in a few soil 

samples collected over the cover rocks of the Madenkoy mas­

siv~ sulphide body (Figure 9.10). These relatively high pH 

values are believed to be related to the presence of pumice 

tuffs and red limestones constituting the hanging-wall rocks 

in the area. 

9.4 DISPERSION OF METALS IN SOILS 

9.4.1 Introduction 

Three soil traverses (A-A', B-B', and C-C') were run 

across the strike of the Madenkoy massive sulphide deposit 

(Figures 9.1 and 9.2). For comparison with the Madenkoy (1) 

area, soils were collected over a traverse (2M-2M') in the 

Madenkoy (2) area where similar rock types occur and where 

there is no known mineralization (Figure 9.5). Another soil 



CAYELi AREA 
• 

N 

t 

at-tb 

at·tb 

d 

" # , 
I 

, , 
,~ , , , 

284 

SOIL TRAVERSES 

ub 

ub 

ub 

.. 

0.... -'-.... 1 J<m 0 

ub 

LEGEND 
....,,- stream 
_~-- fault 

v::: I alluvium 

alb 
Do 

at·tb 

Lm 

ub 

dt 

andesitic breccia 
diorito 

andesitic tUff OJ upper 
breccia basic 
limestone series 
basalt 

da~itic 
dacitic tuff senes 
dacite } 

~ outlinP. of outcropping 
mineralization 

~ outline of concealed­
~ mineralization 

Figure 9.1 Location of soil traverses, ~ayeli area. 



.. 
MADENKOY 

\.. Steep slope 

B~J Alluvium 

AREA 

- Topographic contours 

o Soil sample localities 

1:2000 

285 

Figure 9.2 Soil sample locality map, Madenkoy (1) area. 

." 
~. 

o 
"0 .. 

I 



a: 
c( 
..J 

3 ... 
:J 
~ 

286 

<CIa .... 
o .. 

o 

• 
('Ij 

r-I Q) .,.. ~ 
o ('Ij 
II) 

Q) 

"-I ~ 
o Q) 

~ 
~ 
o~ 

.,.. ('Ij 

4-1 ~ 
('Ij ('Ij 
04-1 
o 0 
~I:.:: 

I 
~ 
Q) 

> 
('Ij 
~ . 
4-1 ('Ij 

Q) 

r-I~ 
.,.. ('Ij 

o 
II) ~ 

('Ij 
~r-I 
o ::I 

r-I 
~4-I 
o ::I 
""1:.:: 
~ 
('Ij .. 
cJ II) 
o Q) 

~ II) 

• 



287 

traverse (R-R') was run over dacites to the south of the 

Madenkoy deposit to obtain background concentrations for 

metals in soils developed over dacitic rocks (Figure 9.6). 

Two soil traverses in the Sirtkoy area, one (lS-lS')' across 

the mineralized zone (Figure 9.15) and another (2S-2S') over 

unmineralized basic rocks (F.igure 9.7) were run (~ Figure 

9.1 for locations). Soil traverses were also run over the 

Sarisu (ISS-ISS and 2SS'-2SS'), Kutlular (lK-lK', 2K-2K', 

and 3K-3K'), and Kotarak Dere (D-D') mineralized zones. 

The soil traverses in the Madenkoy (1) and (2), 

Sarisu and Kutlular areas are located on cultivated (mainly 

tea-planted) fields whereas those at Sirtkoy and traverse 

R-R' south of Madenkoy are on uncultivated ground. 

9.4.2 Dispersion of Metals 

The three soil traverses over the Madenkoy massive 

sulphide deposit show strong well developed anomalies for Pb, 

Zn, Cu, Ba, and As over the partly exposed stockwork zone of 

this deposit (Figures 9.8, 9.9, 9.10, and 9.11). The maximum 

anomaly/background ratios for these elements over the stock­

work zone are approximately 30, 14, 10, 11, and 10 respect­

ively. The high Pb anomaly/background ratio indicates the 

general association of lead with massive sulphide deposits 

as well as its immobile nature in a secondary environment 

characterized by acid 1ea~hing. Compared with the stockwork 

zone, the soils over the hanging-wall rocks display only 

slightly anomalous concentrations of the above elements. 

Arsenic occurs in weakly anomalous contents, and Pb, Zn, Ba, 

and eu exhibit maximum anomaly/background ratios of 4. 2.5, 

2, and 1.5 respectively. 
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In contrast to the Madenkoy deposit, soils over the 

Kut1u1ar deposit exhibit strong Pb, Cu, Zn, and As anomalies 

over the cover rocks, the maximum/background ratios being 

about 40, 25, 6, and 20 respectively. These resuits reflect 

the mineralized nature of the hanging-wall rocks as well as 

the thin and eroded features of the basalt cover (Figures 9.12 

and 9.13). High concentrations of Pb, Cu, Zn, and As were 

observed in cover rocks penetrated by drill-core K-8 (Figure 

8.17). The maximum anomaly/background ratios of these ele­

ments over the stockwork zone at Kut1u1ar are about 10, 6, 

2, and 8 respectively. The anomaly/background ratio for Ba 

was found to be about 2 for soils developed over both the 

cover rocks and stockwork zone. 

Over the Kotarak Dere stockwork deposit, the ele­

mental concentrations in the soils are low compared with 

those obtained over the Madenkoy and Kut1ular deposits 

(Figure 9.14). The highest contents of As, Zn, Cu, and Ba 

occur slightly to the southeast of the known stockwork­

impregnation zone in the Kotarak Dere stream, suggesting a 

probable extention of the mineralized zones in this- direction. 

Over the Kotarak Dere deposit the highest anomaly/background 

ratio was again shown by Pb (about 3) followed by Cu, As, 

Zn, and Ba with ratios of 2.5, 2, 1.5 and 1.5 respectively. 

In the Sirtkoy area, Cu, As, and Ba occur in anom-

. alous concentrations over the mineralized zone (Figure 9.15). 

These elements exhibit maximum anomaly/background ratios of 

14, 5, and 3 respectively. Arsenic and Ba register high 

values over the mineralized dacites around the Gumu~dere 

stream whereas Cu and Zn occur in high concentrations over 

'the mineralized basic rocks. Over the mineralized dacites Zn 
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and Pb are present in slightly higher coqcentrations thnn 

their background levels over this ~ock type. These disper-

sion features for As, Ba, Cu, Zn, and Pb in the Sirtkoy 

soils reflect the results of the bedrock survey. 

In the Sarisu area, As and to some extent Cu demon-

strate a slight enrichment over the impregnation zone (Figure 

9.16). Other elements such as Zn, Pb, and Ba occur in con-

centrations close to their background values, thus indicating 

the barren nature of this mineralization. 

Cadmium and Ag occ~r in high concentrations over the 

stockwork zones of the economic sulphide mineralizations 

(e~g. Madenkoy and Kutlular). These two elements are also 

enriched in soils over the cover rocks of the Kutlular mas-
• 

sive ore. However, their dispersion iri soils is restricted, 

and their anomaly background ratios are somewhat low due to 

the high detection limits and low analytical sensitivities 

of the elements. 

Molybdenum is present in anomalous concentrations 

over mineralized zones in general, but its dispersion is 

erratic, and the element exhibits no regular dispersion pat-

tern which could be useful in a directional vector sense to 

outline concealed massive sulphide mineralization. 

Mercury displays no significant anomalies over the 

various ~ineralized ~ones (Fiiures 9.5, 9.6, 9.7, 9.10, 9.13, 

9.14, 9.15, and 9.16). Its concentrations in soils over the 

stockwork impregnation zones does not appear to be related to 

the type of mineralization, the mean contents for the soils 

over the stockwork-impregnation zones of the Madenkoy and 

Kutlular deposits and the Sirtkoy mineralization being 73, 

85, and 135 ppb respectively. Vapour ~volution phase analysis 
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of mercury was carried out for selected soil samples from 

mineralized and background localities. Tentative inter­

pretation of the evolution profiles obtained suggests that 

mercury occurs mainly in sulphide form (Table 9.2). However, 

in a few samples the presence of adsorbed mercury, mercuric 

chloride (HgC1
2
), mercuric sulphate (HgS0 4), and mercuric 

oxide (HgO) are also suggested. No significant difference 

was found in the mode of occurrence of mercury in soil sam-

p1es from background and mineralized localities. 

These interpretations for mercury are only tenta-

tive, for example adsorbed mercury can also be.evo1ved at 

o 0 200 C and 430 C, thus interfering with the sulphate evolu-

tion peaks (R. Ha1enko, pers. comm., 1975). From this it 

follows that more research is required "before a sound inter-

pretation of results based on mercury phase analysis can be 

made. 

The"distribution of Fe and Mn in the soils generally 

reflects the chemistry of the underlying bedrock. For 

example, compared to the dacitic footwall rocks, Mn and to 

some extent Fe are present in higher concentrations in the 

soils over the cover rocks of the Upper Basic Series which 

include pumice tuff, basalts, and andesite breccias, all of 

which are primarily rich in Mn and Fe (Figures 9.8, 9.9, 

and 9.11). 

9.5 SELECTIVE EXTRACTION TECHNIQUES 

9.5.1 Introduction 

Selective extraction techniques have been employed in 

geochemical surveys (soil and stream sediment) for increasing 



Table 9.2 Mercury phase analysis of selected soil samples 

Sample Type of" }!ercury compound present 
Number zone from 

which sample Adsorbed mercury Hg2Cl2 HgC12 HgS HgS04 HgO 
collected (100-1S00 C) (lS00 C) (200-2100 C) (270-3100 C) (4400 C) (150,270,5200 C) 

Madenkoz. 

MS-7 stockwork ± + ± 

MS-21 stockwork + ± 

MS-26 stockwork + 

MS-30 hanging-wall + 

MS-33 hang ing-wall + 

MS-37 hanging-wall ± + - w 
0 

MS-39 hanging-wall ± w 

Kutlular 

K-2 hanging-wall + 

K-26 hanging-wall ± 

Kotarak Dere 

K-12 stockwork + ± 

Sirtkoz, 

SS-3 background + + ± ± 

SS-5 background + + + 

SS-13 stockwork + ± 

+ indicates presence of mercury compound 

± indicates presence of minor amounts of mercury compound 
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anomaly contrast as well as studying the mode of occurrence, 

mobility, and general behaviour of elements under different 

natural environmental conditions (Hawkes and Webb, 1962, 

p. 151; Ellis et al., 1967; Horsnail et al., 1969; Rose, 1975). 

Trace elements in the secondary environment may occur 

as major elements in a minor secondary mineral, as minor 

elements in a primary detrital mineral, and as adsorbed ions 

on clay minerals, iron and manganese oxides and bydroxides, 

and organic matter. By using relatively weak sample 'diges­

tion techniques involving a specific reagent one can select­

ively dissolve one or more elements of the components of a 

geochemical sample. For example, EDTA has been used to 

extract the exchapgeable and readily soluble elemental phase 

in soils (Lakanen and Ervio, 1971); hydroxylamine hydro­

chloride has been employed to dissolve Mn-oxides (Chester 

and Hughes, 1967; Chao, 1972); and ammonium exalate has been 

used to selectively dissolve Fe and Mn oxides and hydroxides 

(Le Riche and Weir, 1963; Horsnail et al., 1969). Other 

reagents employed in selective leaching of geochemical samples 

include 1 M neutral ammonium acetate solution and 0.2% 

hydroquinone in 1 M neutral ammonium acetate buffer for 

extracting exchangeable Mn (Sherman et al., 1942; Horsnail 

et a1., 1969); calcium nitrate for extracting Mn from soils 

(Page, 1964); dithionite in acid solution for dissolving Mn 

and Fe (Anderson and Jenne, 1970); and hydrogen peroxide for 

dissolving organic matter together with Mn-oxides and sul­

phides (Rose and Suhr, 1971). 

In geochemical exploration involving the sampling of 

the secondary environment, "total" attacks using reagents 

such as hydrofluoric acid and/or perchloric acid or 
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perch10ric-nitric acids usually reflect the bedrock geochem­

istry and cause high background noise in which hydromorphic 

anomalies may be lost. When bedrock information is not 

required the weaker, cold-extractable methods have often been 

found to give better anomaly contrasts, more emphasis being 

thus placed on the detection of hydromorphic anomalies by 

diminishing the background variations du~ to bedrock geo­

chemistry (Coope and Webb, 1963; Ellis et a1., 1967; Bradshaw 

et a1., 1974). 

In the present study selected residual soils from 

Madenkoy (23 samples on traverse B-B'), Sirtkoy (13 samples 

on traverse IS-IS', and 7 background samples on traverse 

2S-2S'), and Kutlu1ar (7 samples on traverse 3K-3K') were 

subjected to three extraction procedures involving 0.05 M 

ammonium EDTA (pH:4.65), 1 M hydroxylamine hydrochloride in 

acetic acid (pH:l.3), and 0.157 M ammonium oxalate in oxalic 

acid (pH:3.3). The extractive capability of these three 

reagents can be summarized as follows: 

EDTA, being a strong che1ating agent, extracts and 

comp1~xes the exchangeable and easily soluble ·fractions such 

as calcium carbonate and the trace elements bound by organic 

matter. 

Hydroxylamine hydrochloride, a reducing agent, dis­

solves the Mn-oxide fraction (up to 90% of the total) and 

only minor amounts of Fe oxides. This reagent also extracts 

the exchangeable and readily soluble fractions. 

Ammonium oxalate, being a stronger reducing agent 

than hydrox1amine hydrochloride, dissolves under the catalytic 

actiori of ultra-violet light Fe oxides (up to 60% of'the total) 
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in addition to Mn oxides and hydroxides, ,and the exchange-

able and readily sol ub 1e frac t ion's •• 

The author investigated the solubility of the common 

sulphide minerals in these reagents. The results are pre-

sented in Table 9.3. 

The main aims of the present selective extraction 

studies were to enhance anomalies in general and especially 

to increase the anomaly contrast over concealed massive ore 

bodies similar to Madenkoy; in addition a knowledge of the 

forms in which the trace elements occur in the soils was 

sought. The elements studied were Cu, Zn, Pb, Fe, and Mn. 

Ar~enic analysis and Hg vapour-phase analysis were also 

car~ied out in the leached residues. For the selective 

extraction methods the reader is referr'ed to section 5.8. 

9.5.2 Results 

The means and ranges of the percentage of e~tract-

ability* for Cu, Zn, Pb, Fe, and Mn by the three extraction 

techniques are given in Tables 9.4, 9.5, and 9.6. 

The EDTA extraction dissolves only a minor amount of 

the total Fe (mean of about 0.2%) and a small percentage of 

the Mn, Cu, and Zn (means of about 7, 8 and 3%) from all the 

soils. However, considerable amounts of Pb (average of 18% 

of the total) are extracted by this reagent. The order of 

extractability of the metals by the EDTA extraction technique 

is Pb > Mn = Cu > Zn > Fe. 

* Extractability is expressed as (amount of extractable metal 
in ppm/amount of 'total' metal in ppm as determined by nitric 
acid-perch10ric acid attack) x 100 for all metals except Pb, 
the total of which was determined by' a nitric acid attack. 
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Table 9.3 Solubility (gIl) of sulphides in three types of extraction 
media (experiments were carried out under the same condi­
tions as the extraction of samples, see section 5.8 for 
conditions) -

TYPE ·OF 
EXTRACTION PYRITE CHALCOPYRITE GALENA SPHALERITE 

• 
EDTA 
extraction (pH:4.7) 0.0857 0.0238 8.0811 0.2681 

Hydroxylaminae 
hydrochloride 
extraction (pH:l.3) 1. 2257 0.4533 46.1776 2.2008 

Ammonium 
oxalate 
extraction (pU:3.3) 1.6029 1.4959 0.9236 0.9393 



Table 9.4 Extractabi1ity* of elements from soil samples by O.OS M ammonium EDTA (pH:4.6S). 

Locality 
(no. of samples, 
soil traverse) 

Madenkoy 
(23 samples on 
traverse B-B') 

Kutlular 
(7 saI:lples on 
traverse 2K-2K') 

Sirtkoy 
(13 samples on 
traverse IS-IS') 

Sirtkoy 
(7 background 
samples on 
traverse 2S-2S') 

eu 

Mean Range 

16.6 2.0-3S.9 

7.6 1.9-lS.3 

4.2 0.5- 7.S 

2.1 0.5- 3.4 

Extractability of elements (wt %) 

Zn Pb Fe 

Mean Range Mean Range Mean Range 

6.0 0.4-16.2 33.2 12.5-62.5 0.4 0.1-1.9 

2.5 0.9- 4.6 20.0 13.6-31.3 0.3 0.1-0.7 

2.0 0.5- 4.8 21.1 3.3-28.~ 0.2 0.1-0.4 

1.0 0.4- 2.5 8.5· 3.3-17.1 0.1 0.1-0.2 

Mn 

Mean Range 

15.2 1.3-44.0 

5.1 2.0-11.8 

5.8 2.0-15.3 

1.7 0.8- 3.0 

*Extractability expressed as (EDTA extractable metal/nitric acid + perch10ric acid extractable metal) x 100 
for all metals except Pb for which "nitric acid + perchloric and extractable metal" is replaced in the 
formula by "nitric acid extractable metal". 

'"" o 
00 



Table 9.5 Extractability* of elements from soils by 1M hydroxylamine hydrochloride solution in acetic acid 

(pH:l.3). 

Locality Extractability of elements (wt %) 
(No. of samples, 
soil traverse eu Zn Pb Fe Mn 

Mean Range Mean Range Mean R.:lnge Mean Range Mean Range 

Madenkoy 
(23 samples on 
traverse B-B1) 20.7 3.0-66.7 13.2 1.5-44.0 37.3 10.0-72.7 4.9 0.8-13.3 66.7 18.8-83.3 

Kutlular 
(7 samples on 1 
traverse 2k-2k ) 12.1 1.3-37.7 12.6 9.4-17.2 39.0 20.8-54.7 4.6 0.5-9.3 40~7 28.3-56.2 

SirtkOy 
(13 samples on 1 
traverse Is-Is ) 5.9 1.8-9.4 8.9 2.0-23.0 36.0 24.0-57.1 4.8 2.3-.7.7 51.2 13.6-83.8· 

Sirtkoy 
(7 background 
samples on 1 
traverse 2s-2s ) 4.4 2.1-7.5 3.7 0.8-9.2 31.6 25.0-40.0 3.9 3.1-5.8 54.7 44.0-75.2 

* Extractability expressed as (hydroxylamine hydrochloride extractable metal/nitric acid + perchloric acid 
extractable metal)x 100 for all metals except for Pb for which "nitric acid + perchloric acid extractable metal 
is replaced in the formula by nitric acid extractable Pb". 

w 
0 
I,() 



Table 9.6 Extractability* of elements from soil samples by 0.157 ~ ammonium oxalate solution (pH:3.3) 

Locality' Extractability of metals (wt %) 
(no. of samples, 
soil traverse) eu Zn Pb Fe Mn 

Mean Range Mean Range Mean Range Mean Range Mean Range 

Madenkoy 
(23 samples on 
traverse B-B') 39.3 28.6-58.6 34.6 10.8-51.8 25.0 0.50.0 39.8 22.9-62.5 69.2 42.2-87.6 

Kut1u1ar 
(7 samples on 
traverse 2K-2K') 22.4 4.5-42.9 15.8 5.9-31.5 21.7 8.8-4.0 28.5 13.1-34.4 59.1 43.3-82.4 

Sirtkoy 
(.,.) 

~ 

(13 samples on 0 

traverse IS-IS') 20.4 9.4-36.3 10.0 2.2-31.9 10.8 ·0.28.0 27.3 13.7-39.8 59.0 5.7-96.2 

Sirtkoy 
(7 background 
samples on 
traverse 2S-2S') 22.9 6.0-44.3 15.1 2.1-34.2 10.3 0.32.0 37.9 32.5-50.0 67.5 54.1-84.8 

*Extractability expressed as (ammonium oxalate extractable metal/nitric acid + perchloric acid extractable 
metal) x 100 for all metals except Pb for which "nitric acid + perch10ric acid extractable metal is replaced 
in the formula by nitric acid extractable metal. 
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Hydroxylamine hydrochloride solution extracts more 

than half the total manganese, about 5% of the total Fe and 

approximately 35%, 11%, and 10% respectively of the total 

Pb, Cu, and Zn from all the soils. The order of extract-

ability of metals by hydroxylamine hydrochloride is Mn > 

Pb > Cu ~ Zn > Fe. 

The ammonium oxalate extraction results in the solu-

tion of approximately 35%, 65%, 28%, 20%, and 17% of the 

total Fe, Mn, Cu, Zn, and Pb respectively with the order of 

extractability being Mn > Cu > Fe > Zn > Pb. 

Arsenic analyses of the leached residues were also 

carried out. In the case of the EDTA and hydroxylamine 

hydrochloride extracted residues no detectable differences 

were found between the As contents of leached and unleached 

samples. However, for the ammonium oxalate leached resi-

dues it was found that a mean of 24% and a range of 3-55.6% 

of ~he total As was extracted in 15 soil samples from the 

Madenkoy and Kutlular areas. 

Mercury phase analysis was done on the leached soil 

samples. A comparison of the results obtained with those 

for the original unleached samples demonstrates that the 

absorbed mercury (evolved between 100 and 210 0
) is leached 

by the EDTA and the hydroxylamine hydrochloride solutions. 

However, these reagents had no effect on the mercuric sul-

. phide phase. The ammonium oxalate solution removes all the 

peaks representing adsorbed Hg and sulphide Hg and yields a 

o sharp peak at about 180 C, probably representing mercurous 

chloride (Hg 2Cl 2).' The extractants had no effect on mercury 

evolved at about 440 0 C and 520 0 C (i.e. HgO and HgS0 4). 
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All three extraction procedures removed larger amounts 

of each of the metal from the Madenkoy soils than from the 

soils of other areas (Tables 9.4, 9.5 and 9.6). In the case 

of the EDTA and hydroxylamine hydrochloride extraction 

methods the lowest amounts of metals were extracted from the 

background soils of the Sirtkoy area, thus demonstrating the 

efficiency of these techniques in enhancing t~e anomaly con­

trast (Tables 9.4 and 9.5). The results obtained with the 

ammonium oxalate extraction technique (Table 9.6) suggests 

that this 'technique is not effective in increasing the anom­

aly contrast. For example, this method extracts more Zn, 

Fe, and Mn from the background Sirtkoy soils than from the 

Sirtkoy soils collected on traverse lS-lS' over the mineral­

ized zone. Further comparison of the extractabilities of 

metals in soils from mineralized areas with those from the 

background Sirtkoy Soils by the three extraction procedures 

demonstrates that the EDTA, and to a lesser extent the 

hydroxylamine hydrochloride, are the best extraction pro­

cedures for increasing the anomaly/background ratio (Tables 

9.4, 9.5 and 9.6). For example, the ratios of extractabili­

ties by the EDTA procedure for Cu, Pb, and Zn from the 

Madenkoy soils to those from the background soils are about 

8, 4, and 6; the corresponding ratios for the hydroxylamine 

chloride procedure are approximately 5, 1.2, and 3.5, and 

for the ammonium oxalate procedure 1.5, 2.5, and 2.3. 

Considering the Madenkoy soils on traverse B-B', the 

EDTA and hydroxylamine hydrochloride extractable metals, in 

particular Zn and Pb, display the highest enhancement of 

anomalies over the concealed massive ore-body compared to the 

stockwork-impregnation zone (Figure 9.17 and 9.18). With 
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these two methods more Zn and Pb, and less Cu, were extracted 

from soils over the cover rocks of·the massive ore body than 

from those over the stockwork and impregnation zones. The 

ammonium oxalate extractable metals, on the other hand, dis-

play no anomaly enhancement over the massive ore body when . 

compared with the nitric acid extractable metals (Figure 9.19). 

9.6 DISCUSSION AND CONCLUSIONS 

Copper, and to a lesser extent As, in soils were 

found to delineate all three'types of mineralization in the 

Eastern Black Sea Ore Province. The strongest anomalies for 

these elements are located over the economic massive sulphide 

• deposits at Madenkoy and Kut1u1ar; moderately strong anoma-

lies are displayed over the Kotarak Dere and Sirtkoy mineral-

ized zones, and only weak anomalies exist over the Sarisu 

barren pyrite occurrence. 

Lead was found to be an excellent indicator of mas-

sive sulp~ide-type mineralization, with anomaly/background 

ratios of up to 40 over the stockwork zone as well,as high 

ratios over the cover rocks of the massive sulphides; these 

high anomaly contrasts are due to the immobile nature of 

this element. Zinc also displays high anomaly/background 

ratios (up to 14) over the stockwork zone and cover rocks of 

the massive sulphides. Lead and Zn, on the other hand, dis-

play relatively weaker anomalies over the Kotarak Dere 

deposit and occur at or near background concentrations over 

the Sirtkoy and Sarisu mineralized zones. 

Barium demonstrates useful dispersion patterns related 

to massive sulphide-type and stockwork sulphide-type minera1-

ization. Over the Sarisu barren pyrite occurrence the 
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element is present at background concentrations. In general 

barium exhibits much lower anomaly contrasts than Pb and Zn. 

Mercury is not a useful indicator of mineralization 

in this area. No significant differences in the form of 

occurrence of this element in background and mineralized area 

soils were detected. 

Molybdenum exhibits an erratic dispersion pattern. 

Although high contents of the element are clearly associated 

with sulphide mineralization it cannot be used to differ­

entiate between the various types. 

Despite the fact that acid leaching of the soils in 

the area would be expected to eliminate most of the hydro­

morphic anomalies, weak extractions such as EDTA and hydroxy­

lamine hydrochloride were found to increase the anomaly con­

trasts considerably and to enhance Zn and Pb anomalies over 

the cover rocks of the Madenkoy massive sulphide ore body 

relative to the stockwork and impregnation zones. Ammonium 

oxalate, which is a stronger extractant than either EDTA or 

hydroxylamine hydrochloride, was not effective in enhancing 

anomalies and increasing anomaly/background ratios. Consider­

ing the long and expensive procedure, involving two analytical 

steps (which also doubles the analytical error), the ammonium 

oxalate extraction technique is not recommended for further 

pedogeochemical exploration studies in this region. 

The research described in this chapter indicates that 

the pedogeochemical dispersion characteristics of the elements 

discussed above are similar to their primary lithogeochemical 

trends. Thus, in ihe Eastern Black Sea Region the soils can 

provide an alternative or adjunct sampling media t~ rocks 

where the latter have a limited exposure in a particular area. 
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CHAPTER 10 

GUIDELINES FOR EXPLORATION 'AND RECOMMENDATIONS 

FOR FURTHER RESEARCH 

10.1 GUIDELINES FOR EXPLORATION 

The ~roblems of geochemical exploration for volcano· 

genic massive sulphide deposits in the Eastern Black Sea 

Ore Province include not only the detection of mineralized 

zones but also differentiating between the various types, 

including impregnation, stockwork, and massive sulphide 

types. The methods of geochemical exploration should, 

therefore, take into account methods of discriminating 

between these various types of mineralization with the ulti­

mate objective of discovering ec~nomic massive sulphide 

bodies following delineation of mineralized zones with cost­

effective, geochemical reconnaissance techniques. 

Based on the present studies the following conclu­

sions and guidelines for exploration can be stated: 

1. Regional detection of mineralized zones: Regional 

geochemical exploration using stream sediment sampling is an 

effective technique for outlining mineralized zones in gen­

eral because a well developed dendritic drainage pattern is 

present, and the streams generally follow tectonic lines 

(lines of block faulting) whe~e the dacitic rocks (host rocks 

to sulphide mineralization) are usually exposed. However, 

due to the high stream gradients and frequent floods there 

is often significant erosion or elimination of hydromorphic 

dispergion trains. Close interval sampling (sampling den­

sities less than 1 sample per square km) of second and even 

third order streams is required for effective reconnaissance 
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surveys. Arsenic is the best elemental pathfinder for out-

lining the sulphide mineralization in general, and Pb, Zn, 

Ag and high contents of As and Cu are good indicators of 

massive sulphide-type mineralization. The barren st~ckwork 

and impregnation deposits are generally characterized by 

anomalous contents of one or more of As, Cu, and Mo. The 
. 

in-situ measurements of stream and spring water pH can be 

used to detect oxidizing sulphide zones. 

2. Regional and Detailed Assessment of Mineralized 

Zones (Bedrock surveys): The Dacitic Series are associated 

with widespread minera~ized zones in the Eastern Black Sea 

Region. Diagnostic parameters have been formulated to 

assess on a regional basis the mineral potential of exposed 

stockwork and impregnation zones in dacitic host rocks. 

Barren pyritic impregnation occurrences (e.g. Sarisu) have 

anomalous Fe and Cu contents, whereas pyritic stockwork 

zones, not associated with massive sulphide ore (e.g. Sirtkoy), 

are enriched in Fe, As, and Cu. Stockwork - impregnation 

zones associated with massive sulphides are significantly 

enriched in most but not necessarily all of the following 

elemen~s: Fe, As, F, Cu, Pb, Zn, Ag, Cd, and Mo • 

. Depending on the degree of exposure a minimum of 10 

to 15 samples free of sulphides representing the areal extent 

of the mineralized zones should be taken for regional assess-

. mente Mineralized zones, which have higher than normal con-

tents of base metals (especially Pb), As, and F should be 

given high priority for detailed surveying. 

Bedrock surveys, utilizing samples of host dacitic 

rocks and cover rocks involving different units of the Upper 
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Basic Series, have proven effective in outlining various 

types of primary halos associated with sulphide mineraliza­

tion. For reconnaissance surveys As, F, Pb, and Zn are of 

most valu~ for detecting and differentiating between the 

three types of mineralization. Fluorine and As are sensitive 

indicators of hydrothermal activity and mineralizing pro­

cesses (pyritization) respectively; thes~ ele~ents conse­

quently possess good directional (vector) properties for 

pointing out mineralization on a reconnaissance level. On a 

detailed basis it has been shown that F, As, Pb, Zn, and Cu 

have characteristic primary halos with high anomaly contrasts 

in the dacitic rocks around mineralization. The concentra­

tions of these indicator elements increase significantly in 

the direction of massive sulphide mineralization and can, 

therefore, be used as directional vectors during drilling 

programs. When present, the hematitized rock units over­

lying the. Dacitic Series were found to be the best sampling 

medium within the sequence of cover rocks. These hematitized 

rocks are marked by halos of As, F, Cu, Pb, Zn, Cd, Ag, Ba, 

and Mn over the mineralizations. The basic cover rocks 

(basalts) over mineralized zones, on the other hand, display 

elemental halos which are generally characterized by sporadic 

highs. The basalts over the Madenkoy massive ore body con­

tain high concentrations of F, Pb, and Ag. During recon­

naissance bedrock surveys basic rocks exhibiting higher than 

normal contents of indicator elements such as F, Pb, Ag, As, 

Zn, and Cu should be studied in more detail to permit com­

parison of local population statistics similar to those 

generated in Chapter 8 (Table 8.5) with background data in 
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order to assess the possibility that they are cover rocks 

over blind ore. 

Semi-quantitative 'evaluation of the "clay/feldspar" 

ratio is useful in detecting the presence and intensity of 

the hydrothermal activity related to sulphide mineralization. 

The "clay/feldspar" ratio as well as the zonation of alter-

ation minerals (clays and carbonates) can also be used as 

directional vectors during drilling programs. 

Limited data on the trace element chemistry of 

pyrite from the various deposits suggest that pyrite from 

barren stockwork and impregnation zones is characterized by 

high Co and Ni and low As contents. More data are required 

however to support the reliability of the As~Ni + C~ ratio 

in assessing the mineral potential of mineralized zones in 

dacitic host rocks. 

3. Use of soil sampling as an alternative or adjunct 
. . 

to bedrock surveys in areas of limited bedrock exposure: In 

many areas in the Eastern Black Sea Region the efficacy of 

bedrock surveys is severely affected by limited exposure; 

for this reason studies were also directed towards determin-

ing whether primary haloes in the basic cover rocks have 

signatures in the overlying soils. It has been shown that 

soil surveys can be successfully employed in this region as 

an alternative or adjunct to bedrock surveys. 

The As and hot nitric acid extractable Cu, Zn, and 

Pb contents of the soils are good indicators of sulphide 

mineralization; Pb and Zn and high contents of As and Cu are 

indicative of massive sulphide mineralization. In detailed 

follow-uP. studies selective extraction techniques involving 

hydroxylamine hydrochloride and EDTA can be used to increase 
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the anomaly contrast. Furthermore, these two reagents nrc 

effective in enhancing Zn and Pb anomalies developed in 

soils on the cover rocks of concealed massive sulphide bodies • . 
To summarize: Guidelines for exploration in the 

Eastern Black Sea Region of Turkey are dependent upon a 

sound knowledge of the chemistry and alteration character-

istics of both the dacitic rocks and cover rocks of the 

Upper Basic Series, the genetic and structural features of 

the various types of deposits, and adequate orientation data 

on the concentration levels and dispersion patterns exhibited 

by the various indicator elements in the prima+y and second-

ary environments. 

10.2 RECOMMENDATIONS FOR FURTHER RESEARCH 

The following recommendations are made for further 

research in this region: 

(1) A regional stratigraphic correlation should be 

worked out in the Eastern Black Sea region on the basis of 

available geological mapping at 1/50,000, 1/25,000 and 

1/10,000 scales. Consequent upon these stratigraphic. and 

geological mapping studies, outcrops of the Dacitic Series 

and stratigraphic boundaries between this Series and the 

Upper Basic Series should constitute initial target areas 

for geochemical exploration. 

(2) More data on the distribution of elements such 

as V, Ti, Sc, Co, and Ni in mineralized dacitic rocks asso-

ciated with the various types of sulphide mineralization and 

unminera1ized dacitic rocks should be useful in different-

iating between different phases of dacites (which may pos-

sibly be present in the region) associated with the various 
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types of sulphide mineralization. An optical spectrographic 

method (such as the one used in the present study) covering 

a wide range of elements will provide the necessary data. 

(3) More data on the minor element chemistry 

(especially the Co, Ni, and As contents) of pyrite from the 

different types of volcanogenic sulphide zones may prove to 

be useful in exploration. Electron microprobe analyses 

should be useful in eliminating the problems associated with 

separating pyrite free of included or exso1ution material. 

(4) The present studies indicate a marked relation­

ship of fluorine with volcanogenic sulphide mineralization. 

In view of the fact that F in the Eastern Black Sea Region 

migrates great distances in the footwall and hanging-wall 

rocks from the focus of mineralization and also shows a 

larger anomaly contrast than other elements investigated, 

it would be worthwhile to study the behaviour of this ele­

ment in the other types of volcanogenic sulphide deposits 

in different geological settings. 
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APPENDIX A 

SAMPLE COLLECTION AND SAMPLE PREPARATION 

A.l SAMPLE COLLECTION 

A.l.l Rock and Ore Sampling 

Each rock sample was collected from an outcrop of 

1 m in diameter and consisted of representative composite 

chips within that area. Special care was taken to collect 

fresh samples free of weathering. Each sample, weighing 

between 0.5 and 1.5 kg, was placed in a cloth sample bag 

together with a label and was described in the field note-

book. Drill core samples were collected at about 5 m 

• intervals. However, the sample density was usually increased 

to 1-2 m near the ore bodies. Core samples were composed of 

representative chips within a particular interval and weighed 

about 0.3 - 1.0 kg. The depth from which the sample was 

taken and a sample description were compiled in tables. 

Ore samples from the surface and drill cores were 

collected following the same procedure as that used for rock 

sampling. 

A.l.2 Soil Sampling 

The soils in the study areas are undifferentiated. 

Thus, only an arbitrary soil horizon could be sampled. In 

this case about 30 cm below the surface was sampled. Each 

sample covered an area of 1 m in diameter in which three 

points .were sampled to obtain a representative composite 

sample weighing about 0.5.- 1.0 kg. Samples were placed in 

labelled, water-resistant Kraft sample bags. 
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A.l.3 Stream Sediment Sampling 

Stream sediment samples were collected in the middle 

of the active stream beds. They were placed in labelled, 

.water-resistant Kraft paper bags. Average sample we~ght 

was about 0.5 kg. 

A.2 SAMPLE PREPARATION 

A.2.l Introduction 

The methods of preparation of rock, soil, and stream 

sediment samples are described. The methods described also 

include cLay separation from rocks and pyrite separation 

from ores. 

A.2.2 Preparation of Rock Samples 

Representative chips of rock samples weighing between 

60 and 120 g were reduced to 20-mesh (B.S.S.) (aperture si~e 

7s0~) using a tungsten carbide mortar and pestle. The 

sample was then ground in an agate "tema" mill for five 

minutes. The grain size at the end of this process was 

200-mesh (B.S.S.) (aperture size 75~), and the sample was 

well homogenized. 

A.2.3 Preparation of Soil Samples 

Soil samples were air dried in the field camp and 

broken up in a porcelain mortar until they passed a 2-mesh 

sieve (B.S.S~) (aperture 750~). Some of this 2-mesh size 

fraction was kept for the pH determinations of soils in the 

laboratory. The rest was sieved through an SO-mesh sieve 

(B.S.S.) (aperture 200~). This SO-mesh sieve fraction was 

used for all the analyses. 
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A.2.4 Preparation of Strenm Sediment Samples 

Stream sediment samples were air dried in the field 

camp. The dried samples Were disintegrated by gentle pe~tle 

action in' a porcelain mortar and sieved through n 40-mesh 

sieve (B.S.S.) (aperture 375~). The 40-mesh fraction was 

further sieved through a 80-mesh sieve. Some samples from 

Madenk~y w~re separated into -20 - 60-me~h (B~S.S.) (-750-

250~), -60-80 mesh (B.S.S.) (-250-200~), -80-l00-mesh (B.S.S.) 

(-200-l50~) and'-lOO mesh (B.S.S.) (-l50~) size fractions. 

A.2.5 Clay Separation Method for Rock Samples, 

The rock sample was crushed using a tungsten carbide 

mortar and pestle to pass a 20-mesh (B.S.S.) (750~ aperture) 

sieve and then frequently sieved through a 200-mesh (B.S.S.) 

sieve (aperture 75~). In this way the contribution from the 

soft minerals such as feldspars is minimised. Ten grams of 

-200-mesh, size fraction were then placed in a 400 ml beaker 

full of deiomized water and mixed thoroughly. The suspen­

sion was transferred into plastic centrifuge bottles and 

centrifuged at 500 cps for 12 minutes. The supernatant water 

contains the clay fraction. Some of this clay for X-ray 

diffraction analysis was filtered through a mounted disc by 

vacuum filtering; the rest was transferred to another plastic 

centrifuge bottle and centrifuged at 3000 cps for one hour 

to obtain the clay fraction. This clay fraction was then air 

dried and used for further X-ray diffraction analysis. 

'A.2.6 Pyrite Separation Techniques for Mineralized Samples 

About 250g of sulphide-rich sample was crushed using 

a tungsten-carbide mortar and pestle. From the crushed 
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material -100-140-mesh (-150-180~) and -140-200 mesh (-l08~ 

-75~) fractions were sieved and placed in separate sample 

bags. The latter fraction was taken in case the liberation 

of pyrite grains was not complete in the coarser fraction. 

The two fractions were put in two separate beakers and 

washed with deionized water several times until a clear solu­

tion was obtained above; the fractions were then finally 

washed with acetone and air dried on filter papers. 

A combination of micropanner (Chas. W. Cook and 

Sons Ltd., Birmingham) and an Isodynamic Franz magnetic 

separator was used to separate pyrite from the rest of the 

minerals. For most samples the Iosdynamic Franz separator 

wa~ sufficient for the separation. When the samples were 

quartz-rich pyrite could not be adequately separated from 

the quartz; in such cases, the micropanner was employed. 

Generally the -100-140 mesh (-150-108~) fraction was used. 

At the end of each step of the separation procedure the 

purity of pyrite sample was checked with a binocular 

microscope. 

The operating conditions for both of the above men­

tioned instruments varied considerably from sample to sample. 

The best conditions for separating pyrite were found by trial 

and error for each sample. Thus, no attempt will be made to 

give a list of operating conditions. 
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APPENDIX B 

ANALYTICAL METHODS 

B.l SAMPLE DIGESTION PROCEDURES FOR ATOMIC ABSORPTION 

SPECTROHETRY 

B.l.l Nitric Acid Digestion 

Reagents (All chemicals are Analar grade) 

(a) Nit;ric acid 

(b) Dcionised water 

Apparatus 

(a) Test tubes (18 x 180 mm) 

(b) Hot plate 

(c) Adjustable,Oxford dispensor 

(d) Whirly mixer 

Procedure 

(a) Weigh 0.25 g sample and place in a test tube. 

(b) Add 1 ml of nitric acid. 

(c) Heat at 11SoC for one hour on a hotplate in a fume cup­

board. The oxidizing procedure is generally complete 

within one hour. 

(d) Leave tube to cool. 

(e) Make up to 10 ml with 9 ml of deionised water. 

(f) Mix the whole contents and leave overnight to obtain a 

clear supernatent liquid for analysis. 

The dilution factor is 40 and the final solution is 

of 11-1 strength. 

B.l.2 Nitric Acid/Perchloric Acid Digestion 

Reagents (All chemicals are Analar grade) 

(a) Nitric acid 
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(b) Perchloric acid 

(c) Acid mixture: mixture of nitric and pcrch10ric ncids 

in 4:1 volumetric proportion 

(d) Hydrochloric acid 

(e) 6 M hydrochloric acid: mix 240 ml of hydrochloric acid 

with 200 ml of deionised water. 

Apparatus 

(a) Test tubes 

(b) Hot plate 

(c) Adjustable Oxford dispensor 

(d) Whirly mixer 

Procedure 

(a) Weigh 0.25 g sample and place in a test tube. 

(b) Add 5 ml of acid mixture. 

(c) Evaporate slowly and carefully to dryness on a hot plate 

in a fume cupboard. 

(d).When just dry and cream coloure~, leave tubes to cool. 

(e) Leach with 2 ml of 6 M hydrochloric acid. 

(f) Make up to 12.5 ml with deionised water, 

(g) Mix and leave overnight to settle. 

The dilution factor is 50. 

B.l.3 Bromine/Nitric Acid digestion for Sulphide Analysis 

Reagents (All chemicals are Analar grade) 

(a) Bromine - carbon tetrachloride mixture: mix bromine and 

carbon tetrachloride in a 2:3 volumetric proportion 

(b) Nitric acid 

(c) 6 M nitric acid 

Apparatus 

(a) 100 ml beaker 



(b) Watch glass 

(c) Hot plate 

(d) Adjustable Oxford dispensor 

Procedure 

(a) Weigh 0.25 g sample and place in a 100 m1 beaker. 

(b) Add 3 m1 of bromine and carbon tetrachloride mixture. 

(c) Cover and set aside for ! hour with occasional swirling. 

(d) Add 5 m1 of nitric acid and set aside for another! hour 

with occasional swirling. 

(e) Heat gently on a hot plate for one hour. 

(f) Displace cover and increase heat and gently evaporate 

the mixture just to dryness. 

(g) Leach the residue in 2 m1 of 6 M nitric acid. 

(h) Dilute to 12.5 m1. 

The dilution factor is 50.' 

B.2 DIRECT READING OPTICAL SPECTROGRAPHIC ANALYSIS - SAMPLE 

PREPARATION AND OPERATING CONDITIONS 

Reagents (All chemicals are Ana1ar grade) 

(a) B~ffer: 1 part w/w sodium fluoride and 2 parts w/w 

carbon powder 

Apparatus 

(a) Direct reading optical spectrophotometer with a computer 

program, together called System C, details of which are 

given in Applied Geochemistry Research Group Technical 

Communication Report No. 59 (1973). 

Procedure 

(n) Mix 100 mg sample with 150 mg buffer. 
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(b) Lode carbon electrode by pressing it into mixture (a). 

The amount of sample contained in the electrode is 

approximately 15 mg. 

(c) Place electrode in burner system and arc electrode in 

air with a D.C. arc using cathode excitation of 8.0 

amperes. The time of excitation is 60 seconds for Cd, 

Pb, Zn, Li, Mo, and.As and 90 seconds for the rest of 

the elements. 

B.3 COLORIMETRIC ANALYSIS 

B.3.1 Ars~nic Analysis 

Reagents (All chemicals are Analar grade) 

(a) Potassium bisu1phate (powder) 

(b) 6 M hydrochloric acid: Mix 240 ml of concentrated hydro­

chloric acid with 200 m1 of deionised water. 

(c) 1.5% stannous chloride: dissolve 35 g stannous chloride 

in 250 m1 of concentrated hydrochloric acid and dilute 

10 times with deionised water 

(d) Dilute potassium iodide solution: dissolve 10 g potassium 

iodide in 400 ml deionised water 

(e) Zinc pellets (activated with copper) 

(f) Mercuric chloride paper (ex. Johnsons) 

Apparatus 

(a) Borosilicate test tube 

(b) Primus and bunsen burner 

(e) Gutzeit tube 

Procedure 

(a) Weigh 0.25 g sample and place in a borosilicate test 

tube. 
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(b) Mix with 1 g potassium bisulphate nnd,first fUBe on a 

primus and then on a bunsen burner until a quiescent 

melt is obtained. 

(c) When cool leach with 10 m1 of 6 M hydrochloric acid 

(d) Mix tube contents and set aside overnight to settle 

(e) Take 5 m1 of the clear liquid for Mo analysis. To the 

remaining liquid and residue add 2 m1 of dilute potas­

sium iodide solution. 

(£) Add 4 m1 of 1.5% stannous chloride solution and mix 

(g) Add about 2 g zinc pellets and without delay connect a 

Gutzeit tube loaded with mercuric chloride paper. 

(h) Remove the mercuric chloride paper after one hour and 

'compare the spot with the standards. Standards are 

prepared by using solutions containing 0, 0.5, 0.75, 

1, 2, 3, 4', 5, 6, 7, 8, 9, 10 and 12 ~g/m1 arsenic in 

6 M hydrochloric acid. 

B.3.2 Molybdenum Analysis 

From step (e) of the previous procedure related to 

As analysis, the following reagents, apparatus and procedure 

are used for Mo analysis. 

Reagents (All chemicals are Analar grade) 

(a).Reducing solution: dissolve 75 g of citric acid and 150 g 

of ascorbic acid in 2 1 of water 

(b) Concentrated potassium iodide solution: dissolve 500 g 

potassium iodide in 500 ml of deionised water 

(c) Dithiol Solution: dissolve 20 g of sodium hydroxide and 

3.0 g of zinc dithio1 in 20 m1 of ethanol and 40 m1 of 

deionised water and then add a further 500 ml of 

deionised water 



(d) Thioglycollic acid (50%) 

(e) Toluene 

Apparatus 
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(a) Test tube (150 mm long; 15 mm in diameter) and silicon 

rubber stopper 

(b) Adjustable Oxford dispensor 

(c) Mechanical tube shaker (Griffin flask shaker) 

(d) Gilford 300 N spectrophotometer 

Procedure 

(a) Add 4 ml of reducing solution to 5 ml of sample solution 

and leave for 5-10 minutes. 

(b) Add 2 ml of concentrated potassium iodide solution. 

(c) Add 50 ~l thioglycollic acid. 

(d) Add I ml of zinc dithiol solution and allow to stand for 

ten minutes. 

(e) Add 3 ml toluene. 

(f) Stopper the test tube, shake mechanically for 5 minutes, 

and set aside for 10 minutes. 

(g) Measure the absorption of the toluene layer by using 

Gilford 300 N spectrophotometer at 680 mm. 

(h) Obtain a calibration curve by running standards which 

have been treated by the same procedure. It is important 

that the standard solutions should have the same acidity. 

(i) Convert absorbances into concentrations by means of the 

calibration curve. Dilution factor is eight for the 

Mo analysis. 

B.4 FLUORINE ANALYSIS (after Boyle, 1976) 

Reagents (All chemicals are Analar grade) 

(a) Concentrated NaOH solution. In a thick walled 2 litre 



polythenc bottle containing 1 litre dcionised water dis-

solve 1 kg of NaOH in small portions, waiting for each 

portion to dissolve before adding the next. Shake the 

solution until all the NaOH has dissolved. 

(b) Citrate-acetate buffer: To a 20 1 container add 2.5 kg 

sodium citrate and 500 gm sodium chloride. Make up to 
. 

20 1 mark with deionised water adding 550 ml of glacial 

acetic acid before mark is reached. Shake until all 

chemicals have dissolved. Check effectiveness of buffer 

by adding 3.0 ml of the concentrated NaOH solution to 

100 ml of the buffer. The pH should be in the range of 

7.0-7.5. If the pH is too alkaline then slowly add more 

acetic acid continually checking until the correct pH 

range is achieved. Similarly if the pH is too acidic 

add 5 M NaOH. 

(c) Calibration standards. These should be made up in the 

citrate-acetate buffer solution to which has been added 

enough concentrated NaOH (approximately 30 mIll of buffer) 

to give a pH of 7.0-7.5. For a stock solution of 1,000 

~g/ml F dissolve 2.108 gm NaF (which has been dryed at 

1100C for 24 hours) in one litre of the above solution. 

For a working solution of 100 ~g/ml F dilute 100 ml of 

stock solution to one litre using the adjusted buffer 

solution. Make up calibration standards of 10, 1, and 

0.1 ~g/ml ,F- by diluting 100 ml, 10 ml, and 1 ml of 

working solution respectively to one litre with the 

adjusted buffer solution. Standards will have the same 

solution matrix as the sample solution. 

(d) Isopropyl alcohol 
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Apparatus: (for 100 determinations) 

(a) Muffle furnace 

(b) One hundred 20 ml nickel crucibles and lids 

(c) Six crucible racks mnde from 1/16" sheet steel with three 

rows of six holes and the corners turned down for legs. 

Racks can be labelled using metal stamps. 

(d) Metal tongs and asbestos sheets to put hot racks on 

a (e) Drying oven capable of 200 C 

(f) One hundred 100 ml polypropylene beakers 

(g) Magnetic stirrer and magnets 

• (h) Pipette calibrated to deliver 3.0 ml and fitted with a 

suction bulb 

(i)' pH paper covering neutral range 

(j) Fluoride specific ion electrode, reference electrode, and 

Ionanalyser (Orion) or mullivolt meter (Fig. 2.1). 

Procedure: (for 100 determinations) 

Weigh 0.25 gm of sample into a nickel crucible. Do this for 

100 samples (including replicates and blanks). Add to each 

crucible 3.0 m1 of concentrated NaOH solution. Add 1 to 2 m1 

isopropyl alcohol to facilitate the mixing of the sample and 

flux. 

a Place the rack of samples in a drying oven at 200 C for 1 to 

1! hours or until all of the water has been evaporated from 

the flux. Remove each rack in' turn from the drying oven and 

place nickel lids on the crucibles. Place each rack in turn 

in a muffle furnace at 420 0 C for 20 minutes, after which 

remove the rack and let the samples cool. Racks of samples 

should be left in the heating oven until it is time for them 

to be fused. This prevents the flux from taking on water which 

may result in a violent reaction in the muffle furnace. 
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After the samples have cooled put the crucibles and 

lids in polypropylene beakers containing 100 ml of citrute-

acetate buffer. Let the fused samples soak in the buffer 

solution for 10 to 15 minutes with the crucibles on their 

sides. Stir the samples using a plastic stirring rod until 

the fusion is completely disintegrated. Remove the crucibles 

and lids and add a magnetic stirrer to each beaker. Test the 

final pH with pH paper to ensure a pH of 7.0 to 7.5. If the 

pH is outside this range add dropwise 1 M NaOH or 1 M .nCl, 

whichever is required, until the correct pH is attained. 

Allow sample solutions to cool to room temperature before 

analysis. 

Calibrate fluoride electrode system using 10, 1, and 

0.1 vg/ml F- standards and adjust for temperature variation 

if necessary. 

Sample concentrations can be measured using the 

following formula 

Concentration (Vg/gm) _ Vg/ml x 100 rol 
0.25 gm 

The theoretical detection limit is 8 Vg/gm (based on the 

solubility product of the LaF
3 

membrane). 

Although the use of a muffle furnace greatly increases 

production, fusions can be done over a bunsen burner, and the 

method can easily be adapted for use in a mobile laboratory. 

B.S MERCURY ANALYSIS - FLAMELESS ATOMIC ABSORPTION METHOD 

B.S.l Total Mercury Analysis 

Reagents (All chemicals are Analar grade) 

(a) Concentrated nitric acid 

(b) 10% stannous chloride solution. Dissolve 10 g of stannous 

chloride in 1 litre of 1 M hydrochloric ~cid 
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(c) Nitrogen 

(d) Calibration standards. Prepare standards of 0, 20, 

100, 200, 300, 400, and 500 ppb Hg in the same solution 

matrix as the sample solution. For a stock solution of 

1000 pg/m1 Hg dissolve 1.4789 of llgso4 in, 1 1 of 1 M 

nitric acid. 

Apparatus 

The analytical system for total mercury analysis 

is described in Chapter 5.7. The apparatus used during 

the sample preparation is: 

(a) ,Test tube 

(b) Hot plate 

Procedure 

(a) Weigh 100 mg sample and place in a test tube. 

(b) Add 2 ml of nitric acid. 

o 0 (c) Heat at 80 C to 90 C for three hours. 

(d) When cool transfer the contents into wash bottle and make 

up to 50 m1 with washings of deionised water. 

(e) Add 2 ml of stannous chloride. 

(f) Close the wash bottle with the Sinta glass bubbler and 

open the first stopper and the two-way stopper so that 

the nitrogen passes through the wash bottle only. 

Employ a nitrogen flow rate of 4 litre/min. (i.e. 2 

litre/min. each flow meter). 

(g) Obtain mercury concentration from the calibration 

graph. 
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B.5.2 Mercury Thermal Evolution Profile Analysis 

uetails of the instrumentation is given in chapter 

5.7. detailed description of the procedure follows: 

Proc~dure 

(a) Weigh 100 mg sample 

(b) Place the sample in the micro-crucible of the furnace 

(c) Let the nitrogen flow at a rate of 4 litre/min. 

(d) Heat the sample at a rate of 30 oC/min. 

(e) Record mercury evolved and the temperature on each 

channel of the recorder. 

(f) Compare the profiles with the standard profiles. 

B.6 SELECTIVE EXTRACTION METHODS 

B.6.1 EDTA Extraction 

Reagents (All chemicals are Analar grade) 

(a) 0.05 M ammonium EDTA solution (pH:4.65). Dissolve 

18.12 g of ammonium EDTA in 1 litre of deionised 

water. 

(b) Standard solutions. Prepare standard solutions for 

Fe, Mn, Cu, Zn, and Pb in ·0.05 M ammonium EDTA 

·solutions. 

Apparatus 

(a) Test tube (150 mm long and 14 mm in diameter) 

(b) Silicon-rubber cork to fit the tube 
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(c) Mechanical shaker (Griffin flask shaker) 

(d) Filter paper (Watman 40, Dsh1ess, 110 mm in diameter) 

(e) pH paper covering acid range 

(f) Drying oven 

Procedure 

(a) Weigh 0.5 g sample and place in a test tube. 

(b) Add 10 m1 of the EDTA solution. 

(c) Stopper the tube and shake on a mechanical shaker for 

one hour. 

(d) Filter the mixture through the filter paper into another 

test tube. Keep the residue after washing .it twice with 

distilled water and drying it. 

(e) Check pH. If below 4.0 adjust pH to 4.5-5.0. 

The filtered solution can be directly sprayed into 

the flame of the atomic absorption spectrophotometer for Fe, 

Mn, Cu, Zn, and Pb analyses. 

B.6.2 Acidified Hydroxylamine Hydrochloride Extraction 

Reagents (All chemicals are Analar grade) 

(a) Acidified 1 M hydroxylamine hydrochloride solution (pH:1.3). 

Dissolve 50 g of hydroxylamine hydrochloride in 900 m1 

of 35% acetic acid. 

(b) 35% (v/v) acetic acid. Dilute 450 m1 glacial acid to 

1:1 with deionised water 

(c) Concentrated nitric acid 

(d) 6 M hydrochloric acid. Mix 240 ml of concentrated hydro-

chloric acid and 200 ml of deionised water. 

Apparatus 

(a) 50 m1 centrifuge tube 

(b) 10 m1 pipette 
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(c) 50 m1 benker 

(d) Centrifuge machine 

(e) Hot plate 

(f) Adjustable Oxford dispensor 

(g) Drying oven 

Procedure 

(a) Weigh 0.5 g sample and place in a centrifuge tube. 

(b) Add 25 ml of the acidified hydroxylamine hydrochloride. 

(c) Mix occasionally during a four hour-period and leave 

overnight. 

(d) Centrifuge at 5,000 rev/min for, five minut~s. 

(e) Take 10 ml aliquot of the supernatent solution and trans­

fer into a beaker. 

(f) Place the beaker on a hot plate and add concentrated 

nitric acid slowly until all the reaction has ceased. 

Evaporate just to dryness. 

(g) Leach the residue with 2 m1 of 6 M hydrochloric acid. 

(h) Make up to 10 ml with deionised water in a test tube. 

This solution is ready for atomic absorption analyses. 

The residue left after stage (e) was washed twice. with 

deionised water. It was kept for further analysis after 

drying at SOoC. 

B.6.3 Ammonium Oxalate Extraction 

Reagents (All chemicals are Analar grade) 

(a) 0.157 M ammonium oxalate in oxalic acid (pH:3.3). Mix 

0.275 M solutions of ammonium oxalate and oxalic acid 

in 100:75 volumetric proportions 

(b) 0.275 M ammonium oxalate solution. Dissolve 39.08 g 

ammonium oxalate in 1 1 of deionised water 
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(c) 0.275 m oxalic acid. Dissolve 34.67 g oxalic acid in 

1 1 of dcionised water. 

Apparatus 

(a) 50 ml centrifuge tube 

(b) Magnetic stirrer 

(c) Hanovia UV lamp (Model 16) 

(d) Centrifuge machine 

(e) Drying oven 

Procedure 

(a) Weigh 1.0 g sample and place in a centrifuge tube. 

(b) Add 50 ml of the ammonium oxalate in oxalic acid (pH:3.3). 

(c) Leach samples for five days. 

(d) Stir samples using magnetic stirrer under ultra-violet 

light. 

(e) Centrifuge to separate the attached sample and wash it 

three times with deionised water. 

o 
(f) Dry the residue at 50 c. 

(g) Reweigh it. 

(h) Analyse the leached residue by atomic absorption spectro-

metry after a nitric/perch1oric acid digestion (see 

App.end ix B .1.2). 

(i) Apply weight-loss correction if necessary. 

(j) Subtract from the total elemental concentrations to find 

the amount extract~d by the ammonium oxalate solution. 

B.7 COLORIMETRIC METHOD OF SELENIUM ANALYSIS 

Reagents (All chemicals are Ana1ar grade) 

(a) Acid mixture. 'Mix concentrated nitric and perchloric 

acids in 1:1 volumetric proportion 
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(b) 6 M hydrochloric acid. Mix 240 ml of, concentrated hydro-

chloric acid and 200 ml of de~opiscd water 

(c) Sodium arsenite solution. Dissolve 250 mg of As 20 3 and 

2g NaOH in 200 ml of deionised water 

(d) Hypophosphorous acid. 50% w/w 

(e) EDTA solution. Dissolve 25g EDTA disodium salt in 

500 ml water 

(f) 10 M ammonia solution 

(g) Formic acid 

(h) Buffer solution. Dissolve 60 g of ammonium formate in 

500 ml of deionised water. Add 200 m1 of formic acid, 

followed by 6 M hydrochloric acid until the pH is 1.6 

'and finally dilute to 1 1 with deionised water 

(i) 3,3'-diaminobenzidine solution. Dissolve 0.5 g of 3,3'-

diaminoben·zidine in 100 ml of deionised water. This 

solution should be freshly prepared. Note: 3,3'-dia-

minobenzidine is a very carcinogenic chemical 

(j) Toluene 

(k) Selenium standards. Dissolve 100 mg Se in 20 ml of 

nitric acid and dilute to 1 1 with deionised water. 

From this 100 ppm Se solution prepare 0.5, 1,2,3,5,10, 

15,20 and 30 ppm Se standards. 

Apparatus 

(a) 50 ml beakers 

(b) Auto pipette 

(c) Hot plate 

(d) Filter paper. Whatman No. 540 (90 mm in diameter) 

(e) Test tube (18 x 180 mm) calibrated at 10 and 14.5 ml 

(f) Mechanical Tube shaker (Griffin flask shaker) 

(g) Unicam SP spectrophotometer 
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Procedure 

( 1) Weigh 1 g sample into a beaker: . 
( 2) Add 10 ml of acid mixture. 

( 3) Add a further 10 ml acid mixture after all the effer-

vescence has subsided. 

( 4) Evaporate the solution to fumes of perchloric acid 

until volume is· between 1 and 2 mI. 

( 5) Filter the hot solution through a filter paper into a 

second beaker to remove the residue with 6 M hydro-

chloric acid. 

( 6) Wash the first beaker and residue with 6 M hydrochlor~c 

acid. 

( 7~ Add 2 m1 of sodium arsenite solution. 

( 8) Add 5 ml of hypophosphorus icid. 

( 9) Cover beaker and boil solution until precipitate has 

flocculated. 

(10) Filter solution through filter paper and discard filtrate 

(11) Wash beaker and residue with 6 M hydrochloric acid and 

discard filtrate. 

(12) Place filter paper in beaker and add 20 ml acid mixture 

(13) Cover beaker and heat so that precipitate and filter 

paper completely dissolves. 

(14) When oxidation is complete evaporate solution to fumes 

of perchloric acid until solution is between 1 and 2 mI. 

(15) When cold, place solution into a test tube with water 

washings from beaker. 

(16) Add 1 ml EDTA solution. 

(17) Add ammon ian solution until colour of indicator is orange. 

(18) Dilute solution to 10 ml with water, 

(19) Add 2 ml buffer solution. 
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(20) Add 0.5 ml of 3,3'-diminobenzidine solution and leave 

for ~ hour. 

(21) Add 2 ml of ammonia solution to increase pH within 

range 4.3 - 10.3, after selenium complex has formed 

This pH is optimum for toluene extraction. 

(22) Add 4 ml toluene. 

(23) Cork tube and shake for 15 minutes by mechanical shaker. 

(24) Prepare standard selenium solutions of 0.5, 1,2,3,5, 

10,20, and 30 ppm concentrations in test tubes and 

treat them as described in stages 16 to 23 of the 

procedure. 

(25) Measure absorption through toluene phase of standards 

and samples at 420 Z by spectrophotometer. 

(26) Read Se concentration from calibration graph. 
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APPENDIX C 

DATA PROCESSING 

Data on the elemental contents of stream sediment; 

soil, and rock samples were processed by two computer pro­

grams. The first is called "MRSTAT" which computes the simple 

statistical parameters such as, means, ranges, standard 

deviations, and correlation coefficients. Th~ second is 

called "RAWFREQ" which plots the arithmetic and logarithmic 

relative frequency and cumulative frequency diagrams for the 

elemental distributions. 

Where a sample was not analysed for a particular ele­

ment the element was coded as -1. The programs were modi­

fied to take into account missing data. 

Examples of the outputs of these two programs are 

given in Figures C.1, C.2, and C.3. 
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APPENDIX D 

BEDROr.K nATA FOR KUTLULAR, KOTARAK nF.RF.~ND TUNCA AREAS 

Table D.1 Bedrock data, Kut1ular area. ~or locations of samples 
See Figure 4.8. All concentrations are in ppm. 

Sample Rock 
F Cu Pb Zn * As 'No. type 

11 1 20 92 8 10 4 
12 1 16 116 25 . 10 4 
13 1 72 208 75 180 33 14 1 7 148 12 35 14 15 1 200 260 112 10 12 16 1 10 124 30 10 4 
17 2 1.5 400 410 45 460 18 1 150 224 300 356 11 19 1 1.5 216 9 10 5 20 1 36 240 160 172 16 
21 1 6 60 7 10 56 

390 2 225 480 2300 120 3500 

* Rock type 1 indicates dacitic rocks 
2 indiGates basic rocks 

Table D.2 Bedrock data, Kotarak Dere. For location of samples see ~igure 4.9. All 
concentrations are in ppm. 

sample Rock As No. type * F Cil P,b Zn 

-
1 1 1.5 312 11 20 113 2 1 4 600 3 10 86 6 1 1.5 640 85 6ri lQO 
7 1 1.5 144 5 10 30 
8 1 152 77 10 44 
9 1 24 630 23 28 27 

10 1 1.5 600 430 10 6900 
11 1 1.5 620 18 10 108 
12 1 1.5 880 5 10 125 

453 1 9 264 80 44 58 
457 1 4 128 59 10 59 

. 459 1 1.5 368 4 10 69 
461 1 13 600 460 24 160 
464 1 10 160 1300 30 9900 

* Rock type 1 indicates dacite 
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Table D.3 Bedrock data, Tunca area. For locations sample sites sec Figure 4.11. 

All concentrations are in ppm. 

Sample Rock 
Number Type* As F eu Pb Zn 

1 2 1.5 220 91 20 90 
2 2 1.5 368 122 20 60 
3+ 1 400 352 761 1738 5197 
4 1 58 800 230 50 300 
5 1 250 1080 2100 1400 5500 
6 1 4 560 29 20 810 
7 1 32 1080 30 10 29 
8 1 18 1920 8 40 6500 
9 1 30 300 140 40 61 

10 3 1.5 500 8 10 510 
11 3 6 300 19 10 180 
12t 1 650 230 690 300 1100 
14 1 150 440 710 1200 1500 
15 3 175 920 37 10 290 

401 2 7 140 150 14 109 
424 2 1.5 124 12 20 69 

--
* Rock type 1 indicates dacitic rocks 

2 indicates basic rocks 

3 indicates hematitized dacite 

+ Denotes exclusion of data for this sample during statistical treatment. 
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