


Triangular rare earth element variation diagrams are a powerful
means to distinguish magma types.

It is dangerous to give average values for trace elements in igneous
rocks without defining the level of alkalinity of the samples involved.

It is truer than ever that "the study of assemblages of rare earth
elements constitutes one of the most fascinating studies in the
field of geochemistry"
V.M. Goldschmidt (J954/ Geochemistry. Oxford Univ. Press, p. 313.

Al though "The extrusive nature of the El Laco (Chile) ore bodies
is regarded as something out of the geological ordinary", they may
be more common than thought before.
Per Geijer (1967/ Sveriges geol. Undersokning, Ser. C, no. 624, p. 30.
This thesis.

Scientific research is a damping force on the amplitude of the
"Roedder pendulum" with respect to the history and evolution of
the concept of immiscibility in petrology.

Edwin Roedder (1979/ in Evolution of the Igneous Rocks (H.S. Yoder, Jr.; Editor)
Princeton Univ. Press, p. 49.

Even semi-quantitative geochemical data may often have a high petro-
genetic significance.

Many neurological disorders can ge related to trace element defi-
ciencies or overdoses.



Successive studies reveal further complexities in the genesis of
ore deposits.

In my opinion, the cutest Dutch word is "natuurlijk". One day it
should replace the English equivalents "naturally" and "of course".

" The geology, geochemistry and magnetite-apatite mineralization of the Avnik area,
Gen9-Bingol, SE Turkey".
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ABSTRACT 

In this thesis the results of a study on the geology, geochemistry 
and magnetite-apatite mineralization of the Avnik area, southeast 
Turkey, are presented. Conclusions are drawn with respect to the 
origin and the way of emplacement of the mineralization. The study 
area is part of the Bitlis Massif which is characterized by various 
stages of deposition, folding, faulting, erosion, and intrusion of 
a coarse granite. An area of about 120 square km has been mapped 
at the scale of 1:25,000. Major mineralized zones have been mapped 
separately at the scale of 1 :2,000. The present basement rocks of the 
study area consist of a metamorphosed, metasomatosed and hydrothermally 
leached volcanic and sedimentary series, deposited during Cambrian-Pre
cambrian times. Although the coarse granite covers large areas outside 
the mapped area and clearly cuts across the Basement Series only small 
outcrops are exposed in the study area. The radiometrically deter
mined age of the granite is Devonian-Carboniferous. The Basement Series 
are unconformably overlain by pelitic and calcareous sediments (Epimeta
morphic Series) which were deposited during a Late Paleozoic-Early Meso
zoic time. Both series were regionally metamorphosed at biotite (Cret
aceous) and chlorite (Eocene-Oligocene) zone greenschist facies condi
tions.The early greenschist metamorphism (M1) was accompanied by a re
gion-Wide overturning. In Late Miocene-Pliocene times the above series 
were thrusted southward over the Baykan Series along the Frontal Thrust. 
The Baykan Series consists of unmetamorphosed Upper Cretaceous-Eocene 
ultrabasic rocks, basic volcanics, and sedimentary rocks. Further 
south, outside the area, the latter series overrides the sedimentary 
rocks (Cambrian-Miocene) of the Arab Platform. The highest grade of 
metamorphism (Mo; epidote-amphibolite facies) is tentatively attrib
uted to a period of thermal metamorphism related to intrusion of the 
coarse granite. Much of the mineralogical and geochemical evidence 
for this period of metamorphism was erased by metasomatic/hydrother
mal alteration. 

Geochemical investigations of the metaVOlcanic rocks using major and 
trace element abundances, and oxygen and strontium isotope distribu
tions support the complex nature of these rocks. Metasomatic altera
tion of the Basement Series is manifested by a region-Wide zoning 
of the alkalis whereby aNa-rich inner- and a K-rich outer zone was 
formed. The invasion of coarse granite supplied the required tempera
ture gradients for such zoning. In the early stages the metasomatic 
fluid consisted of an alkali-rich vapor phase, which probably orig
inated from the invading granite. The alkali-rich metasomatic fluid 
evolved into an aqueous phase as a result of cooling upon interaction 
with the wall rock and mixing with connate and underground waters. De
gassing of the intruding granite and a change in volume of rock as a 
result of alkali metasomatism opened widespread fractures in the brit
tle, felsic, volcanic country rock. Decrease in the pH of the aqueous 
solutions created a relatively corrosive fluid which attacked and 
leached the host rock and primary ore layers. The metasomatic/hydro
thermal alteration appears to disturb the REE distribution of the 
Basement Series to a great extent. Using the variations in the REE 



abundances as a criterion, the least modified (relatively "fresh") 
felsic metavolcanic rocks are assigned to a (high-potassium) calc
alkaline magma. 

The main magnetite-apatite mineralization (Main Ore) occurs essentially 
in felsic metavolcanics from the Basement Series and consists of several 
massive ore layers running roughly concordant with the stratification of 
the host rock. Cross-cutting contacts of coarse granite through layer
ed ore, and evidence for hydrothermal alteration of the latter indi
cate that the concordant ores were emplaced before intrusion of the 
coarse granite. Extensive drilling in the area indicated the presence 
of over 30 million tons of minable ore with a grade of 40 wt.% Fe and 
0.8 wt.% P. Mineralogically the major ore layers consist of varying 
amounts and combinations of magnetite, apatite and actinolite and sub
ordinate to accessory amounts of sphene, epidote and salite. The oc
currence of up to 15 cm long apatite crystals is one of the unique fea
tures of the Avnik ores. Presence of ores which cut across the Main,Ore 
and of mineral assemblages different from the Main Ore suggest the oc
currence of subsequent stages in the history of mineralization. These 
ores are called Post Main Ores and include redistributed and recrys
talized ore types. The major redistributed ores consist of disseminated 
and laminated magnetite and apatite ores associated with considerable 
amounts of amphibole, sphene, biotite, chlorite, epidote, quartz, feld
spar, muscovite and small amounts of calcite, tourmaline and pyrite. 
Cross-cutting veins related to the redistribution stage are generally 
barren and contain usually quartz, feldspar, epidote, amphibole and 
hematite. Recrystallization is associated with the regional metamor
phism and affected both the massive and redistribut~d ores. The ob
served mineralogic assemblages, the transition element distribution 
in magnetite and the REE distribution in apatite, all show a strong 
similarity to the Kiruna type ores of Sweden. The occurrence of similar 
deposits is also reported from the Bafq region in Central Iran. It is 
concluded that the Avnik apatite-bearing magnetite ores were evolved 
in at least 3 separate stages: (1)" Volcanogenic Ore Stage "; 
(2) "Redistributed O~e Stage "; and (3)" Recrystallization Stage" 
The occurrence of the Main Ore is related to aerial/sub-surface vol
canism during Cambrian-Precambrian times. An eXhalative-sedimentary 
origin for the Main Ores is rejected on mineralogical and geochemical 
grounds. Surface eruption and sub-surface injection of ore-magma 
are proposed as the mechanisms of ore emplacement. Based on rare-earth 
element distribution in apatites liquid immiscibility is proposed as 
a process of primary ore generation. However, textural evidence to 
support the hypothesis of liquid immiscibility is mostly destroyed by 
younger metasomatic/hydrothermal modifications and recrystallization. 
The redistributed ores are generated by redeposition of leached mater
ial. No eVidence is found to suggest that the coarse granite itself 
supplied any mineralizing solutions. The Early Alpine regional meta
morphism caused: (1) recrystallization and weak to moderate penetrat
ive textures in the mineralized zones; and (2) a strong re-equilib
ration of oxygen isotopes. 



SAMENVATTING 

In dit proefschrift worden de resultaten gepresenteerd van een 
onderzoek naar de geologie, geochemie en magnetiet-apatiet minera
lisatie van het Avnik gebied, zuidoost Turkije. Conclusies worden 
getrokken ten aanzien van de ontstaanswijze en de manier van af
zetting van de mineralisatie. Het gebied is een onderdeel van het 
Bitlis Massief, dat gekarakteriseerd wordt door verschillende 
stadia van afzetting, plooiing, breukbeweging, erosie, en intrusie 
van een grofkorrelige graniet. Een gebied van ongeveer 120 km2 
is gekarteerd op een schaal van 1 : 25,000. Belangrij ke gemine
raliseerde zones zijn afzonderlijk gekarteerd op een schaal van 
1 : 2,000. De hUidige " basement" gesteenten van het bestudeerde 
gebied bestaan uit gemetamorfoseerde en hydrothermaal uitgeloogde 
vulkanische - en sedimentaire series, die afgezet zijn gedurende 
het Cambrium en precambrium. Alhoewel de grofkorrelige graniet dag
zoomt over grote delen buiten het gekarteerde gebied en duidelijk 
de " Basement Series" doorsnijdt, zijn er alleen maar kleinere 
voorkomens aanwezig in het bestudeerde gebied. De " Basement Series " 
worden discordant bedekt door pelitische- en kalkhoudende sedimenten 
(" Epimetamorfe Series ") die afgezet zijn gedurende het Laat 
Paleozoikum - Vroeg Mesozoikum. Beide series zijn regionaal gemeta
morfoseerd tot in de biotiet- (Krijt) en chloriet (Eoceen-Oligoceen) 
zone groenschist facies condities. De eerste groenschist meta
morfose (M1) viel samen met een overkipping van een groot gedeelte 
van het gebied. In het Laat Mioceen - Plioceen werden bovenbeschreven 
series in zUidelijke richting overschoven over de " Baykan Series " 
die uit niet-gemetamorfoseerde Boven Krijt - Eoceen ultrabasische 
gesteenten, basische vulkanieten en sedimentaire gesteenten bestaat. 
Ten zuiden van het bestudeerde gebied overschuift de laatstgenoemde 
serie de sedimentaire gesteenten (Cambrium - Mioceen) van het 
Arabische Platform. De hoogste graad van metamorfose (Mo) in het 
gebied (epidoot-amfiboliet facies) wordt, onder voorbehoud, toe
geschreven aan een periode van thermische metamorfose die ge
relateerd is aan de intrusie van de grofkorrelige graniet. Veel 
van het mineralogische- en geochemische bewijs voor deze periode 
van metamorfose is uitgewist door latere metasomatische/hydrothermale 
veranderingen. 

Geochemisch onderzoek van hoofd- en spore-element hoeveelheden en 
zuurstof- en strontium isotoopverdelingen aan de metavulkanische 
gesteenten bevestigen het complexe karakter van deze gesteenten. Meta
somatische verandering van de " Basement Series " manifesteert zich 
door een in het gehele gebied voorkomende zonering van alkali ele
menten, waarbij een Na-rijke binnen en K-rijke buiten zone is ontstaan. 
Het binnendringen van de grofkorrelige graniet bepaalde de voor de 
zonering benodigde temperatuursgradient. In het begin bestond de meta
somatische fluid uit een alkali-rijke damp fase, die waarschijnlijk 
afkomstig was van de binnengedrongen graniet. De alkali-rijke meta
somatische fluid evolueerde in een waterige fase ten gevolge van 
afkoeling door interactie met het nevengesteende en door het 
mengen met connaat water, en grondwater. Als gevolg van ontgassing 



van de binnendringende graniet en een verandering in volume van 
het gesteente door alkalimetasomatose openden zich wijdverspreide 
breuken in het brosse, felsische, vulkanische nevengesteente. 
Een afname in de pH van de waterige oplossingen produceerde een 
relatief corrosieve fluid, die het omgevende gesteente en de 
primaire ertslagen aanpakte en sterk uitloogde. Door de meta
somatische/hydrothermale verandering werd de verdeling van de zeld
zame aarden in de ~ Basement Series ~ waarschijnlijk in grote mate 
verstoord. 

De belangrijkste magnetiet-apatiet mineralisatie (~ Main are ~) komt 
voornamelijk voor in felsische metavulkanieten van de ~ Basement 
Series ~ en bestaat uit verschillende massieve ertslagen die min of 
meer parallel lopen aan de gelaagdheid van het gastgesteente. Door
snijdende contacten van grofkorrelige graniet door gelaagde ertsafzet
tingen, en hydrothermale verandering van de ertslagen geeft aan dat 
de concordante ertslagen gevormd zijn voor intrusie van de grofkor
relige graniet. Uitgebreide boringen in het gebied wijzen op de aan
wezigheid van meer dan 30 miljoen ton exploitabel erts met een gehalte 
van 40 wt.% Fe en 0.8 wt.% P. Mineralogisch bestaan de belangrijkste 
ertslagen uit varierende hoeveelheden en kombinaties van magnetiet, 
apatiet, actinoliet en ondergeschikte- tot accessorische hoeveelheden 
van titaniet, epidoot en saliet. Het voorkomen van lange, tot 15 cm 
grote apatiet kristallen is een unieke eigenschap van de Avnik ertsen. 
Ertsen die de ~ Main are ~ doorsnijden en het voorkomen van mineraal
gezelschappen in deze ertsen die verschillen van mineraalgezelschappen 
in ~ Main are ~ suggereren dat meerdere, opeenvolgende stadia een rol 
hebben gespeeld in de ontstaansgeschiedenis van de mineralisatie. Deze 
latere ertsen die ~Post Main Ore~ genoemd worden omvatten geredistri
bueerde en gerekristalliseerde afzettingen. De voornaamste, geredistri
bueerde ertsen bestaan uit gedissemineerde en gelamineerde magnetiet en 
apatiet afzettingen, die geassocieerd zijn met aanzienlijke hoeveelheden 
amfibool, titaniet, biotiet, chloriet, epidoot, kwarts, veldspaat, 
muscoviet en kleine hoeveelheden calciet, toermalijn en pyriet. 
Doorsnijdende aders gerelateerd aan de periode van redistributie 
zijn over het algemeen niet-ertsvoerend en bevatten meestal kwarts, 
veldspaat, epidoot, arnfibool en hematiet. Rekristallisatie is ge
associeerd met de regionale metamorfose en had een effect op zowel 
massieve als op geredistribueerde ertsen. De waargenomen minera
logische gezelschappen, de verdeling van overgangsmetalen in mag
netiet en de REE verdeling in apatiet vertonen allemaal een sterke 
overeenkomst met de Kiruna-type ertsen van Zweden. Het voorkomen 
van overeenkomstige afzettingen is ook beschreven voor het Bafq 
gebied in Centraal Iran. Geconcludeerd kan worden dat de apatiet
houdende magnetietverertsingen van Avnik ontstaan zijn in tenminste 
drie verschillende, opeenvolgende stadia: (1) ~ Volcanogenic are 
Stage~; (2) ~ Redistributed Ore Stage~; (3) ~ Recrystalliza
tion Stage~. Het voorkomen van" Main are ~ wordt gerelateerd 
aan vulkanisme gedurende het Cambrium/Precambrium. Een exhalatief
sedimentaire oorsprong voor ~ Main are ~ wordt verworpen op 
mineralogische en geochemische gronden. Eruptie aan het oppervlak 
en ondiepe injectie van erts-magma worden voorgesteld als het 



mechanisme van afzetting. Op grond van de verdeling van REE in 
apatieten wordt vloeistofontmenging voorgesteld als mechanisme om 
de prima ire erts-smelt te produceren. Textureel bewijs om de hy
pothese van " liquid immiscibility " te ondersteunen is echter 
meestal vernietigd door jongere metasomatische/hydrothermale ver
anderingen en rekristallisatie. De geredistribueerde ertsen zijn 
ontstaan door het opnieuw afzetten van uitgeloogd materiaal. Er 
zijn geen aanwijzingen dat de mineraliserende oplossingen direct af
komstig zijn van de grofkorrelige graniet zelf. De Vroeg Alpiene, 
regionale metamorfose veroorzaakte (1) rekristallisatie en een zwak 
tot middelmatig ontwikkeld penetratief maaksel in de gemineraliseerde 
zones; en (2) een sterke re-equilibratie van zuurstof-isotopen. 
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and in Fig. 2.4.
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INTRODUCTION 

The iron ore deposits of the Avnik region have since long been known. 
They are partly exposed at the surface and cover a wide area. The exis
tence of these deposits was first mentioned in the diary of General 
von Moltke (A. Erler: Pers. Comm.) , the military advisor of the Ottoman 
Army during the 1838 Nizip Campaign against the rebel Egyptian Governor, 
Mehmet Ali Pasa. In the last 50 years several geologists (such as Helke, 
1938; Barutoglu, 1942: Kovenko, 1948; Jaffe, 1956: Gawlik, 1959; Mohr, 
1962; Mohr and Duransoy 1963: Canadian Aero-service, 1960; Odabasi 1962; 
Ozturk, 1973; Obuz et al., 1975; Onder et al., 1977: Dora et al., 1980; 
Erdogan and Dora, 1983; Helvaci and Griffin., 1983a,b; Helvaci, 1984) 
worked in the Avnik region and presented geologic maps and reports. 
Systematic work and detailed investigations were carried out between 
1975 and 1980. During this period, several teams from various uni
versities and governmental organizations carried on with projects 
in the area. Among those organizations, the Mineral Research and Ex
ploration Institute of Turkey (M.T.A) and the Earth Sciences Faculty of 
the Ege University are worth mentioning. During the 1976-1980 period 56 
bore holes were drilled (adding up to 11,155.60 m) by the M.T.A. The 
previous investigations shed light on many aspects of the geology of 
the area but also gave rise to some controversial ideas. 
In the field, because of the facilities available, the author worked 
with the team from the University of Ege (B. Erdogan and C. Helvaci). 
Both parties, however, collected their own samples and produced and 
submitted their own version of geologic maps and interpretations to 
their (project) employer, the Turkish Iron and Steel Works, Demir-Celik. 

The present study is concerned with the general geology, geochemistry 
and mineralization (Fe-P) of the area. The author worked in the area 
during the summers of 1979 and 1980. The field work included regional 
geologic mapping of the area, covering about 100 square km, to the 
scale of 1:25000 and later 1 :2000 scale geologic mapping of the major 
ore deposits (Miskel, Haylan, Gonac and Hamek) while employed by the 
Demir-Celik. The preliminary results of the 1979-1980 field work were 
submitted to the Demir-Celik as an internal report (Aral, 1980). The 
major outcome of these investigations was the establishment of the 
presence of about 30 million tons (40% Fe and 0.8% p) of apatite-bear
ing iron ore in the area. 
This thesis consists of five major parts; introduction, general geology 
(chapters 1-2), geochemistry (chapters 3-5), mineralization (chapters 
6-9) and a final concluding section, geologic history of the area. 
The introductory chapter (chapter 1) covers the geographic setting, pre
vious geologic work and the regional geologic setting of the study area. 
The general stratigraphic and structural guidelines, and the description 
of the rock units are presented (chapter 2) by discussing mainly the 
field observations and petrographic data. Only the rocks that are re
lated to the mineralization and have taken part in the metasomatic 
alteration are emphasized. The contact and age relationship among the 
rock units and their significance are covered in chapter 2. Several 
cases of field evidence are cited (chapter 2) to show that metasomatism 
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has played an important role in the modification of some of the rocks. 
A short account on the deformation and metamorphism of the area is 
given in chapter 2. Several episodes of deformation and metamorphism 
are distinguished. 
The major and trace element data on major rock units and their sig
nificance are the subject of chapter 3. In this chapter, data on oxy
gen isotope composition from the Avnik area is produced for the first 
time. The similarities among the temperature readings from the isotope 
data are related to the Early Alpine greenschist metamorphism which 
is strongly felt in the area. 
The significance of the distribution of the REEs under primary and 
secondary environmental conditions, is reviewed on a large amount of 
data compiled from the literature (chapter 4). The close link between 
the distribution of the REEs and the alkalinity of the primary melt 
is shown. A use of a La-Ce-Yb* type variation diagram is proposed to 
estimate the level of alkalinity of a melt. The procedures developed 
here are applied to the Avnik data (chapter 5). 
The SUbsequent chapters (6 to 9) consider several aspects of the 
mineralization in the Avnik area. The general characteristics of the 
Avnik ores are given in chapter 6. The geologic aspects of individual 
ore deposits are described briefly also in chapter 6. 
In chapter 7 and 8, the distribution of some trace elements in mag
netite and apatite is discussed. 
This study shows that the Avnik ores have a complex origin (chapter 9) 
in which volcanogenic, hydrothermal and metamorphic events are involved. 
The primary ore was deposited as stratified layers under aerial and 
subaerial conditions during the deposition of volcanic rocks. This 
ore was then redistributed to stratigraphically higher levels during 
hydrothermal leaching of the lower parts of the meta volcano-sedimentary 
series. The main (primary volcanogenic) and post-main ores (redistri
buted) were recrystallized twice during younger greenschist facies 
regional metamorphisms. 



3 

GENERAL GEOLOGY 

CHAPTER 1. GENERAL INTRODUCTION: 

Geographic Setting 

Avnik, the thesis area, is located in the southeastern part of Turkey, 
about 40 km from the nearest town (Genc) and 55 km southwest from 
Bingol, the major city in the region (Fig. 1.1). The map area lies 
in Elazig K23 c1 and c4 sheets of the topographic maps of Turkey at 
a scale of 1:25,000. 
The ar ea is acces s i bl e onl y by 4-wheel dr i ve vehi cl e. A gr aded gr avel 
road (-25 km) connects the town Genc to the Hamek-Mahmudan junction from 
where a dirt road leads to Avnik. From time to time (during 1975 to 
1980), other dirt roads in the area connected Avnik to Suveren (railway 
station) in the north and Arduvan and Servi in the south. 
Topographically, the area is rugged and lies along the eastern 
flank of the Akdag mountain chain, of which the highest peak reaches up 
to 2620 m. The altitude of the map area ranges between 1592 and 990 m. 
The rivers which dissect the terrain deeply, run mostly from west 
to east and join the major drainage systems running south. The major 
rivers from north to south (Hamek, Haylan and Tinik) run throughout 
the year. 

FIG. 1.1 Location map of the study area. 
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The climate in the region is semiarid and seasonal. The temperatures 
in the summer reach up to about 40°C and go down in the winter time 
to -15°C. Precipitation includes rain in the spring and autumn and 
snow (upto 2.0 m) in the winter. The vegetation is sparce and includes 
short bushes (oak trees). The deciduous trees (willows and poplars) 
are restricted to the course of running rivers. There is practically 
no land suitable for farming. 
During the summer time most of the local men go to the southern and 
western part of Turkey to work in the cotton fields or construction 
business. 

Previous Geologic Work in the Study Area: 

Among previous work (before this research work was started in 1979) 
there was only one significant unpublished report covering the geology 
and mineralization of the area, i.e., the work of Onder et al. (1977). 
Onder and others distinguished two major units which unconformably 
underlie the mica schists; firstly the amphibole schist-(ortho) 
gneiss and secondly the diorite-granite gneiss. According to them, 
the diori te-grani te (gneiss) was emplaced as a hypabyssal intrusion 
into the gneisses. Transitional and cross-cutting contacts were 
identified among the gneiss and the intrusive rocks. 
After 1979, several new reports appeared covering different 
aspects of the Avni k area. Among those are: Dora et al. (1980); Aral 
(1980); Doyuran et al. (1980); Dalkiliclar and Ilbars (1980); Er
dogan and Dora (1983); Helvaci and Griffin (1983a,b); and Helvaci 
(1984). 
The unpublished report of Doyuran et al. (1980) treats the hydro
logic, hydrogeologic and open-pit design problems of the area. 
The internal report of Dalkiliclar and Ilbars (1980) covers the 
beneficiation of the relatively low-grade ores of Avnik by magnetic 
separation methods. 
The results of the field work of B. Erdogan is filed in an internal 
report under the name of Dora et al. (1980; including O. Dora, B. Er
dogan and C. Helvaci) and later published (Erdogan and Dora, 1983). 
They claimed that the basement rocks were partly remolten at depth by 
increased heat and pressure which thereby produced: 
(1) concordant granitoids and (2) discordant granitoids. According to 
them, the former is emplaced at deeper crustal levels and charac
terized by migmatitic contacts with the surrounding country rocks. 
The latter is presumed to be emplaced at shallower levels. In general, 
similar interpretations were adopted later by Hel vaci and Griffin 
(1983a,b). For the first time radiometric (Rb-Sr) dates, 87Sr /86 Sr 
isotopic ratios and trace element analysis of some of the rocks and 
minerals are produced from the Avnik area by these authors. 
The present study differs from the above interpretations by reject
ing the migmatization and partial anatexis in the study area. 
The 'Concordant Granitoids' of Dora et al. (1980) (or 'Avnik Granites' 
of Erdogan, 1984) are classified as metavolcani c rocks based on the 
grounds of various data. Furthermore, fiel d observations and labo
ratory data are in favor of one episode of grani te emplacement ("Dis
cordant Granitoids") at a moderate depth, probably not deeper than 10 
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km. Geologic mapping shows that the actual difference between the levels 
of emplacement of the "deep-seated" and "sub-crustal" granites is 
about 700 m. Therefore, the hypothesis of two different modes of 
emplacement in the region is rejected. This work also differs from 
the others by introducing evidence for a metasomatic/hydrothermal 
alteration of the basement rocks. 

Regional Geologic Setting: 

Geologically, the study area is part of the Paleozoic Bitlis Massif 
(Fig. 1.2) which forms a long-stretching belt (-300x50 km) of meta
morphosed (amphibolite and greenschist facies conditions) pelitic, 
psammitic and calcareous sedimentary, volcanic and granitic rocks. 
In Turkey, the Bitlis Massif lies in the southern branch of the 
Alpine-Himalayan mountain chain. There is geologic evidence for 
orogenic deformation as recently as the Pliocene-Early Miocene (Hall, 
1974) and the strong seismic activity of the area suggests it may 
be continuing at present. 
The Bitlis Massif is located within the Taurid-Iranid Fold Belt 
(Ketin, 1966) which extends from Turkey to Oman, over western 
Iran. Along this belt, in Turkey, the Late Cretaceous-Eocene 
ophiolite-flysch complex has overthrusted the Cambrian-Miocene 
sedimentary rocks along the Southeast Anatolian Thrust Fault. 
The Paleozoic crystalline (metamorphic and igneous basement) rocks 
have, in turn, overriden the former along the Frontal Thrust. 
The low-angle Frontal thrust faUlt define the southern boundary of 
the Bitlis Massif. The Murat River on the north and Lake Van (Fig. 
1.2) on the northeast constitute most of the northern boundary of the 
Bitlis Massif. 
The northern part of the Murat Hi ver is a deeply downthrown block 
filled wi th Tertiary and Quaternary vol cani cs and sedimentary rocks. 
In the NW part of the Bi tlis Massif. the Murat ri ver becomes part 
of the Upper Miocene East Anatolian Fault (left-lateral) system 
which is still active. This faUlt is cut in the east by the right
lateral North Anatolian faUlt. On its western extension it is 
probably connected to the Dead Sea left-lateral fault system so that 
the structural position of the Bitlis Massif is linked to the Red 
Sea-Indian Ocean rift system (Arpat and Saroglu, 1972). 

Only a few detailed geologic studies have been done on the Bitlis 
Massif. These include the work of Ibbitson et al. (1971); Yilmaz 
(1971); Boray (1973); and Hall (1974). 
The report of Ibbi tson et al. (1971) represents the regional geo
logic mapping and mineral exploration work carried out by Robertson 
Research Co. (England) during 1968-1971. The work covers almost the 
whole southern part of the eastern Bitl is Massif and recognizes two 
major groups of Paleozoic rocks in the area: 

(1) A Limestone Group (Permo-Carboniferous?), and 
(2) A Metamorphic Group (Paleozoic?). 

Within the former they distinguish various types of limestones. 
The Metamorphic Group includes various quartzites, phyllites, mica 
schists, marbles, granitic and quartzo-feldspathic rocks and low
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to medium-grade gneisses (often basic and well foliated). 
Yilmaz (1971) worked in the Cacas region which is located at the 
central southern part of the Bi tlis Massif, about 70 km southeast of 
Avnik (see Fig. 1.2). His work is mainly petrological and includes 
also isotopic age dating (Rb/Sr and KIAr) of the metamorphic rocks. 
For the first time several episodes of metamorphism are identified 
in the Bitlis Massif through this work. According to Yilmaz (1971) 
metamorphism (454±13 Ma) of igneous and sedimentary rocks to various 
gneisses, paragneisses, schist and amphibolites was followed by a 
period of erosion and, much later, by intrusion of post-metamorphic 
granite (325±3 Ma) during the Lower Carboniferous time. 
Boray (1973), distinguished two Paleozoic units in his map area 
(Fig. 1.2), based on similarities in metamorphic and deformational 
features, i.e., the Upper and Lower unit. The Upper Unit includes gray 
limestone, chlorite-calc-schist, clinozoisite-mica schist, schistose 
quartzite, quartZite schist, upper phyllite and pelitic schist, 
schistose marble, quartZite and quartzo-feldspathic schist, impure 
marble and lower phyllite and pelitic schist. The Lower Unit consist
ed of micaceous quartZite, pelitic schists, garnetiferous pelitic 
schist, albite-quartz-mica schist, hornblende schist, banded marble 
and sheared hornblende schist. Boray concluded that the Paleozoic 
rocks of the Bitlis Massif represent metamorphosed sedimentary rocks 
of the continental shelf which are intercalated with volcanic and 
hypabyssal igneous rocks. Boray recognized that the grade of meta
morphism decreases upwards in the stratigraphic succession. 
Hall (1974) worked at the eastern border of Boray's study area (Fig. 
1.2) where he identified three major lithologic groups: (1) Marble 
and Phyllite Group (Boray's Upper Unit), (2) Amphibolite Group 
(Boray's Lower Unit), and (3) Granite. According to Hall, the depo
sition of sedimentary rocks of a pelitic composition was followed 
or accompanied by the emplacement of large volumes of basic igneous 
rocks, possibly as sills and lava flows. Subsequently these rocks 
were metamorphosed to epidote-amphibolite facies and intruded by a 
coarse grani teo 
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CHAPTER 2. SUCCESSION AND ROCK DESCRIPTION 

2.1. SUCCESSION: 

In the area, three major rock series (from top to bottom) are dis
tinguished: 

a. Baykan Series, 
b. Epimetamorphic Series, and 
c. Meta-volcanic-sedimentary (or Basement) Series. 

The Baykan Series is exposed in the southern part of the study area 
and consists of an ophiolite-flysch complex. Although the Baykan Series 
is younger (Upper Cretaceous-Eocene) than all the other series, it 
underlies the Epimetamorphic and the Basement Series. 

The Epimetamorphic Series consists of metamorphosed pelitic (mica 
schists) and calcareous (various marble) rocks. 

The Metavolcanic-sedimentary Series (BS) constitutes the basement rocks 
of the study area (Fig. 2.1). They consist of various metamorphosed 
felsic to basic volcanic rocks interbedded with thin layers of quart
zite, phyllite and dolomitic marble where the volcanic fraction 
dominates strongly over the sedimentary rock fraction (about 8:2). 
The latter is observed only in the middle of the Basement Series. 

FIG. 2.1	 General view of the Basement Series along the Haylan D.
 
valley; looking from west (Miskel) to east.
 

In general, the metavolcanics range in composition from meta-rhyolite 
(occasionally meta-andesite and meta-trachyte) to meta-dacite. In the 
lower parts of the series basic metavolcanics (now mostly mafic 
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schists) are interbeded with the felsic and intermediate metavolcanic 
rocks. The lower parts of the Basement Seri es al'e also call ed as 
Lower Unit. The metavolcanics occur mostly in the form of lava flows 
and pyroclastics, and occasionally as agglomerates. 
The depositional age of the BS is probably Cambrian and/or Precambrian 
(Erdogan and Dora, 1983). The contact between the Epimetamorphic and 
the basement Series is an unconformity, and both these Series are 
overthrusted over the Baykan Series. 

Granite which invaded the BS before tne deposition of the Epimetamorphic 
Series, caused widespread metasomatic modifications, hydrothermal 
leaching and probably some contact metamorphism in the lower parts of 
the BS. 
The final depositional event in the stUdy area is the emplacement of 
Basic Dikes during Tertiary times. 

The study area consists of three different blocks separated by 
two major thrust faults (Avnik-Mahmudan and Frontal Thrust Faults-
see Plate 1). These blocks are: (1) The Northern Block (the hanging 
wall of the Avnik-Mahmudan Fault) which consists of broadly folded, 
metamorphosed volcanic and sedimentary rocks (2) The Central Block 
(located between the two thrust faults) which is characterized by an 
overturned anticlinal structure, the so called Avnik Anticline where 
the axial trend of the Avnik Anticline is different from the trends 
of the thrust faults (3) The Southern Block which consists of unmeta
morphosed, fossil-bearing shales, limestones, spilites and Ultra-basic 
rocks (Baykan Series). In this stUdy no geologic work has been done 
on the non-crystalline rocks of the Southern Block. 

The stratigraphic successions of the Northern and the Central Blocks 
are illustrated in idealized sections in Figures 2.2 and 2.3, respec
tively. The stratification of the Basement Series in the Northern Block 
is a normal succession-*1-. The rocks in the Northern Block consist of 
gently dipping, interfingering series of rhyolitic/dacitic, trachytic 
flows and tuffs, and various schists and gneisses. Stratigraphically, 
they correspond to the middle parts of the BS-*2-. The upper parts (inc
luding Upper Meta-rhyolite-- also called Upper Unit) of the Northern 
Block are exposed only outside the study area, where they are cut by 
Meta-granite (mG). The Northern Block is unconformably overlain by 
the Epimetamorphic Series. 
The contacts between the units of the BS are concordant and mostly 
obscured by metasomatic alteration and low-angle thrust faulting. 
The southern flank of the overturned Avnik Anticline provides a complete 
stratigraphic section of the area, including the Baykan Series at the 
bottom, Epimetamorphic Series in the middle and Basement Series on 
top. The upper part of the Basement Series (Upper Unit) 

-*1- as the succession is reverse of the overturned succession observed 
in the Central Block. 

-*2- This is based on the exposure of the contact between Upper and 
Lower Units on both, Northern and Central Blocks. 
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is exposed in the overturned flank at the southwest. The lower part of 
the Basement Series, consisting mostly of gneiss and felsic meta
volcanic rocks is widely exposed in the central, northern and eastern 
parts of the Central Block. The lower parts of the Lower Unit are 
strongly bleached to quartzo-feldspathic rocks as a result of granite 
invasion. Main ore deposit Miskel is located at the outer border of 
this alteration zone. Relicts of metavolcanic rocks and ore layers 
have been commonly preserved within the leached zone. 
The stratigraphic column of the study area is given in Fig. 2.4 by 
reconstructing the idealized diagrams, Fig. 2.2 and Fig. 2.3. 

FIG. 2.2	 Diagrammatic reconstruction of the stratigraphy of the over
riding Northern Block representing the normal succession 
(see Plate 1 for the geologi c symbols) . 
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The overall thickness of the BS reaches up to about 3000 m in the 
area (more than 4000 m outside the study area), as measured from the 
geologic map (Plate 1) and the geologic sections (Plate 2). The exposed 
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thickness of the Mica Schists is over 1000 m. 
The absence of recognizable marine sedimentary rocks and the occasional 
presence of thin agglomerate layers at the lower parts may indi
cate that the basement rocks were initially deposited under aerial 
conditions. This is further supported by the occurrence of amygdules 
in the basic flows. 
The environmental conditions apparently changed to shallow-marine dur
ing the deposition of the middle parts of the Basement Series. This 
is deduced from the occurrence of thin layers of Phyllite, Dolomitic 
Marble and Quartzite in the succession. The appearance of thick (up to 
about 1000 m) rhyolitic to trachytic flows interbedded with pyroclas
tic rocks of similar composition may indicate another stage of uplift 
and deposition probably under aerial conditions. 
The basement rocks were later invaded by granite during the Lower Car
boniferous. After a period of erosion the area subsided again (Early
Permian) and pelitic, carbonaceous and calcareous sediments (Epimeta
morphic Series) were deposited over a wide area. 
The Basement and Epimetamorphic Series were then intruded by basic dikes 
during Tertiary times and finally during Late Tertiary they were dyna
mically metamorphosed. 
Several episodes of metamorphism left their imprint on the Avnik rocks; 
a greenschist facies regional metamorphism at biotite grade (M1; Early 
Cretaceous) affect both the Basement and Epimetamorphic Series. These 
rocks, later, suffered a second stage of regional metamorphism (M2; 
Eocene) at a lower (chlorite) grade. 
The occurrence of a regional metamorphism during Caledonian Deformation 
is reported by Yilmaz (1971) from an area about 70 km southeast of 
Avnik, where the basement rocks are metamorphosed at amphibolite facies. 
Investigations in Avnik, however, do not indicate an early metamorphism 
(Mo) at a grade higher than epidote-amphibolite facies. Moreover, it 
is not possible to establish the age of Mo metamorphism in Avnik. 
It is also not clear from the field and petrographic evidence if the Mo 
metamorphism is equivalent to the one reported by Yilmaz. The spatial 
relationship between the intensity of the metamorphism and the granite 
exposures in the study area suggests a thermometamorphism rather than 
a regional one. In Avnik, it is still possible to find volcanic rocks 
(trachytes, rhyolites, dacites) with a moderately well-preserved glassy 
matrix away from the granite contacts. The highest grade metamorphism 
(epidote-amphibolite facies) is restricted to the immediate vicinity of 
the Meta-granite. Therefore, the Mo metamorphism is (tentatively) re
lated to the granite intrusion, namely, to the Sudetian deformation. 
In the absence of reliable evidence, it is assumed that the Caledonian 
deformation has not been effective in the study area. 
A thermal gradient that was created by the invasion of granite, caused 
widespread chemical modifications in the basement rocks. However, 
typical skarn assemblages have not been developed in the carbonate rocks 
of the basement series. The carbonate rocks are only intensely dolo
mitized. An alteration halo is developed throughout the Basement Series. 
Especially Na and K are zoned on a regional scale. In the inner zone 
mafic and potassic minerals are removed. The outer zone is enriched in 
K and Ba. While in some cases, the original texture and mineral com
position of the Basement Series was completely obliterated, in other 
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FIG. 2.4 Stratigraphic column of the study area (Baykan series is 
not shown). 
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cases, some basement rocks totally escaped such modifications, so that 
it is still possible to find metasomatically 'untouched' samples within 
the altered area. 
The occurrence of volcanic rocks ranging from basaltic, andesitic,rhyo
litic-dacitic to trachytic compositions may suggest a fractional 
crystallization from a basaltic magma. However, a comagmatic origin 
for the basic and felsic/intermediate volcanic rocks is not supported 
by the rare-earth element data (see chapter 5). Extensive metasomatic, 
hydrothermal and metamorphic alterations modify the major and trace 
element composition of these rocks. 

2.2. DESCRIPTION OF ROCK UNITS: 

The following rock units are identified in the study area: 
,. Unconsolidated and semi-consolidated material, 

a.	 Recent alluvium. 
b.	 Old terrace material. 

2.	 Baykan Series (Ophiolite-flysch complex). 
3.	 Epimetamorphic Series: 

a.	 Bituminous gray marble. 
b.	 Mica schist (Quartz-muscovite-biotite-albite+ 

chlorite+garnet schist; Quartz-graphite-muscovite+ 
chlorite schist). 

4.	 Intrusive rocks: 
Meta-granite (apophyses of an underlying batholith). 
Basic dikes (Alkali olivine basalt; Quartz trachyandesite). 

5.	 Meta-volcanic-sedimentary (Basement) Series--BS). 
UPPER UNIT (vsU): 

- Upper Meta-rhyolites (thick layers of rhyolitic+-trachytic 
lava flows). 

LOWER UNIT (VSS): 
-	 Alternation of Leucocratic Muscovite Schists, Phyllites, Meta

rhyolites, Mafic Schists, Gneisses, Quartzites and occasional 
Dolomitic Marbles and Agglomerates; and 
Bleached Lower Unit rocks (metasomatically altered Lower 
Unit rocks consisting mainly of Gneiss, felsic/intermediate 
metavolcanic rocks and Mafic Schists). 

In this section, a general description of each rock type is given from
 
young to old (in the above order). Some of the lithologies had to be
 
grouped together under one title (e.g., Lower Unit)
 
due to the rapid vertical and lateral changes in their stratigraphy.
 
In the description of rock units, least emphasis is given to the rocks
 
which are not associated directly with the Fe-P mineralization.
 

UNCONSOLIDATED AND SEMI-CONSOLIDATED MATERIAL: 

RECENT ALLUVIUM (Q): 

Alluvium is deposited in only a very few places (Haylan and Hamek 
river beds) due to the young topography and V-shaped valleys of 
the area. 
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OLD TERRACE MATERIAL (Qo): 

The flat-lying, undeformed, loosely consolidated, red to light
brown-colored conglomerate is named as Old Terrace Material. 
It consists of unsorted sand and boulder size pebbles of all existing 
rock types and contains different sizes of magnetite blocks. It is 
exposed only at the northeastern part of the map, in Hamek, and 
assigned to a Quaternary age. 

BAYKAN SERIES (Eof): (See ERRATA). 

A complex of purple, gray-green and red colored shale, spilite, 
mudstone, limestone, serpentine and peridotite is regionally 
known as the Baykan Series (Eof) (Ibbitson, 1971). 
The Eof is exposed in the southern part of the study area where 
the metamorphosed Paleozoic rocks of the Bitlis Massif overthrust 
(Frontal Thrust) them wi th a low angl e ( ~ 35 degrees). Based on fossil 
findings (in other parts of the Bitlis Massif) the age of the Baykan 
Series is known as Upper Cretaceous (Hall and Mason, 1972) to Eocene 
(Brinkmann, 1967). 
In this study, only the tectonic boundary between the Baykan Group 
and the metamorphosed series of the Bitlis Massif was mapped 
(see the geologic map given in Plate 1). The geologic investiga
tions were not extended to the Eof due to the lack of any rela
tionship with the Fe-P mineralization in the area. 

EPIMETAMORPHIC SERIES (sch and Pm): 

BITUMINOUS GRAY MARBLE (Pm): 

The dark gray, crystalline, thick-bedded marbles which give a 
stinking smell when hit by a hammer are named as Bituminous Gray 
Marble. They are exposed in a small area at the northwest corner 
of the map area although they extend farther west and southwest 
covering a large area. 
Their contact with underlying Mica Schists is regionally known 
as an unconformity (Tolun, 1953). 
Erdogan and Dora (1983) assign a Permian age to the upper parts 
of these marbles based on MIZZIA VELEBITANA and on badly pre
served gastropoda fossils. 
Due to their limited exposure and lack of any relationship to the 
magnetite-apatite mineralization, no geologic work has been done 
on these rocks. 

MICA SCHIST (sch): 

Dark-brown and glittering gray-green colored, partly well-fo
liated rocks which contain essentially biotite, muscovite, quartz, 
feldspar and garnet are named as Mica Schists. Graphite contain
ing varieties (Mica-graphite Schist) are interbedded with Mica 
Schists at various levels, forming discontinuous bands. 
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The schistosity is not persistent throughout and in some places, 
Mica Schists are massive or characterized by a poor foliation. 
Because of their post mineralization deposition, no detailed sampling 
and mapping was done in the Mica Schists. Only the upper (when exposed) 
and lower contacts are shown on the geologic map (Plate 1), as well as 
representative orientations of schistosity/foliation. 
Mica Schists are exposed widely in the study area. They are especial
ly abundant in the western, northern and southwestern parts of the 
area. They overlie various units of the BS (including mineralization) 
unconformably. 
Outside the area, along the Murat River and further east of Gayt 
the Mica Schists overlie Meta-granites (see Fig. 1.1) also uncon
formably. In the area, no well-represented basal conglomerate has 
been found by the author. However, Dora et al. (1980) cite evidence 
for the occurrence of basal conglomerate outside the study area. 
The exposed thickness of the Mica Schists is well over 1000 m. in 
the study area. 
Mica Schists took part in a regional overturning together with 
the Meta-volcanic-sedimentary Series (as well as the Bituminous 
Gray Marbles) and thrusted over the Baykan Group to the south. 
This overturning caused (some) mechanical deformation of the 
units along the lower contact of the Mica Schists. For example, 
along the Kasrik Dere-Harabe contact (east of the mapped area) and 
in Mur Dere (north of Miskel, northwest of the map area), the rocks 
under the Mica Schists have been sheared, crushed and mylonitized. 
The thickness of such zones ranges from a tenth of a meter to two 
meters and they are located irregularly along the contact. 
In these cataclastic zones, stretched and elongated fragments from 
both units (the BS and Mica Schists) are enclosed in a microfolded, 
schistose, soft matrix which is made up entirely of a chloritic 
material. The differential competence of the rocks played a role 
and probably led to the "sliding" of Mica Schists over more compat
ible rocks of the BS and gave rise to the "tectonically modified un
conformable contacts". 
Representative chemical (major and trace element) analyses of six Mica 
Schist samples are given in Appendix 3. 
The mineral assemblage of the Mica Schists indicates a biotite zone 
of the greenschist facies metamorphism which is later modified by a 
lower (chlorite) grade greenschist metamorphism. 

INTRUSIVE ROCKS: 

META-GRANITE (mG): 

In hand specimens, Meta-granites are typically coarse crystalline-*l
(2-5 mm), pinkish to light brown rock rich in K-feldspar, plagioclase 
and quartz. Large (up to 5mm) pink-cream-colored K-feldspars (ortho

-*1- for that reason, Meta-granite is also referred to as coarse 
granite or coarse Meta-granite. 
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clase or microcline) are striking. Chloritized biotite and hornblende 
and small amounts of iron-oxides are also recognizable. 
The age of the granitic intrusion is determined on a poorly-de
fined isochron as 347 ± 52 Ma (by Helvaci and Griffin, 1983a) using 
the Rb-Sr method on fresh coarse-grained samples from Yayla. This 
age is roughly in agreement wi th the one (325 ± 3Ma) measured from 
the Cacas region by Yilmaz (1971). Helvaci and Griffin (1983a) as
sume that the "Avnik" and Yayla granites have the same age. 
The high initial 87Sr /86 Sr (0.7217) ratio (op. ciL) obtained for 
the coarse-grained Yayla Meta-granite suggests that the granites 
were produced by the melting of an old crust before their emplace
ment into the present position. 
The coarse Meta-granites are exposed in a few places in the cent
ral-west of the study area (Haylan, Gonac, Maal Tepe region--see Plate 
1) giving only small (maximum diameter about 400 m.), usually circular 
and oval outcrop patterns. The circular shape of these exposures may 
represent apophyse-like off-shoots from an unexposed stock probably 
underlying the area. The occurrence of a larger body of granite under
lying the central part of the area may be evidenced from the occurrence 
of similar Meta-granites outside the study area (Yayla region) 
which cover hundreds of square kilometers. The Meta-granites occurring 
outside the map area are named as Yayla Meta-granite. 
In Avnik, the Meta-granites intruded into the lower parts of the 
Basement Series. The Yayla Meta-granite invades into relatively 
higher levels of the Basement Rocks. For example, in Neban (see Fig. 
1.1), the Yayla Meta-granite cuts across the Upper Unit rocks 
(vsU) which represent the uppermost (exposed) unit of the Basement 
Series. 
The generally circular nature of the exposures is evidence for a 
discordant relationship with the surrounding rocks. In general, the 
contacts are obscured by intense metasomatic bleaching, metamorphism 
and surface weathering. In the study area, a 300x25 m body of Meta
granite is seen cutting across the primary ore layers in Incebel
duzu Tepe (between Haylan and Gonac) with sharp contacts. Outside 
the study area, the sharp discordant contacts are better exposed. 
Although Meta-granite is coarse-grained throughout the area, the 
grain size is not uniform everywhere. The border zones of large bodies 
(especially in Yayla) show varying degrees of cataclasis, in the form 
of elongated and pUlverized quartz and feldspars. It is not easy 
to identify the origin of cataclasis taking place at the border 
of the coarse Meta-granite. Such a grinding may be due to auto
brecciation-autometasomatism in relation to a forceful(?) emplacement 
of granite and corrosive action of metasomatic fluids, or due to 
penetrative forces during folding and overturning (at about 100 Ma) 
associated with the greenschist (Ml) metamorphism. It may even be 
the result of a much younger (Pliocene- Upper Miocene) mechanical 
(dynamic) deformation. 
Both Avnik and Yayla Meta-granites have suffered from younger green
schist metamorphism (biotite and chlorite grades). Regional metamorphism 
was associated with albitization, microclinization, epidotization, and 
chloritization of the Meta-granites. 
In the vicinity of B. Gonac and Maal Tepe, Meta-granites contain 
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true enclaves (detached country rocks; for example W-10) which, in 
principle, do not follow the general bedding of the surrounding 
rocks. It is suggested that these enclaves result from a process of 
stoping or block-settling. 
The granite invasion is associated with widespread bleaching of the 
country rocks. The granite itself also suffered from this alteration. 
In Avnik, small granite exposures are depleted in K2 0 and enriched 
in Na 2 0. In Yayla, Na-enrichment is restricted only to the border 
zone of the granite. In both places, no distinct enrichment/depletion 
is noted in the contents of other major elements. 
The term "Meta-granite" used by the present author has a different 
context than the term "Avnik Granite or Avnik Granitoid" used by Helvaci 
and Griffin (1983a,b); Dora et al. (1980) and Erdogan and Dora (1983). 
To the present author, the term "Avnik Granite/Granitoid" embraces part 
of the metasomatically altered (bleached) volcanic flows. The term 
"Meta-grani te" covers the coarsely grained rocks similar to the ones 
exposed in the Yayla region. This study is the first report of this 
rock type in the Avnik area. 
The depth of the granite emplacement is not known as the overlying 
strata were partly removed by erosion before the deposition of pelitic 
sediments. Nevertheless, an emplacement of probably less than 10 km in 
depth (mesozone) may be tentatively proposed based on the fOllowing 
evidence: 

- the granite shows no evident chilling at the contacts, but is still 
cutting across the country rocks with sharp contacts; 

- absence of typical katazonal minerals such as garnet, sillimanite 
and cordierite in the granites and the wall rock; and 

- absence of ring dikes and typical skarn assemblages which are 
characteristic of emplacement in the epizone. 

Point count analyses of thin sections show that a fresh Avnik Meta
granite consists of approximately equal proportions of quartz (-29%), 
alkali feldspar (-30%) and plagioclase (-28%), although the plagioclase 
and alkali-feldspar fractions show fairly large variations. The Meta
granite also contains up to about 10 vol. percent biotite, hornblende 
and chlorite and accessory amounts of magnetite, apatite, sphene and 
zircon. The mineral constituents of metasomatically altered Meta
granites are, in general, not much different from those of the normal 
Meta-granites, except in their K-feldspar content which is mostly 
replaced by albite and sericite. 
Streckei sen's (1967) mineralogi cal classif'i cation i ndi cates that the 
metasomatically least modified (i.e., relatively fresh) Meta-granites 
such as samples S-150 and H-25, are common granites. The altered Meta
granites plot in the field of alkali granites as a result of their 
low An o - s (pure albite) contents. 
The major and trace element analysis of several Meta-granites are listed 
in Appendix 3. The geochemical variations are discussed in chapter 3. 

BASIC DIKES (Tb): 

TwO different dike rocks are identified under the name "Basic 
Di kes": 



18 

1. Alkali Olivine Basalt: 
Alkali Olivine Basalt appears as dark gray to black colored, apha
nitic dikes with subordinate amounts of visible (to the naked eye) 
plagioclase phenocrysts. Its thickness is usually less than a meter. 
It intrudes into the Bleached basement rocks in Arduvan, into the 
Mafic Schists in Hasbur, and into the Mica Schists in Mur Dere. 
clearly cross-cutting the foliation. 
Outside the map area (between Gayt and Yayla) basic dikes intrude 
the Meta-granite. Alkali basaltic dikes have also been observed cut
ting across the Baykan Series (Upper Cretaceous-Eocene), south of the 
Frontal Thrust in the map area. 
Under the microscope, this variety consists of olivine, Ti-augite, 
brown hornblende and plagioclase (An so ) phenocrysts in a plagio
clase, hornblende and pyroxene matrix. In Appendix 3, chemical 
and C.I.P.W norm analyses of two basic dike samples (S-63 and S-90) 
are given. The chemical analyses and.petrographical data in
dicate that these rocks are silica-undersaturated, slightly nephe
line normative and of alkali olivine basalt composition. 

2. Quartz Trachyandesite: 
Quartz Trachyandesite is a light gray, brownish colored, aphanitic 
dike rock with subordinate amounts of plagioclase phenocrysts. It is 
exposed only in Hamek and emplaced partly along the hanging-wall 
of the Avnik-Mahrnudan Thrust Fault and partly into the Bleached 
Lower Unit rocks. It is 2 to 5 meters in thickness and can be fol
lowed continuously about 1 km along the strike. 
Under the microscope, this rock consists of sanidine, biotite 
and occasional quartz phenocrysts in an oligoclase-andesine matrix. 
Based on petrographic data, the Dereikeskan dike is named as a 
quartz-bearing trachyandesite. 

Although the composition of the two varieties is distinctly dif
ferent, they are joined under one name, Basic Dikes, due to the 
absence of any sign of metamorphism in both rock types. Their 
post-metamorphic character and intrusion of the alkali olivine 
basalt into Mica Schists and Baykan Series suggest an age younger 
than Eocene-Oligocene. The occurrence of quartz trachyandesite 
along the Avnik-Mahrnudan fault plane may imply an age as young 
as post Miocene-Pliocene. 

META-VOLCANIC-SEDIMENTARY (BASEMENT) SERIES (BS): 

In this stUdy, most of the field and laboratory investigations 
are confined to the Meta-volcanic-sedimentary Series (BS) as they 
are associated in space and time with apatite-bearing magnetite 
deposits. 
The BS is a series consisting of various interbedded rock types of 
volcanic and sedimentary origin. Thick (>1000 m.), massive lavas 
of rhyolitic (partly trachytic) composition are found at the top. 
These series are named as Upper Unit (vsU). Underlying the Upper 
Unit, relatively thin layers (ranging from fraction of a meter to 
about 50 meter) of metavolcanic rocks (Meta-rhyolite, Meta
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dacite flows and tuffs containing same Meta-andesite and Meta
trachyte layers) are interbedded with basic (basaltic) lavas/ 
tuffs and sedimentary rocks (marble, phyllite, quartzite) over a 
zone of about 2000 m. These series are named as Lower Unit 
(VSS). The lower part of the VSS is partly to completely 
leached (losing mafic and potassic minerals) by hydrothermal 
activities. Lower Unit rocks which clearly lost K and some mafic 
elements are named as Bleached Lower Unit (vsL). The material 
leached from the lower parts is redeposited upwards in the sequence 
under control of a thermal gradient. 
In this section, a summary of field occurrences and a short account 
on petrographic observations are given. The geochemical features 
are treated in chapter 3. 

UPPER UNIT (or Upper Meta-rhyolite--vsU): 

Gray colored, metamorphosed, acidic lavas of mainly porphyritic 
texture interbedded with thin layers of tuffs are named as "Upper 
Meta-rhyolite" (vsU). They constitute stratigraphically the upper 
part of the basement rocks exposed in the study area. They consist of 
thick porphyritic layers (flows) each of which may reach a thickness 
of up to 150 meters. Relatively thin layers (up to 5 m.) of tuffs 
separate such thick flows. The exposed thickness of the vsU is 
slightly more than 1000 m. in the study area. The meta-rhyolite 
flows of the vsu are characterized by K-feldspar phenocrysts which 
range in size from a fraction of a mm to 10 mm. They show a crude 
flow texture (defining a N-S to NNE-SSW trending volcanic strati
fication) in a medium to dark gray groundmass. The dark color of 
the groundmass is due to a very fine grained (up to 0.1 mm) opaque 
mineral content. The rhyolitic composition and porphyritic texture 
appear to be persistent throughout these rocks. Occasional tuffaceous 
(rhyolitic) horizons and trachytic flows are interbedded with the thick 
rhyolitic layers. 
In the area, the Upper Unit occurs only on the southern flank of 
the overturned Avnik Anticline, between Haydan and Zellek. Similar 
rocks also occur outside the area (to the northeast) between Hamek 
and Neban. 
The contact between the Upper and Lower Units is concordant and 
transitional with thin (a few centimeters to a few meters) 
layers of Leucocratic MUSCOVite Schists, Mafic Schists or 
Quartzites alternating with thin (up to 0.5 m) Meta-rhyolite layers. 
The vsU is overlain by Mica Schists with an unconformity. 
Under the microscope, a typical Upper Meta-rhyolite (Spec. No. W-31) 
is characterized by large (up to 3 mm) sanidine phenocrysts in 
a matrix consisting mainly of small «0.1 mm) K-feldspars (mainly 
sanidine and subordinate amounts of microcline). Minor amounts of 
muscovite, chlorite, biotite, quartz and Fe-Ti oxide occur and accessory 
amounts of apatite. 
The tuffacous meta-rhyolite varieties (e.g., Spec. No. W-29) consist of 
strongly oriented, fine-grained (up to 0.1 mm) sanidine, muscovite, 
quartz and Fe-Ti ore. Sanidine occurs also as small (-0.3-0.5 mm) pheno
crysts. The tuffacous meta-rhyolites are characterized by alternations 



20 

of thin (a few ern) light and dark colored bands. The general trend 
of the color bands is measured as N-S to NNE-SSW. Such alternations 
in color are evidently caused by variations in the concentrations 
of Ti-magnetite, quartz and feldspar. In these rocks, additionally, 
accessory amounts of epidote and sphene represent the greenschist 
metamorphism. 
In general, the volcanic texture is fairly well preserved in the vsU. 
However, the occurrence of local polygonal quartz parallelling the 
general trend of foliation suggests the influence of a weak recrys
tallization. The Upper Unit suffered least from the alkali metasomatism. 
Only occasional thin «2cm) magnetite-muscovite-chlorite veins 
(enveloped by a diffusive halo of microcline) are observed (e.g., in 
W-31) • 
The Upper Basement Rocks commonly contain milky quartz+microcline ±' 
albite veins aligned with the foliation of the greenschist metam
morphism, M1. They are classified as segregation veins and their origin 
is related to the overturning and associated metamorphism of the area. 
Along the Halveliyan thrust plane the meta-rhyolites of the vsU are 
crushed and mylonitized. In such zones there is a distinct increase 
in the silica content. 

LOWER UNIT (VSS): 

The Lower Unit (Fig. 2.5) consists of an alternation of Meta-rhyolite 
(vsrh), Leucocratic Muscovite Schists (vslms), Mafic Schists (vsms), 
Phyllites (vSphy), Quartzites (vsqz), Dolomitic Marble (vsdm), Gneisses 
(vsag, vspg and vsags) and Bleached Lower Unit (vsL). The occurrence 
of occasional thin agglomerate layers in the Lower Unit is reportedly 
(Erdogan and Dora, 1983) known from the area. 

FIG. 2.5 Appearance of Meta-volcanic-sedimentary Series in the field. 
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In this study, the Lower Unit is shown with the symbol 'VSS' on the 
geologic map in Plate 1, where all the rock units are not distinguished 
separately due to the rapid variations in lithologies, thickness and 
lateral extent. Among the Lower Unit rocks only Meta-rhyolites, Mafic 
Schists, Gneisses and Bleached Lower Unit are mapped as separate units 
when they provide mappable sizes. The thin (up to 2 m.) Dolomitic 
Marbles are shown on the map (Plate 1) with exaggerated thicknesses 
to emphasize their presence. 
The contacts between major lithologic types are generally concordant 
and modified by various post depositional events. Stratigraphically, 
the Upper Unit meta-rhyolites overlies the VSS, however, in the 
western parts of the map area, the VSS is (partly) unconformably 
overlain by Mica Schists. 
The thickness of the Lower Unit is estimated to be about 700 meters; 
excluding the bleached lower parts (vsL). 

a. Meta-rhyolite (vsrh): 

The light to medium gray-colored, metamorphosed rhyolitic, dacitic 
to andesitic lavas and tuffs which occur interbedded with other units 
of the VSS are named as Meta-rhyolite. They are shown with the symbol 
'vsrh' in order to distinguish them from the meta-rhyolites of the 
vsU overlying the Lower Unit. In the Safalan-Dedebag region they 
form brownish yellow and cream colored, rolling hills especially 
when weathered. They disintegrate into roughly rectangular frag
ments (up to a few tens of cm in size) by weathering. When they ate 
fresh they form moderately sharp cliffs. In Mur Dere, at the Mica Schist 
contact and along the Halveliyan thrust fault, the vsrh is highly 
silicified, crushed and brecciated, giving rise to hard and brittle 
exposures. 
In the Northern Block, the Meta-rhyolites dominate over other litho
logies and are therefore mapped as a separate lithology. In the Central 
Block, in southwestern part, Leucocratic Muscovite Schists and Meta
rhyolites are of equal importance and they are interbedded with thin 
layers of Phyllites, Quartzites, Gneisses and Dolomitic Marbles, so 
that they are mapped together under the general name Lower Unit. 
The contacts are concordant and in many places modified by penet
rative forces imposed during folding and overturning. 
The original textures, such as flow lamination, spherulites and glassy 
groundmass are locall y well- preserved. 
Although the Meta-rhyolites appear to range in chemical composition 
mainly from rhyolite, dacite to andesite they are simply named "meta
rhyolite" in this study since such compositional variations are not 
recognizable in the field and no systematic sampling was done to es
tablish such differences. 
The mineral constituents (volume percent) of several meta-rhyolites are 
shown in Appendix 3A. The samples S-102, S-84 and 0-16 which are taken 
from the Northern Block (Safalan, Kuc T., and Hamek, respectively) 
provide information on the lateral variations in the composition of the 
meta-rhyolites within a distance of 5 kms. The one (D-16) which is 
located closest to the Meta-granite exposures (in Neban, outside the 
area) suffered strongly from albitization of K-feldspars. It is 
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virtually free of mafic minerals other than small amounts (2 vol.%)
 
of magnetite. The groundmass is slightly recrystallized (Fig. 2.6).
 
The sample s-84 represents a moderately metamorphosed rock when com

pared to the others. The sanidine phenocrysts are mostly replaced by
 
microcline and albite and the volcanic groundmass is more strongly
 
recrystallized (see Fig. 2.6). Small amounts of epidote, tourmaline,
 
apatite, magnetite, sericite and sphene are the other constituents.
 
Sample S-102 is located farthest away from the exposed granite contact.
 
It retained most of its original minerals and volcanic textures (Fig.
 
2.6) and is probably enriched in potassic feldspars.
 
Petrographically, S-102 is characterized by abundant (20 vol.%), large
 
(up to 3 mm) sanidine (2V=25-30) phenocrysts which poorly define flow
 
texture. Small amounts (-5%) of oligoclase, magnetite, primary brown
 
hornblende and biotite, and secondary epidote, sphene and actinolite
 
also occur. Epidote, sphene and actinolite represent greenschist mineral
 
In sample S-102, the cryptocrystalline groundmass consists of alkali
 
feldspar, opaque minerals, chlorite, sericite and recrystallized
 
interstitial quartz (about 18 vol.%).
 
Based on microscopic (and chemical evidence), sample S-102 can be named
 
as either a Meta-trachyte or Meta-rhyolite.
 
The invasion of alka:).i-rich metasomati c flui d through cracks and frac

tures (e.g., in S-62 from Hasbur) can be easily recognized by white

cream-colored diffusive haloes around them.
 
The microscopic observations show that the Meta-rhyolites were re

crystallized following the metasomatism.
 
Electron microprobe analyses of some of the mineral constituents
 
are shown in Appendix 4. The microprobe analyses of phenocryst and
 
groundmass sanidine yield an average composition of Ab3.s0r9s.sAnl.o'
 

b. Mafic Schist (vsms): 

Compositionally heterogeneous, dark-colored basic rocks with varying 
amounts of megascopically visible biotite, chlorite flakes and albite 
porphyroblasts (up to 5 mm across) are named as Mafic Schists (vsms). 
Irregular lateral variations in composition and textures were formed 
most probably by metasomatic and metamorphic modification of the 
primary basic volcanic rocks. 
The Mafic Schists are classified as 'schist' due to their high biotite 
content. In the field they appear as green to brown colored easily 
crumbling (when altered) outcrops. They are best exposed in the central 
part of the Northern and southern part of the Central Block. 
Mafic Schists are interbedded with various other units of the Lower 
Unit. Their contacts are concordant with the other members of the 
Lower Unit. In the Northern Block, as a result of deep erosion, the 
Mafic Schists are partly overlain by Mica Schists with an unconformity. 
The southern boundary of this exposure thrusts over the Mica Schists 
of the Central Block with a low angle along the Avnik-Mahmudan fault. 
To the east of the mapped area, in Putyan, the Mafic Schists have a 
sharp contact with coarse-grained Yayla Meta-granite. 
The original rocks of the Mafic Schist are basic rocks which are 
metamorphosed, aphanitic to medium grained, occasionally amygdaloid 
and greenish-gray to dark-gray in color. 
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FIG. 2.6 Slightly recrystallized groundmass of the relati vely "fresh" 
felsi c meta volcanics. 

D-16 (HAMEK) 

Cross polarized 12.5X 

S-84 (KUC T.) 

Cross polarized 12.5X 

S-102 (SAFALAN) 

Plane polarized 12.5X 
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The poorly compact character of the Mafic Schists may be an indi
cation of a tuffacous origin (at least in some places--e.g., in 
Dedebag) rather than lava flows. The occasional occurrence of ve
sicles in some basic metavolcanic rocks (Fig. 2.7) may indicate 
deposition of these rocks under sub-aerial conditions. 
In the Central Block Mafic Schists are exposed best south of Halveliyan. 
Under the microscope, they contain non-turbid and turbid albites, relict 
brown biotite, green biotite, chlorite, muscovite, two generations 
of amphi bole (dark green hornblende and light green actinolite) and 
accessory amounts of epidote, apatite, Fe-oxides, sphene and chloritoid. 
Quartz is a common inclusion in turbid albite porphyroblasts. 
Albites occur as twinned and untwinned polygonal grains mostly crowded 
with inclusions. Rotation of the albite porphyroblasts is highly common. 
The occurrence of more than one generation of biotite, albite, 
amphibole, magnetite (etc.) indicates their complicated origin. They 
show a typical granoblastic texture. 
The onset of hydrothermal alteration is recognized by the occurrence 
of light-colored patchy zones superimposed on the originally basic 
volcanic rocks. Such patches are irregular in shape and change in size 
from a few cm to several meters. They are extremely rich in albite and 
moderately-rich in quartz, which are both embedded into a partly ch
loritized biotite and muscovite matrix. The albite crystals appear as 
porphyroblasts reaching up to 5 mm across. Lower in the stratigraphic 
section, originally basic rocks are more intensely albitized so that 
it becomes extremely difficult to distinguish them from felsic meta
volcanic rocks. 

FIG. 2.7	 Vesicles in an originally basaltic rock. The vesicles were 
probably filled with zeolite, quartz and calcite which were 
recrystallized to epidote, albite, actinolite and chlorite 
dur i ng r egi onal met amor phi c phas es . 

! 
4 em 
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The magnetite content of Mafic Schists, in some places (e.g., south of 
Halveliyan), reaches almost up to 20-25 volume percent. The occurrence 
of high amounts of tourmaline (2 vol.%; S-161A), muscovite 
(32 vol.% ; DE-3U) and apatite (4 vol.%; D-31) may also be related 
to leaching and redeposition (see chapter 3). 
The blue-green actinolite, green biotite, chlorite, turbid al
bite, sphene, epidote, almandine garnet and muscovite are green
schist metamorphic minerals. 
Some of the magnetites were formed during greenschist metamorphism as 
indicated by idiomorphic octahedral crystal outlines and their associa
tion with typical metamorphic minerals such as green biotite and sphene. 
The occurrence of some of the apatite together with blue-green acti
nolite, green biotite, muscovite and idiomorphic magnetite shows that 
part of the apatite in the Mafic Schists also formed during the green
schist metamorphism. The amygdules which were probably filled with cal
cite, zeolite and quartz were recrystallized to epidote, albite, 
chlorite and actinolite during the greenschist metamorphism. Small 
amounts of secondary quartz and calcite occur in irregular veinlets. 
Chlori te occurs partly as crystals conformable wi th the foliation and 
partly as post-tectonic porphyroblasts, discordant to the schistosity. 
The chlorites have a ripidolitic compostion. Epidote forms micro
hypidiomorphic clusters. Stumpy prisms and small grains of epidote are 
colorless to pale yellowish and highly birefringent. Actinolite occurs 
as pale-green small prisms and large blue-green crystals. 
Sphene is usually aligned with the foliation. 
Garnet occurs only occasionally as large porphyroblasts (up to 1 cm in 
diameter). In Putyan it encloses earlier chloritoid, muscovite, quartz 
and chlorite. The garnets are of almandine composition. 
Electron microprobe analyses of some garnets (see Appendix 4) show that 
garnets (e.g., GT-1) which are taken close to the Meta-granite contact 
are poorer in Ca than those taken away from the contact. The former may 
reflect crystalli zation from an originally Ca-depleted rock. 

c. Leucocratic Muscovite Schists (vslms): 

Very fine-grained (sometimes spotted by albite) glittering 
white, bluish and greenish rocks with a pearly luster are named 
as Leucocratic Muscovite Schists. The glittering is due to the 
moderate to high muscovite content. Although the rock appears 
to be schistose and is named as schist, it is not cleavable. 
The Leucocratic Muscovite Schists are the commonest among the 
other rock types of the VSS in the southwestern part. They are 
widely exposed in the northern part as thin layers interbedded 
with Mafic Schists and Meta-rhyolites. They also occur among the 
1 ayers of the 81 eached Lower Unit (e. g., in east ern part of Ceri 
Tepe) . 
Under the microscope, nearly all constituents of the Leucocratic 
Muscovite Schists appear to be recrystallized during greenschist 
metamorphisms. The main minerals identified under the 
microscope are albite, muscovite, quartz, chlorite and micro
cline. The other minerals which occur to a lesser extent in 
association with these are biotite (relicts), epidote, magnetite, 
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apatite. Accessory amounts of rutile, hematite and tourmaline ,and trace 
amounts of zircon are also found. 

d. Phyllite (vsphy): 

Very fine-grained, dark green-gray looking rocks interbedded
 
with other units of vsM are named as Phyllites.
 
Several thin (up to 0.5 m) layers of Phyllite are interbedded
 
with thin (0.1 to 0.5 m.) Dolomitic Marble layers towards the
 
east and northeast of Haydan.
 
Under the microscope, a typical Phyllite consists of sericite, quartz,
 
chlorite and albite. The chemical composition and volumetric mineral
 
constitution of phyllites (2 samples) are shown in Appendix 3.
 

e. Dolomitic Marble (vsdm): 

Yellowish-gray colored, thin layers (0.1-2.0 m) of Dolomitic Marble 
are exposed in association with Mafic Schists and Quartzites in 
Seyhismailan and Safalan (northern part) and with Phyllites, Meta
rhyolites and Leucocratic Muscovite Schists in Haydan and Zellek. 
Samples (S-71M and S-135B) from Safalan show that the Dolomitic Marble 
consists essentially of interlocking calcite and dolomite (Fig. 2.8). 
It also contains small amounts of albite, chlorite, muscovite, quartz 
and rutile. The texture is granoblastic. The calcite crystals have 
deformation twins and lamellae. The dolomite crystals are idioblastic. 
The presence of quartz (as isolated grains), muscovite and feldspar 

FIG. 2.8	 Appearance of Dolomitic Marble under the microscope. The rock 
consists of roughly equal amounts of calcite and dolomi te, 
and small amounts of mi ca and fel ds par. 

3-71 3afalan T. 

Cross polarized 31.5X 
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suggest siliceous and aluminous impurities in the original rock.
 
In Safalan, the Dolomitic Marble is veined by thin (a few mm to 3 cm)
 
barite veins. Barite associates with muscovite, quartz, epidote, albite
 
and zircon in the barite veins.
 
In sample S-3 (from Zellek), thin veins of apatite are observed under
 
the microscope in association with muscovite, dolomite and (quartz).
 

f. Quartzite (vsqz): 

In the exposure the yellowish-cream colored Quartzi te is interbedded 
mainly with Phyllite and Leucocratic Muscovite Schists (southwestern 
part of the area). It occurs as thin (up to 2 m.) lenses and dis
continuous layers. 
Quartzi te is composed essentially of quartz and muscovi te and shows a 
poor schistosity. Under the microscope, the Quartzite is characterized 
by granulated, mortar textures and fine-grained aggregates of elongated 
quartz. Polygonal and sutured grain boundaries are observed indicating 
recrystallization at low to moderate temperatures. 

g. Gneiss (vsag): 

Gneiss is exposed in the field as a continuous horizon extending
 
from the east of Avnik to Dizibal Tepe, Mur Dere, Miskel, Haylan
 
and Gonac. Geologically, this horizon is located at the north

western half of the Avnik Anticline (see Plate 1) and is pre

served mainly on the downthrown block of the Avnik-Harabe Fault.
 
The thickness is not known due to the hydrothermal alteration of
 
the lower parts of this unit.
 
Three different rock types are mapped together under the name of
 
'Gneiss' due to their close association in the field:
 

1. BANDED GNEISS (vsbg): Banded Gneisses are greenish-gray, 
compact rocks with a weak to moderate gneissose text ure. 
In the field they form light to dark brown colored crumbling 
exposures (when weathered). The rock consists of equigranular 
fine to medi um (up to 2 mm) grai ns. Some f el ds pars and dark minerals 
(chloritized biotite and amphiboles) can be recognized with the 
naked eye. The Banded Gnei sses occur as hi ghl Y r egul ar bands 
(layers) from a few cm to several meters in thi ckness. 

2. PORPHYROIDIC GNEISS (vspg): Porphyroidic Gneiss is lighter 
(cream to light gray) in color than the Banded Gneiss and is charac
terized by the occurrence of rounded and oval quartz porphyro
blasts (porphyroids) of up to 5 mm across. They are rather sharply 
defined against the rock containing them. Light green epidotes 
(up to 2 mm) and feldspar crystals (up to 3 mm) are the other mi
nerals visi ble to the naked eye. It occurs irregularly in asso
ciation with other varieties of gneiss. They usually form bands and 
massive layers of several meters in thickness. 

3.SCHISTOSE GNEISS (vsags): The Schistose Gneiss is a soft, rela
tively fissile sometimes chlorite-rich rock with greenish or light gray 
color. It represents a strongly sheared version of the former gneisses. 

Gneiss is the major host for the apatite-bearing magnetite mineral
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ization (vsf in Plate 1 and 2) in the area (see also chapter 6). 
Gneiss underlies Leucocratic Muscovite Schists at the northwestern 
part (between Miskel and Ceri Tepe) where the contact is distinctly 
concordant. In this area, the lower contact with vsL often changes 
character from sharp to transitional within a short distance. Such 
rapid variations are evidently caused by the hydrothermal altera
tion. The Porphyroidic Gneiss is exposed best between Ceri Tepe and 
Mur Dere where it associates closely with the Fe-P mineralization. The 
typical exposures of the schistose variety extend mainly from the west 
of Haylan to Ceri Tepe. In Hamek, the gneissose and schistose varie
ties occur together, associating irregularly and both hosting the 
disseminated magnetite ores. 
Under the microscope, the banded and porphyroidic (Fig. 2.9) varieties 
present a similar mineralogic assemblage. The original volcanic texture 
is porphyri tic which is overprinted by varying amounts of cataclasis 
and recrystallization textures. Microcline, albite (An5-7) and quartz 
are the major constituents. 
K-feldspars and quartz occur as large (up to 5 mm) porphyroblasts. 
They are very commonly cracked, displaced and disintegrated 
into smaller pieces. There are signs that the broken material 
is annealed. In highly cataclastic gneisses, quartz and K-feldspar 
are elongated and trails of chlori te and muscovi te are formed 
around the spindle-shaped porphyroblasts, especially along the shear 
planes. The cracks are filled usually by secondary albi te, chlo
rite, muscovite and quartz. 
Albite and quartz are also the main constituents of the matrix which 
is us uall y re cryst all i ze d showing polygonal outl ines. Addi tionally, 
quartz occurs interstitial between albite and K-feldspar grains and 
replaces the latter together wi th albi teo Feldspars are usually turbid 
and contain mostly inclusions of epidote and muscovite. Albite is mostly 
twinned. In some places, albite replaces the K-feldspars leaving a 
checkered text ure behind. 
Chlorite occurs as lepidoblastic laths of varying sizes. They are 
characteristically pleochroic from yellowish green to medium bluish
green and show a brownish to purple birefringence. The bigger crys
tals are generally kinked and present an undulose extinction. Their 
association with biotite indicates that they are formed at the expense 
of biotite. Two kinds of biotite are observed; those with light brown 
to medium brown pleochroism and those with yellowish green to green 
pleochroism. Green biotite is found mostly with chlorite, magnetite, 
sphene, apatite and epidote. The brown biotite commonly associates with 
muscovite and is found as inclusions in feldspar together with epi
dote. Short prismatic epidotes form clusters and aggregates. They are 
only slightly pleochroic from colorless to light yellow, showing 
strong birefringence. Muscovite is a relatively common constituent 
of the Gneisses and occurs in different assemblages. Small to large 
(up to 1mm) flakes and occasional ribbon-like varieties can be seen. 
Sphene is the commonest Ti-mineral and usually encloses ilmenite 
or rutile. Epidote is seen commonly associated with sphene. Magnetite 
occurs as irregular (shapeless) and idiomorphic crystals. Apatite, 
moderately rounded zircon, tiny needles of rutile, brown-green tour
maline and calcite are the accessory minerals found in the Gneiss. 
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FIG. 2.9 Appearance of Gneiss under the microscope; relict volcanic 
textures should be noted. 

HM-68 

Cross Polarized 12.5X 

A-20 

Cross Polarized 12.5X 

HM-99 

Cross Polarized 12.5X 
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The chemical composition of the Gneiss ranges from rhyolitic, dacitic 
to andesitic (see Appendix 3). 

h.Bleached Lower Unit (vsL): 

The Basement Series which suffered most from the loss of K and mafic 
minerals is named as the Bleached Lower Unit (also referred to as 
bleached or leached rocks and bleached zone) and is shown with the 
symbol 'vsL'. Within the bleached zone, although the original 
structure, rock texture and composition of such rocks is commonly 
erased or highly obliterated, there are still zones which are 
only moderately (and sometimes only slightly) affected by the mig
rating metasomatic fluids. Such zones are called Relict Zones (also 
referred to as Relict Rocks and shown with the symbol 'vsA'). They 
were mapped separately when they formed large-enough exposures. The 
Bleached Lower Unit is conspicuous in the field, especially because 
of its light color (light gray to light green-gray when fresh) and 
its extremely jointed and fractured (virtually shattered) appearance. 
Weathering characteristically gives the vsL a cream-white or yellowish 
light brown color. The weathered bleached rocks crumble easily when 
struck with a hammer. 

The vsL occurs basically in the middle parts of the study area, exposed 
along the NW-trending apex of the Avnik Anticline and extending from 
Miskel, Maal Tepe, B. Gonac to Sivri Tepe. The thickness of the vsL, 
including the mappable-size relict rock layers is more than 1250 m. 
The contacts among the bleached and unbleached rocks of the Lower 
Unit are irregular as the onset of bleaching and consequent hydrothermal 
redistribution created a very complicated contact pattern, where for 
example, the character of the contact changes within a short distance 
from a sharp to a diffuse one. In most cases, it is not possible to 
draw definite contacts among the two. 

The Bleached Lower Unit consists of a downward repetition of the rocks 
of the Lower Unit. The highly bleached rock is a leucocratic quartzo
feldspatic rock which could originally have been a basic or a felsic 
volcanic rock. In less bleached Relict Zones, however, rocks similar 
to the overlying Gneisses, Meta-rhyolites, and Mafic Schists, and 
intruding Meta-granites are still recognizable. 
The invasion of altering fluids into the lower parts of the Lower 
Unit occurred in the form of: (1) infiltrations through the 
foliation, joint and fracture systems when the rock was hard and 
brittle, and (2) diffusion when the rock was soft and porous. The 
migration of such fluids caused the redistribution of most of the 
major and trace elements. 
Under the microscope, an extremely bleached rock consists almost ex
clusively of albite and quartz. Small amounts of muscovite, chlo
ritized biotite, epidote, sphene and zircon are the other minerals. 
The apatite and magnetite content of these quartzo-feldspathic rocks 
are practically nil. The amount of albite, in some cases (e.g., south 
of harabe and Dizibal T.), reaches up to 70-80 volume percent. The 
texture which is defined by the albite and quartz grains is in 
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general granoblastic and inequigranular with grain boundaries ranging 
from polygonal to interlobate. The cataclastic deformation can be 
recognized in the larger grains of quartz as undulose extinction. 
Slightly elongated muscovites and chlorites give the rock a weakly 
gneissose appearance. Chlorite evidently formed after biotite. Ilmenite 
(or rutile) is usuallly preserved as a relict core in larger sphene 
crystals. 
In the Relict Zones, the original stratification (roughly N-S and NNE
SSW trending), volcanic texture, structure and rock composition are pre
served to varying degrees. Such zones are characterized by their darker 
and/or alternating colors changing from light gray to darker grayish 
beige and to greenish-gray. Relict layers can be laterally traced into 
the more altered parts of the Bleached Zones without any sign of detach
ment and movement. In Mur D. (east bank of the Miskel road junction), 
relict basic rocks are exposed containing vesicles. These vesicles are 
now filled with chlorite, epidote, actinolite, and albite (see Fig 2.7). 
The relict basic rocks occur mostly as basaltic flows (layers) inter
bedded with felsic metavolcanics. 
In general, under the microscope, the relict felsic rocks occur as 
interlocking albite and quartz, which are accompanied by varying a
mounts by brown-green biotite, chlorite, hornblende, actinolite, mus
covite, microcline, magnetite and apatite. Relatively unaltered felsic 
rocks have andesitic (S-119A), dacitic (KM-16/151 .50) and.rhyolitic 
(HM-28) compositions. 
Besides albite and chloritized biotite, relict basic rocks contain 
varying amounts of actinolite, muscovite, epidote, sphene, calcite, 
quartz, magnetite and apatite. Trace amounts of garnet, tourmaline, 
chloritoid, zircon and rutile are also found. 
Chemical analyses of bleached and relict rocks are given in Appendix 3. 
The chemical variations within these rocks are discussed in chapter 3. 
Electron microprobe analyses of some minerals from the bleached and 
relict zones (such as garnet, biotite, chlorite, amphibole, epidote, 
albite and magnetite) are given in Appendix 4. The garnet from the 
relict zone is a Ca-rich almandine (CaO= 8.9-9.0 wt. %). The chlorite 
is typically of ripidolite composition. The Fe and Mg content of the 
biotite match those of greenschist metamorphic rocks given in Deer et 
al. (1962). Epidote is an iron-rich variety. The idiomorphic magnetite 
crystals are poor in titanium. Albite is nearly free of anorthite 
component. Amphiboles are mostly actinolitic and occasionally actino
litic hornblende in composition. 

2.3. DISCUSSION: CONTROVERSY ON THE ORIGIN OF BLEACHED ROCKS: 

The origin of the bleached rocks is controversial as they were mapped 
as "Avnik Granite or Avnik Granitoid" by Erdogan and Dora (1983). 
According to them, the "Avnik Granite" was produced by partial anatexis 
under high-grade regional metamorphic conditions at a great depth (kata
zone). These authors also propose migmatitic and concordant contacts 
with the surrounding rocks and suggest a syntectonic origin for these 
"granites". The "Avnik Granite" was in main part injected concordantly 
into the country rocks. They classified the batholith-sized coarsely 
crystalline granites (the Meta-grani tes of this thesis) exposed in Yayla 
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separately from the "Avnik granite". According to them, the Yayla 
Granite was emplaced at higher crustal levels. Moreover, in their opin
ion the Mafic Schists were the non-assimilated country rocks, i.e., 
paleosomes. In this study, however, the bleached rocks are proposed 
to be part of the Meta-volcanic-sedimentary Series, therefore, not 
intrusive. The dark colored layers are interpreted as originally 
basic, volcanic flows and tuffs. 
The following evidence supports the idea that the vsL is nothing but 
an altered basement rock: 

1. The radiometric age of the "granite-like" samples shows a simi
larity to the age of the metavolcanics and not to the age of true 
coarsely crystalline granites: 
Helvaci and Griffin (1983a) obtained a wide range of ages (250 to 
425 Ma) for the "granite-like" samples of the Avnik area. This spread 
in the ages is related to the disturbance (disequilibrium) of the 
whole rock Rb/Sr system during metasomatic and metamorphic resetting. 
The upper limit of this range, as a matter of fact, is very close 
to the radiometric age (-425 Ma; op. cit.) of the least albitized 
metavolcanics and distinctly different from the age (-350 Ma; op. 
cit.) of cross-cutting coarse granites. 

2. The persistently lower initial 87Sr /86Sr ratios of the "granite
li ke" rocks (somewhere between 0.708 to 0.718) also matches the ratio 
(IR=0.7105) of the metavolcanics better, and not that of truly intru
sive rocks (e.g., the initial ratio of the Yayla Meta-granites is 
found (op. cit.) as 0.7217±8. 

3. If the "Avnik Granites" were formed by anatexis, the "migmatite" 
zone and the surrounding country rocks should have shown plastic de
formation-*1-. In this study, the migmatite zones of Dora et al. (1980) 
are recognized as Banded Gneiss, including the relict zones. 

4. The Relict Zones are not restricted only to the Gneiss border 
("migmatitic zones" as they claim) and occur commonly in the inner 
(deeper) parts (see Plate 1) with strikes and dips conformable with the 
general trend, i.e., without any sign of detachment or displacement. 

5. Bleaching of a metavolcanic layer along the strike is a com
monly observed phenomena in Avnik (see section 2.4). 

6. The lack of any detachment, movement, displacement and sign 
of plastic folding in the relict zones indicates that these rocks 
are not enclaves torn from the wall-rock. True enclaves occur only in 
the Meta-granites. 

8. There is ample evidence for a porosity- and fracture-controlled
 
hot-water circulation in the area (see chapter 3).
 

7. Moreover, there is no sign for the emplacement of the "Avnik 
Granite" at a level much deeper than the exposed levels of the Yayla 
Meta-granite. Both in Yayla and Avnik, the basement rocks are invaded 
by the same coarse granite. The only difference, in Yayla, is that Meta
granite cuts across the Upper Unit whereas in Avnik, the Meta-granite 
apophyses invade the lower parts of the VSS. The actual difference 
among the levels of emplacement is only about 700 m. 

-*1- unless later deformation sheared out the original, chaotic plastic 
deformation. 
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2.4. FIELD EVIDENCE FOR METASOMATIC BLEACHING: 

Evidence for the imposition of metasomatic alteration on the Basement 
Series is illustrated by pictures taken from various parts of the 
study area. The following field observations are discussed here: 
In Fig. 2.10 (Burhanin Yeri, Gonac T.), leaching of overturned Lower 
Unit rocks is illustrated. At this location, the contact relationship 
and the lithologic variations along the strike direction have been 
carefully studied. In figures 2.10 a, b, c, and d, close-ups of this 
particular area are given. 
The Lower Unit (at the foreground; Fig. 2.10a) consists of medium
colored Banded Gneisses, dark-colored Mafic Schists, basic meta
volcanics and magnetite-apatite-actinolite ore. The coarse-grained 
Meta-granite cuts across these rocks in Incebelduzu, out of view, 
towards the north. The leached and relict rocks are exposed in the 
background as light-colored rocks. The contrast in color among the 
leached rocks and the host interbedded basement rocks is very instruc
tive as it provides an insight into the contact relationship. The color 
contrast is sharp at the eastern contact whereas it is gradual towards 
the southern and western parts. Such a sudden change in the character of 
the contact takes place within a short distance; only within a few 
hundred meters. In Fig. 2.10b, a close up of the sharp color contrast 
is shown. Such a sharp change in color creates a false impression 
of light-colored rocks intruding the darker rocks. However, careful 
examination across the contact zone reveals that the interbedded 
rocks are laterally continuous within the leached zone. 
A close up (Fig. 2.10c) of the southern contact zone exhibits this 
observation even more clearly. At this place, the intensity of 
alteration is relatively low, so that the dark-colored basement rocks 
were better preserved within the light-colored leached rocks. It 
appears that the sharp contact in Fig. 2.10b was formed by the cir
culation of hydrothermal fluids at the footwall of a minor fracture. 
Figure 2.10c is shown in further detail in Fig. 2.10d. In this case, the 
invasion of the felsic solutions into the dark-colored host rock can 
be seen more clearly. The Na-(Si)-rich fluids diffuse (or infiltrate) 
into the basic metavolcanic rock imposing irregular light-colored 
quartzo-feldspathic patches. The contacts among the two vary from 
sharp (wedge-like) to diffuse. It appears that the alteration is not 
at the same level of intensity everywhere. This is indicated by the 
presence of untouched (or slightly touched) zones left as islands 
in the bleached patches. The boundary among the host rock and the 
invading solution is marked mostly with a dark-colored rim which is 
outstanding evidence for the migration of basic material in front 
of the Na-rich solutions. The overprint of felsic solutions can be 
seen from their infiltration into the primary (Main) ore layers. For 
example, in Fig. 2.11 sodic material (albite + quartz) invades two 
actinolite-magnetite veins by corroding them along their crystal faces 
and cleavage planes. 
The occurrence of a network of channels in the form of criss-crossing 
veins (Fig. 2.12) prOVides further evidence for the introduction of 
aqueous fluids into the country rocks. These veins consist mostly of 
amphiboles with or without magnetite, epidote and chlorite. Amphibole 
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FIG. 2.10 : Metascmatic alteration of the Basement Series at the south 
of Incebelduzu. Bleaching of the dark-colored rocks (now Gneisses 
and seen in the lower left and middle parts of the photograph) is 
indicated by the light-colored quartzo-feldspathic rocks (seen at 
the background) which contain relicts of Gneiss and mineralized 
layers. The light-colored rocks at the lower right corner are 
Leucocratic Muscovite Schists. Note that the contacts among the 
leached rocks and Gnei ss are generall y irregul ar. 

(A,B,C,D close-ups) 
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2.10A CLOSE UP: Gneiss, occasionally interbedded with mineralization. 

2.10B : CLOSE UP: A sharp contact among Gneiss and the leached rocks. 
Note the similarity between the strike and dip of the Gneiss (lower 
part) and the relict layers in the bleached zone (upper part). 
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2.10C: CLOSE UP: Metasanatically bleached metavolcanic rock layers. 
Not e the i rregul ar contacts (i n the lower part) wi th Gnei ss and 
the occurrence of relict Gneiss layers following the general strike 
and di p direct ion of the unal tered Gnei ss. 

2.10D : CLOSE UP: The attack of ,metasomatic/hydrothermal solutions into 
the Gneiss. 

dar k color is Gnei ss 
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FIG. 2.11 : Invasion of metasanatic albite and quartz into early 
amphi bole veins. 

FIG. 2.12 : Criss-crossing amphibole and occasional magnetite veins 
enveloped by diffuse amphibole, epidote and chlorite haloes._ 

6em 
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is also found with apatite. The fissure-filling veins vary in thickness
 
from a fraction of a cm to two meters and are outstanding when they
 
cut through the felsic rocks. The invasion of potassic fluids into
 
the meta-rhyolites is represented best by the diffusive pinkish

cream-flesh-colored halos occurring along joints and fractures. In
 
the K-metasomatosed zones, sanidine and orthoclase are absent. The
 
amount of quartz has decreased. Plagioclase is at the verge of dis

appearance. Microcline is the dominant potassic mineral.
 
In Fig. 2.13, a set of parallel potassic (microcline) channelways
 
are seen invading a meta-rhyolite. The contacts of such channels
 
with the host rock are typically diffuse. The relatively thick vein
 
is later invaded by a magnetite-chlorite-muscovite assemblage which
 
represents a basic material overlapping the potassic one.
 

The occurrence of trails of tourmaline-quartz-albite-muscovite and
 
tourmaline with an unnamed Cu-silicate mineral (see Appendix 4) in
 
originally rhyolitic rocks (S-161A and S-52) is further evidence for
 
metasomatism.
 

Metasomatic alteration, in general, involves a decrease or increase
 
in volume which is indicated by expansion cracks. The action of
 
tensional forces on the metasomatic apatite-actinolite ore is illus

trated in Fig. 2.14.
 
The chemical variations, among host and bleached rocks are discussed
 
in chapter 3.
 

o 4cm 
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FIG. 2.14 : Lengthwise stretched apatite crystals. Sample from 
Tiribitim T. 

2.5. A BRIEF ACCOUNT ON DEFORMATION AND METAMORPHISM: 

GENERAL: 

Among the work of several authors, the publications of Yilmaz (1971) 
and Helvaci and Griffin (1983a) are the most important as they 
prOVide some geochronological data on the age of metamorphic rocks. 
Yilmaz (1971) identified one pre-granite (amphibolite facies) meta
morphism and two greenschist metamorphisms post dating the emplace
ment of the granite, based on petrographic and geochronologic inves
tigations in the Cacas area (central southern part of the Bitlis 
Massif). He identified an additional dynamic metamorphism -which is 
the youngest event in the region- and assigned it to the age of the 
imbrication of the area. The results of Yilmaz's investigations are 
summarized in Table 2.1: 

Table 2.1:	 The metamorphic and deformational history of the Cacas area 
(central south Bitlis massif) according to Yilmaz (1971). 

AGE DEFORMATION METAMORPHISM REMARK 
454±13 (Ord.-Sil) Caledon.-Taconic Amphibolite Facies 

(PH20=6kb; T=640-700'C) 
325±3 (Car bonH. Hercyn. -Sudeti c Grani te 

Devoni an) intrusion 
97±8/120±10 E.Alpine-Austrian Greenschist Facies 

(Cretaceous) (PH20=2kb; T= 400'C) 
38±2 (Eoc.-Olig.) L.Alpine-pyren. Greenschist facies 

(Low: retrograde) 
-5 (Pliocene) L. Alpine-Rhodan. Dynami c Imbri cation 
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Helvaci and Griffin (1983a,b) proposed three possible metamorphic 
stages for the Avnik area based partly on radiometric age dating 
(Rb-Sr): 

1. Intrusion of "Avnik Granitoid" into the Lower Unit -*1- accom
panied or preceded by folding and amphibolite(?) facies metamorphism. 

2. Folding and regional metamorphism in Early Alpine time (80-100 
Ma), affecting both Lower and Upper Units-*l-. This metamorphism 
overprinted the previous metamorphic assemblages wi th greenschist 
facies (up to epidote-amphibolite facies at some places). 

3. Late Alpine (30-40 Ma) retrograde metamorphism. 
Helvaci and Griffin envisage folding and contact metamorphic phases 
before or during the injection of the "Avnik Granitoids", but they 
do not give any details. The occurrence of relict hornblende, cros
site, diopside and almandine in the basic metavolvolcanics is related 
to a high grade metamorphism by them but the age and character of 
this metamorphism is also not specified. 
The investigations of Helvaci and Griffin on the "Avnik Granitoid" 
did not result in any specific age (other than a range of ages vary
ing from 250 to 425 Ma) for the emplacement. None of these ages ap
peared to be more significant than the other. They related this to 
metamorphic/metasomatic feldspathization (dated as 91±9 Ma) which 
is characterized by the redistribution of K, Na, Rb and Si. The Yay
la Meta-granite gave a 347±52 Ma Rb-Sr whole rock age. 

Erdogan and Dora (1984) correlate the Lower Unit (equivalent to the BS 
of this study) of Avnik to the Old Basement of the Cacas area on the 
basis of lithologic similarities-*2-. They assign a Precambrian age to 
the Lower Unit based on the Ordovician-Silurian age (Bastug, 1976) of 
unconformably overlying Mica Schists-*3-. 
Two other major works from the eastern part of the Bi tlis Massif 
have to be mentioned. Firstly, Boray (1973) distinguished three suc
cessive deformation phases in the Mutki (Bitlis) area (southwest of 
Lake Van; see Fig. 1.2). The structures of the first and second 
phases trend in a NNE-SSW direction while the third phase has an E-W 
direction. Prograde metamorphism accompanied the first and early 

-*1- Helvaci and Griffin's Lower and Upper Units are different to 
those in this study. The former's Lower Unit is equivalent to the 
Meta- vol cani c-sedimentary Seri es (Basement Seri es) and Upper Uni t 
is similar to the Epimetamorphic Series of this study. 
-*2- such a similarity is highly speculative because the Cacas sec
tion is dominated mainly by paragneisses and garnet-sillimanite schists 
whereas in Avnik, originally volcanic rocks make up the bulk of the 
rocks, reaching a thickness of more than 4000 m. The leptynites of 
the Cacas area appear lithologically similar to the felsic metavol
canics but their thickness is only 500 m. Therefore, the Old Basement 
of the Cacas area remains unexposed in Avnik. 
-*3- the Ordovician-Silurian age given to the Mica Schists appears 
to be contradictory to the radiometric age determinations of Helvaci 
and Griffin as the underlying Yayla granite is dated by them as 
Carboniferous. 
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part of the second phase. Secondly, Hall (1974) who worked in 
an area adjacent to the area of Boray, claimed that the deposi
tion of sedimentary rocks of pelitic composition was followed or 
accompanied by the emplacement of large volumes of basic igneous 
rocks possibly as dikes or lava flows. These rocks were sUbsequent
ly metamorphosed to epidote-amphibolite facies (at PH20 =4-5 kb and 
T=550°C) and intruded by synmetamorphic coarse granite, which re
sUlted in the local development of contact metamorphic rocks. The 
epidote-amphibolite facies metamorphism was accompanied by a de
formation which imposed a foliation on the rocks. 
In both cases the age of the main metamorphic event is considered 
to be Paleozoic. The younger metamorphisms were Alpine and occurred 
at much lower temperatures. 
In this study, only a limited amount of work has been done to outline 
the basic aspects of deformation and metamorphism. Detailed field and 
petrographic investigations were outside the scope of this thesis. 
The deformation and metamorphism of the area are classified relati ve 
to the radiometrically dated greenschist metamorphism. 

DEFORMATION: 

Originally N-S (between Miskel and Gonac) to NE-SW trending volcanic
sedimentary series of the study area have suffered from several epi
sodes of deformation. At least three phases of folding (fo, fl, f2), 
one phase of granite intrusion and one phase of dynamic deformation are 
identified in the area. Overturning and low angle thrust faulting are 
the most prominent tectonic features of the area. Besides folding and 
faulting, two major unconformities are distinguished: 

a. an unconformity between BS and Mica Schists, and 
b. an unconformity between Mica Schists and Bituminous Gray Marble 

which were previously described in chapter 2.2. 

Pre-greenschist (Pre-Alpine) deformation (fo folding): 

The E-W trending folds (plunging 5-10 degrees West) between Miskel 
and Gonac are assigned to a pre-greenschist deformation (fo). The 
E-W folding affects the main (volcanogenic) ore layers but not the 
overlying Mica Schists. Considering a Cambrian age of ore deposition 
(see chapter 6) and Permian-Jurassic depositional age of the pelitic 
(Mica Schists) and calcareous (various marbles) sediments, the fo 
folding is assigned to an age between Early Alpine and Cambrian. The 
only radiometrically determined (Helvaci and Griffin, 1983a) event 
from the study area falling within this range, is the Sudetic phase 
of the Hercynian Orogeny during which also the coarse granite was 
intruded. 

Alpine deformations: 

The Alpine deformation of the BS is characterized by two distinct fold 
axes, NW-SE and NE-SW where the former is older than the latter. 

a. The fl folding: 
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The NW-SE folding (f1) is represented by the Avnik Anticline which 
is overturned on its SW flank. It is one of the most prominent 
structural features of the study area. 
The Avnik Anticline, closed in the Miskel-Mur region, plunges 
northwest at about 20 degrees. The Basement Rocks and the Epi
metamorphic Series take part in this overturning. 
The Leucocratic Muscovite Schists, with their distinct blue-green 
and cream color, form more or less a key horizon at the northwest 
part of the Avnik Anticline and they can be followed in the over
turned flank (laterally) for several kilometers. Folding and 
overturning of the mineralized layers can also be seen at the northeast 
of Avnik village and between Mur, Miskel, Haylan, Gonac and Kelme. 
In Miskel (Bati Yakasi Block) and Haylan, small-scale folds follow the 
NW-SE trend of the major Avnik Anticline. These folds, younger than 
the E-W-trending fo folds, are assumed to represent the f1 phase of 
folding on a smaller scale. The f1 folding is assigned to the Austrian 
phase (Early Alpine) based on radiometric dating of Helvaci and Griffin, 
(1983a). 

b. The f2 folding: 

The NE-SW trending folds (f2) form broad antiform and synform struc

tures in the Hamek region (see Plate 1). At this place, the redistri 

buted ore layers are folded and greenschist biotites are chloritized.
 
The direction of the plunge of these folds is eastward with a dip of
 
up to approximately 10 degrees.
 
This deformation is assigned to the Pyrenean phase of the Late Alpine
 
Orogenesis based on the radiometric data of Helvaci and Griffin
 
(1983).
 

c. Dynami c deformation--Imbri cation: 

The dynamic deformation is characterized by the occurrence of strong 
local cataclasis and mylonitization in the area. 
The crystalline rocks of the study area are sliced by several 
parallel to sUb-parallel, low-angle thrust sheets and are pushed 
towards the south in two stages; first along the Frontal Thrust 
over the flysch-ophiolite complex and then over the sedimentary 
(Cambrian-Miocene) rocks of the Arabian foreland along the South 
east Anatolian Thrust Fault (not exposed in the study area). The 
metamorphic rocks are also sliced within themselves by smaller scale 
thrust faUlts, which follow the trend of the major thrusts (see 
Plate 1). The dynamic deformation of the area is assigned to an Upper 
Miocene-Pliocene time based on regional evidence (Hall, 1974; Erdogan 
and Dora, 1983). The following major thrust faults can be recognized 
in the area: 

a. Front al Thrus t: 
The Frontal Thrust Fault is located on the southernmost part 
of the map area and represents only a small portion of a regional
scale fault. It carries the crystalline rocks of the Bitlis Massif 
towards south over the Eocene-Upper Cretaceous Baykan Series. 
The thrust plane dips towards the north with a low angle (20-40°). 
The amount of displacement is at least 3 km as measured outside the 
mapped area (further southwest). 
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The movement along the Frontal Thrust is reportedly known from 
various other places of the Bitlis Massif; such as 19 km at Kulp, 
27 km at Sason and 16 km along Lice-Kulp (Altinli, 1966). 

b. Halveliyan Thrust Fault: 
The Halveliyan Thrust Fault lies roughly parallel to the Frontal 
Thrust farther north. It occurs wi thin the crystalline rocks. 
This fault is exposed best to the south of Halveliyan where lower 
units of the BS appear on top of the upper units of the BS. The 
thrust plane is marked by strong brecciation and silicification 
of the Meta-rhyol i t es. 

c. Avnik-Mahmudan Thrust Fault: 
The Avnik-Mahmudan thrust fault represents the western extension 
of the major Mahmudan Thrust Fault (to the SE) in the study area. 
It follows a trend somewhat parallel to the other thrust faults. 
The broadly folded Lower Unit rocks are exposed between Hamek and 
Safalan and are carried over the Mica Schists of the overturned 
Avnik Anticline. The VSS exposed in the thrusting block provides 
the least altered and metamorphosed samples. The western extension 
of this fault in the Mica Schist is not mapped in this study. 

The normal faults which represent various stages of deformation 
are other important structural features of the area. The NE-SW 
faults are the most important normal faults. They are transverse 
in character and offset the overturned anticline (Plate 1). Major 
normal faults of the area are attributed mostly to the Alpine Oro
geny. 

Mlskel-Harabe Normal Fault: 
The Miskel-Harabe Fault is a steep (65-90 degrees) normal fault 
which lies between Ceri Tepe (southwest of Miskel) and Harabe village 
(see Plate 1). It offsets the Avnik Anticline by probably more than 
1000 meters. It seems that this fault played a major role in the 
loss (or preservation) of the ore bodies in the area; those located 

on the downthrown block (Miskel and Mur) escaped deep erosion, 
While those located on the upthrown block (Haylan, Gonac, Kelme) . 
are deeply erOded. For example, in Kelme only a thin layer of ore 
capping the Kelme Tepe is exposed. 

METAMORPHISM: 

Field observations, a wide range of variations in the mineral composi
tions and the occurrence of relict minerals enclosed in other host 
minerals suggest that the metamorphic history of the area is a complex 
one. The imposition of metasomatic/hydrothermal processes at tempera
tures probably not much different from those of regional greenschist 
metamorphism is the main difficulty obscuring the metamorphic history. 
The microscopic investigations combined wi th field observations and 
chemical data distinguish from old to young the following episodes of 
met amor phi sm: 

1. Pre-greenschist metamorphism (Mo) probably related to the coarse 
grani te intrusion or to a regional metamorphism before the intrusion 



44 

of coarse grani te (Meta-grani te). 
2. Regional greenschist metamorphism (M1) associated wi th f 1 

fol ding. 
3. Post-greenschist metamorphism (M2) accompanied by NE-SW trending 

f2 folding. 
4. Dynamic metamorphism in association with low angle thrust fault 

ing. 

a. Pre-greenschist Metamorphism (Mo): 

The occurrence of minerals enclosed in greenschist (M1) minerals (e.g., 
chloritoid and muscovite in almandine garnet in sample GT-1; Fig. 2. 
15) and the evidence for a metamorphism higher than the biotite zone 
of M1 metamorphism may suggest the prevalence of a pre-greenschist 
metamorphism (Mo) in the area. However, there is only very little 
evidence to establish the character and age of this metamorphism. 

FIG. 2.15	 Diagrammatic illustration of the occurrence of chloritoid, 
muscovite and quartz in garnet (andradite) under the micros
cope. Sample (GT-1) from Gayt (outside the study area; see 
Fig. 1.1 for the location). 
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1. Exposed lithologies in Avnik and Cacas areas are different; The 
basement rocks (called Old Basement) in the Cacas area (dominated by 
garnet and sillimanite paragneisses) appear to be deposited initially 
in a marine environment which is not the case in Avnik. The exposed 
maximum thickness of the volcanic series in Avnik is about eight times 
that of similar rocks (leptyni tes) in Cacas. Such differences may 
indicate that the Cambrian-Precambrian basement rocks of the Cacas 
area remained unexposed in Avnik. 

2. Highest grade metamorphism in Avnik does not reach the amphibolite 
facies. The occurrence of green hornblende and albite-oligoclase in 
samples HM-22, S-145 and S-16 together with epidote (sphene, tourma
line, quartz, apatite and magnetite) indicate a metamorphism up to a 
albite-epidote-amphibolite facies (i.e., almandine zone). 
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Although it is possible that the almandine zone metamorphism of Avnik 
may be considered as a lower grade outer zone of the unexposed Old 
Basement (amphibolite facies) or higher grade inner zone of the 
greenschist (M1) metamorphism, the absence of penetrati ve textures 
such as schistosity and foliation argues against a regional meta
morphism. On the other hand, there is some tentative evidence sup
porting a contact metamorphism. These are: 

a. a general closeness to the Meta-granite contacts and metasoma
tically altered inner zone, and 

b. the common occurrence of a decussate texture (Fig. 2.16) in rocks 
such as HM-22, S-145 and S-16 showing areal closeness to granite expo
sures. Based on above eVidence, the albite-epidote-amphibolite facies Mo 
metamorphism is tentati vely interpreted as a contact metamorphism and 
related to the intrusion of coarse grani te (Meta-grani te). The age 
of the grani te intrusion is presumed as the age of contact metamorphism. 

FIG. 2.16 : Decussate texture tentati vely indi cating the occurrence of a 
thermal metamorphic phase. Actinolite: shades of gray: magnetite: 
black: sphene: gray. Sample (S-148) from Sivri T. 12.5X. 

Plane polari zed li ght 

b. Greenschist (M1) Metamorphism: 

The NW-SE folding (f1) of the area is accompanied by a greenschist
 
metamorphism and felt strongly in the area. All the units of the Base

ment and Epimetamorphic Series are affected.
 
Distinct mineral assemblages and penetrati ve textures were developed.
 
The distribution of oxygen isotopes is homogenized to a great extent
 
(see chapter 3). Pelites and calcareous sediments which were de

posited unconformably over the Basement Rocks were transformed
 
into Mica Schists and Bituminous Gray Marble. Some of the early
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magnetite, apatite and actinolite were recrystallized (see chapter 
6). Quartz-feldspar-hematite veins which generally follow the NW-SE 
oliation were formed during this phase of metamorphism. 
The highest grade is represented by an almandine-chlorite-muscovite 
assemblage in the Mica Schists. Microcline-quartz-muscovite-albite is 
the most common metamorphic assemblage of the felsic volcanic rocks. 
Hence, the M1 metamorphism is assigned to the biotite zone of the 
greenschist facies. 
Overturning of the area imposed widespread mechanical pulveriza
tion and recrystallization. Gneissose and schistose textures formed 
during the M1 metamorphism. Under the microscope, practically all 
rocks (even those seemingly unaffected in hand specimens) show varying 
degrees of mechanical deformation and local annealing. Along shear 
zones quartz and microcline porphyroblasts gained lenticular and spindle 
shapes and, together with newly formed chlorite and hematite, defined 
a weak to strong foliation which is especially characteristic of tuf
faceous felsic rocks (e.g., Spec. No. W-29). The rocks with cataclastlc 
textures show varying degrees of recrystallization (of quartz, mi cro
cline and albi tel and may be named, in some cases, protomyloni te, 
myloni ti c gneiss and bl astomyloni te based on their crystal si ze. 
Liou and Ernst (1979) showed that the epidote-actinolite-albite-chlorite 
assemblage is stable at a 400-450 oC and 1.5-3.5 kb pressure range. 
Assemblages containing biotite and garnet, and hornblende represent 
higher grades (P-T conditions) for the greenschist metamorphism. 
The regional and local radiometric data (Helvaci and Griffin, 1983a) 
allocates the M1 metamorphism to the Austrian phase (90 to 100 Ma) of 
the Early Alpine deformation. 

c. Greenschist Retrograde (M2) Metamorphism: 

The younger regional metamorphism imprints a retrograde effect on the 
already metamorphosed rocks. The retrograde greenschist metamorphism is 
characterized mainly by mineral assemblages of calcite-chlorite-albite
epidote which may be formed mainly by the breakdown of M1 phase minerals 
such as biotite, plagioclase and actinolite. When sufficient H20 and CO 2 
are available, actinolite is carbonatized and chloritized as follows: 

actinolite+C0 2+H 20 = chlorite+calcite+Si0 2 

The absence of CO 2 in the system while there is sufficient H20 probably 
led to an albi te-epidote-chlori te assemblage. When the amount of H20 in 
the system is abundant while CO 2 is absent only albite-chlorite was 
formed and AIH and Ca 2+ were removed(?) in solution. In Fig. 2.17, 
various modes of occurrence of the retrograde mineral assemblages 
are illustrated. 
The conditions of retrograde metamorphism (M2) appear to be the 
chlorite zone of the greenschist facies. The general temperature
pressure condition for the chlorite zone is slightly over T=300 0 C 
and PH20 <3kb (Liou and Ernst, 1979). 
The regional (Yilmaz, 1971) and local (Helvaci and Griffin, 1983a) 
radiometric evidence suggests an Eocene-Oligocene age (±40 Ma) for 
the M2 metamorphism. 
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Fig. 2.17	 Diagrammatic illustration of the occurrence of greenschist 
retrograde minerals in various sampl es under the mi croscope. 

'--..,...,.--,-,......- .J 12. 5X 
C-l A KM-16/1 D~. 75 

'----''''-_..::... --' C-l A 

d. Metamorphism as a Result of Dynamic Deformation: 

The youngest deformation which was felt during Upper Miocene- Pliocene 
time (in relation to the general imbrication of the area) also caused 
crushing and local cataclasis of the Avni k rocks. However, the meta
morphi c effect of the dynami c deformation is insi gnificant and restri ct 
ed to major fault zones. In such zones, quartz phenocrysts are mostly 
cracked and broken, and pulverized at the edges. Such ground quartz is 
locally recrystallized to small «O.lmm) grains wi th 120 degree tri ple 
juncLlons. Undulose extinction and. bent twins (Fig. 2.18) are canmon 
in feldspars. The larger crystals are often recrystallized (to pure 
albite and microcline) at the edges. Chlorite forms along the fault 
planes. Hematite staining and pyri te commonly occur at the slickensided 
surfaces of the magnetite ore. 

FIG. 2.18 :	 The appearance of dynamic metamorphism under the microscope; 
a. undulose	 extinction and cracks b. bending in quartz and fel ds pars. 

a. 

Plane polarized light 
12.5X 
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FIG. 2.18 (cont'd) 

b. 

Plane polarized light 
12.5X 
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GEOCHEMISTRY 

CHAPTER 3. GEOCHEMISTRY OF THE METAVOLCANIC ROCKS 
AND META-GRANITE. 

3.1. GEOCHEMICAL FEATURES: 

The Basement Series (BS) of Avnik have suffered from various forms of 
chemical (and mineralogic) modifications. Each event, to an extent, left 
its chemical trace on these rocks although it is now very difficult 
to discriminate among them. Field and microscopic observations indicate 
that the following events may have left a geochemi cal imprint on the 
Basement Seri es: 

1.	 local features; those introduced by dynamic metamorphism, and 
those superimposed by surface weathering. 

2.	 depositional (original) rock features, 
3.	 geochemical features imposed as a result of metasomatic/hydro

thermal alteration and mineralization, and 
4.	 geochemical features imposed by regional greenschist meta


morphism (M1).
 

Local Features: 

Surface weathering and dynamic metamorphism have limited (and local) 
geochemical effect on the Avnik rocks. Surface weathering causes the 
formation of limonite, 1 eucoxene , clay minerals and occasionally 
malachite. The effect of surface weathering is minimized by careful 
sampl e sel ect i on and by r ej ect i ng sampl es wi th a hi gh H20 (-) content. 
The chemical effects of the dynamic metamorphism is restricted to 
major fault zones into which silica has usually been introduced. Mafic 
minerals are altered to chlor;te and calcite. Orthoclase and sanidine 
are recrystallized to microcline. Hemati te is formed on the sl ickensi.ded 
surfaces of the fault planes. The chemical effect of the dynamic meta
morphism is minimized by discarding samples that have been taken from 
the fault zones. 

Deposi tional Geochemical Features Superimposed by Regional Metamorphism: 

In the study area it is now practically impossible to find samples 
which represent the original rocks as they are all affected by the 
younger greenschist metamorphisms (Ml and M2, and probably Mo). The 
metasomatic/hydrothermal process is assumed to be the major process 
leading to widescale chemical modifications in the area. 
The metavolcanics that are not affected by metasomatic bleaching 
and redeposi tion are refered to as relati vely "fresh" or relati vely 
unmodified" metavolcanic rocks. 
The selection of samples to represent the relati vely "fresh" samples 
is based on the visual and petrographic appearance of the rocks. 
The SiO, content of metavolcanic rocks ranges between 45 to 75 wt.%, 
clustering mainly into two groups; namely, about 50 and 68 wt.%. It is 
due to this clustering that the metavolcanics are often referred to 
as basic and felsic rocks in this thesis. The variation in the major 
and trace element composition of relatively "fresh" metavolcanic rocks 
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(see Appendix 3 for the chemical analysis) was investigated by plotting 
the analyses in various variation diagrams and applying correlation 
coefficient analysis method. 
Plots of major and some trace elements against Si0 2 (Fig. 3.1) indicate 
that the f el si c meta vol cani cs ar e sli ghtl y ri cher inK, Rb, Ba, Zr 
and poorer in Ti, AI, Fet , Mg, Ca, P, and Sr than average basic meta
volcanics. Although the plotted samples in Fig. 3.1 were chosen among 
volcani c rocks that have suffered least from metasomati c alterations, 
their components are also redistri buted to varying degrees by the re
gional greenschist metamorphism, which causes the dispersion of the 
trends in Fig. 3.1. 

The immobile element method (plot of Si0 2 against Zr/Ti0 2 ) of Winchester 
and Floyd (1977), classifies (Fig. 3.2) these rocks into the fields 
of rhyolite, rhyodacite, dacite, andesite and basalt. It is possible 
that such a wide compositional range (changing from basic, intermediate 
to felsic) may represent a magmatic rock series. 

In the AFM diagram (Fig. 3.3), the relatively "unmodified" samples 
cluster mainly in the fields of basalt and rhyolite-dacite. The scat
tering of samples in each group around an average value indicates that 
elements were redistributed probably by the greenschist metamorphism. 
In this diagram, the use of the total Fe 2 0, value instead of FeO+Fe 2 0, 
may also cause an additional deviation from the given trend of 
Carmi chael et al. (197 ~) . 

The plot of Niggli values, (al+fm)- (c+alk) against (si) also has the 
effect of discriminating felsic metavolcanics from the basic ones (Fig. 
3.~). On this diagram, while Phyllites, Leucocratic Muscovite Schists 
and Quartzites fall distinctly in the fields of sedimentary rocks, 
felsic and basic metavolcanics plot separately in the field of igneous 
rocks. A similari ty among the distri bution of the metasedimentary 
rocks to the Mica Schists should also be noted. 

Correlation coefficient analysis is a powerful technique to illus
trate interelemental relationships. However, in Avnik, the value of 
correlation coefficient analysis is somewhat overshadowed by the 
metamorphosed and metasomati zed nature of the samples, therefore it is 
difficult to interpret them. The scarcity in the number of significant 
correlations, such as Si against mafic elements, in the 'fresh' basic 
metavolcanics (Table 3.1) is due partly to the homogeneous basaltic 
composi tion and partly to the small-scale secondary redistri bution whi ch 
may have taken place during regional metamorphism. Weak negative Na-Ca 
and positive Na-AI type correlations probably indicates metamorphic al
bitization of calcic plagioclase. Positive Rb-Ba, Rb-K, Ba-K and Sr-Ca 
correlations are compatible with the primary nature of these rocks. The 
weak Fe-P and Mg-P posi ti ve correlations are most probably due to the 
presence of small amounts of veinlets of mineralization (magnetite
apatite-actinolite) in the samples. 
The 'fresh' felsic metavolcanics show slightly better correlations 
(Table 3.2) and this is indicated by negative Si-Ti, Si-AI, Si-Mg, 
K-Ti, K-Mg, K-Ca, K-P and positive Sr-Ca and Rb-K correlations. 
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FIG. 3.2	 Identification of original rock names of the Avnik meta
volcanics using Si0 2 vs Zr/Ti0 2 discrimination diagram of 
Winchester and Floyd (1977). The dashed area shows where 
most of the felsic metavolcanics fall. 
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The positive Ti-Mg, Ti-Ca, Ti-P and Mg-P correlations are due to 
intermediate to acid rock character where with increasing Si02 content 
(from 60 to 75 wt.%), the Ti02, CaO, MgO and P205 contents gradually 
decrease. 

Table 3.1	 Interelemental correlation coefficients in relati vely 
"fresh" basic metavolcanics. Significance at 5% = 0.707 

CORFiELAT ION COEFF. n= B 

Rb 51" Ba II" 51 Ti Al Fe Hrl Hs Co: Na K F' 
Rb 1000 -0.16 O.iS 0.29 0.18 -0.06 O.SO -0.09 0.46 -0.31 -0.54 0.10 0.98 -0.04 

51" 1.00 0.12 0.07 -0.23 0.00 -0.03 -0.33 0.07 -0,48 0.73 -O.~,B -0.07 -0.23 

'a 1.00 -0.07 -0.26 -0.01 0.'5'5 -0.51 0.82 -0.16 -0.22 0.10 0.79 -0.13 

1.00 0.12 0.33	 0.48 0.12 -0.61 -0.34 -0.'52 0.18 0.21 -0.0'5 

1.00 -0.11 0.03	 0.08 -0.3'5 -0.60 -0.13 0.16 0.17 -0.'5251 

1.00 0.25 -0,46 -0.25 0.08 -0.20 O.~S -0.22 -().41T1 

1.00 -0.60 0.10 -0.44 -0.'57 0.63 0.45 -0.46Al 

1.00 -0.3'5 0.34	 -0.11 -0"17 -0.05 0.78F. 

1.00 0.11 0.13 -0.14 0.53 0.08Hn 

1.00 -0.13 0,07 -0.37 0.64H. 

1.00 -0.67 -0.43 -0.09Ca 

1.00 -0.04 -0.48Na 

1.00 0.00 

1. 00p 

Table 3.2	 Interelemental correlation coefficients in relatively 
"fresh" felsic metavolcanics. Significance at 5% = 0.576 

CORFiELATlOt-l ... uEFF. 12 

'a 51 T1 Al F. Hr, H. Ca Ha p 

F:b 1.00 -0.37 O.BO -0.23 0.09 -0.23 0.0-1 0.0-1 -0.19 -0.2~ -0.-13 -o.~~ (1.68 -0.23
 

Sr 1.00 0.11 0.07 -0.27 0.65 0.00 0.14 -0.:21 0.17 0.8S -0.07 -0.36 0.17
 

'a 1.00 -0.27 -0.08 0.21 0.11 0.13 -0.39 -0.05 -0.01 -O.SS 0.-11 -0.0:2 

1.00 0.40 -0.28	 -0.61 0.29 0.12 -0.20 -0.02 0 •.2-1 0.22 -0.18Zr 

1.00 -0.70 -0.83	 0.0-1 0.-18 -0.61 -O.SO 0.36 0.28 -O,S~51 

1.00 0.51 0.05 -0.S5 0.78 (1.79 -0.1-1 -(1.64 0.77T1 

1.00 -0,10 -0.35	 0.-16 (1.3(1 -0.28 -0.30 0.42Al 

1.00 -0.43 -0.18 -(1.16 0.10 0.19 -0.15F. 

1.00 -0.:5 -0.19	 0.00 0,11 -0,30Hr, 

1.00 (1.-19 -(1.14 -0.64 0.97H. 

1.00 -0.03 -0.61	 O.SOCa 

1.00 -0.50 -0.14Na 

1,00 -0.61 

1.00 
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Meta-grani te: 
On the AFM diagram of Fig. 3.5, the meta-granites (five samples) plot 
into the granite-granodiorite field (field boundaries are after Car-
mi chael et al., 1974). The slight devi at ion of some of the sampl es 
towards the FeO+ Fe,03 corner is due to the use of total Fe'C 3 values. 
The Avnik Meta-granites fall into the field of anatectic granites on the 
K,O/Rb vs Rb diagram (Fig. 3.6). In this diagram, the negati ve trend of 
the Meta-granites may indicate a magmatic differentiation trend of an 
originally anatectic melt. The Yayla Meta-granites (open squares in 
Fig. 3.6; data from Helvaci and Griffin, 1983b) fall clearly along 
the(K,O/Rb)-Rb trend of the Avnik samples supporting the presumptions 
that the relatively "fresh" Yayla and Avnik Meta-granites are genetical
ly the same. 

Metasomatic Features Preceding Regional Metamorphism: 

A region-wide zoning in alkalis (Fig. 3.7) indicates the involvement 
of a mobile alkali fluid phase in the area, although the origin of 
this fluid, and its relation to the greenschist metamorphism and the 
grani te intrusion are not known very clearly (see below). The zoning 
of alkalis is expressed in terms of K,O/Na,O ratio. This ratio is 
used as a parameter to distinguish K or Na enriched rocks (namely 
the metasomatized rocks) from the relatively "fresh" rocks. 
In Fig.3.7, the areal distribution of the K,O/Na,O ratio is shown, 
from which the following can be concluded: 

- The Na-enriched (K-depleted) zone coincides closely with the 
Bleached Lower Unit (vsL). This zone, defined by low K,O/NazO ratios, 
is referred to as the Inner Zone. 

- The samples wi th a high K,O/Na,O ratio are erratic and mostly corne 
from the upper parts of the Lower Unit and the Upper Unit. This zone 
is called the Outer Zone. 

- The (main) mineralized and mafic mineral enriched zones are 
located at the outer boundary of the Inner Zone. This zone is referred 
to as the Transi tional Zone. The KzO/Na,O ratios vary rapidly wi thin 
this zone. 

- The KzO/NazO ratios of the Mica Schists remain wi thin moderate 
levels and indicate that these rocks were not affected by the alkali 
met as omat i sm . 

- The K,O/NazO ratio of the Meta-grani tes decreases rapidly from 
the inner to the outer parts of the outcrops. The ratio is close to 
normal (0.5 to 2; Nockolds, 1954), for example, in the inner parts of 
the Yayla batholith. 

The variations of Rb/Na,O and Ba/NazO ratios provide similar zoned 
patterns (not shown here) as Rb and Ba are strongly, positively, 
correlated with K. In the area, thin barite veins occur only within 
the Outer Zone, in the strongly K-enriched places. 

In common volcanic rock series (ranging from basalt to rhyolite), NazO 
and KzO correlate POSITIVELY, which is shown in Fig. 3.8 with a symbol 
(-.-.-). The fresh rock data is taken from Cox et al. (1979). 
In the same diagram, the locations of Na- and K-keratophyres are 
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FIG. 3.5	 Distribution of Avnik Meta-granites on the AFM diagram. The 
use of Fe,O, t instead of FeO+ Fe,O, causes some_ samples to 
deviate from the trend given by Carmichael et al. (1974). 
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FIG. 3.7 The boundaries of metasomati c al teration and areal relation
ship to Meta-granite exposures. 
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also included (data fran Nockolds, 1954) to illustrate the role 
of	 metasomatism-*1-. The line (-----) connecting Na- and K-keratophyres 
is	 called the "keratophyre trend". 
A plot of all available volcanic rock data of Avnik shows two dis
tinctly opposing trends: one positive, the other negative and indi
cates the occurrence of more than one geochemical trend in the stUdy 
area. One of these trends (although scattered) follows closely the 
magmatic trend (see speckled area). The scatter of 'the sample points 
may be related to the greenschist metamorphism. The keratophyre trend 
pposes distinctly the metamorphosed "fresh" volcani c rock trend. 
Many of the felsic metavolcanics fran Avnik which have been enriched 
in sodium or potassium fall along with the keratophyre trend. The 
altered basic metavolcanics.define a separate negative trend, roughly 
paralleling the keratophyre trend, but plottingon the low KzO and 
NazO si de of the di agram. 

FIG. 3.8	 Variations in the distribution of NaiO against KzO. Location 
of common volcanic rocks (data fran Cox et al., 1979) and 
Na- and K-keratophyres (data from Nockolds, 1954) are also 
shown. The least modified samples fran Avnik follow roughly 
the positive trend of the canmon volcanic rocks. As the 
degree of fractionation among Na and K increases (see, for 
example, D-16 and S-102), both felsic (-------) and basic 
(-._._.-) volcanic rocks vary along a negative hyperbolic 
trend. Such a variation in the felsic rocks coincides with 
the trend defined by Na- and K-keratophyres disposed on each 
side of primary rhyolite. 
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-*1- Although the origin of keratophyres is a controversy in geology 
it is commonly believed that they represent rocks produced by 
metasanati c alteration. 
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A chemical distinction between metasomatism and regional metamorphism 
was attempted by studying the variations in the sum of alkalis (Na 2 0+ 
K2 0). It is assumed that in metamorphic processes, mainly Na and K will 
be exchanged while their sum will stay at levels typical for the (orig
inal) volcanic rocks. Although the additon of Na2 0 to K2 0 in some cases 
brings the sum of the alkalis to reasonable levels of fresh volcanic 
rocks. es peci all yin the extremel y bl eached sampl es, the K2 0+ Na 2 0 sum 
remains still different from the common volcani crocks. 

TABLE 3.3.: Variations in the correlation coefficients of alkalis and 
some of the major elements. Note that the sum-major element 
correlations improve only in the "fresh" metavolcani cs 
and not in the strongl y 1 eached meta vol cani cs • 

"Fresh"Felsi c Na-metasom . 
meta vol cani cs meta vol can. 

(a) 
Na-Si 0.36 -0.34 
Na-TFe 0.10 -0.19 
Na-Mg -0.14 o 
Na-Ca -0.03 -0.33 

(b) 
Na+K - Si 0.48 -0.38 
Na+K - TFe 0.26 -0.28 
Na+K - Mg -0.80 -0.02 
Na+K - Ca -0.71 -0.35 
n (No. of Samp.) 12 10 
signif. level 97.5% .576 .632 

In the first col umn of Table 3.3a some sodi um-major element correla
tions are given for the "fresh" felsic metavolcanics (n=12). In the 
second column, similar correlations are given for the rocks (n=10) 
from extremely bleached Inner Zone. In both cases the Na-major element 
correlations are at poor levels. When the sum-major element correlations 
are considered (Table 3. 3b), the level of correlation coefficients 
improve only in the "fresh" felsic metavolcanics, and not in the 
strongly bleached rocks. This indicates that the chemical modifica
tions imposed on the Avni k metavolcani cs are not entirely of isochemical. 
nat ure. 
Extremely leached rocks (vsL; n=10) are generally characterized by a 
lesser number of correlating pairs (Table 3.4). This is due to their 
uniform quartzo-feldspathic composition and subordinate amount of mafic 
minerals. The survival of correlations among the alkali elements, such 
as (-) K-Na; (+) K-Rb-Ba and (-) Na-Rb is a consequence of the sur-
vi val of small amounts of microcline and muscovite. Relatively strong 
posi ti ve correlations among Fe-P-Mg-Ca represent the presence of vary
ing amounts of minor mineralization in the samples. 
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Table 3.4 Interelemental correlation coefficients in leached meta
volcanics. Significance at 5% = 0.632. n=10 

Rb S, 9. Z, s; H AI F. No No C. N. ~ P 
Rb 1.00 0.36 0.66 0.11 -0.06 0.84 0.16 -0019 0.34 -0.03 0.10 -0.66 0.95 -0.11 

S, 1.00 0.51 0.0:5 -0.51 0.06 0.16 0.12 0.67 0.22 0.30 -0. 08 0.3-1 -0.04 

1. 00 -0.44 -0.04	 0.57 -0.14 -0.26 0.23 0.16 0.31 -0.3:5 0.72 -0.44 

Z, 1.00 -0.36 -0.01 0.05 0.69 0019 0.29 0.35 -0.28 -0.04 0.86 

s;	 1.00 0.05 -0.38 -0.41 -0.52 -0.68 -0.38 -0.34 0.05 -0.26 

H	 1.00 0.09 -0.28 0.17 -0.07 -0.03 -0.40 0.80 -0.18 

Al	 1.00 -0.48 -0.04 -0.36 -0.46 0.41 0.03 -0.37 

F.	 1.00 0.35 0.77 0.66 -0.19 -0.27 ~. 93 

No	 1·9° 0.45 0.05 -0.12 0.27 0.24 

1.00 0.71 0.00 -0.08 0.54N' 

Ca	 1.00 -0.33 O.l'S (I.5? 

Na	 1.00 -0.71 -0.28 

1.00 -0.22 

1.00 

Met a- grani te: 
A visual comparison of chemical data on mafic element contents of rela
tively "fresh" Meta-granites (S-150 and H-25, and samples from Yayla 
region) to those which suffered fran metasanatic alteration (DIZ-4, S
17, S-18) shows similar abundances, therefore, no significant loss of 
mafic elements has taken place during bleaching. Although there is 
no major mafic element loss, there is an evident decrease in the K 
content paralleling a strong Na enri chment. The decrease in the K 
content also accanpanies a loss in the Rb and Ba contents. The 
vari ations in the alkali element abundances do not show any recog
nizable parallelity to the distribution of the mafic elements. The 

Table 3.5	 Interelemental correlation coefficients in Meta-granites 
("fresh" and altered). Significance at 5% = 0.811. n=5 

Rb 5' h Z, 51 T1 Al F. No No C. N. K P 

Rb 1.0 -.20 .65 -.97 .03 -.94 -.49 .13 .N ··.61 -.22 -.96 .97 .02 

Sr 1.0 ··,J3 ,50 -,72 ,55 ,JJ -,77 -.22 ',87 .7'1 .26 -.25 .74 

h 1.0 -.67 -.32 -.53 -.34 .22 .65 -.46 -.25 -.93 .93 .13 

Z, 1.0 -.22 .?9 .29 -.19 -.76 ;79 .46 .99 -.97 .16 

5i 1.0 -.39 -.34 .67 .99 -.60 -.79 .11 -.09 -.99 

Ti 1.0 .29 -.23 -.73 .94 .53 .92 -.90 .27 

AI 1,0 -.78 -.74 .55 .41 ,41 ".49 ,56 

F.	 1.0 .34 -.71 -.92 -.11 .17 -.96 

1.0 -.63 -.29 -.99 .93 -.16 

NO 1'.0 .97 .S9 -.60 .70 

N" 

C.	 1.0 .23 -.23 .79 

N. 1.0 -1.0 -.10 

K 1.0 .06 

P 1.0 
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conclusions reached from the visual inspection of the chemical data 
are supported by the correlation coefficient analysis (Table 3.5). 
The metasomatized (albitized) samples (S-17, S-18, DIZ-4) fall distinct
ly away from the apogranite-greisen-pegmatite field (field B) of 
Stravrov (1971) in Fig. 3.6. This may suggest that the Avnik Meta
grani tes are not extremely differentiated granites but that they are 
altered. The lack of relationship to extreme differentiation can also 
be seen from the Rb-Ba-Sr triangular diagram in Fig. 3.9. 

FIG. 3.9	 Identification of the character of granite using a Rb-Ba-Sr 
diagram (the boundaries are after Nei va, 1983). 

Rb 

normal gran! tes --r-.. _--------'\- tonal1 tes and granod1or! tes 
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50 

Mica Schist:, 
The lack of any systematic correlation between Na and K is the major 
characteristic of the Mica Schists (Table 3.6) which is a strong evid
ence that they did not suffer from major metasomatism. Posi ti ve correla
tions among Ca-Ti-Mn is due to the variations in the sphene and epidote 
contents of the samples under consideration. Strong posi ti ve correla
tions among K and AI, and AI-Rb-Sr-Ba are related to the varying 
amounts of muscovite in the Mica Schists. Silica and Al are strongly 
negatively correlated. 

Geochemical trends imposed by mineralization: 
Chemical variations along a 150 m interval of bore hole KM-16 in the 
Transition Zone is studied from 17 samples (Fig. 3.10). The samples 
from the drill hole consist of 2 Mica Schists at the top, 7 mineral
ized gneisses in the middle and 8 gneisses at the bottom. The introduc
tion of magnetite-actinolite type mineralization into gneiss is char
acterized by a depletion (relative to the unmineralized host gneiss) in 
Si, K and Rb and a sharp enrichment in Ti, Fe, Mn, Mg, Ca, P and Sr 
contents (closure effect). The saw-tooth-like rapid chemical varia
tions in these elements with depth in the mineralized zone indicate 
variations in the grade of ore. 
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Table 3.6	 Interelemental correlation coefficients in Mica Schists. 
Significance at 5% = 0.878. 

CORRELATION COEFF. n= 5 

Rb 5r B. Zr 51 Tl Al F. c. 
1.00 0.85 0.99 -0.56 -0.87 -0.44 0.95 0.03 -0.20 -0.28 -0.37 -0.12 1.00 0.14 

1.00 0.83 -0.47 -0.95 -0.08 0.95 0.23 0.23 -0.15 0.03 0.30 0.82 0.63 

1.00 -0.48 -0.87 -0.38 0.93 0.05 -0.15 -0.31 -0.32 -0.20 0.99 0.14 

1.00 0.33 0.83 -0.50 0.55 0.55 0.32 0.77 -0.22 -0.56 0.14 

1.00 0.05 -0.98 -0.44 -0.14 -0.06 -0.05 -0.23 -0.86 -0.55 

1.00 -0.24 0.64 0.89 0.29 0.99 0.18 -0.47 0.64 

1.00 0.26 -0.02 -0.07 -0.15 0.16 0.94 0.42 

1.00 0.41 0.76 0.66 0.37 0.04 0.56 

1.00 -0.06 0.92 0.20 -0.25 0.81 

1.00 0.29 0.58 -0.25 0.18 

1.00 0.26 -0.40 0.73 

1.00 -0.14 0.63 

1.00 0.10 

1.00 

The introduction of magnetite and actinolite is reflected as strong 
positive Fe-Mg, Fe-Ca and Mg-Ca correlations. Lack of correlations 
wi th P is due to the very low abundance of apati te in these samples. 
Strong posi ti ve correlations of Mn and Sr wi th Fe, Ca and Mg reflect 
substi tution of the former in the am phi bole structure. 

3.2. REE DATA AND ITS GEOCHEMICAL SIGNIFICANCE: 

The variations in the REE abundances and their geochemical significance 
are discussed in greater detail in the following two chapters. In this 
section the parallelity among the variation of TREEs-*l and the K2 0/Na2 0 
ratio is emphasized as evidence for the prevalence of metasomatic/hydro
thermal alteration in the Avnik area. Such a correlation is shown from 
the dat a of Hel vaci and Griffin (1983b) and from dat a of the pr esent 
author in Fig. 3.11-13. The REE data of most of the metavolcanics and 
the "Avnik Granitoid" plot (Fig. 3.11) along the same linear posi ti ve 
trend. The samples S2-12 and S2-15 fall significantly off the trend 
probably due to the presence of non-representati ve apati te ore veins 
in these samples. 
Similar trends, both from metasomatized basic (Fig. 3.12) and felsic 
(Fig. 3.13) metavolcanics, are also obtained from the author's own data. 
In all diagrams, the slopes of the trends are virtually the same. The 
samples that fall distinctly away from the general trend are ei ther 
extremely K-enriched or contain a minor ore fraction. The scatter of 
data along these trends is probably due to metamorphi c redistri bution. 

-*1- In this study, total rare earth element (REEt) stands for the sum 
of La, Ce, Sm, Eu, Yb and Lu abundances. 
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FIG. 3.10	 Variations in the chemistry and lithology of the bore hole, 
KM-16 (Miskel). 
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FIG. 3.11 Variation of total REE content against K 2 0/Na 2 0. Data from 
Helvaci and Griffin (1983). 
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FIG. 3.12:	 The variation of total REEs against K 2 0/Na 2 0 ratio in basic 
metavolcanics (author's own data). 
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FIG. 3.13 The variation of total REEs against K2 0/Na 2 0 ratio in felsic 
metavolcanics (author's own data). 
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3.3. 87Sr /86sr DATA AND ITS GEOCHEMICAL 5IGNIFICANCE: 

The vari ation of the Sr isotope data of the Avni k metavolcani cs-* 1
within a wide range (between 0.710 and 0.901) is an indication of 
the prevalence of regional metamorphism and metasomatic/hydrothermal 
alteration in the area; the metasomatism, expressed in the form of 
changing K2 0/Na 2 0 ratio or Rb abundance~ is reflected in the amount 
of radiogenic 87Sr formed, so that the o7Sr/ 86Sr ratio of the meta
volcanic rocks is disturbed (Fig. 3.14). 
The close match between the initial ratios of "Avnik Granite" or 
bleached metavolcanics (IR=0.715) and Cacas metavolcanics-*2- (IR= 
0.7105) compared with Avnik Meta-granite and Yayla Meta-granite (IR= 
0.7217± 8) may support the early proposition (see chapter 2) that the 
"Avnik Grani te" is not the same granite as the Yayla Meta-grani te 
but a metavolcanic rock. 

_*1_	 All 87Sr/86Sr isotope data is taken from Hel vaci and Griffin 
(1983) . 

-*2- The Metavolcanics of the Cacas area (about 70 km SE of Avnik) which 
are called "Ortholeptynites" by Yilmaz (1971) are assumed to be 
equivalent to the Avnik Metavolcanics (Helvaci and Griffin, 1983a). 
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FIG. 3.14	 The variation of 87Sr / 86Sr against KzO/NazO in Avnik rocks. 
Data from Helvaci and Griffin (1983). 
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3.4. OXYGEN	 ISOTOPE DATA AND ITS GEOCHEMICAL SIGNIFICANCE: 

Coexi sti ng magnet i te-amphi bol e and quart z- hem at i te pairs were separ at 
ed from six samples and analysed for their oxygen isotopic composi
tion. The results are shown in Table 3.7 (see also Appendix 2 for the 
experimental procedure). The main objecti ve of the oxygen isotope 
study was to investigate the variations in the formation temperature 
of various ore types. 
The oxygen isotope analysis method is based on the principle that 
the oxygen isotopes are not equally distri bututed between coexist 
ing mineral phases during crystallization. The degree of isotope frac
tionation depends on the formation temperature and the chemical com
position of the minerals. 
Assuming isotopic eqUilibrium during their formation, different 18 0/16 0 
ratios of coexisting minerals can be used as a geothermometer if the 
temperature dependence of the oxygen isotopic fractionation of this 
mineral pair is known. In this study. the (standard) fractionation 
curves compiled by Friedman and O'Neil (1977) are used to estimate the 
temperatures. As hematite should behave similarly to magnetite (James 
and Clayton. 1962; Becker and Clayton, 1976), the quartz-magnetite 
fractionation curve is used to calculate formation temperatures. 

Oxygen isotope investigation is applied to samples of which the parage
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TABLE 3.7 :The resul ts of oxygen isotope analyses. (Analyses by: A. F. M. de Jong). 

0 18 values ( %0 ) 
Sample ------------------------------------------ TO C 
Number Location Quartz Magnetite Hemati te Amphibole Delta average Assemblage 

S-41 Miskel 12.9.± 0.2 -- 3.4± 0.2 -- 9.5 470 quartz-amphi bole- epi dote- hem at i te 
HS-125A Kelme 11.2± 0.2 -- 1.3± 0.1 -- 9.9 460 quartz-epidote-hematite vein 
S-155 Mur -- 2.2± 0.1 -- 7.2± 0.2 5.0 445 magnetite-amphibole-apatite ore 
S-14A Gonac -- 2.0± 0.1 -- 7.0± 0.1 5.0 445 magnetite-amphi bole-apati te ore 
HS-61A Has bur 13.6±0.1 -- 2.8± 0.2 -- 10.8 415 quartz-feldspar-hematite vein 
S-51 Mis kel -- 1.7± 0.2 -- 7.3± 0.2 5.6 395 magnetite-amphibole ore 

Sampl e Des cr i pt ion: 

REMARKS 
1. S-41; HS - 125A Metasomatic ore veins; least affected by younger events 
2. S-14A; S-155 Main ore veins; metamorphosed at Mo, Ml and M2 phases 
3. HS-61 A Barren vein in Metarhyolite probably formed during Ml metamorphism; also suffered from M2. 
4. S-51 Redistributed ore vein; also suffered from Ml and M2 metamorphisms. 
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netic relationship is diagrammatically illustrated in Fig. 3.15. Samples 
S-14A, S-51 and S-155 represent volcanogenic (primary) Main Ore layers, 
S-41 and HS-125A are from vei ns that cut across the Main Ore assemblages 
and stand for a metasomatic ore phase. HS-61A is taken from a segrega
tion vein in the meta-rhyolite which lies comformable with the NW-SE 
trend of the M1 metamorphism. The retrogressive effect of the M2 meta
morphism is eliminated by using, for example, amphiboles which are not 
chlori tized. Although the number of samples that are under consideration 
is minimal, the temperatures obtained for the coexisting mineral pairs 
range from 395 to 4700 C (Table 3.7). These temperatures are fairly 
close to each other and suggest a strong isotopi c re-equili bration 
by regional greenschist metamorphisms (M1 and M2) and probably by Mo. 

FIG. 3.15	 Diagrammatic illustration of paragenetic relationship 
among the samples used in the oxygen isotope investigation. 

HS-61 A S-51 HS-125A S-~l 

3.5. INTERPRETATIONS AND DISCUSSION: 

The field and chemical data indicate that metasomatism is one of the 
most important processes imposing distinct geochemical modifications 
on the Avnik rocks. 
Previously, Helvaci and Griffin (1983b) have proposed the occurrence 
of metasomatic alterations in the Avnik area. However, their interpre
tations are somewhat different from the one presented here. Helvaci and 
Griffin (1983b) suggested that the feldspatization and silicification 
of the Avnik rocks was a metamorphic phenomenon, related to Early 
Alpine greenschist metamorphism (M1). According to them, a thick 
sequence of shales and limestones was deposited after folding of the 
volcanics, intrusion of the granitoid, and erosion. 
They assumed that, at that time, all available cracks and pores 
of the basement rocks filled with sea water. During the burial 
and the early stages of Early Alpine metamorphism the basement rocks, 
especially the felsic volcanics, reacted with the heated sea water. 
Such heated sea water was later expelled during metamorphic compres
sion and led to strong variations in the Rb/K and Rb/Sr ratios in 
the rock. According to them, the metasomatic process was ended as the 
excess fluids were all expelled. The Rb-Sr isotope data (see chapter 
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3.3) were disturbed but not completely reset. They recognized that the 
"Avnik Granitoid" and basic-intermediate metavolcanics (lower parts 
of the stratigraphic column) are albitized, while felsic volcanics 
(higher in their stratigraphic column) are K-feldspathized. According 
to them, Mica Schists have also experienced feldspathization. They 
proposed that the albitization of the Avnik Granitoid, Metavolcanics 
and Mica Schists would free large volumes of potassium which is 
needed for the potassic alteration of the upper parts of the meta
volcanics. Finally, they proposed that the metasomatic alterations 
took place under relatively low temperature conditions (not specified). 

The fOllowing objections are raised against the interpretations of 
Helvaci and Griffin: 

a- Filling of pores and cracks by sea water during an erosional 
phase is extremely unlikely. The seepage of water to great depths 
without a circulation mechanism (e.g., a 'heat pump') is not a realis
tic phenomena. 

b. Potassium content of the sea water is low; to explain the high 
K2 0 content of felsic metavolcanics, large volumes of water are 
needed. This is also not compatible with a simple seepage model. 

c. There is no sign of negative cerium anomaly in the chondrite
normalized REE pattern~ of the metasomatized metavolcanic rocks to 
indicate equilibration with sea water-*I-. 

d- If the interpretations of Helvaci and Griffin were correct, one 
would observe sharp variations in the K and Na contents of the Mica 
Schists, as Mica Schists unconformably overlie various levels of the 
Basement Series. However, throughout the Avnik region, there is no 
noticable enrichment of one major alkali element over another in the 
Mica Schists. Moreover, the REE patterns (Fig. 3.16) and the trace 
element abundances (see Appendix 3) of the Mica schists appear to be 
undisturbed. 
The present inves~igations show that metasomatism imposed two major 
geochemical modifications on the Basement Series of Avnik: 

(a) Region-wide zoning of' the alkalis so that Na-rich inner and 
K-rich outer zones are formed, and 

(b) Leaching of nearly all major (excluding Al and Na) and some of 
the trace elements, so that extremely leached rocks are formed. 
The occurrence of alkali zoning throughout the area whereas the 
leached rocks are restricted to the inner zone may suggest that 
zoning of alkalis, and leaching and redeposition of mafic elements 
are two separate processes. This can be supported from the generally 
poor correlation of alkalis with the mafic elements. 
The zoned paragenetic relationship among alkalis and mafic elements 

-*1- The chondrite normalized REE patterns of sea water from various 
places consistently show a depletion in the abundance of Ce rela
tive to neighbouring La and Pr or Nd (Elderfield and Greaves, 1982) 
This is related to the oxidation of Ce3+ to Ce 4 + under surface 
conditions where the latter is effectively adsorbed by manganese 
nodules or other Mn- or Fe-hydrous oxides precipitating in a 
marine environment (Fryer, 1977). 
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FIG. 3.16 Chondrite-normalized patterns of three Mica Schists 
The chondrite values are from Wakita et al. (1971) . 
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Concentration of Gd 1,8 extrapolated fran the Sm-Yb values. 

in diffuse veins (see chapter 6) may tentatively suggest that alkali 
metasomatism (zoning) was followed (probably shortly after) by 
leaching. Therefore, any model which intends to explain the origin 
and composition of the metasomatic fluids should take two separate 
events into consideration. 

In this thesis, metasomatism is related to the thermal effect of the 
coarse granite (Meta-granite) emplacement. The emplacement may be 
a heat source in order to expel and/or circulate the metasomatic 
fluid and to generate the zoned and leached metavolcanic rocks. Hel
vaci and Griffin (1983b) proposed that the regional metamorphism (M1) 
was the heat source. In this study this is rejected because, if this 
was true, the coarse granite would have been metasomatized everywhere. 
The present author's observations indicate that the M1 metamorphism 
causes only a thorough recrystallization of the coarse granite but 
not its complete metasomatism. The alkali metasomatism (albitization) 
of the coarse granite is mostly restricted to the border zone of the 
granite. Moreover, if greenschist metamorphism was the heat source, 
the Mica Schists would have suffered also from the metasomatism, 
but this is not the case (see above). Additionally, the albitization 
of the coarse granite also rules out the possibilities that alkali 
metasomatism is (a) a diagenetic (or burial metamorphic) process 
which appeared fOllowing the subsidence of the area after the depo
sition of the volcanic-sedimentary series in Cambrian-Precambrian 
time, and (b) a late hydrothermal alteration stage of the volcanism. 
Any model relating metasomatic alteration to the intrusion of the 
coarse granite should consider ·the following facts: 

(a) Although coarse granite has suffered from the alkali meta
somatism, it has escaped from leaching to a great extent, and 



70 

(b) the absence of greisenization, tourmalinization etc., i.e., 
the weakly differentiated character of the coarse granite. 

Assuming alkali metasomatism (zoning) and leaching are two separate 
but consequent events, the above, especially (a), may suggest that 
coarse granite is directly involved in the alkali metasomatism but 
probably only indirectly involved in the leaching. The following two
stage model is proposed in Which coarse granite is the major source 
of heat: 

1. Alkali ion exchange and metasomatic zoning by a vapor phase, and 
2. Leaching and redistribution by an aqueous phase. 

1. Alkali Ion Exchange and Metasomatic Zoning by a Vapor Phase: 

The increase in the K2 0lNa2 0 ratio of the felsic metavolcanics from 
inner to outer parts of the Basement Series in Avnik is explained 
by a differential alkali transfer at volatile state. The region-wide 
separation of K and Na as distinct zones is related to the thermal 
gradient imposed by the coarse granite invasion. The alkali ion 
exchange with the aid of an alkali-rich volatile phase is favored 
because, firstly, experimental evidence indicates that a vapor phase 
proves to be a more effective agent than hydrothermal solutions, 
and secondly, an alkali vapor phase leaves no visual expression of 
alteration. The latter is shown by Argon and Bentor (1981) from the 
K-metasomatized rocks of Biq'at Hayareah (Sinai-Negev); according to 
them, acid hydrothermal solutions leach the alkalis and leave a rock 
altered to clay minerals, zeolites, alunites (etc.), but alteration 
by alkali fluid leaves no visual expression of alteration and leaves 
the rock entirely fresh-looking. The occurrence of metasomatism by 
an alkali fluid in Avnik may also be claimed from the presence of 
entirely fresh-looking meta-rhyolites in the outer zone. 
The viability of the differential alkali ion exchange between vapor 
and feldspar phases is shown by the experimental work of Orville (1963) 
for deep-level intrusions and by Fournier (1976) for hypabyssal and 
volcanic rocks. 
Orville'S experiments at 2 kb total pressure indicated that the K/(K+Na) 
ratio in the vapor phase (2 M alkali chloride solution) decreased with 
falling temperature (see his Fig. 11; p. 224) from 0.26 at 670 degrees 
to less than 0.16 at 400 degree C when coexisting with albite and 
orthoclase. Further lowering of temperature below 400 degree C resulted 
in a continued decrease in K relative to Na in the fluid phase. The 
decrease in K in the volatile phase is explained by the following 
alkali exchange reaction: 

NaA1Si 3 0 e + KCl === KA1Si 3 0 e + NaCl (1) 
(Ab,o~) (Or,oo) 

where K replaces Na in albite to produce K-feldspar. 
A change in the KINa atomic ratio at varying temperatures (Table 3.8) 
and at constant pressure (P=1.5 kb), measured on rhyolites (Ellis 
and Mahon, 1964), supported the findings of Orville (1963). 
Orville further showed that the alkali ion exchange mechanism is also 
affected by variations in pressure and by the presence of other 
mineral components in the system. According to him, the KINa ratio 
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TABLE 3.8	 Change at the KINa ratio in rhyolite at varying tempera
tures and at P=1.5 atm. (data from Ellis and Mahon, 1964). 

KINa (atomic) 

200 0.03-0.06 
300 0.10-0.12 
400 0.14 
500 0.20 
600 0.29 

of the alkali chloride-bearing vapor phase decrease by an increase 
in pressure (Orville, 1963). At constant temperature, an increase in 
the Ca-content of the feldspar phases resulted in a higher KINa ratio 
in the vapor phase (op.cit.). 
In Fournier's (1976) experiments feldspars of varying KINa ratios 
were brought into contact with 0.5 molar KCl+NaCl containing fluid 
with steam density as low as 0.05 grlcubic em at temperatures of 400 
to 700 degrees C for periods of 10 to 48 days It was found that the 
K-enrichment of the feldspars was very thorough. Feldspars with molar 
k=0.24 to 0.55 (-*1-) in contact with fluids with k=0.3 to 0.5 were 
converted to almost pure K-feldspar with k=0.98 to 1.00. Within the 
above temperature range the replacement of Na by K was more thorough 
at lower than at higher temperatures. 
The above works show that an alkali-rich vapor phase in contact 
with albite and K-feldspar will selectively replace these minerals 
in a way that albite will dominate in the high temperature zone and 
K-feldspar in the low temperature zone. Therefore, it can be con
cluded that the granite invasion in Avnik may switch on the differ
ential alkali transfer and produce the zoned distribution of K and 
Na. 
Origin of the Alkali-rich Vapor Phase: 

It is difficult, if not impossible, to establish the orlgln (source) 
of the alkali-rich vapor phase. The weakly differentiated character 
of the coarse granite argues against a late (residual) magmatic origin. 
Also, if granite was the source of (for example) sodium introduced 
into the wall rock, according to the Principle of Polarity of Lodoch
nikow (Turner and Verhoogen, 1960, p.563), the granite itself would 
be deficient in Na. This is not the case in Meta-granite. However, 
granite as a source of hot water (steam) cannot be ruled out. The coarse 
granite may have been enriched in water in many different ways before 
being emplaced to its present location. For example, granitic melt, on 
its way to surface, may absorb several percent water from the country 
rock as a result of assimilating zones of high water content (Kennedy, 
1955), such as an aquifer andlor chlorite-, actinolite- or clay-rich 
strata. Sudden loss of pressure at the roof of a water saturated 

-*1- k = K2 0/(K2 0/Na2 0) 
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stock may release hot steam (degassing) which, in turn, effectively 
mobilizes alkali-rich material dispersed throughout the inter granular 
pore space. Devitrification of rhyolitic and dacitic glass may take 
place at the start of the thermal heating of the area. 
The devitrified glass may further enrich the steam with silica and 
chlorine as well as K and Na (Ellis and Mahon, 1964). 
The level of water saturation, the size of the invading granite, 
access to water-rich strata and availabilty of rhyolitic glass in 
the vicinity appear to be important factors to distinguish among 
intensely and weakly metasomatized rocks. For example, the weak 
intensity of the metasomatism in Yayla and Cacas regions may be related 
mainly to their large (batholith-size) dimensions. 

2. Leaching and Redistribution by an Aqueous Phase: 

The degassing of the intruding granite and the change in volume as a 
result of alkali metasomatism will open widespread fractures in the 
highly brittle rhyolitic country rock and give rise to their shattered 
appearance in the field. 
The vapor phase will change to an aqueous phase as a result of cooling 
upon interacting with the wall rock and mixing with connate and under
ground waters, so that the vapor phase of metasomatism will continue 
as a hydrothermal phase and the hydrothermal solutions will migrate 
freely through the newly formed cracks and fractures. 
Interaction with the wall rock (dominated by felsic volcanic rocks) will 
probably decrease the pH of the solutions in time. The moderately acidic 
solutions will, in turn, attack the host rock and leach (or bleach) 
all available metals and redeposit them elsewhere. 
The absence of distinct leaching in Meta-granite, presence of patchy 
zones and unleached (untouched or relict) zones within the inner zone 
of alteration may suggest that the hydrothermal system was not manifest
ed as a long-lasting convective circulation cells but probably as a 
short-lived expulsive phase (a front) swept through the area along the 
permeable and crushed zones. 
The leaching and redeposition in relation to mineralization is discussed 
in chapter 9. 

In conclusion, the invasion of coarse granite is believed to have 
supplied the required energy, mobilized the elements from the country 
rock and furnished the temperature gradients along which metals could 
migrate. 
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CHAPTER 4. REEs AND THEIR PETROGENETIC SIGNIFICANCE. 

4.1. INTRODUCTION: 

The REEs-*1- are a group of elements with unique geochemical properties. 
In this study they are widely used (see chapters 5, 8 and 9) in order 
to study various geochemical aspects of Avnik rocks and apatites from 
the minerC!.lized areas. In this chapter, first, some short introductory 
information is given in order to show the importance of the REEs and 
secondly, their petrogenetic significance is explained from a large 
amounts of data (more than 1500 fresh and altered samples) compiled from 
the published literature (158 different sources covering practically all 
major igneous rock types). The latter is done by applying various REE 
ratios, and two- and three-component REE variation diagrams. 
The use of neighbouring, similar ionic size, elements as components 
is especially useful to investigate the primary character of a basaltic 
melt and the presence/absence of any compositional modifications 
superimposed on a rock during late or post magmatic stages. 
The compiled data cover partial or complete (14 elements) rare-earth 
element analyses and include information on: rock type, freshness, 
relation to maj or igneous rock seri es, and processes of magma formation, 
when available. 
Only data from modern analytical methods are included. Semiquanti
tative data is avoided. The compiled data is not given in this thesis 
due to its lengthiness, but can be obtained from the author on request. 

4.2. THE UNIQUENESS OF THE REEs: 

The most outstanding geochemical property of the rare-earth elements 
is their (14 elements, from La to Lu, excluding Pm) coherent behavior 
and the systematic variations in their abundances in natural sys
tems. This property is also referred to as coherence or geochemical 
coherence elsewhere in the text. The coherence can be seen from uniform 
and proportional variations of the absolute abundances, significantly 
strong correlation coefficients and parallel to subparallel chond
rite-normalized patterns. The coherent behavior of the rare-earth 
elements (or Lanthanide series) is due to their similar ionic 
valence states and systematic decrease in their ionic sizes from La 
to Lu for a given valence state (Table 4.1). The latter arises from 
the nature of their electronic configuration Where the atomic volume 
is contracted wi th increasing atomic number (known also as Lanthani de 
Contraction) as a result of the internal 4f electron sublevel fil
ling rather than the outer 5d and 6s valence level. The 4f elec
trons are well shielded by the eight electrons in the 5s2 and 5p6 

-*1- In addition to the abbreviation REEs for rare earth elements 
LREEs (La to Gd) is used to designate low atomic number REEs, 
and HREEs (Tb to Lu) to define high atomic number REEs. In some 
cases, the term middle or intermediate REEs (MREEs) is used to 
designate intermediate atomic numbers, such as Sm, Eu, Gd and Tb. 
TREE is used to designate total REE content. 
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TABLE 4.1 The effective ionic radii-*- of rare earth and major 
elements as listed against their valence states and 
coordination numbers (data from Wittaker and Muntus, 
1970) . 
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sub-levels, so that they are not significantly involved in chemical 
reactions. Hence, any difference in the number of electrons in the 
4f sub-shell does not lead to much difference in chemical behavior. 
The REEs, therefore, tend to behave in nature as a group. 
The REEs are highly electropositive elements and all of them are 
easily oxidized to the 3+ valence state. Only a few REEs have 2+ (Eu) 
and 4+ (Ce, Pr and Tb) valence states. The ionic size of the trivalent 
REEs vary from 1.13 A (La) to 0.94 A (Lu) at a 6-coordination and are 
generally classified large among other trace elements. They are compar
able in size with Ca 2 +, Na+, Sr 2 +, Th 4 +, and 3+ and 4+ U ions (see 
Table 4.1), The systematic variations in the ionic size exerts strong 

-*- ~effective ionic radii~-*- considers the average cation to 
anion distance within a coordination polyhedron rather than 
the minimum interionic distance. 
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constraints on the abundance as the ionic size is one of the major 
factors controlling trace element substitution into natural materials. 
Plots of two similar ionic size elements (such as Zr-Hf, Nb-Ta) produce 
linear positive trends passing through the origin. Such diagrams are 
important because variations within each pair is minimized as they 
behave rather similar under given magmatic conditions. In this respect, 
the REEs are unique and seven pairs (La-Ce, Pr-Nd, Sm-Eu, Gd-Tb, Dy-Ho, 
Er-Tm and Yb-Lu) are considered which provide an invaluable mean to 
investigate systematically the petrogenetic variations within entire 
igneous rocks. 
The compounds of the REEs are mostly ionic as a direct consequence 
of their large sizes and strong electropositivity. Some covalent 
character is reportedly known (Vlasov, 1966), although the data is 
not sufficient to allow definite conclusions as to the degree of 
covalency (op. cit.). 
A considerable fraction of the REEs in the earth's crust is incorporated 
in accessory minerals such as allanite, apatite, sphene and zircon, 
and in lesser quantities in the major rock-forming minerals. In some 
cases the REE minerals such as monazite, xenotime, cerianite, are 
another important source. 
In these minerals, the trivalent REE ions substitute mainly for 
Ca2+ at co-ordination positions ranging from 6 to 12. The structure 
(Samenov, 1958) and the paragenesis (Murata, 1959) of the minerals play 
a prominent role in admitting particular REE ions. Minerals with a high 
coordination number (C.N) for their REE sites (10-12) are LREE selec
tive; those with low C.N of 6 are HREE selective; and those with inter
mediate C.N are (7-9) have complex compositions, with both light and 
heavy REEs present (Vlasov, 1966). This means that different REEs 
substitute for the same major ion (e.g., Ca 2 +) in different minerals. 

4.3. REE ABUNDANCES OF IGNEOUS ROCKS: 

The compiled REE data for igneous rocks show a wide range of variations 
(changing from a a few ppm to several thousands of ppm) even for the 
same rock type. Such variations are explained by (a) within-province 
variations and (b) province-to-province variations: 

a. within-province variations: 
The absolute abundance of a REE in one rock type is generally 
similar if the samples are collected close to each other. A small 
spread of values around a mean value in similar rocks is usually 
attributed to small compositional heterogeneities and local fluctua
tions in the melt composition. Compositional heterogeneities may also 
be generated artificially (erroneously), for example, by irregular 
dilution (or enrichment) with a REE-free (or REE-rich) mineral phase 
during sample preparation. Sharp changes in the REE content of one 
rock type within a relatively small province may be due to many 
reasons related to primary (magmatic) and secondary (non-magmatic) 
processes. 

b. province-to-province variations: 
The variation in the melt composition is the main reason for the 
province-to-province variations in the REE abundances of similar 
rock types. The melt composition is affected by numerous factors 
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such as temperature and pressure conditions of melting and mineralogy 
of the source region, amount of volatile phases present in the melt 
etc. Slight province-to-province variations in the REE ratios are 
explained (a) by small variations in the source rock composition and 
in the amount of melting (b) by deviation from closed-system crystal 
fractionation and (c) by possible late and post magmatic modifications. 
The compiled data further indicates the following: 

- Excluding yttrium, Ce always has the highest absolute abundance 
among the REEs, as a consequence of their initial cosmic abundances. 
For example, the solar abundance of Ce is about three times that of 
La and Dy and 30 times of Tm (Anders and Ebihara, 1982). 

- The absolute abundances of two even-numbered (e .g, Er and Yb) 
and two odd-numbered HREEs (e.g., Tm and Lu) are generally close to 
each other in fresh igneous rocks. 

- The abundance of Y is in average about 10 times of Er (or Yb) 
and varies within a range of 8 to 12 times. 

- REEs with valence states other than 3+ (like EU 2 + and Ce 4 +) 
show anomalous abundances relative to their neighbouring REEs due to 
the difference between the sizes of different valence ions. This 
can be seen best when the data is chondrite-normalized. 

The averaging is strongly biased towards alkaline or subalkaline rock 
samples (therefore, no average values are calculated to represent the 
average abundance of REEs in igneous rocks) as the alkaline rocks are 
usually the richest and subalkaline rocks the poorest in the REE 
content. 

4.4. SYSTEMATIC VARIATIONS IN THE REE RATIOS: 

The variations wi thin the REE ratios are investigated systematically 
on a large number of samples. Primary basaltic rocks of varying 
alkalini ty and various comagmatic rock series are considered. The 
nearly similar ionic size ratios (La/Ce, ..... , Yb/Lu) were calculat
ed (from the compiled data) for each sample when data was available. 
These pairs represent ratios of nearly identical ionic radii. The La/Nd 
and La/Yb ratios are also included, because these two are commonly 
applied in the literature. The magma type and magma-forming processes 
were recorded for each reference when such information was available. 
The REE abundances in primary basalts show a strong enrichment of 
the LREEs as a function of melt fraction (Kay and Gast, 1973; see 
Fig 4.1); a distinct increase is noted in the values of the above 
ratios (especially in the LREE ratios) paralleling melting from high to 
low amounts. Variations in the slope is verified from primary basalt
ic rock data of other sources such as Sun and Hanson (1975), Sun et 
al..(1979), Schilling (1975) and Paul et al. (1975). The increase in 
the light REE concentration (relative to the heavy REEs) in the 
mel t is usually explained by the relati vely low bulk distri bution 
coefficients of the LREEs compared with those of the HREEs. The REE 
ratios of strongly subalkali basalts show close similarity to the 
ratios of chondrites, the sun and the moon (Table 4.2). Only the 
Sm/Eu (or any ratio employing Eu) of the moon samples differs signif
icantly from the others. 
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FIG. 4.1	 Chondrite-normalized REE patterns of basalts of differing 
alkalinity produced by various amounts of partial melting (F%). 
Redrawn from Kay and Gast, 1913. 
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1, LH-16 potassic basalt (F.0.35) 
2. 0-35 nephelinite (F-0.95) 
3. O-~ alKali basalt (F-2.90) 
l.J. Kohalo tholeiite (F"" not given) 

TABLE 4.2 : The comparison of the REE ratios of sun, chondrites, 
moon samples with those of non-alkali and alkali igneous 
rocks. 

Reference: 1- 2- 3- 4- 5

La/Ce 0.39 0.35 0.36 0.51 .33 
Pr/Nd 0.21 0.20 0.20 0.27 .24 
Sm/Eu 2.69 2.64 2.70 >3.5 7.89 
GdlTb 5.62 5.84 5.50 6.40 5.55 
Dy/Ho 4.55 4.00 4.40 5.00 5.10 
ErlTm 6.55 6.68 ng ng 7.37 
Yb/Lu 6.58 6.40 6.20 6.70 6.84 

Explanation: 
ng~ not given due to lack of data. 
1*: value for sun; from Anders and Ebihara (1982) 
2-: val ue for chondri tes (average of data from Wedepohl (1978); 

Haskin (1968); Kay and Gast (1973); Mason and Melson (1970)) 
3*: non-alkali igneous rocks (this study), 
4*: alkali igneous rocks (this study), 
5-: Apollo 11 Moon samples; from Mason & Melson (1970) 
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The REE ratios of comagmatic rocks deri ved fran the same parental magma 
are shown in Table 4.3 where e xampl es for thol ei i tic, cal c-al kaline 
and alkaline rock series are given separately, citing the reference 
to the source of data. These investigations showed that in each pro
vince the REE ratios remain relatively constant for the same magma 
type and in	 general their values do not exceed the values obtained 
for the partial melting when the rocks involved are fresh. 
The overlap among the ratios of the primary basaltic rocks produced 
by partial melting and the ratios of derivative rocks produced by frac
tional crystallization (when canpared on a similar magma basis) suggests 
a petrogenetic relationship between them. This conclusion agrees with 
the concept of Gittins (1919) that the principal characteristics of the 
magma are acquired by partial melting. Crystal fractionation is a pro
cess that modifies the primary characterteristics imposed by partial 
melting, at	 a sUbsequent period, rather than as the process responsible 
for the primary development of magmas. 

TABLE 4.3	 The REE ratios from various fractionally crystallized 
comagmatic rock series. 

Tholeiitic series: 

Mas uda&Aoki (1978) De Paola&Johnson ( 1979) 
n~5 basal t andesi te daci te 

La/Ce 0.3-0.36 0.33 0.35 0.37 
La/Nd 0.~3 0.~8 0.53 
La/Yb 1.8-3.6 1.82 1.60 1. 8~ 
Yb/Lu 5.8-6.8 

Calc-alkaline series: 

Whitford et a1. (1979) Has ki n&Has ki n (1968) 
basalt bas.andesite andesite cumulates gabbro granoph. 

La/Ce 0.~5 O.~~ 0.~7 0.~5 O.~8 0.~9 
La/Nd 0.83 0.88 1.00 0.66 0.6~ 0.65 
La/Yb 6.08 6.12 6.2~ ~.60 5.~ 5.27 
Yb/Lu 6.08 6.28 6.01 

Alkali series: 

Flower et a1. (1976) Price&Taylor (1980) 
Basalt hawaiite trachy. Basalt Hawaiite Mugear. Trachy 

La/Ce O. ~8 0.~5 0.~8 0.~7 0.~7 0.~5 O. ~7 
La/Nd 0.87 0.88 1. 22 0.96 0.96 1.06 1.1 ~ 

La/Yb 13.15 15.~~ 12.5~ 15.~2 18.76 18.15 20.76 
Yb/Lu 7.22 7.53 7.82 

Zielinski (1975) 
basal t hawaiite mugear. benmor. trachy. 

La/Ce O. ~2 0.~2 0.39 0.~5 O. ~2 

La/Nd 0.73 0.76 0.71 0.83 0.88 
La/Yb 9.50 10.20 9.60 1~.20 1'1.20 
Yb/Lu 6. ~O 7.00 6.50 6.30 6.70 

LeRoex&Erlank (1982) 
hawai i te mugear. benmor. rhyol. 

La/Ce 0.58 0.58 0.61 0.59 
La/Nd 
La/Yb 10.1 10.8 11.7 11.0 
Yb/Lu 8.1 8.0 7. ~ 8.2 
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finally, the REE ratios of known magma types are compiled together 
and their averages are taken. These average values, together with 
corresponding range values, are grouped under three major magma types 
(subalkali, calc-alkali and alkali) and shown in Table 4.4. It appears 
that although the resolution between subalkali and alkali magmas is 
successfully performed, there is considerable overlap between the range 
values of subalkali versus alkali and alkali versus calc-alkali rocks. 
This overlap is distinct especially in the HREE ratios. 

TABLE 4.4	 Various REE ratios (range and average values) grouped 
against major magma types. 

Non- al kal i ne Calc- alkaline Alkaline 
R a n g e Aver. R a n g e Aver. R a n g e Aver. 

La/Ce 0.29-0.44 0.36 0.36-0.50 0.46 0.46-0.60 0.51 
Pr/Nd 0.18-0.22 0.20 0.22-0.26 0.24 0.25-0.28 0.27 
Sm/Eu 2.20.3.20 2.70 2.50-5.00 3.50 ->3.5 >3.50 
GdlTb 5.00-5.90 5.50 .. ns ... ( 6.0) 5.80-7.00 6.40 
Dy/Ho 4.20-4.70 4.40 .. ns ... (4.7) 4.60-5.40 5.00 
ErlTm .......................... ng . ......................... 
Yb/Lu 5.50-7.00 6.20 .. ns ... (6.45) 6.20-7.50 6.70 

La/Nd 0.30-0.60 0.45 0.60-1.00 0.80 1.00-1.50 1. 30 

La/Yb 0.50-4.00 -1.60 3.00-9.00 -6.00 ->7.0 -)7. 

Explanation:	 ns= not distict due to overlap with others.
 
ng= not given due to insufficient data.
 
Parenthesi s indi cates estimated val ues·.
 

The REE ratios of altered sources (for example. Glikson, 1976; 
Dietrich et al., 1977; Munha and Kerrick, 1980) differ singly or 
partly or all together from those given in Table 4.4. This is probably 
due to the selecti ve mobili ty of one component compared to the other 
under newly applied environmental conditions. The primary and 
secondary mobility of the REEs will be discussed later in this chapter. 

Two-component REE Variation Diagrams: 

The variations in the REE ratios can be illustrated by plotting two 
REEs against each other. In general, any combination of two 
REEs can be used as components. However, when the elements with 
nearly identical ionic sizes (such as La-Ce, Pr-Nd, ..• Yb-Lu) are 
used as components, the variations within them are minimized and 
distinct straight (linear) trends (passing through the origin) are 
obtained. In these diagrams, mainly the data representing comagmatic 
series (produced by crystal fractionation) produce linear posi ti ve 
trends passing through the origin. Such rocks are being related 
to a single parental li quid by low pressure crystal fractiona
tion (Barberi et a1., 1975). Variations in the initial composition 
of the parental magma is the main reason for the shift in the slope 
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of the trend. For example, the more alkaline the primary magma compo
sition, the steeper the slope in the La-Ce diagram (La is the y
axis). 
Various two-component REE variation diagrams containing comagmatic 
rock series of differing alkalinity are considered (Fig. 4.2). These 
diagrams also indicate that the data sets belonging to a similar magma 
type plot close to each other and have approximately the same slope 
(trend). 

The compilation of the reference data trends of magmas of differing 
alkalinity for each REE pair in one diagram (Fig. 4.3) produces narrow 
fan-like patterns, radiating from the origin. Such a set of trends 
is called a 'trend zone'. The slope of the trend in each trend zone 
is steepened towards the component with a bigger ionic size as the 
rock becomes more alkaline. The large (and erratic) shift in the 
trend of Sm-Eu diagram is due to the interference of EU 2 + ion. 

The validity of the resultant diagrams (Fig. 4.3) was tested on various 
other fresh igneous rock data and their reliability is verified at 90 % 
confidence limit. 

Present investigation~ also showed that partial melting and fractional 
crystallization are not the only two processes that lead to the frac
tionation in the REE ratios. Primary processes such as volatile trans
fer, crustal contamination, mixing of magmas may also cause a change 
in the REE ratios. However, the REE ratios of rocks formed by such 
processes are usually not uniform throughout the comagmatic series 
within a province. For example, the end products of extremely dif

ferentiated magmatic rocks (such as rhyolites, pantellerites, com
endites or trachytes) may falloff the REE-trend defined by less fel
sic members of the series (see for example Zielinski, 1975 in Fig. 
4.2), This may be explained (besides other possible explanations) by 
the depolymerization of the melt towards the late stages of magmatism 
by increasing vapor and volatile activities. 

The disturbance in the distribution of similar ionic size elements 
is generally more clearly reflected by samples that have suffered 
from post magmatic secondary processes. Such data is usually repre
sented on 2-component REE diagrams in the form of scattered clusters, 
falling in, or partly or totally off the trend zone, or forming linear 
trends but not passing through the origin. Several examples are shown 
in Fig. 4.4. 

4.5. TRIANGULAR REE DIAGRAMS AND THEIR PETROGENETIC SIGNIFICANCE: 

The triangular REE diagrams: 

The REE ratios may be displayed as triangular diagrams and they 
provide valuable petrogenetic information alone or when used together 
with other REE variation diagrams such as two-component and chondrite
normalized diagrams. 
Triangular REE diagrams that make use of components at two ends of the 



FIG. 4.2 The similar ionic size REE variation diagrams. Data from various sources; n=number of 
samples; values in ppm. 
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FIG. 4.3	 Resultant trends for various REE pairs. The direction of 
shift in the slope towards the bigger ionic size component 
is shown with an arrow. 
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FIG. 4.4 Distribution of altered samples on the two-component 
similar ionic REE variation diagrams; values in ppm. 
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Lanthanide Series are advantageous over REE ratios, chondrite-normal
ized and two-component REE variation diagrams on the following aspects: 

- no need for normalization by a chondri tic value, 
- instead of one element-to-element ratio, three interelemental 

ratios are considered, 
- the variations are shown as a trend, and 
- petrogenetic significance of the REEs is numerically expressed. 

It should, however, be stated that the triangular REE diagrams are
 
not overwhelmingly advantageous over the chondrite-normalized dia

grams as they are limi ted only to three components.
 
Although any three combination of REEs can be chosen as components
 
in order to plot a triangular REE diagram, in this stUdy, the use of
 
La-Ce-Yb or La-Ce-Y diagrams is suggested, because:
 
a. the analytical methods for these elements produce reliable data, 
b. provide a combined relationship between light and heavy REEs, and 
c. remove the variations that might be introduced by the fractionation 
of MREEs. 
The La-Ce-Y diagram provides the most distinct, continuous trend (Fig. 
4.5) nearly covering the triangle from the top corner (Y) to the 
base (La and Ce) when a sufficient number of samples is used. These 
trends are named after the component located at the top of the tri 
angle, namely, Y-trend for La-Ce-Y (or Yb-trend for the La-Ce-Yb 
diagram or, in general, REE-trend). The component at the top of the 
triangle (usually the HREE) is wri tten last when referred to that 
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FIG. 4.5 The triangular La-Ce-Y variation diagram and its Y-trend 
from fresh and altered igneous rocks. Number of samples=816 
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particular diagram. A val ue along tne Y-trend is named af;; "relati ve 
percent yttrium value", the "RPY value", and numerically expressed 
as follows: 

RPY = 100Y / (La+Ce+ Y) (1) 

The use of La-Ce-Yb is favored because neutron acti vation analysis 
commonly does not supply yttrium data. However, the La-Ce-Yb diagram 
also raises a problem because the data tend to plot in the lower half 
of the triangle. Such a poor resolution, which is due to the enrich
ment of La and Ce in the melt more rapidly than the abundance of Yb, 
makes the distinction among different magma types relati vely diffi
cult. In order to overcome this problem, a multiplication factor 
(designated with a symbol "*") is introduced to the value of Yb. 
Since the REEs (and y) are related to each other in fixed propor
tions, the use of such a factor is permissible. In the first approxi
mation, a factor of 10 is found as a reasonable value which brings 
the absol ute abundance of Yb to the level of yttri um. However, 
it is acknowledged that in order to produce a better match between 
the distri bution of data points along Y- and Yb-trends, the mul tip
lication factor should take into account the relative variation of 
Y and Yb during the course of igneous rock evol ution. Re-examination 
of the compiled li terature data shows that Y and Yb abundances are 
related to each other linearly ranging between Y=8Yb in strongly 
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depleted rocks (e.g., N-MJRB) and Y=12Yb in strongly alkaline rocks 
(e.g., kimberlites). Since the calculations show that in igneous 
rocks the RPYb values change between about 0 and 30 percent, the 
factor "*,, can be estimated from the following straight line equation: 

factor (*) = m. RPYb + 12 •........•.••.•......•... (2)
 

where the slope m is (8-12)/30. This factor is then multiplied wi th 
the gi ven Yb value and used in the calculation, as in equation (1), of 
RPYb* values. The application of such a procedure produces a relatively 
good duplicate of the RPY values (Fig. 4.6). The apparent disadvantage 
of introducing a multiplication factor is the increased possibility of 
exaggeration of sample preparation and anal yti cal errors in the data. 
Nevertheless, reasonably high analytical sensitivity of Yb reduces such 
errors to acceptable levels. 
The triangular diagram of (only) La-Ce-Y type was applied before by 
Thorpe (1972) and Ferrata et al. (1976) to classify basaltic rocks· 
into one of the major tectonic settings. Application of triangular 
REE diagrams in distinguishing magma types, as introduced in this 
thesis, has not been reported earlier. 

Petrogenetic significance of the REE trends: 

Along the REE-trend, the rocks are arranged in order of increasing 
alkalinity (from the top of the triangle to the bottom, and the 
trend represents the complete evolvement of the igneous rocks and 
stands for a line of alkali enrichment. 
Such an arrangement is due to the change in the amount of melting andl 
or in the ratio of heavy to light REE retaining mineral phases in the 
source region. The LREE components used in the construction of tri 
angular diagrams are for example strongly partitioned by clinopyroxene 
and HREES by garnet. As noted by Masuda (1968), garnet enriches HREEs 
by factor of 10-50 over clinopyroxene, but is deficient in LREEs by 
about the same amount. This can also be seen from their distribution 
coefficients. The other two major mantle phases, olivine and orthopy
roxene have lower concentrations of REEs than coexisting garnet and 
clinopyroxene (Philpotts et al. 1972) and they don't have a significant 
effect on the REE content of melt. 
Values for the REE distribution coefficients between basalt and amphi
bole, and basalt and mica are similar to the clinopyroxene values 
(Kay and Gast, 1973). For the REEs, the stability of small amounts 
of amphibole and mica in equilibrium with the melt has little effect 
on the melt composition (op.cit.). 
Once the melt is produced and crystallization starts the REEs, which 
are generally classified as large-ion-size lithophile elements, are 
systematically excluded from the lattices of the crystallizing 
minerals. I t is then the condi tions of crystalli zation (differenti a
tion) that exerts control upon the distribution of the REEs in the melt. 

As it would be expected from the results of investigations on REE 
ratios, the unmodified igneous rocks belonging to the same comagmatic 
series plot close to each other along the REE-trend, therefore, 

http:�........�.��.�......�
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FIG. 4.6	 The triangular La-Ce-Yb* variation diagram and its 
Yb* trend. (A) The MODEL trend defined only from fresh 
igneous rocks of known magma type (no. of samples=305) 
(B)	 The plot of all data, including altered samples 

(n=1501 sampl es) • 
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leaving the partial melting as the main control on the distribution 
of sample points along the REE-trend. 
The level of alkalinity of the melt can be expressed quantitatively 
(see chapter 4.7) in terms of the RPYb* value which can be used as an 
index of alkalinity. 



89 

4.6.	 MODIFICATION OF THE REE COHERENCE BY PRIMARY AND SECONDARY 
MEANS: 

A. Modification of the REE distribution by late primary magmatic 

processes: 

During later stages of cooling and crystallization a volatile-rich 
phase (as silicate or aqueous liquid or supercritical fluid, alkaline 
or acidic in character) may form, which in turn may seriously affect the 
REE composi tion of the melt partl y or completely. The possi bili t Y of 
partitioning REEs into a volatile phase during crystallization is shown 
experimentally by Flynn and Burnham (1978) who observed a strong parti 
tion of all REEs into either a F or Cl volatile phase, wi th respect to 
a silicate melt. 
Expulsion of alkali-rich volatiles from the system during eruption or 
late magmati c pneumatolytic, hydrothermal and pegmati ti c phases may 
modify the effects of solid/liquid equilibria and a sharp enrichment or 
depletion in the REEs may take place (Scael and Weaver, 1971). Under
saturated melts (especially when peralkaline), which provide the best 
examples, contain high concentrations of alkalis and volatiles and 
have typically disturbed REE abundances. According to Larsen (1979) 
enrichment in alkalis and volatiles depolymerizes the melt and changes 
the solid/liquid distribution coefficients of the REEs to unknown 
levels. Taylor and Fryer (1980) compared the REE dat a of fr esh granodi 0

rite porphyry from Bakircay porphyry-copper prospect (Turkey) to the REE 
data of hydrothermally altered similar rocks. In Bakircay, in the early 
stages of high temperature potassic alteration, the K2 0 and LREE 
contents are increased whereas the HREE contents decreased. The decrease 
in the HREE content is related to the destruction of REE accomodating 
octahedral cation sites in amphibole as evidenced from a decreasing 
MgC content. Further continuation of such late magmatic alterations 
causes progressi ve leaching of the REEs although during propyli ti c 
alteration, the formation of calcite, epidote and apatite cause enrich
ment of intermediate and heavy REEs. The onset of phyllic alteration 
continues the REE leaching and destruction of all maj or cation si tes. 
The irregulari ties imposed on the abundance of the REEs are reflected 
in the correlation coeffi cients where especially the correlations be
tween heavy and light REEs are deteriorated (Table 4.5). 

TABLE 4 . .5	 Poor correlations among light and heavy REEs in hydro

thermally altered granodiorite porphyries from Bakircay
 
(Turkey). Data from Taylor and Freyer (1980). No. of .
 
samples 17; Confidence level at 99% = 0.558.
 

La 1.0 
Ce 0.98 1.0 
Sm 0.81 0.88 1.0 
Eu 0.79 0.74 0.76 1.0 
Gd 0.62 0.73 0.93 0.59 1.0 
Dy 0.34 0.44 0.55 0.09 0.68 1.0 
Yb 0.21 0.30 0.35 0.22 0.46 0.46 1.0 

La Ce Sm Eu Gd Dy Yb 
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Vidal et al. (1982) have shown that the bulk REE contents of leuco
granites are lower than the usual granitic rocks and related this to 
strong hydrothermal activity during their emplacement as evidenced 
from widespread pegmatite and aplite dikes in the region. According 
to them the amount of REEs will be lowered by solutions during pro
longed circulation throughout the granitic melt of the late to post 
magmatic fluids. 

The REEs possess relatively low/intermediate ionic potentials (cation 
charge/ionic radius) ranging from 2.64 to 3.48 (Ringwood, 1955), so 
that they occur generally as free ions occupying holes in SiO~
tetrahedra. However, in case of volatile- (F-, OH-, Cl-), carbonate-, 
and alkali-rich magmas, the REEs may form complexes with such anions. 
F-, Cl-, and OH- break the Si-O bonds, depolymerize the melt and dec
rease the viscosity (Burnham, 1979) since they occupy similar struc
tural positions in the melt to oxygen. The high affinity of REE3+ ions 
for F-, OH- etc., is the main reason for compl ex formation. Such 
complexes are usually concentrated in residual magmas since they are 
not accepted in silicate minerals due to their low charge and large 
large size (Ringwood, 1955). 
Owing to the successive decrease of the ionic radius and the corres
ponding increase of ionic potential, the basicity of the REEs dec
reases from La to Lu and the pH at which incipient precipitation 
of REE-oxides occurs is 7.8 for La and 6.3 for Lu (Vlasov, 1966). 
This suggests that when the REE-retaining lattice sites are broken 
down, the LREEs will be mobilized by acidic and the HREEs by alkaline 
solutions (Kalita, 1959) under late or post magmatic environmental 
conditions. The remobilized REEs will be transported as F-, Cl-, 
HC0 3-, C0 3--, SO,--, HSO,- complex ions. 
According to Kosterin (1959), the HREEs form much stronger complexes 
with carbonate and sulphate anions than the LREEs and would dominate 
the late magmatic stages. 
A strong enrichment in K2 0 in the liquid causes preferential crystal
lization of LREE-retaining mineral phases compared to the HREEs 
(Pavlenko et al., 1959) since the mobility of the LREEs is sharply 
reduced by an increasing potassium content. 
Precipitation of rare-earth mineral phases leaves the melt richer in 
the HREEs. Such LREE-poor solutions in the form of silicate or aqueous 
liquids or supercritical flUids, then, precipitate mostly as pegmatite 
and aplite dikes. This is illustrated in Fig. 4.7 where the chondrite
normalized REE patterns of Seawater Wash grani te (California) 
and its aplite and pegmatite dikes are illustrated (data from Mit
telfehldt and Miller, 1983). In this figure, a sharp decrease in the 
La and Ce, and a small increase in Yb and Lu contents of aplite and 
pegmatite should be noted in relation to the main intrusive body. 
A plot of "reversed" late magmatic differentiates together wi th the 
main intrusive rocks on a chondrite-normalized diagram (see Fig. 4.7) 
exhibits cross cutting patterns. It should be noted, however, that a 
cross-cutting pattern relationship could be the result of many other 
primary and/or secondary processes. For example, the cross-cutting 
REE patterns from the mid-ocean ridge basalts are explained (Langmuir, 
et al., 1977) by dynamic melting of a homogenous mantle source. 
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FIG. 4.7 Cross-cutting pattern relationship between Seawater Granite 
(California) and associated aplite and pegmatite (redrawn 
from Mittlefehldt and Miller, 1983). 
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B. Secondary modification of the REE abundances and its implications: 

Hot seawater-basalt interaction: 
Deep penetration of hot seawater into basalt enriches the basaltic rocks 
in alkali metals and LREEs while the distribution of intermediate and 
heavy REEs shows large irregularities (Munha and Kerrick, 1980). This 
is related to the changes in the alkalinity of the seawater from an 
oxidizing slightly alkaline solution to a reducing slightly acidic 
sol ution. 
Hellman and Henderson (1977) showed from analyses of a variably 
altered tholeiite flow that spilitization may affect the REE 
abundances and their chondrite-normalized patterns. They noted 
a marked increase in the concentration of REEs with spilitization. 

The enrichment of LREEs may also have been caused by the processes lead
ing to superficial K2 0 uptake such as conversion of basaltic glass to 
palagoni te (Frey et al., 1974). The devi trification of glass in rhyo
litic rocks contributes to such erratic distributions. 
The secondary formation of some minerals, and adsorption of REEs on 
clay, chlorite or mica may be responsible for the REE enrichment under 
under certain secondary environmental conditions (Hellman et al., 1977). 
REE depletion, on the other hand, could be related to processes like 
hydrothermal leaching, phase dilution (i.e., veining and filling of 
the voids and vugs of rocks by secondary minerals such as calcite, 
aragonite, chalcedony, zeolite etc.), and volume increase (op. cit.). 

The REE abundances and metamorphism: 
The effect of regional metamorphism is not clearly understood, 
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although in most cases, REEs retain their original (unmetamorphosed)
 
abundances (Makrygina et al., 1980). It is generally agreed that the
 
introduction of REE-barren secondary minerals (calcite, quartz, albite,
 
etc.) in the form of veinlets or impregnations and their admission into
 
the analysed samples have a dilution effect on the bulk rock REE abun

dances (Hellman et al., 1979).
 
Makrygina et al. (1980) systematically investigated the behavior of
 
the REEs during moderate-pressure metamorphism and granitization.
 
According to them progressive metamorphism of pelites, siltstones
 

and graywackes at moderate pressures (greenschist and amphibolite 
facies) left the REE levels in most rocks largely unchanged. Ana
tectic granitization ,on the other hand, resulted in enricn~ent of 
the melt in the LREEs. It is believed (based on the work of Makry
gina et al., 1980) that metamorphism which did not involve a hyd
rous fluid transportation and element diffusion any further than 
microscopic scale, will not impose a significant disturbance on the 
primary REE distribution. 

C. The selective mobility of the REEs: 

A single elemental anomaly (or selective anomaly) is a term that 
indicates deviation of one element from the general trend. The best 
example is the Eu anomaly which can be in the form of negative or 
positive deviations from the general trend. 
Besides Eu, also Ce and Yb anomalies are reported in literature 
(Jakes and Gill (1970); Taylor et al., (1969); Gill (1970); Menzies 
et al., (1977); Menzies and Seyfierd (1979); Heming and Rankin 
(1979); Dixon and Batiza (1979»). These anomalies, in most cases, 
are the result of changes in the oxidation states in relation to 
to the changing environmental conditions although samples that 
show such anomalies should be examined first for possible analytic
al errors. Menzies and Seyfierd (1979) reported negative Ce anomalies 
from the basic rocks of the Troodos Massif, Cyprus and elsewhere and 
stated that basalts exposed to low temperature alteration or retro
grade reactions would show mobilization of the LREEs and form 
negative Ce anomalies. The oxidation of Ce 3 + to Ce-+ under deep
seated magmatic conditions is a comparatively rare phenomenon 
which occurs only in highly oxidizing and alkaline surface/sub
surface conditions (Vlasov, 1966). 
The occurrence of a (-) Ce anomal y is in some cases (Laajoki, 1975) 
attributed to a re-equilibration by seawater. The seawater is charac
teristically depleted in Ce when compared with the other neighbour
ing REEs. This is due to the preferential adsorption of the quadri
valent Ce ions by manganese nodules (Fryer, 1977). 
Natural material in contact with hydrous Fe- or Mn-oxides is also 
depleted in Ce (Fleischer and Altschuler, 1969) under oxidizing 
environmental conditions. 
Robertson and Fleet (1976) reported positive Yb anomalies from the 
Troodos massif. According to Hellman et al. (1979) these Yb anoma
ies are not due to analytical error but the result of a poorly 
understood metasomatic process. 
The Yb 2+ valence state may be reached under primary or secondary 
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environmental conditions if a large reduction potential is available 
(Haskin et al., 1968). 
Negative Eu anomalies may be primary or secondary in origin and are 
well documented in literature. A primary Eu anomaly is caused by 
fractionation of plagioclase under low f0 2 conditions (Kyle and Rankin, 
1976; Drake, 1975). The divalent Eu ions fit better into the crystal 
lattice of the plagioclase and depletes the melt anomalously rela
tive to the other REEs (Hanson, 1978). 
According to Coish et al. (1972), a negative Eu anomaly may also have 
a secondary origin and occurs usually with anomalously low CaO in 
the Betts Cove basic volcanic rocks in New Foundland. Such an as
sociation is explained by the mutual mobilization of Ca and the REEs 
from the basic volcanic rocks during secondary albitization of the 
plagiocl ase phenocrysts. 

4.7.	 THE ALLOCATION OF IGNEOUS ROCKS INTO ONE OF THE MAJOR 
MAGMA TYPES (alkalic, calc-alkalic, sub-alkalic etc.) 
USING REEs. 

The composition of magmas is commonly expressed in terms of alkali 
silica, alkali-alumina, alkali-iron-magnesium (etc.) contents 
where alkalis-*1- are the undiscardable component. The importance 
of alkalis in any classification of igneous rocks is due to the 
better concentration of alkali elements (esp. K2 0) in the liquid 
phase as opposed to other major elements. This is as a result 
of their larger ionic sizes. Earlier investigations (Taylor and 
McLennen, 1981; Cox et al., 1979; Shachleton, 1973) have shown quite 
clearly that there is a general increase of K2 0 during the evolu
tion of the igneous rocks from basic, intermediate to acidic. 
Numerous indices and variation diagrams based on chemical composi
tion and norm calculations are employed in order to establish the 
composition of magmas and to discriminate between different series. 

Superiority of REEs in distinguishing major magma types: 

In this study the REE ratios and triangular REE diagrams are proposed 
in place of major and other trace elements in order to identify 
the magma type. The reasons for selecting REEs instead of alkalis 
(and other elements such as Ti, P, Zr) are as follows: 

1.	 The REEs concentrate better in the liquid phase than the major 
elements: 

a. Relatively larger ionic sizes: 
The REEs ranging in ionic size from La=1 .20 to Lu=0.90 are considered 
as incompatible (the light REEs) and slightly compatible (the heavy 
REEs) and like all other large-size lithophile elements they are 
excluded from the lattices of the minerals crystallizing in a magma 

-*1- in applying alkalis (or alkali or alkalic) no connotation 
of hydrogen or hydroxyl ion concentration is made. The term in 
its general usage impli es onl y the oxi de content (wei ght per cent) 
of major alkali elements especially the K2 0. 
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so that they become concentrated in the melt. 
b. Bond character:
 
The more covalent character of the RE-O bonds compared wi th major

element-O bonds is the other reason for their preferential concentra

tion in the melts. This can be seen when their electronegativities
 
are compared; the trivalent REEs (E.N=1.05-1.20) are more covalent
 
than alkali ions, K+ (E.N=0.8) and Na+ (E.N=0.9) ,and Ca2+ (E.N=1.0)
 
and form far weaker bonds in the crystals.
 
c. Complex formation:
 
In addition to eXisting as free ions, the REEs form REE-complex

es under alkali and volatile rich environments. Such complexes
 
also concentrate in the residual melts due to their larger sizes.
 

2. The abundance of REEs in the melt is much lower than 
the major elements: 

Due to their relatively low abundances throughout the magmatic 
evolution, the stabilization of REEs in the form of independent 
mineral phases is relati vely late and mostly not reached before 
the very late magmatic (hydrothermal and pneumatolytic) stages and 
requires also strongly alkali and volatile rich conditions. 

Identification of Magma Type using Chondrite-normalized Diagrams 

and REE ratios: 

The steepness of the slope of the chondrite-normalized REE patterns 
provides a qualitative measure of alkalinity of a rock. The steeper the 
(negative) slope on these diagrams, the more alkaline the magma type. 
The level of alkalinity can be estimated quantitatively by calculating 
appropriate REE ratios (especially using those with similar ionic sizes) 
and comparing them against the model values given earlier in Table 4.4. 
In this way. samples from an unknown magma type can be allocated to one 
of the major magma types (subalkaline, calc-alkaline, alkaline) if all 
(or most) of their REE ratios fall within the given range values. 

Classification Using the Model Yb* Trend: 

The RPYb* -*1- values and the Yb* trend of a model La-Ce-Yb* diagram 
may also be used to classify sampl es from unknown magma types into 
one of the major magma types. For that purpose, first a model Yb* 
trend is generated from 23 references (about 300 samples) with known 
magma types. The plot of some of the reference data on the La-Ce-Yb* 
diagram is shown in Fig. 4.8. The magma types assumed for each 
reference is based on the reports of the authors of the articles and 
covers the whole range of major magma types. In the second place, 
the reference data is compiled in one diagram and based entirely 

-*1- The RPYb* is calculated from the following relationship: 

RPYb* = F(Yb*)% = 100Yb* I (La+Ce+Yb*) 

where Yb* = Yb((-4/30).RPYb + 12} 
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Fig. 4. 8 Reference data used in the design of the model Yb* trend. 
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(cont'd) 
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(cant'd) 

Yb" Yb"	 Yb" 

Yb"	 Yb" 

1. Puchelt and Emmermann (1983): tholeiitic basalt 
2. Thompson et al. (1974): depleted N-MORB 
3. Schilling (1975): partial melting of spinel lherzolite 
4. Wedepohl (ed.) 1978): MORB 
5. Srivastava et al. (1977): N-MORB 
6. Hawksworth et al. (1977): tholeiite 
7. Barsdell et al. (1982): partial melting 
8.	 Lopez-Escobar et al. (1981): 5-10% partial melting of garnet-free 

peridotite followed by fractionation of olivine and clino
pyroxene 

9. Kay	 and Hubbard (1978): various degrees of melting 
10. Bence et al. (1977): various degrees of partial melting 
11.	 Baitis and Lindstrom (1980): basalt--rhyolite sequence; fractional 

crystallization 
12.	 Helme and Haskin (1973): calc-alkaline series; fractional crystal

lization 
13.	 Barberi et al. (1975): basalt--pantellerite series; transitional, 

mildly alkalic; fractional crystallization 
14.	 Riou et al. (1981): undersaturated, alkaline, calc-alkaline, and 

shoshonitic series; various degrees of partial melting of an 
enriched upper mantle 

15. Whitford et al. (1979): various degrees of melting 
16.	 Zielinski (1975): olivine basalt--hawaiite--trachyte series; frac

tional crystallization 
17.	 Price and Taylor (1980): Intracrustal melting (?) and fractional 

crystallization 
18. Manetti et al. (1979): high-K calc-alkaline and shoshonitic 
19. Frey et al. (1978): various degrees of partial melting 
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20. Civetta et al. (1981): potassic alkaline 
21.	 Vaniman (1982): alkaline; partial melting of enriched mantle and 

fractional crystallization 
22.	 Sun and Hanson (1976): partial melting of a heterogeneous mantle 

source 
23. Flower et al. (1976): alkali series; fractional crystallization 
24. Chauvel and Jahn (1984): partial melting 
25.	 Wass and Roger (1980): partial melting of amphibole- and apatite-

bearing garnet lherzolite 
26. Kay	 and Gast (1973): various degrees of partial melting 
27. Ehrenberg (1982): minettes; alkali- ultra-alkali rocks 
28. Mitchell and Brunfelt (1975): partial melting 
29.	 Paul et al. (1975): kimberlites; partial melting of a hydrous 

garnet peridotite 

on visual approximation, the model boundaries between each magma 
type is	 inferred and shown diagramatically in Fig. 4.6. The values 
at each	 boundary is read in terms of RPYb* values as follows: 

Subalkali
 
----------- RPYb* - 63 ------------ 


Low-K Calc-alkali
 
RPYb* - 58 ---------- 

Cal c- al kali
 
RPYb* - 33 - 

High-K Calc-alkali
 
----------- RPYb* - 24 ------------ 


Alkali
 
----------- RPYb* - 8 ------------ 


Ultra-alkali and Peralkali
 

The validity of the model boundaries is tested against another 150 
fresh samples with known magma types as well as the boundary 
values-*1- based on Si0 2 /K 2 0 ratio given by Ewart (1982). These 
examinations have shown that 85% of the test data classified with 
the correct magma type. 

Success	 of the classification that makes use of the REE data is 
bound to the freshness of the samples; samples which have suffered 
from late- or post-magmatic chemical modifications may probably lead 
to wrong classifications. The location of samples with altered or 
modified values would deviate from their real position along the Yb* 
trend. A superficial enrichment in the Yb abundance will erronously 

-*1- The boundar y val ues for major magma types after Ewart (1982): 
Si0 2 /K 2 0: >65 potassi urn low 

II II 65-30 cal c- al kali 
30-18 highly potassic 

II II <18	 shoshonitic 
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displace the sample location along the Yb* trend towards the Yb* 
corner. Modifications in La and/or Ce values would cause a lateral 
spread or scatter of the data points. Therefore, the freshness of 
the samples must be established either by examining the coherence 
of each similar ionic size REE pairs or by employing other independent 
means (such as petrography and chemical data other than the REEs). 



100 

CHAPTER 5. THE REE GEOCHEMISTRY OF THE AVNIK METAVOLCANICS 

5.1. VARIATIONS IN THE REE ABUNDANCES 

B. Variations in the Absolute Abundances: 

The total REE-*l- content of the Avnik metavolcanics ranges between 
10 to 613 ppm. Such a wide range is mainly due to (a) the presence 
of various rock types ranging in composition from meta-basalt to 
meta-rhyolite and meta-trachyte, and (b) leaching and redeposition. 
The REE data of 43 metavolcanic rock samples is classified into two 
groups based on presence or absence of metasomatic alteration; (I) 
Relatively "fresh" metavolcanics and (II) Metasomatically/hydro
thermally altered metavolcanics-*2-. 
1. ReI ati vel y "fresh" metavol cani cs, whi ch i ncl ude metamorphosed
 
volcanic rocks range in composition from meta-rhyolite (sequence
 
number 1-2) meta-trachyte (3), meta-andesite (4) to meta-basalt (5)-

see Appendix 3.
 
The altered rock group (Group II) data is further classified into 3
 
SUb-groups according to the rock type:
 

a. Metasomatically altered (to varying degrees) basic metavolcanic 
and Mafic Schist samples from inner and transition zones of alteration 
(strongly mineralized basic rocks are excluded). 

b. Extremely bleached metavolcanic rocks from the inner zone of 
al terati on. 

c. Metasomatically altered (to varying degrees) felsic metavolcanics 
of various compositions (andesite, dacite to rhyolite/trachyte). 

The range (and average) values of REEs in each group are shown in the 
form of bar diagrams (Fig. 5.1) from which the following is deduced: 

a. Among the relatively "fresh" sample groups, basic metavolcanic 
(S-127A) contains the lowest amount of REEs when compared to the felsic 
group (I) except Eu. 

b. While the averaged REE abundances decrease from "fresh" felsi c to 
extremely altered felsic, such abundances sharply increase from "fresh" 
basic to altered basic (see also Table 5.1). This suggests that the 
REEs lost by the felsic metavolcanics are gained by the basic. 

c. When the average abundances of the altered sample groups are 
compared the follOWing observations are made: 

i) the extremely bleached rock group (lIb) has the lowest rare
earth abundances, and 

ii) altered felsic and basic metavolcanic rock groups have 
very close rare-earth abundances. This may indicate that felsic and 
basic metavolcanics may have suffered from the same metasomatic altera
tion. The relatively low REE abundances of the extremely bleached rocks 
are related to the mineralogic constitution of these rocks where quartz 
and albite constitute up to about 95 percent of these rocks. These 

-*1- includes La, Ce, Sm, Eu, Tb, Yb and Lu.
 
-*2- It should be re-noted that samples of both groups have also suf

fered from regional metamorphism. 
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FIG. 5.1	 Range and average REE values (ppm) of each metavolcanic rock 

group. 
1. Relatively "fresh" felsic metavolcanics 

II. Metasomatically/hydrothermally altered rocks: 
a. Altered basic metavolcanics 
b. Extremely bleached metavolcanics 
c. Altered felsic metavolcanics . 

• -S-127A relatively "fresh" basic metavolcanic rock; "o"~Meta

granite (S-150); += "Avnik Granite" of Helvaci (1984); 
~= Yayla Meta-granite. 
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minerals retain only negligable amounts of REEs. 
The similarity among the average abundances of altered basic and felsic 
metavolcanics suggests that the REEs are mobilized from the rhyolitic/ 
trachytic groundmass (as well as from apatite of the ore layers) and 
are fixed in the calc silicate minerals such as epidote, allanite, 
sphene and amphiboles of the basic metavolcanics. 
It can be concluded that the fresher the rock (so that the glassy 
groundmass and original minerals are preserved), the higher the REE 
abundances, especially in the felsic metavolcanics. It is believed that 
the devitrification of the glassy matrix from felsic volcanics has 
released substantial amounts of REEs into the intergranular pore solu
tion (Fisher and Schmincke, 1984) which are redistributed during the 
migration of metasomatic/hydrothermal fluid. 

d. The Eu abundances of altered samples (excluding the extremely 
bleached sample group) are higher than those of the relati vely "fresh" 
rocks. This shows that with close to surface alteration, the Eu defi
ciency is erased near the surface of the earth where Eu regains its 
trivalent state and mobilizes like the rest of the trivalent REEs. 
In Fig. 5.1, the REE average abundances of seven "Avnik Granitoid" 
(samples from Helvaci and Griffin, 1983b) and two coarse Meta-granite 
samples (S-150 from the study area and YG-1 from Yayla) are also shown 
(marked wi th symbols "H", "0" and "Y", respecti vely). The variations in 
their abundances show clearly that: 

i) the Avnik and Yayla Meta-granites have similar REE abundances, 
ii) Helvaci and Griffin's "Avnik Granitoid" (or "Avnik Granite") 

is distinctly different in average REE abundances from both the (true) 
Avni k or Yayla Meta-grani tes. 

B. Variations in the REE abundances against major and other trace 

elements: 

The variations in the average abundances of major, trace and rare-earth 
elements are compared against each other (Table 5.1.) and the following 
is deduced: 

a. A loss in the REE abundances with increasing intensity of meta
somatic alteration in the felsic metavolcanics is accompanied by a 
parallel loss in Sc, Hf, Sr, Ba, Zr, Ti, Fe, Mn, Mg, Ca, K and P. It 
appears that small amounts of Na, Si and Cr were gained by the bleached 
rock group and Al and Th remained generally the same. 

b. The small gain in Cr by the bleached rock group may indicate the 
presence of relict basic metavolcanics among the averaged samples (for 
example S-129), rather than a geochemical gain, if Cr is assumed im
mobile under given metasomatic and metamorphic conditions. 

c. In altered and "fresh" felsic, as well as in altered and "fresh" 
basic rock groups, the abundance of Al 0 remains essentially the same;z 3 
indicating a strong immobility under metamorphic and metasomatic condi
tions. 

d. The averaged major element abundances of altered (lIe) and rela
tively "fresh" felsic (I) rock groups are highly similar, although their 
trace element composition (including REEs) differ significantly, there
fore, the metasomatic redistribution is reflected better by the trace 
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TABLE 5.1 : The average abundances of major and trace elements in rela
tively "fresh" and altered metavolcanic rock groups of Avnik 
(see Appendix 3 for group names and number of samples in each 
group) . 

Group 1-* Group IIa Group II c Group IIb 
ppm 

Y 65.5 41.54 59.68 31.5 
La 86.48 44.48 49.19 14.75 
Ce 148.74 87.71 101.37 34.04 
Sm 10.62 9.37 10.68 4.43 
Eu 1.06 2.15 1. 75 0.64 
Tb 1.57 1. 51 1.68 0.82 
Yb 6.67 4.69 5.62 3.54 
Lu 1.13 0.85 6.99 0.68 

Sc 10.39 28.88 11.62 5.97 
Cr 98.01 140.21 137.06 152.00 
Hf 16.01 8.54 '10.82 7.78 
Th 20.64 9.50 18.49 19.24 
Rb 125. 25.5 69.3 4.88 
Sr 75.25 109.5 223.3 61.75 
Ba 260. 237.1 279.6 34.75 
Zr 590. 266.4 379.6 259.38 

wt.% 
Si02 67.56 52.68 65.98 72.96 
Ti02 0.48 1.59 0.66 0·33 

A1203 13.30 14.77 13.79 13.71 
Fe203t. 5.55 12.54 4.57 2.60 

MnO 0.07 0.10 0.05 0.02 
MgO 1.23 4.69 1.21 0.32 
CaO 2.13 4.34 2.12 1.12 

Na20 2.87 4.82 5.05 7.61 
K20 5.66 1.14 3.76 0.22 

P205 0.06 0.48 0.15 0.06 

-*- excl udi ng the basic metavolcanic sample S-127A. 

element variations. 

C. Vari ations in the REE ratios: 

The variations in the rare-earth ratios and their relation to the apa
tite (wt.%) content, and the sum of alkalies (K 2 0+Na2 0) are shown for 
each rock group in Table 5.2. The following is deduced by comparing the 
average values of each group: 

a. Among felsic rocks, all the REE ratios given in Table 5.2 de
crease orderly from fresh, altered to extremely altered metavolcanics. 
Such a decrease is less clear in the ratios of heavy REEs (Yb/Lu). 

b. The REE ratios follow an opposite trend in the basic metavolcanics 
and increase from fresh to al tered metavolcani cs. 

c. The REE ratios of altered felsic and basic metavolcanics are 
strikingly similar which supports the view that they both suffered from 
the same metasomatic alteration at equal intensities; the REEs released 
from the felsic metavolcanics are picked up by the basic metavolcanics. 

d. Apatite is the major REE-retaining mineral phase in the Avnik 
metavolcanics. On average, the amount of apatite (wt.%) increases sharp
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TABLE 5.2 The REE ratios. apatite content (wt.%) and the sum of 
al kalis in metavolcanic rock groups (see Appendix 3 for 
the group names) . 

GROUP I: 
Sample No: La/Ce Sm/Eu La/Yb Yb/Lu La/Sm Apat. $ Na20+K20$ 

s-67 0.55 10.38 11. I 7 5.82 7.09 0.05 10.02 
S-84 0.57 8.33 6.98 5.62 6.32 0.07 8.47 

S-102 0.59 12.44 15.98 6. 11 8.93 0.12 11.58 
S-119A 0.63 4.02 14.46 5.27 9.33 0.29 4.06 

Average: 0.59 8.79 12. I 5 5.71 7.92 0.13 8.53 

S-127A 0.44 2.73 2.75 5.80 1. 95 0.50 4.30 

GROUP IIa: 
12 0.57 4.56 25.96 5.08 7.91 1. I 7 5.01 

PUTYAN 0.36 3.76 2.16 5.81 2.23 0.37 5.88 
S-120 O. qO 4.64 7.10 4.61 3. I 8 1. 93 4.63 
S-145 0.34 5.80 2.52 5.92 1.50 1. 49 3.96 
S-161 0.37 5.14 3.49 5.50 1. 94 1. 13 6.34 
S-199 0.51 6.03 32.75 5.80 6.39 0.93 4.27 
W-21 A 0.49 3.42 1.77 5.37 1. 74 0.64 6. I 2 

AG-l 0.52 3.75 3.80 5.61 2.82 0.05 3.87 
15 

KM14/58.85 
0.42 
0.50 

3.43 
4. I 6 

6.31 
4.86 

6.27 
4.88 

2.92 
7.42 

0.83 
1.42 

7.1 q 
8.09 

H7/40.05 0.54 4.61 6.80 5.49 4.59 1.66 7.05 
S-89 0.51 4.50 7.15 5.77 4.17 1. 39 7.01 

13 0.54 3.92 14.35 5.49 6.84 1. 52 7. 99 
T-2 0.57 2.86 26.57 6.57 7.22 1. 83 5.39 

Average: 0.47 4.48 10.34 5.58 4.06 1.17 5.96 

GROUP IIb: 
S-49 0.34 6.77 5.22 4.95 2.79 0.02 6.95 

S-129 0.26 8.08 0.72 5.35 0.68 0.02 7.95 
S-166 0.54 8.75 2.08 3.93 4.58 0.46 8.01 

MR-1 0.42 7.12 7.39 6.05 3.59 0·34 8.42 
D-16 0.55 7.37 3. I 0 6.09 3.63 0.07 8.04 

H7/14.90. 0.35 8.64 4.40 6.51 2.60 0.02 8.03 
KM16/155.20 0.50 6.20 7.42 5.26 4.73 0.27 7.04 

S-160 0.53 3.44 3.25 3.71 4.97 0.02 8.17 

Average: 0.44 6.66 4.30 5.23 3.44 O. I 5 7.83 

GROUP IIe: 
S-96 0.58 12.57 25.62 5. I 3 8.74 0.02 7.30 
MR-l 0.43 7.00 7.38 6. 18 3.59 0.34 8.42 

H3/44.20 0.56 4.45 13.59 4.06 6.11 0.98 8.73 
KM261215.25 0.36 9.21 3.85 6.12 2.38 0.17 7.54 

H-24 0.51 4.73 8.96 5.91 5.99 0.39 9.06 
KM1 6/241. I 0 0.53 7.98 7.50 5.80 5.28 0.32 8.77 

S-62 0.68 4.13 12.66 5.85 9.92 0.49 10.92 
s-65 0.46 4.35 3.78 5.71 1.53 0.93 13.29 
S-66 0.53 3.68 9.42 4.96 5.05 0.93 12.04 
T-l 0.57 6.20 25.67 4.04 6.72 O. I 0 10.84 

H3/92.30 0.35 7.46 5.95 5.52 3.05 0.02 7.80 
H-22 0.47 9.17 6.42 5.97 4.45 0.07 6.06 
8G-l 0.35 6.89 5.26 6.14 2.71 0.86 6.54 

HM-28 0.37 3.35 9.58 5.26 7.97 0.29 7.61 
HM-l1 I 0.38 6.23 6.99 5.70 3.61 0.07 8.38 

MAAL 0.4<; 5.87 9.6q 6.19 4.55 0.02 6.97 

Average: 0.48 6.45 10.14 5.58 5.23 0.38 8.81 
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ly with the alteration in both felsic and basic metavolcanics. This may 
indicate a gain from the dissolved early apatite ores. The extremely 
leached rocks contain lesser amounts of apatite than both (moderately) 
altered felsic and basic rocks. Apparently, a prolonged alteration of 
the inner zone led to a strong removal of material redistributed at 
moderate intensities. 

e. In felsic metavolcanics, the minor gain in alkalies (K 2 0+Na 2 0) 
during moderate levels of alteration, appears to be at the expense 
of the bleached metavolcanics. The lost alkalies are also fixed in 
basic metavolcanics. 

5.2. TWO-COMPONENT, SIMILAR SIZE REE VARIATION DIAGRAMS 

When a pair of elements with nearly similar (ionic) sizes (like La-Ce, 
Sm-Eu and Yb-Lu) is plotted against each other, as a rule (see chapter 
4), they have to fall along a positive linear trend and pass through the 
origin unless one of the components has been modified by a primary or 
secondary process. This, therefore, provides a test for the freshness 
of the samples involved. Regional metamorphism, assuming that it is a 
closed system process with insignificant mobilization of REEs, will not 
impose a noteworthy fractionation on the REE pairs (see chapter 4). 
Metasomatism (late or post magmatic) imposes remobilization usually 
of one (or both) of the components and causes scattering of the data 
points and significant deviations from the origin.
 
In Avnik, the "fresh" metavolcanics, indeed, define positive linear
 
trends on the La-Ce and Yb-Lu diagrams. Such linear trends are either
 
missing or not passing through the origin in the altered rock groups
 
(Fi g. 5.2). The al tered and "fresh" rock groups are charact eri zed by a
 
strong scatter (except the extremely altered rock group lIb) on the
 
Sm-Eu diagram indicating the involvement of varying amounts of primary
 
and probably secondary plagioclase crystallization.
 
The alignment of the extremely bleached rock group data along a rather
 
tight trend in Sm-Eu and Yb-Lu diagrams may indicate a redistribution
 
during a metasomatic albitization stage. This redistribution is indi

cated by the deviation of these trends from the origin.
 

5.3. CHONDRITE-NORMALIZED REE DIAGRAMS 

The variations in the REE abundances are also investigated from the 
chondrite-normalized diagrams-*1-. The range of patterns for each rock 
group (Fig. 5.3) differs someWhat from each other. The patterns of 
bleached and the altered felsic metavolcanic rock groups are charac
terized by relatively straight and horizontal patterns, although the 
former plots at lower levels than the latter. The "fresh" felsic rock 
group has patterns with the LREE side bent upwards. The altered felsic 
metavolcanics closely overlap with the "fresh" felsic metavolcanics in 
the light and partly in the heavy REE regions but not in the middle 
REEs, due to apatite crystallization. 

-*1- In this study, all the chondrite values are taken from Wakita 
et al. (1 971 ) . 
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FIG. 5.2	 Two-component similar (ionic) size REE variation diagrams 
of the Avnik area. Rock groups, shown with Roman numerals, 
are described in Fig. 5.1. 
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The former has significantly less deep negative Eu anomalies. The LREEs 
in the basic metavolcanics spread to a wider area while the HREEs 
(especially Tb) are restricted to a rather narrow zone. The REE patterns 
of "fresh" felsi c rocks lie parallel to sUb-parallel to each other. The 
"fresh" basic rock pattern (S-127A) is sl ightly concave downward and 
lacks a (-) Eu anomaly, thereby being distinctly different from those of 
"fresh" felsic rocks. 
In all groups, Lu plots at higher levels than its neighbour, Yb. In 
"fresh" and altered felsic rock groups, Lu plots at higher levels than 
Yb giving rise to a Visually recognizable change in the slope. However, 
it is not known clearly Whether such a change in the slope is due to 
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5.3	 The range of variations of REE patterns of various rock 
groups (see Fig. 5.1 for the group names) on chondrite
normalized diagrams. 
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the higher abundance of Lu or lower abundance of Yb as the required 
data on other REEs are not available. 
The shape and slope of the patterns within a group are not always the 
same. The following pattern shapes (Fig. 5.3 and 4) are distinguished 
within each rock group: 

Group I:	 "fresh" basic metavolcanic (S-127A) flat and slightly con
cave downward; the "fresh" felsic metavolcanics are all 
bent (slightly convex upward) and parallel to each other. 

Group	 II: a) flat, b) gentle negative and c) moderate negative slope 
pat terns.
 

Group III: a) flat and b) gentle negative slope patterns
 
Group IV: a) bent and b) gentle negative slope patterns.
 

The slightly convex upward pattern of the relatively "fresh" felsic 
metavolcanics may be attributed to the separation of apatite from 
the melt before the final crystallization of the melt. This may be 
supported by typically high KdMREE values of apatites and the close 
association of the apati te-bear"ing magneti te ore wi th the felsic meta
volcanics. 
The variations in the slope of the chondrite-normalized patterns in each 
group appear to correlate strongly with the amount of alkalies in the 
rock. In Table 5.3. the pattern shapes are listed against average Na 2 0 
and K20 contents from which the following conclusions are drawn: 

a. The steepness of the slope correlates mainly with the amount of 
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FIG. 5.4 : 
Variations in the shape and slope of chondrite-normalized 
REE patterns of altered rock groups (see Fig. 5.1 for the 
group names). 
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TABLE 5.3 :The relationship between variations in the slope of the 
chondrite-normalized diagrams and the averaged abundance 
of alkalies in the metavolcanic rock groups (I= relatively 
'fresh' felsic metavolcanics; IIa. altered basic metavol
canics; lIb. Na-metasomatosed and bleached metavolcanics; 
IIc. altered felsic metavolcanics). 

Na 2 0 K2 0 Na 2 0 K2 0 

GROUP I: GROUP IIb: 
LREEs bent up Flat 
(felsic; n=4) 2.8 5.6 (bleached; n=4) 7.9 0.15 

flat (basi c; n=l ) 4.0 0.3 gentl e slope (n=4) 7.4 0.30 

GROUP IIa: GROUP IIc: 

Flat slope LREEs bent up 
(n=4) 4.7 0.3 (n='O) 4.0 5.6 
Gentle slope Gentl e slope 
(n=5) 5.8 0.5 (n=6) 6.9 0.68 
Moder. sl-ope 
(n=4 ) 4.2 1.4 

potassium and secondly with the amount of sodium. 
b. The original ("fresh") felsic rocks have higher K2 0 content 

than Na 2 0 contents, whereas the strongly altered felsic rocks have the 
lowest K2 0 and highest Na 2 0 contents. This implies a soda-metasomatism 
of the original rocks where potassium is either removed or replaced 
by Na. A loss in K and a gain in Na causes a distinguishable varia
tion among the heavy and light sides of the REE patterns; the LREEs 
rapidly deplete and the heavy REEs increase slightly. This can also be 
shown from specific examples; for example, the samples, H-24, H-22 and 
H-7/14.90) which were taken closely from the same Gneiss reflect such 
variations (Fig. 5.5). The gentle slope of H-24 is gradually levelled 
to a less steep one on the chondrite-normalized diagram as the amount of 
Na is increased and K is decreased. In the presence of garnet or zir
con in a sample the (-) correlation among Na-K becomes less important. 
For example, sample PUTYAN which is taken from the Mafic Schists (rich 
in biotite and garnet) located at the Meta-granite contact is charac
terized by a relatively flat (horizontal) pattern but still its K2 0 
content (3.2 wt.%) is higher than the amount of Na 2 0 (2.6 wt.%). 
This may suggest that the levelled shape of the REE pattern is probably 
not due to a metasomatic loss in the LREEs but, rather, due to an addi
tional gain in the HREEs-*1- as newly formed garnet is a strongly HREE

-*1- In sample PUTYAN, the values Yb=9.3 ppm and Lu=1.6 ppm are rela
tively high for a basic rock when compared with e.g., Yb=6.32 and 
Lu=1.06 ppm of the felsic metavolcanic rock, H-24. 
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FIG. 5.5	 Decrease in the slope of the chondrite-normalized REE 
patterns with a decrease in the KzO and an increase in 
the NazO contents. The samples are taken along the same 
Gneiss layer (all samples from Haylan). 
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retaining mineral. 
c. The presence of LREEs-bent-up type patterns among the altered 

felsic rocks (i.e., patterns similar to those of the relati vely "fresh" 
metavolcanics) suggests that not all group lIe samples are metasoma
tically modified. Such rocks represent relict felsic metavolcanics 
which partly or completely escaped metasomatic alterations. 

5.4. THE La-Ce-Yb* DIAGRAM AND ITS APPLICATION ON THE AVNIK REE DATA 

The La-Ce-Yb* diagram is a three component variation diagram which can
 
be used (a) to investigate qualitatively the presence or absence of
 
alteration in the sample data and (b) to classify the relatively "fresh"
 
sample data into major magma types (see chapter 4).
 
The danger of the use of data from altered samples in making petro

genetic and geochemical interpretations was mentioned in chapter 4.
 
The widespread scatter of the Avnik REE data on the La-Ce-Yb*
 
diagram (Fig. 5.6) by itself indicates the disturbed nature of the
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present data. In the same manner, complete freshness of the four 
relatively "fresh" Avnik samples is also questionable; e.g., on this 
diagram, S-84 falls distinctly away from the other three felsic meta
volcanics. This may mean that s-84 belongs to a different batch of 
magma and/or it does not represent a fresh sample. Considering the 
petrographic observations on S-84, which shows a great extent of recrys
tallization and the closeness of S-84 to s-67 in the stratigraphic 

FIG. 5.6 The distribution of REE rock data on the La-Ce-Yb* diagram. 
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succession, it may be concluded that the deviation of S-84 from the 
others can be attributed to a (slight) metasomatic modification prior to 
the M1 recrystallization. The relatively "fresh" basic metavolcanic 
sample S-127A plots distinctly away from the felsic metavolcanics. 
Although this sample is also recrystallized to some extent, its far 
separation from the others may be related to a difference in the magma 
type rather than a metasomatic alteration. This conclusion is compatible 
with major and trace element data (e.g. high Cr, Sc, and low Th, Rb, Sa 
and Zr contents), and the absence of evidence for a metasomatic altera
tion under the microscope. 

The altered felsic and basic rock group data scatter widely on the tri
angular REE diagram (Fig. 5.6) which is evidently the result of modifi
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cations imposed on the interelemental ratios (La/Yb, Ce/Yb and La/Ce). 
The fluctuations in the La-Ce pair appear to be much stronger in the 
altered felsic and strongly bleached rocks as the data partly plots 
outside the trend zone. The altered basic rock data shows a stronger 
disturbance in the La-Yb and Ce-Yb pairs which is indicated by the 
spread of the data points along the trend zone. 

It has previously been shown (chapter 4) that when the primary magmatic 
origin of a rock is ascertained by petrographic and chemical methods, 
the REE data can be used to identify the magma type of this rock. 
If for a moment. the relati vely "fresh" rock data is assumed to repre
sent primary (original) REE abundances, the triangular rare-earth ele
ment diagram (see Fig. 5.6) allocates the "fresh" felsic rock samples, 
S-67, S-102 and S-119A, to a high-potassium calc-alkaline magma type. 
The other "fresh" felsic metavolcanic rOCk, S-84, is classified into 
the calc-alkaline magma. 
Sample S-127A plots separate from the "fresh" felsic metavolcanics and 
is classified as a low-potassium calc-alkaline magma type. The differ
ence in the slopes of S-127A and the "fresh" felsic metavolcanics on 
the chondrite-normalized diagram (Fig. 5.3) also indicates that basic 
and felsic metavolcanics belong to different magma types and are not 
cogenetic. The slight concave downward chondrite-normalized pattern 
shape of the basi c metavol cani crocks in oppos i tion to the convex up
ward patterns of the felsic metavolcanics, appears to be complementary. 
Although Helvaci and Griffin (1983b), making use of the AFM diagram, 
have proposed a general similarity to calc-alkaline Proterozic leptite 
series of Scandinavia and to the modern calc-alkaline volcanics of New 
Zealand, the allocation of metavolcanic rocks to a calc-alkaline magma 
will remain tentati ve in the absence of a sufficient number of fresh 
sample data. 
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MINERALIZATION 

CHAPTER 6.	 OCCURRENCE OF THE AVNIK APATITE-BEARING IRON
 
ORES.
 

6.1. INTRODUCTION: 

The state-owned apatite-bearing iron ore deposits of Avnik are the 
most important Fe-P deposits in the Bitlis Massif. The occurrence 
of similar deposi ts is reportedly known from other parts of the Bitlis 
Massif (e.g., Mutki-Bitlis; Unaldi-Bitlis; Pijdan Dere, Cevizlik-Si
irt) as well as from Iran. No accountable geologic information about 
the expos ur es in Bi tlis and Si irt is available, but the pr elimi nary 
reports (M. Sengun; Pers. Commun.) indicate that they are economically 
not important. Deposits similar to Avnik also occur 120 km NE of Yazd 
in Central Iran. They are known as the Bafq iron are deposits. They show 
striking mineralogic and depositional similarities to the Avnik depo
si ts. The Bafq apati te-bearing iron ores occur interbedded wi th lower 
Cambri an volcanic (rhyolite, trachyte and lati te tuffs and lava flows) 
and sedimentary (dolomite wi th thin layers of various volcani c and 
clastic sediments) rocks. Individual ore layers can be traced for more 
than one kilometer along the strike and such a feature is interpreted 
as a stratabound type deposition by Forster and Borumandi (1971). Acc
ording to their field and microscopic investigations the ore was depo
sited as vOlcanic ashes (op. cit.) and ore flows (Loberg and Horndahl, 
1983). The Bafq area also suffered from a hydrothermal alteration, in 
the form of silicification, sericitization and tourmalinization, which 
may be related either to the late stage of the volcanism or to the 
intrusion of granitic rocks (Forstel and Knittel, 1979). 
The Avnik ore deposits consist of several small occurrences which 
spread over an area of about 50 square km. (see Plate 1). The most 
important deposit is Miskel (or recently named as Kosal), located 
west of the study area. Haylan and Gonac deposi ts are next in importance 
and lie south of Miskel. These three deposits were explored by diamond 
drilling through the M.T.A Enstitusu (The Turkish Mineral Research 
and Exploration Institute) during a period between 1976 and 1980. 
Mur, Safalan and Dizi bal are other known exposures in the western 
part but none of these have any economic significance. Further economic
ally unimportant exposures (e.g., Harabe, Tribitim, Kelme, Sivri etc.) 
are known from the central and south-eastern parts of the study area. 
Hamek (north-east of the map area) is located on the Northern Block 
which thrusts over the Central Block along the Avnik-Mahmudan Fault. 
The Hamek deposit extends intermittently further south-east and ap
pears to be connected to the Kasiman and Ibrahiman exposures outside 
the study area. The latter are also not economically important. The 
overall ore reserves of the area are estimated (partly proven by drill 
ing) to be about 80 million (short) tons (Table 6.1) with an average 
grade of 25% Fe and 0.7% P (Aral, 1980). However, only about 30 million 
tons of this ore with an average grade of 40% Fe and 0.8% P is 
recoverable by mining. Excavation of further reserves would prove 
costly because it would require the construction of a dam as well as 
further grinding of the ore. The laboratory scale enri chment experi
ments on the Miskel ore show that the ore can be upgraded to 68% Fe 
when crushed to -0.5 mm and magnetically or gravi tati vely concentrated 
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TABLE 6.1: Ore reserves of the Avnik area (Aral, 1980). 

ORE PROVEN AND PROBABLE AVERAGE GRADE 

DEPOSIT RESERVE (Ton) % Fe(*1) % P 
---------------~----------

Miskel 36,500,000(*2) 35-40 0.7 
Haylan 27,000,000(*3) 20-25 0.7 
Gonac 250,000 30-40 0.7 
Hamek 15,000,000(*4) 10-15 trace 

(*1) amount of Fe in magnetite 
(*2) 34.5 million ton is proven by drilling 
(*3) only 250,000 ton is recoverable by mining 
(*4) 0.5 million ton is exposed at the surface; the 

rest is probable. 

(Dalkiliclar and Ilbars, 1980).
 
Geologic maps of the major ore deposits were prepared in the field
 
during the summers of 1979 and 1980 at a scale of 1 :2,000 (see chap

ter 6.7). Samples for the petrographic and geochemical investiga

tions were also collected during that time. The weight of investiga

tions is given to the Miskel ore deposit because it is the economical

ly most important one. The geologi c descri ption of the ore deposi ts
 
is given at the end of this chapter. During the laboratory investiga

tions, chemical analyses of the samples representing the host rock,
 
ore and single mineral phases were carried out. A.A.S, I.C.P and
 
I.N.A.A methods were used in the chemical analyses. Additional data on 
the chemical analysis of ores fran the drill holes is compiled fran 
the M.T.A Enstitusu archives. Polished ore samples and thin sections 
were studied under the microscope in order to establish the mineral 
associations and paragenesis of the ore. Some were also examined by 
means of x-ray diffraction and electron microprobe methods. A short 
description of the laboratory methods is gi yen in Appendix 2. 
The purpose of this chapter is to present the general characteristics 
of the occurrence of the Avnik ores. Factors controlling the ore 
localization, phases and types of mineralization, the general chemistry 
and mineralogy-paragenesis of the major ore types are discussed. 

6.2. CONTROLS OF ORE LOCALIZATION: 

a. Restriction to the Lower Metavolcanics: 

In Avnik the ore is found in the lower parts of the Lower Uni t (VSS; 
Cambrian-Precambrian age). The Upper Unit (vsU) , the upper parts of 
the Lower Unit, the Dolanitic Marble (vsdm), Phyllites (vsphy) and 
Quartzites (vsqz), do not contain any significant mineralization. 
The main mineralization is hosted essentially by the felsic/inter
mediate metavolcanics (lavas and tuffs of rhyolite, dacite and ande
site) and, to a limited extent, by the Mafic Schists (vsms). The 
latter is associated only wi th secondary (redistri buted and metamor
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phi cally recrystallized-- see below) ore types and found also in the 
upper parts of the Lower Unit. 

b. Stratified Nature: 

The main ore zone consists of an alternation of several massive ore 
layers and runs generally parallel with the stratification (N-S to NNE
SSW) of the volcanic host rock. The mineralization can be followed in
termittently along the strike for more than 2 km. Folding, faulting 
and erosion are the factors disrupting the lateral continuity. 

c. Proximity to the Hydrothermally Leached Inner Zone: 

The main ore zone is located at the outer border of Na-enriched, which 
is depleted in mafic minerals and potassium, inner zone. There are many 
field evidences (see below) indicating the presence of relict strati
fied ore layers in the inner zone which partly escaped such hydrother
mal leaching. The Haylan, Gonac and Kelme deposits are, as a matter of 
fact, located within the leached inner zone as relict deposits. 

d. Structural Controls: 

Not much is known about structural controls on the deposition of the 
main ore; the high potassium calc-alkaline volcanism (see chapter 6) 
by itself may indicate an island arc depositional environment. 
The stratigraphy of the area (see chapter 2) indicates short-term sub
sidence and emergence of the area, which may indicate the prevalence of 
tectonic activities during ore deposition (assuming a syngenetic, volca
nogenic origin for the stratified main ore layers; see below). The 
occurrence of sill-like (injected) ore veins (see below) may be re
lated to a relaxation period during volcanism wi th concordant ten
sional fractures being opened. 
The present disrupted appearance of the main ore zone is also the result 
of complicated post-ore folding, overturning, thrusting, normal faUlting 
and erosion. The granite invasion, f1 folding and accompanied overturn
ing, are the most important tectonic modifications on the main ore 
layers. The erosional disruption of the main ore zone appears to be 
carried out in two stages; firstly, during the early Permian, before 
the deposition of the pelitic sediments and carbonates (Epimetamorphic 
Series) and secondly, during the Quaternary period, corresponding 
to the final uplift of the area. 
The present main ore zone is preserved at the (plunging) nose of the 
Avnik (overturned) Anticline. 

e. Granite Emplacement: 

The granite emplacement played a major role in redistributing the early 
Avnik ores. The heat introduced by granite intrusion has set a hydro
thermal water migration system into motion that remobilized the ore 
and the gangue material that has been leached from the lower parts. 

6.3. PHASES OF ORE DEPOSITION: 

In Avnik. two distinctly different phases. the Main Ore Phase and the 
Post Main Ore Phase, are distinguished in ore deposition. This dis
tinction is based on the following facts: 
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1. The presence of essentially two different mineralogi c assemblages; 
namely, one without felsic mineral fractions and the other with. 

2. The presence of ores concordant and discordant wi th the volcanic 
stratification. 

3. The cross-cutting relationship among various ore types; e.g.,
 
the magnetite ±apatite ±actinolite assemblages are traversed by those
 
that contain felsic minerals and by disseminated magnetite ores.
 

4. The restriction of some ores to felsic/intermediate volcanic 
rocks whereas others are formed in all kinds of volcanic rocks, inclUd
ing basic volcanics and Mafic Schists. 

5. The presence of different ore types; namely, the presence of 
massive, disseminated, laminated, and vein type ores in the area where 
the massi ve ore is layered and compact-solid in character, whereas 
the others are disseminated, irregular, and sometimes (partly) filling 
open spaces. 

6. The general restri ction of the massi ve, compact, layered ores 
to the outer border of the hydrothermally leached metavolcanic rocks 
whereas the occurrence of disseminated, laminated and fracture-filling 
types do not show such a restriction. 

Based on the above crLteria, the ores that occur basically as parallel 
to sub-parallel layers (or sill-Ii ke veins) lying conformably with 
the stratification of the volcanic series and having a magnetite ± 
apatite±actinolite±salite±sphene assemblage are classified under 
the name MAIN ORE PHASE. The ores that are different from the Main are 
are classified under the POST MAIN ORE STAGE. Two sub-phases are recog
nized; namely, redistributed and recrystallized. The redistributed type 
post main ore shows a close spatial relationship to the granite intru
sion and observed hydrothermal/metasomatic alteration. The recrystal
lized type post main ores appear to be related essentially to the M1 
greenschist metamorphism. 
The depositional age of the, main ores is presumably the same as the 
depositional age of the volcanic rocks, which is radiometrically dated 
(Yilmaz, 1972; Helvaci and Griffin, 1980) as Cambrian-Precambrian. 
The original formation temperature and oxygen fugacities (e.g., from 
Fe-Ti contents) of the main ores is not known due to the series of sub
sequent (retrograding) events. The oxygen isotope data (see chapter 
3.4), obtained from co-existing magnetite/actinolite and quartz/hematite 
pairs gives only the re-eqUilibrated metamorphic temperatures (about 
450 degr ees centi grade) . 
The redistributed ores are assigned to the radiometrically dated age 
of the coarse granite, i.e., Devonian-Carboniferous period. The green
schist metamorphism of the massi ve and redistri buted ores took place 
in Early Alpine (Cretaceous) time. 

6.4. ORE TYPES; 

To be more explicit, the ore types in Avnik are classified by 2 dif 
ferent means; namely, qualitatively and genetically. The classifications 
are summari zed as follows and descri bed below: 
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Quali tati ve Classification Genetic Classification: 

MAIN ORE PHASE 
- Massive Ore ......•.•............ - Volcanogenic Ore 

Massi ve Magneti te Ore Flow Type Ore 
Apatite-rich Massive Ore Sill-like Injected Ore 

JPOST MAIN ORE PHASE 
- Disseminated Ore 
- Laminated Ore .........•.... - Redistri buted Ore 
- Barren and 

Mineralized Veins 
- Recr ys tall i zed Ore 

According to this classification, massi ve and volcanogeni c ore types 
are similar and represent the Main Ore Phase. The redistri buted and 
recrystallized ores are the (genetic) terms used to associate wi th 
laminated, disseminated and (some of the) vein type ores and they 
represent the Post Main Ore Phase. 

Qualitative Classification of the Ore Types: 

The qualitative classification is based mainly on the mineralogic 
properties and the field occurrence of the ore from which the following 
ore types are recognized: 

a. Massi ve Ore: 
The massive ore is typically solid and compact. The ore and the gangue 
minerals are strongly inter grown. It is the economically most important 
ore type. It occurs as parallel, subparallel layers, short lenses and 
small pods that are ali gned wi th the general bedding of the volcanic 
rocks. A single layer (in Miskel) can be followed for a few hundred 
meters along the strike. 
Successi ve massi ve ore layers gi ve a stratified appearance and define 
a zone (named as the Main Ore Zone) of up to 60-70 m in thickness. 
The massive ore layers are usually thinned, thickened and forked along 
the strike (Fig. 6.1). In Miskel, the thickness of a single layer may 
reach up to 10 meters. 
The massi ve ore is exposed best in the western part of the stUdy area 
and defines a roughly north-south trending zone extending from Mur, 
Miskel, Haylan to Gonac (Plate 1). The eastern extension of the massive 
ore zone is eroded since final uplift. The western extension was partly 
eroded before the deposition of epimetamorphic sediments and those that 
were not eroded are now buried under the mica schists. 
The contacts of the massi ve ore wi th the country rocks are sharp. The 
contacts range in shape from flat to curled and bent. Occasional len
ti cular ore fragments are found in the wall rock close to the massi ve 
ore layers. 
In the massive ore layers usually magnetite, apatite and actinolite are 
grown together (Fig. 6.2). Apatite shows a poor preferential direction. 
The contact zone occasionally contains epidote (up to 2 vol.%), which 
is most probably an impurity secondarily introduced from the wall rock. 
The magnetite content of the massive ores ranges between 25 to 90 wt.%. 
The magnetite-rich ores are referred to as "Massive Magnetite Ores" 
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FIG. 6.1	 Layered massi ve ore from Miskel lying conformable wi th the 
bedding of the host rock. The ore layers (single or parallel 
or forked layers) can be followed laterally several hundred 
meters. 

1.	 Meta-rhyolite; 2. Leucocratic Muscovite Schist; Forking ore 
layers; 4. Bleached Lower Unit. 

and contain only small amounts (up to a few percent) of apati teo The 
crystal size of apatite that occurs in the massive magnetite ore is 
small (up to 0.5 em). Actinolite is the main gangue mineral. Small 
amounts of sphene and epidote are common. The apatite content of the 
massi ve ore may vary between nil to about 20 wt. %. In some places 
(e.g •• Ucgen in Miskel and Tiribitim) apatite becomes the dominating 
mineral phase. Such ores are named as "Apatite-rich Massive Ores". The 
crystal size of apatite in the apatite-rich ore is much larger and may 
reach up to 15 em in length. The gangue minerals of the apatite-rich 
ore is are the same as the magnetite-rich ores. There is no convincing 
evidence for that one (either apatite- or magnetite-rich ores) pre
cedes the other. Their contacts are transitional and they grade later
ally and vertically into each other while they both remain roughly con
cordant with the bedding of the host rock. The trace element distribu
tion of massi ve magneti tes and magneti tes from the apati te-ri ch ores 
are also qUite similar. The major massive ore assemblages observed in 
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FIG. 6.2 The appearance apatite-rich massive iron ore of Avnik. 
Samples from Miskel deposit. 

b. 
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sane	 samples are listed as follows: 

i.	 magneti te-apati te-actinoli te-sphene-epidote 
(S-54A;	 S-154; S-155; S-156; s-163; S-182; G-1; G-4; G-12; G-15; 
G-19; G-20; SL-30D; MUR-ALT; MUR-UST; Y-3; Y-5) 

ii.	 magnetite-apatite-sphene
 
(S-30; S-34)
 

iii.	 magnetite-actinolite-sphene
 
(S-53; S-137; S-33A; S-50A; S-51)
 

iv.	 magnetite-actinolite-epidote-sphene
 
(KM-67/38.15; KM-14/90.40)
 

v.	 apatite-actinolite
 
(Y-1; SY-1; S-146; S-184; DUT-1)
 

vi.	 apatite-actinolite-epidote-sphene
 
(S-121 B)
 

b. Disseminated Ore: 
The disseminated ore consists of idiomorphic octahedral magnetite 
crystals ranging in size from sUbmicroscopic to 1.0 em across (Fig 6.3). 
They are scattered irregularly as discrete crystals in the main ore zone 
and in the country rock. The disseminated ore is especially abun
dant in soft and friable felsic and intermediate tuffaceous rocks. 
When such rocks are weathered, magnetite crystals virtually crumble 
out of the rock. 
The disseminated ore impregnates the wall-rock and the massi ve ore 
layers at the same time (S-14A), therefore indicating that it is younger 
than the formation of the massi ve ore layers. 
In the southern part of Halveliyan, magnetite disseminations occur 
in association with the greenschist minerals following the NW-SE trend
ing M1 foliation. In Hamek and Miskel the disseminated-laminated 
ores follow an E-W trend. 
Magnetite is the major mineral of the disseminated ore type. Apatite 
is generally scarce. The disseminated ore contains all the minerals 
of the host rock as a gangue. An increase in the magnetite content 
parallels an obvious increase in the mafi c mineral (especially actino
lite and epidote) content. 
In exceptionally rich zones (e.g., in Hamek) , the grade of disseminated 
ore may reach up to 20-25% Fe. Part of the disseminated magnetite (and 
apati tel ori ginates fran recrystallization of earlier Avni k ores and 
biotite. Recrystallization of mafic minerals is seen canmonly within 
the basic metavolcanics and Mafic Schists throughout the study area. 

c. Laminated ore: 
The alternation of thin (0.1mm to 3.0 cm), roughly parallel veins 
with diffuse wall-rock boundaries are named as "Laminated Ore". The 
term "Vein Type" is avoi ded due to the diffuse boundari es. Two major 
varieties are distinguished; (a) those that show mineral zonation 
across the laminae, and (bl those formed by concentration of dis
seminated magnetite along the M1 foliation planes (Fig. 6.4). They 
both closely associated with disseminated ore type in the field and 
have minor economic importance. 
The laminae are usually connected to each other through thin feeder 
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FIG. 6.3 Disseminated magneti te; samples fran Hamek deposi t. 

a. 

b. 

o 15 em 

channels. Moderately thick laminae are symmetrically zoned; for example, 
in 2 cm thick zoned laminae of sample GG-1, magnetite is found at the 
outer zone actinolite, epidote and sphene in the middle, and quartz 
and feldspar in the central part of the laminae. All minerals are 
transi tional to each other across these laminae. The laminated assemb
lages are dominated mostly by mafic minerals, especially by epidote and 
Na-rich amphiboles-*l-. Magnetite and apatite are far less in abundance 
than the mafic minerals. Quartz and feldspars are scarce. Hematite is 
seen occasionally in association wi th the mafi c minerals such as (fran 
outside to inside) epidote-amphi bole-hemati te in sample $-6. The fol
lowi ng mineral associ ations are also cl assif ied under the 1 aminated 
ore type. 

- magnetite-albite-actinolite-chlorite ($-115) 
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FIG. 6.4 Laminated ore from (a) Hamek (b) Haylan (c) Hamek deposits. 

b. 

c. 
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- magnetite-Quartz-chlorite (3-29; 3-38)
 
- act inoli te-apati te (DUT-1)
 
- magnetite-tourmaline-muscovite (HM-109)
 
- magnetite-apatite-actinolite-epidote (P798W).
 

The zoned ore laminae were ini tially produced probably by hydrothermal 
redistri bution. The laminated ore which consists of concentrations of 
magnetite disseminations may be attributed to the metamorphic recrys
tallization process when such ore follows the trends of foliation and 
schistosi ty. 
In the western (Miskel) and northeastern (Hamek) parts of the study 
area, the laminae follow a general E-W to NW-3E trend. The latter 
trend is dominant especially in Haylan and Gonac deposi ts. The trends 
are clearly different from those of (N-3 to NE-3W) the massi ve ores. 
In general, the laminated ore is ri cher in its Fe and P grade than the 
disseminated ore and poorer than the massi ve ores. 

d. Barren and Mineralized Veins: 
The irregular, thin (0.1 mm to several ern), essentially quartz and/or 
feldspar (albite and microcline) bearing veins are classified separately 
as they have sharp boundaries with the wall rock and cut across the 
massive (e.g., in Gonac and Miskel) ores (Fig. 6.5). They only seldom
ly contain magnetite and apatite. Hematite is the most common Fe mineral 
in such veins. As a rUle of thumb, magnetite and apati te are not found 
together in these veins. These veins differ from the massive ores by 
being deposited into voids, not completely filling the vein space and 
by their entirely different mineralogi c assemblage. they are different 
from the laminated ores by containing more quartz and feldspar (albi te 
and/or microcline), occasionally muscovite, barite, dolomite and bio
ti te and less ore mineral fractions. 
The following mineral associations are recognized: 

quartz-epidote-feldspar (3-74)
 
bari t e-muscovi te- quart z-epi dot e-al bi t e- zircon (3-135 B)
 
actinolite-feldspar (3-116)
 
quartz-actinolite (W-15)
 
bioti te-quartz-al bi te (3-32)
 
acti nolit e-epi dote- quart z-fel ds par (3- 2) .
 
magneti te-mi crocline-quartz-chlori te (W 31 A; 3-104)
 
apatite-muscovite-quartz-dolomite (3-3)
 
apati te-muscovi te (3-104)
 
hemati te-quart z- epi dot e- actinol i te (3-11 5A)
 
hematite-actinolite (3-6)
 
hematite-Quartz-actinolite (3-35A)
 
quartz-epidote-actinolite (3-12)
 

-*1- The electron microprobe measurements (see Appendix 4) indicate 
that the Na20 content of the Avnik amphiboles never exceed 3.0 
wei ght per cent. 



124 

FIG. 6.5	 Appearance of (a) barren and (b) mineralized post main ore 
veins . 

Quartz-epidote vein (Miskel) 
cutting across the lnassi ve ore 

a. 

Magneti te-actinol i te veins 
(Miskel) transverse to the 
beddi ng and the mai n or e 
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Genetic Classification of the are Types: 

a. Volcanogenic Ores: 
The word "volcanogenic" by itself implies a penecontemporaneous re
lationship among the volcanism and the ore emplacement, and suggests 
that volcanogeni c ores were probably deposi ted at the surface/sub-sur
face during the eruption of the volcanic lavas and tuffs (as in EI Laco, 
Chile; see chapter 9). Such ores are classified under the name "Flow 
Type" and "sill-like" ores. The following evidence indicates that the 
primary Avnik ores were deposited at the surface in close association 
with the volcanic country rock: 

a. The occurrence of tuff and occasional agglanerates interbedded 
with the ore and the absence of chert or carbonate layers, are in sup
port of an aeri al deposition rather than a mari ne or a deep-seated 
origin. 

b. "Intimate" field relationship between ore layers and the wall 
rock suggests a mutual flow. This is supported by the following ob
servations: 

- The occurrence of boudinage like thin ore lenses (for example, 
2x35 cm in B. Gonac Yolu) restri cted entirely to a single lava flow 
and without having any access to a feeder channel. 

- The interfingering of the ore and the lava layers (one of the 
most common features of the Avnik area). 

- Bent contacts with felsic rocks as a result of mutual flow; 
such contacts are interpreted by Erdogan and Dora (1983) as "sedi
mentary slump structures filled by ore". 

- The presence of elongated and curled ore fragments in the 
felsi c rock close to the contact to the ore. The occurrence of brecci a 
ore zones (similar to are Breccia of Kiruna) enveloping the ore layers. 

- The absence of baking at the contacts of single ore-lava flow 
layers probably indicating that both were hot during the extrusion. 

The field observations (e.g. in Burhanin Yeri) where massive concordant 
ores with sharp ore-host rock boundaries are marked with thin (up to 1 
cm) reaction rims, indicate that the main ore was emplaced, in part, by 
injection into the bedding of a slightly cooled felsic/intermediate vol
canic host rock as sill-like veins; such ores are referred to as "Sill
like Ores". Although the level of emplacement of the injected ore is 
not known its close association with the flow-type ores in the field 
may imply a near-surface emplacement. The mineralogi c assemblage (i.e., 
magneti te-apati te-actinoli tel of the inj ected ore is essentially not 
different from those of the ore flows. In Fig. 6.6A a microphotograph 
of main ore is shown. 

b. Redistri buted are: 
Trails and laminations of ore, fissure-filling (generally barren) veins, 
s pati al associ ation wi th al kal i met as omatosed and hydrothermall y leach
ed rocks suggest a genetic affinity to a metasanatic/hydrothermal re
mobilization processes. The roughly parallel laminae (and the trails) 
represent a unidirectional, laminary stream of aqueous solutions invad
ing the pores of permeable volcanic (tuff) host rock (Fig. 6.7B a,b,c). 
The mineral zonation across the laminae rules out a sedimentary (depo
sitional) origin for the laminated ores. Moreover, the laminae are, in 
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detail, connected to each other by a tiny network of transverse vein
lets. There is a marked increase in the felsic mineral content from 
laminated to (barren) vein type ores. Hematite is the common iron min
eral in these veins and its presence may mark a change from reducing 
to oxidizing environmental conditions in the aqueous system. 
system . 
The source of the redistributed material is probably the pre-existing 
massive ore and the country rock. The leaching at the lower parts 
(stratigraphically) of the basement series may supply the required 
material. The granite intrusion most probably generates the required 
fluid flow in the area. 
The redistributed ores are assigned to the radiometrically dated age 
of the coarse-granite (Meta-granite; mG), i.e., Devonian-Carbonifereous 
per iod. 
c. Recrystallized Ore: 
There is abundant field, petrographic, chemical and isotopic evidence 
for the recrystallization of earlier ores during the greenschist (M1) 
metamorphic phase. The main ore probabl have suffered from all meta
morphic episodes, namely the Mo, M1 and M2 phases. The hydrothermally 
redistributed material, was recrystallized under the influence of shear 
forces developed mainly during the overturning of the area which accom
panied the M1 metamorphism. 
The peripheral decomposition of biotites to magnetite (and chlorite) 
and the occurrence of magneti te along the cleavage planes of bioti te 
(e.g., sample no. DE-3D) are observed commonly under the microscope 
Fig. 6.6B d,e,f). The distribution of oxygen isotopes in the whole area 
is greatly affected by the regional metamorphism (see chapter 3). The 
Sr isotope data are only locally modified (Hel vaci and Griffin, 1983a). 
The chlori te zone greenschist metamorphism (M2) was probably less ef
fective in such a recrystallization process. 
Although the occurrence of the highest metamorphic grade (epidote-amphi
bolite facies--Mo) close to the granite contact may imply a thermal 
metamorphic phase, it is now difficult to find any substantial evidence 
to support this. 
Additionally, the Avnik ores were mechanically crushed, slicken
sided and pul veri zed in many places during younger (Upper Miocene
Quaternary) normal and thrust faulting in the area. The microscopic 
observations from dynamically disturbed zones show that no new 
magneti te (or apatite) was generated. In such zones, while quartz 
is recrystalli zed, magnetite is oxi di zed to hematite and mafi c minerals 
are altered to chlorite. 

6.5 CHEMICAL CHARACTERISTICS OF THE AVNIK ORES: 

The average chemical composition-*l- of the major ore deposits (Table 
6.2) differs distinctly from each other. The Miskel ore, which char

-*1- The samples were taken by wall-chipping from freshly-opened 
trenches and each sample represents a homogeni zed mixture of 
500 to 1,000 kg bulk samples. The sample collection and analyses 
were done by the M.T.A Enstitusu. 
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FIG. 6.6	 Various main and post main are stage mineral textures under 
the microscope; 

(A) Main Ore 

12.5X 

(B) Post Main Ore 

a. Trails of magnetite 12.5X b. Ore 1 aminations 12.5X 
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12.5X 

H-2A 

c. Occurrence of magnetlte-actinolite-microcline in a vein 

D-31; Hamek 

d. Recrystallized ore textures 12.5X 
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DE-3D Dedebag 

e. Recrystallized ore textures 12.5X 

S-198 Halveliyan 

f. Recrystallized ore textures 12.5X 
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TABLE 6.2: Average chemi cal composi tion of the maj or ore deposits 
(sampl es and data from M.T.A. Enstitusu; 

MISKEL MISKEL HAYLAN GONAC HAMEK 
(hi gh grade) (low grade) 
----------- -----------

SiO, : 4.83 11.85 23.50 11.00 44.80 
TiO, : 0.20 1. 02 1. 32 0.60 0.67 

Al,Ot: 2.83 2.87 10.01 2.98 10.05 
Fe,O, : 56.97 48.15 35.52 47.73 15.68 

FeO 25.82 23.20 19.51 25.30 14.30 
MnO 0.02 0.09 0.09 0.06 0.04 
MgO 2.27 2.29 1. 93 2.32 1. 98 
CaO 1. 17 1. 31 0.84 1. 26 1. 30 

Na,O 0.26 0.31 1.37 0.26 2.98 
K,O: 0.04 0.03 0.30 0.06 0.24 

p,o.: 1. 83 3.34 1. 79 
H,O 0.18 0.18 0.27 0.19 1.14 
H,O· 0.20 0.23 0.49 0.34 2.54 

----------- ----------
SUM 96.60 94.86 96.94 95.33 96.32 

F 0.177 0.179 0.176 0.182 0.164 
S o.r17 0.03 0.019 0.036 0.01 
V 0.07 0.08 0.07 0.07 0.06 

TOTAL Fe 59.90 52.70 40.0 53.0 21.30 

acterizes the main ore zone, can be classified into high grade (about 
60 wt.%Fe) and low grade (about 50 wt.% Fe) ores. The low grade Miskel 
re is richer in phosphorus and contains in average about 9-10 
weight % apatite. The high grade Miskel ore is low in Ti and S but 
high in impurities such as Al, P and .Si when compared with the major 
iron ores of the world (Table 6.3). From all the Avnik ores only Miskel 
high-grade ore is the furnace quality which can be used directly in 
the production of phosphorous-rich cast iron. 
Gonac ore is, in average, very similar to the low-grade Miskel ore. 
The iron and phosphorous grade of Haylan and Hamek ores are much poorer 
than the others and require upgrading before being used. 
In general, the amount of impurities (major oxides) increases as the 
Fe (and p) content decreases. This is the effect of matrix dilution. 
The application of correlation coefficient analysis (Table 6.4) 
on all Avnik major element ore data (n=48) indicates strong posi ti ve 
correlations among some of the elements. Such correlations are mostly 
the result of element associations in mineral phases. For example, 
the posi ti ve P-Ca correlation is due to the presence of these two ele
ments in apatite. The Ti-Mg correlation may indicate that Ti is included 
in actinolite. The moderate Ti-Ca correlation (at 2% significance level) 
relates to the presence of sphene. The strong (+) correlations among Na, 
Al and Si indicate that Na is present mainly as albite, which is intro
duced partly from the wall-rock and partly from the post main ore veins. 
Moderate correlations among Na, Mg and Ca point out that Na is present 
in the calcic amphibole structures. The negative correlation of Fe with 
the rest of the major elements indicates the dilution effect of the 
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TABLE 6.3	 Chemical comparison of Miskel high-grade ore to major iron 
ores-*1- of the worl d. 

Analyses, weight percent 

Source F,	 p SiO, AIJO, 'In C<tO "gO Ti V C, Zn Mo As Pb S. Co Ni Cu 

Cuyuna	 55.83 0.367 10.61 4.60 12.92 0.09.1 0.84 0.35 0.090 0.009 0.019 0.006 0.005 O.~ O.O~2 0.011 
32.75 0.104- 24.82	 0.94 0.47 0.008 0.15 0.07 0.005 

Mar(jllette	 61.57 0.180 5.93 4.66 2.46 0.210 0.93 1.53 0.325 0.020 0.010 0.005 0.005 0.006 0.006 0.012 
37.l3 0.014 44.98 0.59 0.06 0.008 0.28 0.16 0.03 0.00. 0.001 0.002 0.0018 0.002 0.002 0.006 

;\!el1omint'e	 59.60 0.465 4.33 3.97 5.69 0.259 1.49 4.20 0.235 0.035 0.015 0.04.1 0.004 0.014 0.020 0.025 
37.11 0.015 44.S7	 0.89 0.05 0.006 0.24 0.18 0.065 0.016 OJXl2 0.012 0.0012 0.005 0.009 0.007 

;'\1e&abi	 63.20 0.118 :US 11.48 5.48 0.073 0.72 0.21 0.21 0.210 O.~18 0.007 O.~5 O,l~OB 0.005 0.019 
49.07 0,0,28 21.68	 0.45 0.07 0.005 0.09 0.07 0.008 

Steep Rock	 60.69 0.033 2.97 2.36 0.28 3.60 0.23 0.22 0.30 0.012 0.072 0.r~J7 O.~ 0.~3 0.10 0.~2 O.~O 
50.80 0.OJ9 10.35	 0.98 0.10 0.016 0.08 0.01 0.01 0.006 0.013 

Michipico1en	 51.54 0.027 9.81 2.91 2.90 0.lJ98 3.02 8.40 0.075 0.009 0.001 0.010 0.003 0.024 0.075 0.001 0.025 
49.31 0.016 11.79 1.59 2.79 2.98 7.46 0.056 0.005 0.001 0.005 0.020 0.002 0.005 

Ea6lern Pcnna. 62.83 0.005 5.10 l.52 0.012 (1.031 1.40 1.60 0.08 0.011 0.013 0.013 0.021 
(Corn~'all) 

Texas 41.52 0.18 15.34 0.90 0.32 0.10 0.15 0.030 0.026 0.032 0.020 0.001 0.013 0.008 0.001 
(Lone Star) 

California 55.00 0.080 JI.OO !.(j0 0.08 040 1.80 3.50 0.13 0.003 0.005 0.001 0.005 0.003 O.O':W 0.005 0.05 
(Eagle Ml.) 

Wyoming $2.40 11.090 12.08 0.i51 U.09 0.030 U5 0.36 0.07 0.020 0.013 0.058 0.004 0.011 OJlOl 0.046 {I.OD5 
(Sunrise) 

Ut<lh	 57.81 0.310 4.29 1.17 0.06 0.070 0.001 0.019 0.005 {I.014 

Tt'Jln.C&J 31.10 (!.J2 15.50 3.0U 0.J5 0.30 I.U5 O.tIO U080 0.018 0.002 0.001 O.OOJ 0.006 0.001 0.001 0.003 0.001 
(}tell are) 

Tcnn. Cop(X:r Cn. 69.00 0.005 1.50 0.45 0.10 O.oi 0.10 O.(jO 0.008 {I.l0 0.01 0.05 0.01 0.12 
(SillIer) 

Venezuelan	 64.85 0.13 0.98 2.45 0.10 11.0-Ll 0.017 0.084 .20 0.006 0.009 0.003 
63.00 0.05 (l.80	 1.80 0.08 (J.010 0.09 

Chile 00.30 O.O-ll 1.49 1.76 0.09 0.021 J..l1 2.00 0.59 0.28 0.008 0.15 O.OlD 
(Toro) 

Labrador	 58.(1(1 0.058 8,40 0.84 1.30 0,012 0.17 0.005 O.VOl 0.008 0.001 0.001 0.005 

Br;lziliall (,B.!iO O.O.l5 f) ••W n.7tJ 0.05 0.008 0.01 o.m 0.014 0.008 0.005 0.004 0.006 0.018 
(Ilabira) 

Swedish 6U.3S {l,4SS 1.97 0.50 0.11 IW06 1.24 0.94 O.O·H} 0.074 f).OW 0.022 0.009 0.004 
(Kinlna) 

Liberian 69.50 0.05~ (l.ll tI.19 {I.16 (LOll 0.0.1 0.1 .... 0.01 0.012 0,002 0.003 0.002 O.OlH 
(Homi Hilb) 

-None 
-Trace 

Miskel+ 59.9	 0.8 ~ .83 2.83 0.02 1.17 2.27 0.12 0.07 

data from M.T.A Ensti tusu	 -*1- taken from Ohle (1972) 

TABLE 6.4:	 Correlation of major elements in the Avnik ores. Number of
 
samples = 48; r at 99.5% = 0.34.
 

SiO, 1. 00
 
Ti0 2 0.37 1.00
 

A1 2 0 0.77 0.06 1.00
 
Fe 2 O, t -0.93 -0.36 -0.70 1.00
 

MoO 0.54 0.59 0.25 -0.50 1.00
 
MgO 0.76 0.37 0.44 -0.76 0.49 1. 00
 
CaO 9.61 0.23 0.31 -0.81 0.32 0.60 1.00
 

Na,O 0.69 0.15 0.65 -0.71 0.18 0.36 0.53 1. 00 
K,O 0.58 0.12 0.69 -0.46 0.41 0.22 0.10 0.52 1.00 

P2 O. 0.18 -0.07 0.03 -0.41 -0.19 0.29 0.73 0.29 -0.17 1. 00 
SiO, TiO, Al,O, Fe,O,t MoO MgO CaO Na20 K,O P,O. 
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gangue minerals.
 
Different ore types have different grade and impurity characteristics;
 
in general, the ores of the main ore stage usually have the highest
 
iron and phosphate contents when compared with the post main ores
 
(Table 6.5).
 
The trace element abundances in magneti tes and apati tes of various
 
ore types are discussed in detail in the following chapters.
 

TABLE 6.5: Chemical constitution of the major ore types. 

MAIN ORE PHASE: 

MAS3IVE ORE APATITE-RICH MASSIVE ORE
 
58/ 29/ ,"I 25/ 67/ 67/ 67/ '0/
 

'5;50 10~90 37. '0 S-11 87;55
~:;~~ :~;7~ :~;~~ ~~;~~ 
51O:z '.3 3.8 6.0 7.7 20.58 11.75 22.40 10.70 11.00
 
Ti0 2 0.06 0.01 0.29 0.35 0.23 0.61 0.07 0.70 0.80
 
AlzO~3 0.75 0.75 1.0 0.75 0.62 0.9 1.57 1. 15 0.35
 
Tot.• f~ 68. 114 67.06 63. '2 62.36' '3.8' 66.29 12. 11 6 55. '5 59.60
 

MnO 0.08 0.05 0.06 0.09 0.09 0.08 0.01 0.13 0.11
 
MgO 3.0 1., 1.8 0.9 5.07 1.' 6.41 2.8 3.5
 
CaO 2. '3 1. 85 3.21 1.99 7.9 1. 71 25. III 3.88 5.'8
 

Na 2 0 0.1 0.11 0.29 0.35 0.21 0.36 o. , 0.16 0.' 3
 
K,O 0.03 0.02 0.12 0.07 0.02 O.211 0.017 0.03 0.03
 

P:zO, 0.27 0.15 1. 53 0.08 2.19 0.24 12.39 0.32 1. 07
 
L.O. I 1. 02 0.21 

POST MAIN ORE PHASE: 

LAMINATED ORE DISSEMINATED ORE VEIN TYPE ORE 
7/ , 6/ 16/ 27/ 7/ OUT

5'.30' 98;00 5-148 163;75 D-31 T-2 s-198 65.80' S-1A 3C 5-121 $-189 S-12!\A~~~~:5 S-1115 

510 1 : 3'.50 llll.21 '7. '5 '7.83 39.35 31.0 28.11 51.1.22 '9.37 15.10 50.62 '9.38 '3.97 47.9\ 68.39 
TlO z : 0.58 0.' l.l 0.22 0.54 0.57 0.59 0.58 1.95 , .36 0.58 0.72 0.23 2.07 0.31 0.125 

AilO I: 7.88 7.85 8.9' 9.96 9.99 7. '6 , 6.99 11.82 12.95 1.3 7.92 7.41 10.38 7.53 9.61 
Tot. Fe 27.79 , 9.20 le.51 , 3.75 , 4.29 30.28 111.19 13.68 16.78 119.22 1'.5il 11.76 7.25 7.05 5.7' 

MnO: 0.08 0.' 5 0.08 0.2 0.15 0.09 0.09 0.08 0.03 0.09 0.13 0.1 il 0.2 0.1 0.06
 
MgO, il.ll 5.68 3.67 5.81 6. '7 '.5 20.1.15 2.38 0.66 3.3 6.56 6.79 5.7 6.87 0.63
 
CaO: 4.71 7. , '.23 8.7 13.82 7.0 2.37 2.35 1. 92 6.6' , 0.' 5 10.26 17 .8 14.91 9.67
 
Nap: 3. '6 3.2 3.9' 3.99 2.49 2.45 0.03 '.62 7. 35 0.8 2.14 2.92 1. 55 1.11 0.31
 
K,O: 0.' 9 0.69 0.81 0.' 3 0.28 0.45 0.02 0.72 0.05 0.06 0.4' 0.19 0.66 0.19 0.06
 

PIO, : 0.28 0.27 o. '8 0.62 '.77 0.95 lollS 0.75 0.3' 0.62 1.39 2.94 3.69 4.79 0.02
 
L. 0. 1. 1.18 0.61 2.8 2.42 9.56 1. 36 1. 37 2.10 2.92 3.5 5.7 2.11 

-<- bore hole (Miskel) .,. bore hole H-7 (Haylan) 

6.6. MINERALOGY AND PARAGENESIS: 

In Avnik, the major ore minerals are magnetite and apatite. The most 
common gangue mineral is actinolite. Varying amounts of sphene, salite, 
epidote, biotite, chlorite, edenitic hornblende, quartz, dolomite, 
cal ci te, tourmal ine, hemati te, all ani te, bari te, pyri te, malachi te , 
and unidentified Cu-silicate mineral are also detected. The electron 
microprobe analyses of various gangue minerals are shown in Appendix 4. 
In this section, the occurrence of major ore and gangue minerals are 
s ummari zed. 
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MAGNETITE: 
Under reflected light, magnetite is isotropic and has a gray color 
wi th a brownish tinge. The crystal outlines show vari ations fran xeno
morphic to idiomorphic. Octahedral crystals of up to 1.0 cm in size 
are common. The latter are recognized easily by their sharp edges 
and triangular outlines. The xenomorphic texture is typical of mas-
si ve ores where crystals are ti ghtly interlocking wi th other magneti te 
crystals as well as with actinolite and apatite. This property gives the 
massive magnetite ore a solid and compact appearance. Cracked, broken 
and pUlverized ore textures are canmon and indicate the strong influence 
of the post ore (Upper Miocene-Pliocene) dynamic deformation. 
The Vicker's microhardness and reflectivity measurements on various 
cr ys tals range fran 441 to 620 and 18 to 22, res pect i vel y. No mi c
roscopic (or x-ray) evidence was found for the occurrence of exsol ved 
ulvospinels and magnesioferrites in the Avnik magnetites. The micros
copic examinations also did not indicate any ilmenite fraction in 
the magnetites, although the main ore was probably slightly rich?r 
in Ti before the regional metamorphism. The latter is deduced fran 
the occurrence of sphene along octahedral partings and magnetite lamel
lae (Fig. 6.7a). Magnetites that crystallized at the expense of ma
fic minerals are virtually free of Ti (Table 6.6). Only the post main 
ore phase hematite contains distinctly high amounts of Ti (Table 6.7). 

TABLE 6.6	 Magneti te analysis by electron microprobe (no. of ions on
 
the basis of 12 oxygen).
 

HM-7 HM-7 HM-25 HM-25 s-16 s-16 

Si tr. tr. tr. tr. 0.122 tr. 
Al 0.027 0.020 0.055 0.035 0.035 0.016 
Cr 0.008 0.009 0 0.016 0 0 
Ti 0 0 0 0 0 0 
~e 11. 901 11.880 11.850 11. 923 11.681 11. 946 
Mn 0 0.017 0.023 0 0 0.020 
Ca 0.008 0.010 0 0 0.022 0.009 

SUM 11.982 11.985 11. 973 11. 974 11.861 11. 992 

TABLE 6.7	 Abundance of transition elements in Avnik hematites. 
(Analyses: A.A.S method) . 

S-103 Ph-1 ~W7 S-129 

Ti 6345 2550 31185 36210 
V 169.2 42.5 283.5 341 
Cr 2.1 34 48.6 42.6 
Mn 220 119 113.4 558 
Co 46.5 68 48.6 51.1 
Ni 25.4 25.5 4.0 4.3 
Cu 16.5 14.0 9.3 14.9 
Zn 38.1 34.0 20.3 29.8 

values in ppm 
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Magneti te is slightly marti tized and hemati tized (Fig. 6. 7b), at the 
grain boundaries and along the cataclastically persued cracks, during 
surface weathering. 
It is now difficult (if not impossible) to establish a sequence in 
the crystallization of the main ore minerals. Apatite and actinolite 
can be found enclosed in magnetite, and vice versa (Fig. 6.7c). 
Such complicated paragenetic relationships may be due to crystalli
zation at the same time or to a mUltiple stage origin where the pri
mary mineral constituents were redistri buted and recrystallized. 
Redistri buted and recrystalli zed magneti tes, when occurring as dis
crete cr ys tals us ually have well- def ined, shar p cr ystal outl ines 
whi ch may reach up to 1 cm across in si ze and may contai n incl usions 
of apati te and actinoli te (Fig. 6. 7d). The recrystallized massi ve magn-

FIG. 6.7 : Diagrammatic illustration of various textural features: 

(a). Occurrence of sphene along (b). Martitization and hemati
octahedral partings and tization of magnetite. 
magnetite laminae. Magnif.= Magnification= 12.5X 
12. 5X. 

(c). Complicated paragenetic rela (d). Apatite and actinolite 
tionship among magnetite, inclusions in recrystal
apatite and actinolite. lized magnetite. Magnif.= 

12.5X. 

HM-25 (Miskel) 

S-SOA. (Ml skel) 

. 

~.."" k~ •~~~~ 
mar,~ 

mart! te4~Phene 
12.5x 12.5x8 b 

25BK (Miskel) 

KILl< (Mlskel) 

c 

GG-l A (Gonae) 
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etite crystals have typically sutured boundaries (Fig. 6.8). Mag
netites heavily pitted by inclusions of gangue minerals are those 
collected from the relict ore layers of the inner zone which suf
fered most from the hydrothermal corrosion (Fig. 6. 9a). Accessory 
amounts of pyrite were found only in association with quartz, cutting 
across the massive ore assemblages (Fig. 6.9b). 
It is well known (e.g., Goldschmidt, 1954) that the transition elements 
substitute into magnetite in substantial amounts and both ferrous and 
ferric iron can isomorphically be replaced. This subject is discussed 
in chapter 7. 

FIG. 6.8	 Diagrammatic illustration of recrystallization textures 
from various massive ore samples. Magnification = 12.5X 
in all cases. 

S-148 (Sivri T.) S-148 (Si vri T) MUR	 D-3C (Dedebag) 

FIG. 6.9 a. : Corrosion of magnetite 
by K-rich solutions which 
crystallized as muscovite 

Magnification = 12.5X. 

Q 

FIG. 6.9 b. : Invasion of quartz
pyrite veins into mag
neti teo 

12.5X 



136 

APATITE: 

Apati te is the second most abundant gangue mineral in the mineralized 
zones in Avnik. In this thesis, apatite is treated as an ore mineral 
due to its economic importance and its ubiquitous presence. 
I t occurs as xenomor phi c, hypi di omorphi c and elongat ed pri smati c i di 0

morphic crystals where the length of the latter may reach up to 10
15 cm (Fig. 6.10). Fine to short (0,01 to 2 mm) prismatic apatite 
occurs in any proportion with magnetite, fran sporadic disseminations 
in the massi ve magneti te ore to lenses and pods of apatite rock. 
The length of the coarse prismatic crystals is usually 5 to 10 times 
the thi ckness. Megascopi cally, apatite appears as non-trans parent 
crystals ranging in color fran creamish white to yellowish cream. The 

FIG. 6.10 :	 "Giant apatite crystals inter grown wi th magneti te and 
actinolite (S-34; Miskel). 
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density of the mineral varies from 3.10 to 3.20 g/cm 3 • Some of them 
appear to have suffered from surface weathering. 
Under the microscope, apatite is colorless. It is recognized easily 
by its high relief, low birefringence and absence of good cleavage. 
The pos t mai n ore apati t es are us uall y small er in cryst al si ze than 
those of the (apatite-rich) massive ores. In the main ore zone, espe
ci all yin the apati t e-ri ch massi ve ores, the apati te cryst als reach 
1 ar ge sizes. 
Mineralogically, it is not possible to distinguish the apatites of 
various ore types. 
The cell dimension measurement of one of the Avnik apatites (Sample 
No. S-3 4) indi cat es a fl uor-apati te com position as the meas ured cell 
dimensions (a=b=9.378 and c=6.879) are compatible with those given in 
the A.S.T.M. standards (card no. 16/146288; a=b=9.3684 and c=6.8841). 
An infrared spectrophotometric pattern of specimen S-34 (Fig. 6.11) 
is characterized by absorption bands of (P0 4 )3- at 335, 480, 580, 750, 
965, 1065 and 1080 cm- I • The absorption bands for (G0 3 )z- are virtu
all y absent. 
The fluor-apatite nature is also proven by chemical analyses (Table 
6.8). The chlorine content of the Avnik apatites is low (varying from 
280 to 490 ppm) and only small amounts of OH (0.26-0.53 wt%) were de
tected. The F/GI ratio of Avnik apatites ranges between 15 and 99, which 

FIG. 6.11: Infrared spectrophotometric analysis of apatite. The (P0 4 )-3 

bands are indicated by arrows. Sample (S-34) from Miskel. 
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TABLE 6.8:	 Apatite analysis (Veni ng-Mei nes z Servi ce Laboratory, Utrecht. 
Analyst: Bertha Djie Kwee) . 

•	 KIRUNA range 
G-15 G-19 25-BK KILK 24.60· 213.90 P-798W H-31 DIZ-3 Y-l values-*l

% 
8102- 0.32 D.32 0.97 0.32 1. 29 0.48 0.81 0.81 0.64 0.16 0.085->6.4 
MgO 0.05 0.11 0.27 0.24 0.10 0.10 0.13 0.15 0.06 0.06 <0.011-0.83 
CaO 53.75 53.85 53.50 54.05 53.55 53.40 53.80 53.75 53.35 54.25 
K,O 0.02 0.02 0.03 0.02 0.01 0.01 0.01 0.04 0.01 D. L. 0.01-0.038 
P205 43.00 43.00 42.50 42.50 43.00 43.00 42.50 43.00 43.00 43.00 39.5-42.3 
H 2 O+ 0.35 0.39 0.42 0.31 0.34 0.50 0.40 0.54 0.34 0.27 0.10-0.31 
F 2.71 2.97 2.70 2.83 2.15 2.63 2.97 1. 93 2.96 2.73 1.3-3.6 

ppm 
CI 300 340 490 490 370 280 300 440 400 420 <0.2-2.3% 
Y 1140 581 313 415 342 399 358 NA 479 354 0.01-0.09 
Na 330 385 189 335 225 355 227 243 219 206 <0.01-0.1% 
Al 660 480 931 630 1230 LDL 1009 1540 1180 LDL <0.01-0.25% 
Sc 0.51 0.24 0.3 0.57 0.42 0.16 1.6 0.15 1. 35 0.7 
V 9.94 5.0 22.2 8.7 42.0 24.8 4.5 36.8 31.7 14.2 
Mn 121 145 175 149 190 189 165 207 214 169 0.001-0.09 
Cu 45 487 262 284 142 458 76 161 219 73 
Sr 341 298 242 269 298 340 435 390 LDL 559 0.017-0.094 
Th 76.0 99.4 78.4 73.1 44.5 83.0 31.0 63.4 55.8 51.9 
U 6.5 10.9 5.0 5.7 1.7 5.5 LDL 4.4 3.6 LDL 

Sp. Gr. 3.19 3.19 3.20 3.10	 3.14 3.10 3.19 

-'11- fran Frietsch, (197J.t) • bore hole (Miskel) 

is slightly higher than most of the reported (9.3 to 18.0) values by 
Frietsch (1974) from Northern Sweden. On the F-Cl-OH diagram (Fig. 
6.12), the Avnik apatites fall into the field of the Kiruna (North 
Sweden) ores. Based on this diagram (after Frietsch, 1974), the Avnik 
apatites are different from the apatites of the contact metasomatic 
type. The sedimentary phosphorites are distinctly poor in their 
Cl content, but they differ from the Avnik apatites by haVing 
considerable amounts of OH. The Avnik apatites are also different 
from the apatites from the skarn iron ores (of U.S.S.R) as the latter, 
in general, are poor both in Cl and OH. 
The apatite structure is known to be a highly flexible to isomorphic 
substitution (Deer et al., 1963 ); Ca may be replaced by Mn2+, Sr2+, 
REEs and Th. The ionic radius of the chlorine ion (1.81A) is too large 
to substitute for F- (1.33 A) and OH- (1.40 A) (Vasllev, 1957). Oxygen 
replaces F in apati te to a small degree to maintain the charge balance. 
Vanadium, S, Si, Mn, U, Sc, Al and3~s are reportedly (op. cit.) known to 
substi tute for P. Mn7+ replaces PO, in the form of MnO: ion. The 
charge balance is maintained by the replacement of F by oxygen. The OH 
and CO, groups are shown to substi tute for PO, (McConnell, 1973). 
The PO, group in apatite may also be replaced by SO,. 
The followin paired substitutions such as Ca 2+ + 2Ps+ = 4(Al,Fe)'+; 
Cr 3+ + 2Cr 6+ == 3Ps+; Si'+ + S6+ 2Ps+; ps+ + Ca2+ == S6+ + Na+; 
2Ca 2+ == Na+ + REE3+; Ca2+ + ps+ == Si'+ + REE3+ are reported (Deer et 
al., 1963 and Watson and Green, 1971) in apatites. In the absence of 
sulfide minerals, S as sulfate can be concentrated in apati te (Car
michael et al., 1974). Small amounts of (VO,)'-maysubstitute into 
the apati te structure (Goldschmidt, 1954). 
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Several of these substitutions are detected in the Avnik apatites and 
their quantities are low to moderate. The major and trace element com
position (excluding the REEs) of 10 apatites is listed in Table 6.8. 
The correlation coefficient analyses of the trace elements of 34 apati te 
samples from the study area (Table 6.9) shows significant negative 
correlations among Na-V, Sc-Th, V-V, V-REEs, AI-REEs and positive cor
relations among Na-Sr, Mn-Sr, AI-Fe-Co and Na-Cu-Th-U-REEs, reflect
ing their behavior with respect to their entry to the vacant sites 
of apatite. The substitution of REEs into the apatites is discussed 
separately in chapter 8. 

FIG. 6.12	 Distribution of F, Cl, OH in apatite from different rocks 
and ores (from Frietsch, 1974). a. ultrabasic intrusives 
b. acid intrusives c. alkaline intrusives d. phosphorites 
e. contact metasomatic rocks and ores formed by high Cl 
activity f. iron ores of the Kiruna type (Northern Sweden) 
g. iron ores of the Kiruna type (Leveaniemi) h. Skarn iron 
ores from U.S.S.R. 

Cl 

GANGUE MINERALS: 

AMPHIBOLES 
The major, nearly omnipresent gangue mineral in the Avnik ores is amphi
bole and it occurs as laths (up to several em in length) or massive or 
decussate aggregates. It ranges in composition from actinolite, acti 
noli tic hornblende to hornblende with occasional edenitic varieties, 
therefore, indicating, in general, a calcic character (see Appendix 4). 
The Avnik amphiboles vary in color from colorless, pale green, medium 
and dark green to blue-green. The earliest amphibole is colorless to 
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TABLE 6.9:	 Correlation among various elements of Avnik apatites
 
(r97.5=0.341; n=34).
 
(See chapter 8 for the REE correlations in apatites).
 

Na 1.00 
Al -0.28 1.00 
So -0.02 0.25 1.00 
V -0.50 0.08-0.30 1.00 
Cr 0.39-0.12-0.20-0.15 1.00 
Mn 0.140.04 0.01-0.13 0.24 1.00 
Co 0.10 0.38 0.15-0.29 0.12-0.03 1. 00 
Cu 0.40-0.11-0.15-0.21 0.03 0.10 0.01 1.00 
Sr 0.390.18 0.08-0.18 0.26 0.37 0.12 0.2'5 1.00 
Zr 0.36-0.190.37-0.180.050.04 0.12 0.33 0.31 1.00 
Th 0.42-0.22-0.56-0.19 0.20-0.06 0.22 0.47-0.04-0.01 1. 00 
U 0.43-0.20-0.28-0.40 0.29-0.24 0.21 0.44-0.03 0.05 0.65 1.00 

Na Al So V Cr Mn Co Cu Sr Zr Th U 

Number of samples are 34.
 
Chemical Analysis Method: Instrumental netron activation analysis.
 
Analysis by: I.R.I, Delft, Holland.
 

very pale green actinolite which is found basically in the main ore 
zone (e.g., samples S-11 and S-50 in Appendix 4). It contains high Si, 
Mg and low Al, Na and Fe relative to the other amphiboles. 
Under the microscope, early actinolites occur as irregularly oriented 
short prismatic crystals of up to 0.3 mm in length and intergrown with 
apati te and magneti teo They are only faintly pleochroic. 
Amphiboles which are taken from stratigraphically deeper parts of the 
meta-volcanic-sedimentary series show color and composi tion zoning wi th 
depth; the color changes from light green to dark green and the 
composi tion ranges from actinol itic hornblende (S-16) to hornblende 
(S-148) • 
In the same sample, more than one variety of amphibole is commonly 
found occurring next to each other or replacing one another. For 
example, in sample S-122 the early colorless!pale green actinoli te 
is marginally replaced by hornblende. The change in the color of amphi
boles with depth parallels an increase in the intensity of metasomatic! 
hydrothermal alteration, an increase in the Na content (up to 3 wt. %) in 
the amphiboles and an areal relationship to the Meta-granite contacts, 
therefore, it may be related to the redistri bution phase of the mine
ralization. In the main ore zone, there is evidence (e.g., in S-50) 
for the marginal (to complete) replacement of pyroxenes (salite) to 
pale-medium green actinolite (Fig. 6.13). The alteration proceeds from 
the outer border of the sali te and works progressi vely inwards by vein
ing until the pyroxene is completely altered to actinolite. Microprobe 
measurements indicate that, during this process, small amounts of Mg, 
Ca, Na, Si (and volatiles) are added and Ca and Ti are substracted from 
the pyroxene. This alteration may also be ascri bed to the metasomatic! 
hydrothermal redistribution phase. 
The blue-green amphibole (actinolite) is the youngest and the most 
common amphibole in the study area and is seen in association with 
nearly all ore types. It usually forms large crystals reaching up to 
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several em wide. The blue-green actinolites replace all other amphi
boles by rimming (S-122), canpletely replacing (S-52) or cross-cutting 
them (S-145). Their occurrence in the Mica Schists suggests that they 
were formed during M1 greenschist metamorphism. 

SALlTE: 
Salite, an intermediate pyroxene of the diopside-hedenbergite series, 
is observed locally and occasionally in the main ore layers of Miskel 
(e.g. S-50 in the vicinity of KM-58 bore hole; KM-54/242.95-249.05m) 

FIG. 6.13 Salite and its uralitization (S-50; Miskel). 
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and Mur Dere. In Mur Dere, highly uralitized short prismatic salite (or 
diopside) associates with Fe-(Ti)-oxides where the ilmenite fraction is 
altered to sphene. In the vicinity of KM-58, salite grows together with 
magnetite and amphibole. 
Under the mi cros cope. sal i te is mar gi naIl y and com pI et el y al ter ed to 
colorless to very pale actinolite (S-50; Fig. 6.13). 
In general, salite may have igneous, metasomatic and metamorphic 
(amphibolite facies) origin (Deer et al., 1978). Metasomatic salite 
is characterized by large crystals and high manganese content (0.35 
to 0.83 %MnO; op. cit.). 
The chemical composition of one salite sample (S-50) indicates a slight
ly low A1203 and FeO and a sli ghtly hi gh SiO zcontent when compared wi th 
an igneous salite from Glenmore River, Scotland or from Clinton Iron 
Deposit, Adirondacks (Table 6.10). 
Salite is a relatively common primary mineral reported from volcanic 
terrains. For example, salite occurs commonly as a phenocryst in the 
Roman volcanic province and is reportedly known (Allen and Fahey, 1952) 
from andesite porphyri es of the Iron Mountain, Missouri. 
Their low Mn content and their field association with volcanogenic ores 
may t entati vel y suggest an igneous ori gi n for the Avni k sali t es . 
Sali te is repl aced partl y to com pI et el y by act i noli te pri mari ly as a r e
sult of a drop in the temperature of the mineralizing solutions (Allen 
and Fahey, 1952) and secondarily by uralitization. In Table 6.10, the 
chemical composi tion of actinolites whi ch is produced as a result of 
alteration of pyroxene is shown. The chemical data indicate a strong 
loss of Ca and a small gain of Si, Fe and Mg during this alteration 
process. 

TABLE 6.10: Chemical composition of salite, associated actinolite 
(sampl e S-50) and of sali t e from Ii t erat ure (after Deer 
et al'., 1978). 

S-50 S-50 (-*-) (-**-) S-50(-+-) S-50(-++-) 
Salite Salite Salite Salite Actinolite Actinolite 

Si02 52.41 52.79 50.75 50.19 54.56 54.98 
Ti02 0.71 0.21 0.38 0.20 0 0 
Al203 0.64 0.66 1.33 2.73 1.10 0.69 
TFeO 9.21 9.36 14.60 10.2 11.06 11.37 
MnO 0.18 0.21 0.36 0.40 0.22 0 
MgO 12.56 12.63 9.53 12.38 17.60 17.01 
CaO 22.88 23.17 21.82 23.54 12.16 12.59 
Na20 0.67 0.86 0.94 0.45 0.91 0.70 
Cr203 0.25 0 0 0 0 0 

SUM 98.75 99.89 99.81 99.21 97.63 97.38 

-*- salite. xenolith in diorite (Deer et.a~•• 1978),

-**- salite, from Clinton Iron Deposit (Deer et.al., 1978),
 
-+- actinolite close to the salite border.
 
-++- actinolite away from the salite.
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SPHENE: 
Sphene is the second most common mineral (after the amphiboles) found in 
nearly all ore types. It occurs as euhedral, wedge-like crystals to 
irregular patches. The sphene content of seven massive ore samples from 
the KM-67 bore hole vari es between 1 to 4 vol. %. Sphene occurs as meta
somatic or metamorphic alteration product replacing the ilmenite frac
tion along (100) and (111) faces of magnetite in (S-50A) the main ore 
zone (see Fig. 6. 7a). It also occurs as irregul ar 1 aths enclosed in 
magnetite in HM-8 (Fig. 6.14) and S-51. Microprobe traverses from S-50A 
across the magneti te-sphene contact show a gradual decrease in the 
Ti content in magnetite. Sphene also occurs as small inclusions in mag
netite together with apatite and actinolite (see Fig. 6.7d and 6.8; 
MUR). Sphene with a leucoxene core (S-121) is another distinct type that 
occurs in association wi th the ore. Sphene and amorphous leucoxene 
aggregates form trails together wi th Fe-oxides (G-2, T-2, S-185 and 
HM-7) and provides an example for hydrothermal redistri but ion of the 
earlier ores. 

FIG. 6.14 : Sphene in association with (a) ilmenomagnetite (b) magnetite 
(Samples HM-8 Miskel and S-198 Halveliyan, respectively). 
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Metamorphic sphene is recognized by its association with typical 
greenschist minerals (Fig. 6.14) and by being aligned along the 
NW-SE direction of the M1 foliation. It is found in contact wi th 
magnetite, biotite, chlorite and albite (e.g., S-198, G-1 and T-2) 
and wi th muscovi te, albite and magneti te (DE-3A); presumably formed 
by the decomposition of early 
pyroxenes) . 

biotites (and probably of alkali 

Epidote: 
Only insignificant amounts of epidote occur in the main ores (1-2 
vol. %). A sharp decrease in the amount of epidote from wall rock towards 
the inside of main ore layers may suggest that epidote in massi ve ores 
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was formed by wall rock contamination. Epidote may have formed in order 
to fix the Al released when the Ca-component of intermediate plagioclase 
alters to albite. 
Epidote is one of the major minerals in the post main ores. It occurs 
in the form of small equant granules and equigranular aggregates, 
intergrown wi th amphi boles at the wall rock and at the outer part 
of the diffuse post main ore laminae. The size of epidote in the 
barren veins may reach up to a few centimeters (e.g., in S-183). 
Epidotes of greenschist metamorphism (e.g., S-III) have very low biref
ringence and approach a clinozoisite composition. 
Allanite is extremely enriched in its rare earth element content 
( R2 0, t -25 wt.%; see Appendix 4) and recognized easily by its brown 
color. 

Tourmaline: Dark green to greenish black-colored tourmaline (up 
to 2 vol.%) is observed in several thin sections forming paral
lel trails (diffusive channels) in association wi th sphene-magneti te
actinolite (S-52), with magnetite-muscovite (HM-l09) , with allanite
sphene (A-19) and with epidote-sphene-hornblende (S-161A and HM-22). 
In these mineral assemblages, tourmaline occurs as short elongated crys
tals and it shows strong pleochroism from light to dark brown. 

Muscovite is observed in thin (-0.5 em) veins associated with mag
netite and chlorite (W-30), and apatite and biotite (KM-9/70.00). Al
though muscovite is a very common metasomatic alteration product of the 
wall rock, it is rare in the post main ore veins when compared wi th 
quartz, epidote and feldspars. 

Biotite is seen only in two places (in Gonac--S-14A and Ucgen-Miskel) 
cutting across the main ore layers. In both cases, bloti te forms bar
ren veins filling empty spaces and fractures together wi th quartz and 
epidote. Biotite is commonly found in association with magnetite and 
chlorite in disseminated ores. 

Dolomite is found together with apatite and muscovite in Zellek (S-3) 
and east of Haydan in thin veinlets «1 mm) cutting across the Dolomitic 
Marbles (Fig. 6.15) exposed outside the main ore zone. The host 
rock (S-3), consists of 58 vol.% dolomite, 38 vol.% calcite, 3 vol. % 
muscovite and 1 vol.% apatite. 

PARAGENESIS IN THE MINERALIZED ZONES: 
As mentioned before, it is not possible to establish any logical 
order in the crystallization of magnetites, apatites and actinolite 
(and salite) of the primary (main) ores. The answer to the question: 
"Is the absence of the parageneti c order among the main ore minerals 
due to their crystallization all at once during the VOlcanogenic stage 
or due to secondary recrystallization and redistribution processes?" 
could not be answered. The main ore stage minerals are listed wi thout 
a paragenetic order (Table 6.11). 
The mineral assemblages of the post main ore stage differ from the 
mineral assemblage of the main ore stage by the occurrence of addi
tional felsic (and.other) mineral phases. The amount of felsic minerals 
(albite, microcline and quartz) increase from early to late stages in 
the redistributed ore phase. The increase in the felsic mineral content 
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FIG. 6.15	 Apatite-muscovite-dolomite veinlets in Dolomitic Marble 
(3-3; Zellek). 
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parallels with the appearance of hematite and a new generation of
 
epidote and actinolite. The M1 regional metamorphism does not introduce
 
any new mineral phase (other than occasional andradite) into the mine

ralized zones and causes only recrystallization (in si tu) of the pre

existing minerals.
 
The M2 metamorphism causes a retrogradation and produces abundant
 
chlorite and calcite from biotite and amphiboles.
 
Dynamic metamorphism locally introduces a new generation of hematite,
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TABLE 6.11 : Paragenesis of the minerallized zones. Note that dashed 
lines indicate probable, dotted lines indicate trace amounts. 
The thicker the line the higher the importance of that mineral. 
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pyrite, chlorite, muscovite, quartz and calcite in the fault zones. 
In the mineralized zones, surface weathering causes a limited 
martitization/hematitization in magnetite and causes the formation 
of chlorite and illite. 

6.7. DESCRIPTION OF MAJOR ORE DEPOSITS: 

MISKEL MAGNETITE-APATITE DEPOSIT 

Geologic Setting: 

The Miskel deposit (Fig. 6.16) is the major ore deposit in Avnik and 
is located in the northwestern part of the study area. It is exposed 
within a one square km area at the nose of the NW-plunging overturned 
Avnik Anticline (see Plate 1). 
The Miskel ore is so far the most drilled ore body in Avnik and it is 
characterized by folded and faulted ore layers. The reserves of the 
Miskel ore deposit were explored in detail by the M.T.A Enstitusu 



FIG. 6.16 : A general view of ,the Miskel ore deposit. Looking from north to south. 
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during a period between 1961 and 1979, by drilling 47 bore holes adding 
up to a total of 9635.20 meters in depth. The location of the bore holes 
was based mainly on geophysical (ground magnetic) anomalies. A detailed 
map (1:2,000) of the Miskel deposit and several geologic sections are 
shown in Fig. 6.17 and 18. The geologic sections are based on surface 
and drill hole data (Aral, 1980). The bedrock of the Miskel deposit is 
dominated by Mica Schists on top and metavolcanics at the bottom. The 
former is exposed at the northern an·d northwestern and the latter at 
the southern and eastern parts of the map area (see Fig. 6.17). The 
metavolcanics are the host for mineralization. Mica Schists were depo
sited later as they unconformably overly barren and mineralized meta
volcanics. However, a basal conglomerate in between is missing. In the 
western part of the Miskel area the Mica Schists lie nearly horizontal 
to gently folded to a NW-SE trending synform structure. The thick
ness of the Mica Schists in the west (in bore hole KM-9) is 28 meters. 
The bore holes located at the northern part show that Mica Schists 
become gradually thicker towards the north and northwest. 
The metavolcanics consist of a layered series of Porphyroidal Gneisses, 
Banded Gneisses, Mafic Schists and Leucocratic Muscovite Schists in Mis
kel. The Leucocratic Muscovite Schist is usually interbedded with felsic 
and intermediate flows. The latter are probably the original rocks 
of the Porphyroidal Gneisses as they are laterally transitional to 
each other. The character of the contacts among the metavolcanics 
ranges from sharp to transitional. The contacts are, in many places, 
modified by tectonic disruptions. 
The metavolcanics are intruded by a coarse Meta-granite at the 
southern part of the map area and are bleached irregularly at the 
lower parts by soda metasomatism. The Meta-granite is exposed only 
only within a small area (- 100xl00m). The quartz and pinkish ortho
clase crystals are equigranular and reach up to 10 mm in si ze. 
The Meta-granite, as well as the enclosing metavolcanics, are intense
ly altered in the form of sericitization and albitization. The meta
volcanics are irregularly altered (leached) at the eastern and 
southern parts by soda-rich hydrothermal solutions. The ore layers 
exposed at the eastern half of the area suffered partially or 
completely from this alteration, as the bleached metavolcanics 
constitute both the footwall and hanging wall of the ore. The imposi
tion of hydrothermal leaching on the ore layers is characterized by 
the occurrence of ghost (relict) ore layers. The most representative 
examples of ore leaching can be seen in the NE part of the map area, 
where the eastern continuation of the ore layer was irregularly 
corroded. Only some thin relict ore layers were left. The intensity 
of alteration in the mapped area increases towards strati graphically 
lower parts. For example, the intensity of alteration reaches its 
maximum in Haylan Dere (the lowest stratigraphic level in the map area) 
where nearly no more relict ore layers are visible. 
The contact between leached and relatively "fresh" rocks cannot be 
located and is therefore plotted as probable on the map. The relict 
ore-bearing metavolcanics (vsA) are mapped separately when they are 
large enough in outcrop. The largest vsA exposures occur at the 
eastern, central and southern parts of the area and consist of Banded 
Gneiss (1-70 em bands) interbedded with thin (2-30cm) ore layers. 
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The northern and northeastern exposures of the ore are overlain by 
Porphyroidal Gneiss which are laterally transitional to meta
rhyolite in the vicinity of bore holes between B-8 and KM-29. The 
porphyroidal gneiss forms laterally consistent layers at the western 
half of the area where they are folded and in some cases over

turned. This rock is both the hanging and footwall of the ore in 
Cekirdek (located at the central-north of the map area; Fig. 6.17). 
In this location, the porphyroidal gneiss at the footwall is transition
al to Banded Gneiss at further depths. Several magnetite-apatite-actino
lite layers ranging in thickness from a few em to 40-50 em, are inter
bedded with the Porphyroidal Gneiss at this location. 
Struct ur al Feat ur es : 

The structural features of the Miskel ore deposit are folds and faults 
whi ch control the geometr y of the ore. The map area corr es ponds to the 
nose of the overturned Avnik Anticline. The dip of the foliation is 
generally moderate to gentle. The nearly flat-lying and gently N dip
ping ore layers exposed on the NE become gently SW dipping on the wes
tern part of the map area. Two distinctly recognizable folds, an anti
form in Cekirdek (Fig. 6.18a) and synform in Rasa T., both plunging to
wards Wand trending roughly E-W, are located at the western half of the 
map area. On the flanks of these folds occasional meso-scale, southward 
overturned folds can be seen. The age of these folds is not known 
precisely but is most probably associated wi th the Early Alpine de
formation (F1) of the area. The folds are cross-cut by E-W to NW-SE 
trending faults. The character of the displacement in these faults 
generally cannot be identified due to the uncertainties in the stra
tigraphic succesion. 
There are numerous signs for the "sliding" of the competent ore layers 
over each other and over the host rock. Sheared and brecciated contacts 
and slickensided ore (Fig. 6.19) are commonly seen throughout the area. 
In Fig. 6.20 the disruption of previously folded ore layers is shown 
from a 10 m long close-up section taken to the north of KM-67 bore hole. 
The change in the dip of the fault planes is also a characteristic 
feature. Folding and faultIng are the two main features which cont
rolled the geometr y of the ore bodi es. 

Geometry of the Ore Bodies: 

Two major ore blocks are recognized in the Miskel area: (a) Western 
Block and (b) Northern Block. The Western Block corresponds to the 
southern flank of the Cekirdek Anticline (see Fig. 6.18) and is 
bounded on the north, south and east by faults. 
The stratified nature of the main ore is shown from drilling. The 
average thickness of the main ore zone in Miskel is 40-70m. The exposed 
width of the ore at the surface is about 250-300 m. The drilling 
indicates that the depth of the ore body is about 300 m and may reach 
up to 400-500m. The ore type changes qUickly from high grade massive 
ore to low grade disseminated and laminated type ores. The average 
grade of the Western Block is calculated at 45-50 %Fe and 0.3-0.5 %P 
(Aral, 1980). 
The Northern Block includes two major exposures: (a) Buyuk Kafa, which 
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FIG. 6.19 Formation of hematite along the slickensided surfaces of 
massive ore. Location: Ayna (Miskel). 

FIG. 6.20: Faulting of previously folded ore layers at the south of 
drill hole KM-67 in Miskel. 
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contains Birinci and Ikinci (2.) Isletme and (b) Northeastern Exposure. 
The Buyuk Kafa and the Northeastern exposures are separated fran 
each other by a normal fault. The Buyuk Kafa exposure consists of a 
single massive ore layer in Birinci Isletme which is laterally 
continuous for about 200 meters to the west. It has an average thick
ness of 40-50 m. In Ikinci Isletme, the main ore layer forks into 
three layers. The ore dips toward the north. The drill hole data 
show that the ore is folded forming broad antiform and synform 
structures (see Fig. 6.18c). The Northeastern Exposure covers a large 
area due to the general gentle northward dip (-10 degrees N) at the 
north of KM-67 bore hole. The drilling data show that towards the 
south of KM-67 the ore layers steepen and gain a nearly vertical, to 
overturned dip (Fig. 6.18d). 
The northern block constitutes the major ore reserves; about 22 
million ton of ore with a grade of 45-50 %Fe and 0.8 %P is calculated 
(Aral, 1980). 
The southeastern exposures include Kikale, Buyuk Kolikizinc and Kucuk 
Kolikizinc ore blocks. Each block is separated from the other by 
normal faults (see Fig. 6.17 and 6.18e). 
The reserves and grades of the major ore blocks are summarized below: 

Exposure Proven + Probable Ore Average Grade 
(million tons) %F'e %p 

Western Block 9.9 45-50 0.4 
Northern Block 21.7 45-50 0.8 
Kil Kale 2.0 33 1.5 
Buyuk Kolikizinc 2.9 20 n.g 

TOTAL ... ,............. 36.5
 

Mineralogic Characteristics: 

Mineral ized ore samples from various drill holes were studied by 
microscope, microprobe and x-ray diffraction methods. Magnetite and 
apatite are the major ore minerals. Amphibole is the major gangue mi
neral, mainly of an actinolitic canposition. Only the Buyuk Kafa ore 
is dominantly of a massi ve ore type and relati vely poor in apati teo 
The others are essentially the apatite-rich type and contain large 
crystals of apatite and actinolite. The bore hole data indicate 
that the massive magnetite and massive apatite-rich magnetite 
type ores are laterally and vertically transitional to each other. 
The apatite content of the Miskel ore changes very quickly; in Ucgen, 
apati te concentrates to levels that the ore can be named as "Apati te 
Ore or Apatite Rock". At this place, apatite associates mainly with 
magnetite and defines a thin horizon (70 ern. thick) interbedded with 
magnetite-rich layers. It is laterally transitional to magnetite-do
minated apati te-ri ch and massi ve magneti te ores. 
The following ore types are observed along a section between KM-10 and 
KM-67 bore holes: 

a. Apatite-rich massive ore (thickness 4m); the upper part is covered 
by talus material; it underlies barren Gneiss gently dipping (-10 0 ) 
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northward; the ore consists of magnetite and apatite, apatite is
 
coarsley crystalline (up to sveral cm.): actinolite is the gangue mi

neral, coarsely crystalline, forming laths of up to 4 cm in length.
 

b. Transition between (a) and (c) ores; thickness is about 2 m. 
More magnetite and actinolite (up to 6 cm. in length) and, less, 
mall er apati t es. 

c. Massive magnetite ore; thickness 60 cm: mainly magnetite and
 
varying amounts of actinolite: characteristically poor in apatite:
 
the size of the visible apatite crystals does not exceed a few mm.
 

d. Sheared Gnei ss <3.5 m.): crushed zone. locally pul veri zed; 
contains up to 5 vol.%magnetite. 

e. Massive magnetite ore layer (45 cm thick); mainly magnetite, 
small amounts of actinolite and apatite. 

f. Apatite-rich massive magnetite ore (exposed thickness >4.5m. in 
the vicinity of KM-67 bore hole): lithologically similar to (b). 
Disseminated and laminated ores are commonly seen in the drill holes 
from the western and southeastern exposures. The western exposures dif
fer from the others by containing up to about 0.5 wt % pyrite associated 
with the disseminated ore. 
In Ucgen, the magnetite-rich ore is cut by thin (1-2 cm) quartz-epidote
biotite veins. Barren quartz-epidote-amphibole veins cross-cutting 
the main ore are also observed in Ayna, Rasa Sr. and Kil Kale. 
The chemical analyses of ore from the mineralized zones of each drill 
hole was carried out systematically by the M.T.A. Enstitusu (see 
average composition of the Miskel rich and poor ores from Table 6.2). 
The presence of small amounts of Na, K and Al indicates a dilution 
effect of albite, muscovite, microcline and biotite from the host rock. 
Varying amounts of amphi boles and epidote are represented by the 
presence of Mg, Ca, Al and Si02 in the analyses. The bore hole data 
show that the Miskel ore contains only negligible amounts of As, S 
and Mn. 

HAYLAN DEPOSIT: 

The Haylan deposit is located on the southern extension of Miskel 
on the southern limb of the overturned Avnik Anticline. It is ex
posed on two sides of the major river of the area, Haylan Dere, and 
also on Miskel Tepe on the southern extension of K. Kolikizinc of the 
Miskel deposit (see Plate 1). The general geology and two geological 
sections fr om the area ar e shown in Fi g. 6.21. 
The overturned succession is indicated by the appearance of bleached 
metavolcanics on top and relatively "fresh" Lower Unit basement rocks 
at the bottom. Further to the west, Mica Schists are exposed as the 
lowermost unit. A small (coarse) Meta-granite outcrop is exposed 
further south in the area. 
The Haylan ore deposit contains all varieties of ore but mainly those 
of the laminated and disseminated type. In most places, the contacts 
of the laminated ore with the wall rock are gradational. The laminatedl 
disseminated ore is associated with higher amounts of amphiboles, 
epidote and sphene. The amount of gangue minerals is generally 
higher than in the Miskel ores. Besides amphiboles (actinolite), 
epidote, albite, biotite, chlorite, shene, sericite, calcite, clay, 
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allanite and tourmaline are also seen in different amounts. Magnetite 
and apatite are the ore minerals. 
The cream-white colored, bleached metavolcanic rocks consist of albite, 
quartz and muscovite and, are nearly free of mafic minerals in many 
places. Much of the muscovite is hydrothermal in origin as it replaces 
biotite. Argillization of feldspar is another form of hydrothermal al 
teration, although part of the muscovite and clay minerals may have been 
the product of surface weathering. Quartz mainly occurs as thin veinlets 
irregularly traversing the rock, filling the spaces between albite. The 
host rock is Gneiss (felsic/intermediate volcanic origin) which is main
ly banded, partly porphyroidal and occasionally schistose in character. 
A typical Gneiss that escaped metasomatic/hydrothermal alteration (H-24) 
in Haylan consists of quartz (-30 vol. %), albite-oligoclase (37 vol. %) 
microcline (10 vol. %), muscovite (14 vol. %), chlorite after biotite 
(3.5 vol. %), epidote (2 vol. %), sphene (1 vol. %), magnetite (2 vol. %
 
and apatite (0.5 vol. %). With increasing intensity of alteration the
 
amount of albite increases sharply, quartz increases slightly and the
 
others decrease considerably.
 
The following is evidence for the redistribution of the Haylan ores:
 

- The mineralized host rock corresponds to mafic mineral-enriched 
Gneisses interbedded with basic meta-volcanic layers. The mafic enrich
ment is evidenced by the presence of diffusive and vein type dark 
patches superimposed on medium gray colored gneisses. 

- The true thickness of the mineralized zone in Haylan (as indicated 
by drilling) is about three times (250 m) that of the Miskel ore de
posit. This may provide an additional evidence for the strongly 
redistributed nature of the ore in Haylan. 

- The coarse Meta-granite spatially associates with bleached 
basement rocks and cuts across the main ore layers in the southeastern 
part (see Fig. 6.21). 

- The NW-SE trend of the laminated ore may have been gained during 
the Early Alpine deformation (F1) as the ore is associated with typical 
greenschist minerals. 
The geometry of the Haylan ore deposit is dictated by folding. The 
Haylan deposit is separated from the Haylan-Miskel exposure by the Mis
kel-Harabe fault. Folding in Haylan steepens the exposure on the south
western limb (Fig. 6.22) as can be seen in geologic section A-B (see 
Fig. 6.21). The sub-surface extension of the folded western flank is 
cut by bore holes H-7, H-1A, H-3, and H-15. The NW-SE axial trend of 
these folds parallels with the overturned anticline. 
The reserve calculations (Aral, 1980) based on data from 7 bore holes 
amounting to 1495.18 m., indicate the presence of 27 million tons of 
ore with an average grade of 20-25 % Fe and 0.7 %P. The chemical data 
(produced by M.T.A Enstitusu) show clearly that the distribution of 
Fe and P is not uniform. The lowest values parallel with disseminated 
and (sparsely distributed) laminated type ores. 
The exploitation of the Haylan deposit requires the construction of a 
dam on Haylan Dere river or a diversion of its course. Only 250,000 ton 
of ore may be selectively mined from the surface exposures. The grade of 
this ore will be about 40-45 % Fe and 0.8-1.0 % P in average. 
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FIG. 6.22 The NW-SE trending folding (f1) of the massive ore layers in 
Haylan deposit. 

GONAe DEPOSIT:
 

The Gonac deposit is located further south of Haylan at the overturned
 
southwestern flank of the Avnik Anticline. The host rock is amphibole

feldspar rich Gneiss in Gonac Tepe and bleached gneiss in Incebelduzu.
 
Lower Unit basement rocks (VSS) W1derly the ore on the west (Fig.
 
6.23). The Incebelduzu exposure is cut by Meta-grani te in the west.
 
The contact is sharp. In Gonac T., the ore is invaded by Na-rich
 
solutions on the east. In the Incebelduzu exposure, two distinctly
 
different trends are measured; a N-S and a NW-SE trend.
 
The field observations indicate that the lamlnated-disseminated typE!
 
is characteristic for the NW-SE trending ore. The NW-SE trending ore
 
is superimposed on the massive ore layers at the eastern and northern
 
parts of the Incebelduzu, indicating that it is younger than the main
 
ore stage.
 
In Gonac Tepe the ore is typically of laminated and disseminated type
 
and somewhat envelops the massive ore layers. In Incebelduzu the ore
 
is mainly of massive magnetite-apatite-actinolite type.
 
In 1976, five bore holes were drilled in Gonac Tepe, which amounted to
 
346.90 meters. The sections passing through the bore holes (G-6, G-3 
and G-5; G-1 and G-21) and the variations in the dip of exposed layers 
indicate the presence of a laterally discontinuous, about 20 m thick, 
ore layer in Gonac Tepe which is folded along a ENE-WSW trending broad 
asymmetric syncline. The syncline plW1ges 10-15 degrees to WSW. 
The Gonac ore is more strongly martitized (by surficial oxidation) than 
any other ore in the Avnik area, producing up to about 5 wt. %of 
hematite. The apatite content is high (up to 15 wt. %) when the ore is 
of the massi ve type. The redistri buted ores contain less phosphorus. 
The overall r'eserves of relatively high grade ore (30-40 % Fe and 
0.8 % p) is calculated as 250,000 ton. 
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HAMEK DEPOSIT: 

The Hamek deposit is located at the northeastern part of the study area 
in the Northern Block. The ore is low grade (10-15% Fe) and of the 
disseminated-laminated type. It occurs in Banded Gneiss which is locally 
porphyroidal or banded in character. The Gneiss layers are interbedded 
with barren meta-dacites (on top) and Mafic Schists at the bottom. In 
the central part of the map area (Fig. 6. 24), a Meta-albite-quartz 
Porphyry Dike invades the Gneisses. Mineralized gneisses are thrusted 
towards the SW over Mica Schists along the Avnik-Mahmudan Thrust Fault. 
A Tertiary Basic Dike (Quartz Trachyandesite) invades the Gneisses 
along the thrust fault plane. Gneisses are strongly brecciated and sili
cified closer to the thrust zone. The eastern part of the map area is 
covered by flat-lying Quaternary terraces which contain pebble to 
boulder size blocks of ore. 
The most prominent feature of the Hamek area is the E-W folding 
of the minerali zed zone. Less distinct synform structures are locat
ed at the flanks of this anticline. The grade of ore is low (1-5% 
Fe 3"O.) at the apex of the anticline. but reaches up to about 15-25% 
Fe 3 0". in the flanks. The phosphorous content is low when compared to 
the other deposits. The ore reserves of Hamek are estimated at about 
15 million ton low grade (15-20 % Fe 3 0.) magnetite (Aral, 1980). Such 
a low grade ore appears to be minable since the host rock is soft and 
friable. Evidently, the thrusting movement was associated with strong 
crushing, which in turn permitted to a deep weathering of the host rock. 
The discrete magnetite crystals (reaching in some places up to 1 em 
across) virtually crumble out of the rock when struck by a hammer. This 
physical property of the host rock effectively reduces the beneficiation 
costs. 
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CHAPTER 7. SIGNIFICANCE OF THE DISTRIBUTION OF TRANSITION 
ELEMENTS IN THE AVNIK MAGNETITES. 

7.1. INTRODUCTION: 

It is generally known that the transi tion elements substi tute into 
magnetite in substantial amounts (Kisvarsanyani and Proctor, 1967) 
and their abundances have a direct relationship with the origin of 
magnetite (Hegemann and Albrecht, 1958). In this study, in order 
to investigate the distribution of transition elements in the Avnik 
magnetites and their genetic significance, 46 purified mag
neti te samples, representing the two major ore types, namely, the 
main and post main ores, were analysed for the transi tion element 
contents by the A.A.S (Co, Ni, Cu, Zn), I.C.P (Ti, V, Mn) and I.N.A.A 
methods. The analytical results are tabulated in Table 7.1.(-*1-). 

7.2. DISTRIBUTION OF TRANSITION ELEMENTS IN MAGNETITE: 

In the unit cell of magnetite there are 32 oxygen ions and 24 cations 
where 8 of the latter are in a 4-fold coordination, and 16 in a 6
fold coordination. Magnetite has a structure of inverted spinel where 
the cations (Fe 2 +, Fe3+) are distributed among the 4 and 6 coordina
tion (Ostafiychuk et al., 1973) according to: 

8Fe3+ in (4-fold) and 8Fe 2+ + 8Fe3+ in (6-fold). 
This means that Fe 3+ can be replaced at 4 and 6 coordinations while 
Fe 2 + can be replaced only at a 6 coordination. 
However, in gener aI, nat ur al magn eti te does not ha ve a perf ect invert ed 
spinel structure as a sUbstitution like: 

2Fe3+ = Ti 4 + + Fe2+ 
is very common. The replacement of Fe 3+ in a 6 coordination by 4+ ions 
introduces a strain on each of the bonds with the surrounding six oxy
gen ions and necessitates the immediate conversion of Fe3+ ions (in 4 
or 6-fold positions) to the Fe 2+ state in order to minimize the bond 
strain (Dasgupta, 1967; and Ostafiychuk et al. 1973). 
The transition elements that substitute into the magnetite structure 
include Sc, Ti, V, Cr, Mn, Co, Ni, Cu and Zn. Sane of these elements 
occur in significant amounts in the Avnik magnetites as iron itself 
is a transition element. 
The substitution of transition elements into magnetite is controlled by 
size and charge similarities. In Table 7.2, the ionic radii of transi
tion elements are gi ven at a 6-fold co-ordination (data after Rankama 
and Sahama, 1950). If the ionic radius of a trace element is within the 
range of about ± 15% of that of a major element, sUbstitution may be 
expected to occur easily. 
Varying amounts of transition element sUbstitution into the Avnik mag
netites is illustrated by histograms (Fig. 7.1). The Ti, Cr, Cu and Zn 
populations are skewed and are approximately log-normal. The V, Mn, 
Co and Ni histograms depict more than one population. 

-*1- Information on the analytical methods is given in Appendix 2. 
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TABLE 7.1 :	 Transition element content (in ppm) of magnetites from main and post main ore stages and 
[\) 

their averaged values. 

MAIN ORE STAGE,	 POST MAIN ORE STAGL 
OT DT Ti V Cr Mn Co Ni Cu Zn OT DT Ti V Cr Mn Co Ni Cu Zn 

S-37 1 1 141.81236.7 4. 212.568.3 180.9 12.1 40.2 GG-l 3 3 289.58 630.48 48. 539.63 68. 60. 18.8 52. 
25/213.90 1 3 757.62005.7 4. 401.5 76.2216.5 15.7 64.2 T-2 3 5 159.36 348.33 12.09325.3760.45 60.45 153.14 40.30 
MUR 1 52441.51646. 2.1 375.4 77. 188.3 23.5 77 .0 HSCH 3 4 274.381292.7 8. 255.84 60. 20. 368. 236. 
S-154 1 5 1740. 1895.4 29.1 255.662.3186.8 21.2 49.8 H-55 4 2 120.21 1167.8 8.06 288.84 68.51 181.35 16.12 64.48 
HM-20 1 1 418.42622.6 2. 287.1 72.4265.3 14.1 52.3 D-17 4 4 23.69 901.8 2.01 103.1556.28156.78 16.88 40.2 
S-34 1 1 279.32063.320.1 247.680.2260.7 18.1 52.1 16/109.70 2 1 481.99 206.51 12.54 289.9 66.88 175.56 15.04 58.52 
G-15B 131486.41142.7 2. 480.272.9137.7 15.8 60.8 P798W 4 4 157. 31 929.3 24.36 266.39 60.9 166.46 46.28 44.66 
16/88.70 1 1 1399.2 953.9 17. 494.447. 55.6 321.8 55.6 G-21 4 3 100.35 694.01 0.40233.07 56.28 192.96 9.25 44.22 
G-20 1 3 183. 749.2 21.5 220.1 85.9 187.9 31.7 53.7 S-11 2 3 198.42 827.34 8.4 242.97 63. 151.2 22. 63. 
HM-2 1 1 71. 6 668. 4. 598.968.5149.1 21. 84.6 G-l 99. I 6 951.1 0.41 229.6261.2 228.48 22.44 53.043 3 
HM-19 1 1 657. 2826.5 2. 593.276.9263.3 15. 64.8 G-12 2 3 420.55 857. 40. 504.3 68. 128. 11.6 68. 
H-21 1 1 176.4 1271.4 2. 289.968.5 193.4 18.2 48.4 HM-15 3 1 55.11 586.3 12.3 169.5265.6 123. 18.04 ~9. 2 
67/80.75C 1 1 312.92182.6 o. ~ 472.668.8251.1 13.4 64.8 16/114.35 2 1 54~. 4 263.~2 12.2 344.99 61. 155. 6.98 53.04 
67/80.75B 1 1 1244.82541.7 25.2 400.475.6 180.6 12.6 63. 7/144.30 4 2 157.8 818.5 16.2 304.96 60.75 243. 16.2 52.65 
G-15 1 3 1746.21077.224.3 462.468.8129.6 11.3 .56.7 DIZ-5 2 5 199.91 545.8100.8 72.23 56.4 419.1 34.3 36.27 
67170.50 1 1 755. 2164.6 0.4 454.671.4247.8 15.5 71. 4 S-29 2 4 127.03 886.7 40.4 137.3556.56 181.8 18.18 44.44 
Y-5A 1 52712.21990.4 45.1 335.357. 61.5 21. 57.5 S-39 2 1 30.81 164.2441.2 145.9 53.56 148.3 280.16 37.88 
S-40 1 1 38.6 1657. 8.1 246.864.5282.1 22.6 68.5 29/62.23 2 1 225.8 423.8 14.6 116.7 20. 167.6 100. 100. 
16/132.00 1 1 1306. 1165.4 0.4 267.964.8129.6 13. 52.7 D-37 3 4 212. 298.2 13.3 139.2 18.25 90. 155.4 150. 
HM-7 1 1 2201. 1320. 26. 185.825.2110. 65.5 65. D-12 2 4 638. 263.5 16. 146.8 10.6 55. 108.8 112.9 
67/75.65 1 1 660. 1920. 38.6 444.333.1 248.1 207.5165. 
63/83.25 1 1 1410. 916.4 4. 372.2 24.8 110 194.6 198.8 AVERAGE (n.20): 225.8 652.8 21.6 242.8 54.6 155. 71. 9 70. 
DUT-2 1. 1 5 502.5 2125.5 4. 469. 80. 240. 18.8 56. 
PH-11 1. I 3 379. 1300.5 2. 332.1 65. 166.4632.1 73.1 
S-l ~A 1. 1 3 282. 1388.1 21. 625.8 66. 95.5 t 8. 3 58.1 
S-21 1.1 2 374.91357.260.3 260. 60.3 172.8614.5 40.2 

AVERAGE (n·26) 910.6 1622.6 14.2 376.364.6181.1 45.7 69.0 OVERALL AVERAGE: 612.9 1201. 17.4 318.2 60.3 169.9 57.1 69.5 

Codes: 

OC", Ore type code:	 1. Massi ve ore (flow type) 1.1. Massive ore (5111
like) 2. Redistributed vein type 3. Disseminated 
l.l. Laminated. 

DC- deposit code: t. Miskel 2. Haylan 3. Gonac 4. Hamek 5. Others 
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TABLE 7.2:	 Ionic radii (X) of transition elements, 
Mg and Al at a 6-fold coordination 
(based on a radius of 0 2 -; data 
after Rankama and Sahama, 1950). 

Sc3+ 0.83 N1 2+ 0.78 

Ti3+ 0.69 cu+ 0.96 
Tl~+ 0.6~ cu2+ 0.83 

v2+ ng zn2+ 0.83 
v3+ 0.65 Mg2+ 0.78 
v4+ 0.61 A13+ 0.57 
v5+ 0.40 

Cr3+ 0.64 Fe2+ 0.83 
Cr6+ 0.35 Fe3+ 0.67 

Mn 2+ 0.91 Co2+ 0.82 
Mn3+ 0.70 Co3+ 0.65 
Mn 4+ 0.52 
Mn7+ 0.35 

The abundance of each t ransi tion el ement in the Avni k magneti tes is 
discussed from the averaged values of the major ore types as follows: 

Titani um: 

The substitution of quadrivalent titanium into a magnetite structure 
is according to its smaller radi us (0. 64A) and normally demands a 
coordination of six oxygen ions in an approximately octahedral ar
rangement (Goldschmidt, 1954). 
Although a considerable amount of Ti enters the magnetite structure 
(as there is a continuous relationship between magnetite and ulvospinel 
molecule--Fe 2 TiO.; Goldschmidt, 1954), only moderate amounts of Ti 
are found in the Avnik magnetites. The average of all samples (number of 
samples=n=46) Ti content is 613 ppm, varying within a wide range (24 to 
2712 ppm). The main ore contains higher amounts of Ti (average 911 ppm 
n=26) than the post main ores (average 226 ppm, n=20). The wide range 
in the abundances in each case is probably due to the younger regional 
metamorphism and hydrothermal alteration which were imposed (see 
chapter 6) as secondary processes on the primary volcanogeni cores. 
It is generally acknowledged that magnetites which experienced meta
morphic recrystallization contain lesser amounts of titanium (Budding
ton et a1., 1955) as a result of the crystallization of the ilmenite 
fraction of magnetite to sphene under greenschist facies conditions. 
Therefore, relati vely low Ti abundances in the main ores may be related 
to the M1 metamorphism. On the other hand, the extremely low Ti abun
dances of the post main ore magneti tes are probably due to the hydro
thermal redistribution and additional metamorphic recrystallization. 

Vanadi um: 

Vanadium is the most abundant element in the Avnik magnetites. The 
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Fig. 7.1 The frequency distribution of transition elements in the_Avnik magnetites. 
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average abundance (n=48) is 1201 ppm and ranges between 207 and 2653 
ppm. The main ore phase magnetites contain more vanadium (average 1623 
ppm, n=26) than the post main ore (average 653 ppm, n=20) magnetites. 
The distinctly high abundance of vanadium in magnetite is usually 
related to a direct magmatic origin (Kirsvanyani and Proctor, 1967). 
This supports the view that (a) at least two different generations 
of magnetite occur in Avnik, and (b) the main ore has probably a 
a magmatic origin. 
Tri val ent vanadi um is concentrat ed in magnet i te due to its char ge and 
size similarities with the Fe 3 + ions (Table 7.2). The Fe 2 + is distinct
ly larger than the V3+. It is generally believed (Goldschmidt, 1954) 
that in early stages of magmatic evolution, there is a general scarcity 
of FeH in the mel t so that precipitation of V is delayed until the 
crystallization of Fe 3 + takes place as magnetite. 
Vanadium is most abundant during the middle stage of differentiation 
and it decreases during the late stage of the magmati c evol ution (Wager 
and Mitchell, 1951 p.185). The preference of V for Fe 3 0 4 over ilmenite 
under low f0 2 is shown experimentally by Schuiling and Feenstra (1980). 
According to them, magnetites have higher V contents than either of the 
coexisting hematite or ilmenite. Among the coexisting main ore stage 
minerals (magnetite-actinolite-apatite), the V content is highest in the 
magnetite (Table 7.3). 
During the regional greenschist metamorphism, the V3+ content of 
magnetites remained unchanged (Dasgupta 1967). Similar conclusions 
are also reached by Gj elsvi k (1957) as a resul t of a study on 
magnetite and ilmenites of the Sunnmore region, west Norway. 
Such conclusions are in agreement wi th the relati vely high V content 
of the regionally metamorphosed main ore magnetites of Avnik. 
Under aqueous conditions, the trivalent vanadium ion, like Fe 3 +, is 
relatively immobile due to its precipitation at rather low PH values 
(Goldschmidt, 1954). According to Goldschmidt, divalent vanadium occurs 
rarely, in the form of VO, and may substitute for Fe 2 + under reducing 
conditions. The moderately poor mobility of V in the hydrothermal solu
tions may account for the relatively high V content of the post main 
ore magnetites in Avnik. 

Chromi um: 

The ionic radius of Cr 3 + is very similar to that of ferric iron (see 
Table 7.2), whi ch may lead one to expect isomorphous substitution of Cr 
into the magneti te crystal structure. The average (n=46) abundance of Cr 
in the Avnik magnetites is about 17 ppm and ranges between 0.4 and 48 
ppm. The average Cr values of the main ore phases are roughly in the 
same order as those of the post main ore types (see Table 7.1). 
The general low abundance of Cr in the main ore phases may be due to 
the stronger affinity of this element to the early forming mafi c mi
nerals in the crystallizing magma. It is known (Prinz 1967; Wager and 
Mitchell, 1951) that early pyroxenes incorporate large amounts of Cr. 
The early depletion of Cr from the melt is related to the ability of 
Cr to make strong ioni c and coval ent bonds (Gol dschmi dt, 1954) 
With the rock-forming mafic silicate minerals. 
In Avnik, the presence of higher amounts of Cr in the mafic silicates 
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TABLE 7.3: Chemical variations among the coexisting mineral phases (Main Ore Phase and Kiruna 
Ores). 

MAIN ORE PHASE: KI RUNA OR ES : 

Sample No. G-15 Sample No. 67/80.75 
. 

Sample No. 67/35.90· Loussavaara Red Ore Gray Ore 
Magnet. Apat. Actin. Magnetite Actlnoli te Magneti te Apatite Magneti te Apatite Magnetite Apatite Magneti te Apatite 

ICP INAA AAS ICP AAS INAA INAA INAA INAA INAA INAA INAA INAA 
---- --- - -- ------------- - - ------ - - - ---- -- - - - - - ----- ----- -------- - - - - --- ------------- -- ---- -- - ------- ----

Sc 0.5 - - 4.5 1. 35 1.5 0.43 0.39 <0.03 <0.11 <0.03 
Ti 1486 LDL 1200 313 400 2040 LDL 

V 1143 9.9 240 2183 200 1948 31.7 
Cr LDL LDL 2 LDL 4 59 LDL 26.8 29.01 33.75 <1.3 30.8 20.9 
Mn 480 121.5 1568 473 1596 455.7 214 
Co 73 0.4 24 69 28 32 0.4 133 <3.0 146.4 0.64 136.7 1.15 
Ni 200 LDL 224 220 148 LDL LDL 520 <135. 3 280 <11 0 <360 <11 0 
CU 16 45 8 13 9 328 219 
Zn 61 LDL 56 65 72 134 101 <50.6 <74.7 <46.8 <32.8 <50 <32.1 
Th 76 28 55.8 13.07 37.81 92.6 169.8 4.98 6.82 

U 3.4 '.4 3.6 <14. 3 <650 11.45 13.52 <34.9 25 

REEL '1 - 210 70.B 566 480 
Mg 5775 LDL 247 2650 1070 
Al 490 660 199 1640 1180 

- - - --  - - - - - - - - - - - - - - - - - - - - - - - - - -  - ---- - - - - - -- - - - - - - -

--1- La, eel Sm, Eu. Yb and Lu. • bore hole KM-67 (Miskell 
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is indioated by the high Cr content of relict salite (Cr 2 0 3 =2500 
ppm) in sample S-50. The coexisting amphiboles contain only slightly 
more Cr than the main ore magneti tes. 

Manganese: 

Only small amounts of Mn (average = 318ppm n=46; range=72-626 ppm) 
are detected in the Avnik magnetites (see Table 7.1). The main ore phase 
magnetites contain slightly more manganese (average 376 ppm) than 
the post main ore (average 243 ppm) magnetites. 
Under magmatic conditions, Mn 2 + can only replace the Fe2+ in Fe 3 0, due 
to thei r simil ar radi us. Tri - and quadri val ent Mn in magmati c rocks are 
mostly products of secondary oxidation (Goldschmidt, 1954), because the 
formation of tri valent Mn requires a high oxidation potential that is 
rarely attained by normal magmatic rocks. However, Mn 3 + and Mn'+ are 
formed easily by hydration of manganous compounds during metamorphism 
and hydrothermal alteration (Goldschmidt, 1954). 
The isomorphous entry of manganous ions into ferromagnesian minerals is 
more common than its entry into magneti te (op. ci t.). For example, in 
sali te (S-50), the MnO content ranges between 1500 and 3800 ppm. In 
Avnik, among coexisting magnetites and amphiboles, Mn is favorably par
titioned into amphiboles (Table 7.3). The coexisting main ore apatite 
usually contains the least manganese (Table 7.3). 

Cobalt: 

The average amount of Co detected both in main and post main ore mag-

netites is about 60 ppm. Such a uniform abundance of Co is in agreement
 
with observations (Wager and Mitchell, 1951) that Co enters the mag-

netite structure without any preference for magnetites of different
 
ori gin. Oli vine and, to a lesser extent, pyroxene contain moderate
 
amounts of Co and ,show a gradual decrease wi th differentiation (Prinz,
 
1967). In Avnik, coeXisting ,magnetite and amphiboles contain approxi

mately the same amounts of Co. The Co content in the associated apa

tites is insignificant.
 

Ni ckel:
 

The overall average abundance of Ni in the Avnik magnetites is about
 
170 ppm ranging between 20 to 282 ppm (excluding one anomalously
 
high sample, DIZ-5; 419.1 ppm). In general, like Cr and Co, Ni does
 
not show a distinct fractionation among the main and post main ore
 
magneti tes.
 
Under magmatic conditions Ni is known to be enriched in the early oli 

vine and orthopyroxene and in successively lesser amounts in magnetite,
 
clinopyroxenes, amphiboles and biotite (Prinz, 1967).
 
In the Skaergaard layered series the removal of Ni in the early crystal

lizates was so effective that the ferromagnesian minerals and iron ores
 
of the middle phase contain little or no Ni.
 
In Avnik, the electron microprobe analysis did not indicate a measurable
 
amount of Ni in salite (S-50). The Ni contents of the coexisting acti 

nolites are also low. The main ore apatites are virtually free of Ni.
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Copper: 

The average abundance of Cu in 46 samples is about 57 ppm and the 
post main ore magnetites, in average, contain slightly more Cu (72 
ppm) than the main ore (46 ppm) magneti tes. Nevertheless, in both 
cases, Cu varies within a wide range (10-350 ppm) and their distribu
tions closely overlap. 
The low abundance of copper in the main ore magneti tes is probably due 
to its high electronegativity (Cu+ = 1.8; Cu z+ = 2.0) which makes its 
essentially covalent (Ringwood, 1955) and thus considerably weaker 
than that of ferrous iron. Therefore, in the absence of sulfur, Cu 
stays in the melt till a late pegmatitic stage. In the presence of S, Cu 
sulfides may be incorporated within the magnetite crystals. Only small 
amounts of CU2+ may replace Fe 2 + in the crystal structure (Cornwall and 
Rose 1957). 
The Cu content of the am phi boles co-existing wi th magneti te and apati te 
is below the detection limit. 
Under hydrothermal conditions Cu is easily leached by acid solutions 
and redeposited elsewhere. The slightly higher Cu content of the post 
main ore magnetites may be the result of such a redistribution. 

Zinc: 

Zinc is present in the magnetites in amounts ranging between 40 and 200 
ppm (averaging about 70 ppm, n=46) in both main and post main ore mag
netites. The substitution of Zn is determined by the similarity between 

TABLE 7.4:	 Main and post main ore stage correlations among transition 
el ements. 

POST MAI~ ORE STAGE (n:20 samples): 
r99% : 0.453 

Ti 1.00 
V -0.37 1.00 

Cr 0.04 -0.15 1.00 
Mn 0.34 0.15 -0.03 1.00 
Co -0.27 0.44 0.08 0.52 1.00 
Ni -0.26 0.05 0.50 -0.34 0.19 1.00 
Cu -0.04 -0.06 -0.04 -0.20 -0.29 -0.46 1.00 
Zn 0.29 0.20 -0.24 -0.08 -0.42 -0.51 0.68 1.00 

Ti V Cr Mn Co. Ni Cu Zn 

MAIN ORE STAGE (n=24 samples): 
r99.9% = 0.516 

Ti 1. 00 
V -0.01 1. 00 

Cr 0.25 -0.03 1. 00 
Mn -0.07 0.10 -0.21 1. 00 
Co -0.35 0.28 -0.31 0.11 1.00 
Ni -0.55 0.62 -0.28 -0.09 0.43 1. 00 
Cu 0.17 -0.28 0.14 0.15 -0.67 -0.34 1.00 
Zn 0.10 -0.12 -0.03 0.20 -0.63 -0.03 0.56 1. 00 

Ti V Cr Mn Co Ni CU Zn 
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Zn 2 + (0.83A) and Fe 2 + (0.83A). The divalent Zn replaces Fe 2 + in octahed
ral 6-fold co-ordinations in magnetite. Because of the similarities in 
ionic size, Zn, Co, Fe 2 + and Mn, in both oxygen canpounds and in sul
fides, mutually replace each other (Goldschmi dt, 1954). Zinc does not 
usually enter the lattices of pure Mg-silicates and prefers rather fer
ranagnesian silicate structures (e.g., biotite) and follows an enrich
ment pattern similar to that of ferrous iron (op. cit.). 

Scandi urn: 

Substitution of SCH for Fe 2 + is considered likely on the grounds of 
ionic size similarity (Table 7.2). The Sc abundance of the magnetites 
from the mineralized zones is about 2 ppm in average (n=8). The main ore 
magnetites (HM-7 and 67175.65, respectively) contain slightly more Sc 
(-4.0 ppm) than the post-main ore magnetites. 

7.3.	 CORRELATIONS AMONG TRANSITION ELEMENTS: 

According to ionic size similarities, strong positive correlations are 
expected among the transition elements substituting into the magnetite 
structure (Dasgupta, 1967): only Ni and Mn may be excluded fran this 
general rule as they differ in size (from the respective iron ions) 
slightly more. However, the degree of correlations between the transi
tion el ements both in main and pos t mai n or e magneti t es are mos tl y 
at insignificant levels (Table 7.4). In both cases, only Co, Ni, 
Cu and Zn provide (partially) recognizable correlations. The poor cor
relations are probably due to the (genetically) mixed nature of the 
samples. It is known that both the main and post main ore magnetites 
have suffered fran younger regional metamorphisms and the latter from 
an addi tional hydrothermal redistri bution. The differences in the 
mobility of each trace element during hydrothermal and recrystallization 
phases causes the low levels uf correlations. 

7.4.	 COMPARISON OF THE AVNIK ORE DEPOSIT WITH DEPOSITS FROM OTHER PARTS 
OF THE WORLD BASED ON TRANSITION ELEMENT DISTRIBUTION IN MAGNETITE: 

In this section, the transition element contents of the Avnik magne
tites are canpared to those fran other parts of the world when the ore 
genesis is rather well established. This is done by visually comparing 
the Avnik data to the diagram (Fig. 7.2.) designed by Hegemann and 
Albrecht (1958) and to that prepared by the present author (Table 7.5). 
Besides the absolute abundances, the Ti/V, V/Mn, Co/Niratios which have 
genetic significance are also compared. Such comparisons strongly indi
cate that the main ore magnetites of Avnik are very similar to those 
fran Kiruna. 
The Kiruna ores are genetically classified as an ore magma inj ection 
type by Hegemann and Albrecht (1958). Some partial similarities to the 
exhalation, extrusive-submarine, and contact metamorphic deposi ts may 
also be recognized. However, such similarities do not apply for all the 
transition elements; namely a complete match with the given range of 
the Avnik magnetites is usually missing from those other than the ore 
magma inj ection type. 
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FIG. 7.2 The range of trace element contents in magnetites of apatitic 
iron ore deposits. After Hegemenn and Albrecht (1958) with 
additions of trace element content from Avnik magnetites. 
Hematite, chamosite, limonite and siderite data is excluded. 
The number of samples (n) used in the assessment of the 
ranges are given in the first column. 
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TABLE 7.5: The trace element contents in magneti tes of different 
genesis. 

Deposi t Pea B055 Sunn Sokol1 Serlfo5 Buck- Shasta Sottunga Lauri urn 
Ridge Bri xby more skin 

Ref: 

Ti 1050 1000 ng 16652 18928 200 300 200 300 2000 750 295 123 
V 625 730 7100 1596 1596 30 30 90 90 110 70 35 65 

Cr I 26 13000 68 137 40 10 7 40 10 <10 36 13 
Mn 732 292 120 4490 2554 2000 1200 1000 1500 1800 2675 2167 1819 
Co 20 .454 170 ng ng 40 5 ng 40 20 87 ng ng 
Ni 55 56 480 ng ng ng 10 8 8 10 20 35 47 
Cu 2 1740 60 ng ng 75 50 10 1 10 100 43 140 
Zn 100 210 ng 800 560 100 200 400 500 ng ng 228 120 

Ti/V 1. 68 1. 37 10.4 1•. 86 6.67 10.0 2.22 3.30 18.0 10.7 8.43 1.89 
V/Mn 0.85 2.50 59.20 0.35 0.62 0.02 0.03 0.09 0.06 0.06 0.03 0.02 0.04 
Mn/Ni 13· 31 5.21 0.25 120.0 125.0 187.5 80.0 133.8 62.0 38.7 

Geneti c A B E F F G 
type: 

Deposit Ausable	 Hope Bjerkr. Paini- Svappavaara Kiruna Avni k 
Mine Sognd. rova Leven Alpha Ainasj 

Ref:	 10 11 12 12 12 II This work 

Ti 2200 3350 32945 500 808 1318 1800 600 623 949 319 
V 50 370 5022 1400 900 50 500 1100 1205 1561 975 

Cr 27 20 342 ng <10 20 130 0 14 14 14 
Mn 220 ng 1122 500 503 1006 465 365 326 390 299 
Co 30 23 90 60 125 10 60 85 62 64 61 
Ni 15 46 95 200 215 <10 170 250 166 175 148 
Cu 5 ng ng 280 ng ng ng 14 58 47 60 
Zn 80 ng 900 ng ng ng ng 40 71 71 72 

Ti/V 44.0 9.0 6.56 0.36 0.90 26.4 3.6 0.55 0.52 0.61 0.32 
V/Mn 0.23 4.48 2.• 80 1. 79 0.05 1.07 3.01 3.70 4.00 3.26 
Mn/N i 16.7 11.8 2;5 2.3 >100 2.7 1.5 2.0 2.2 2.0 
--- -- -- --_ ..-------- ------- ------- ---- - -- -- -- -- - ------- ---- ----- ----- ----------------- ----

Geneti c H J K K K K K K 
type:	 a b Mean 

ng not 8i yens 

GENETIC TYPE:	 REFERENCES: 
A: Ore magma injection	 1. Klsvarsanji and Proctor (1967) 
B: Late magmati c phase	 2. Gjelsvik (1957) 
C: Liquid magma segregation	 3. Heinanen and Vartiainen (1981) 
D: Magmatic carbonati te	 4. Salemink, J. (personal canm.) 
E: Metacarbonatite	 5. Rodtke (1964) 
F: Contact metamorphic/metasanatic	 6. LaUl"'en (1969) 
G: Pegmatite ore	 7. Economou et al. (1981) 
H: Regional met arnor phi sm	 8. Hagner and Coll1ns (1967) 
I: Hydrothermal/metasanati c	 9. James and Dennen (1962) 
J: Immiscible ore	 10. Duchesne (1972) 
K: Klruna type	 II. Lundberg and Smellie (1979) 
a: apati te ore	 12. Frietsch (1966) 
b: skarn ore 
c: met asomat i core 
d: Avnik massive ore (n-21.1) 
e: Avnik diseminated+larninated+vein type ore (n... 25) 
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The intramagmatic type deposits (e.g., like Taberg in Sweden) 
differ from Avnik as they are consistently richer in Ti, Mn, V, Cr, Cu 
and Ni. The Mn content of the metamorphosed sedimentary, granite-related 
contact pneurnatalytic and pegmatitic magnetites (and apatites--Gold
schmidt, 1954) is systEmatically higher than that of the Avnik mag
netites (and apatites). Magnetites formed by marine precipitation 
are depleted in most of the transition elEments. The transition elEment 
content of the magnetites formed during dynamic (dislocation) meta
morphism vari es wi thin much wi der ranges. 
The similarity to the Kiruna ores is also shown by comparing the Ti/V 
(Fig. 7.3), V/Mn and Mn/Ni ratios (Table 7.5). The choice of these ra
tios is based on the contrasting geochemical attitude of the components 
during magmatic processes. The distribution of each component is 
strongly affected by the level (stage) of melt evolution. For example, 
Ti and Ni are rapidly depleted in the early stage as they enter into 
oli vine and pyroxene of ultrabasi c and basi crocks. Vanadi urn separ ates 
from the melt later than Cr, Ti and Ni during the middle stages. Man
ganese is also depleted in the early phase of differentiation but not 
as quickly as Ni and Ti. As a result, for example, the Ti/V and Mn/Ni 
ratios of magnetites will quickly decrease from the early to middle 
stage while the V/Mn ratio will increase. 
Exception to the above generalizations may occur as one of the com
ponents may dominate over another e.g., forming the ores of vanadi
ferous, nickeliferous, titaniferous or manganiferous magneti te type. 
The magnetites of contact metamorphic and metasomatic origin will 
also not follow this trend as there will be a substantial amount of 
Mn introduction from the country rock. 
The averaged Ti/V ratios of the main ore phase of the Avnik magnetites 
show a close similari ty to the magmatic inj ection and metamorphic ore 
types of Hegemann and Albrecht (1958). The Ti/V ratios of the post main 
ore magneti tes may be classified wi th hydrothermal and extrusi ve-sub
marine ore types of Hegemann and Albrecht on Fig. 7.3. 
The formation of magneti te from magmas is closely related to the stage 
of magmatic oxidation (Goldschmidt, 1954). In the very early stage, 
magnetite is not formed. This is usually related to the absence of water 
or water vapor acting on the melt. Iron is purely in the Fe z+ state and 
not yet oxidized. This stage (very low fO z ) is characterized by the 
prevalence of ores like FeCr z0 41 MgAlzO .. FeAl z0 4 and FeTi03 (op.cit). 
They are enclosed exclusively in ultrabasic rocks such as norites, 
dunites and pyroxenites (Kiss and Buda, 1980). The iron ores are con
nected wi th somewhat later stages and their appearance coincides wi th 
the start of the oxidation of ferrous iron to ferric according to: 

3FezSi0 4 + 3Mg.Si04 + 2H zO = 2Fe304 + 6MgSi0 3 + 2H z 
The change in the oxidation state is marked by the appearance of ilmeno
magnetite (e.g. Appalachian iron ores of the U.S.A, Buddington, 1966), 
chromiferous magnetite (e.g. Iraq and Hungary; Kiss and Buda 1980) and 
nickeliferous magnetites (e.g. Naga Hills, NE India; Ghose, 1980). The 
magnetites which contain lesser amounts of Cr, Ti, Ni, Mn and relatively 
higher amounts of V, mark elevated fO z conditions in the magma. The 
vanadiferous Fe deposi ts (e.g. Mustavaara deposi t in Finland; Juopperi, 
1977; and Oursi deposit of Upper Volta; Neybergh, 1980) appear at this 
stage and may contain about 0.8-1.4% VzOs and relatively low amounts of 
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FIG. 7.3	 Allocation of the Avnik ores into one of the major genetic 
types (after Hegemann and Albrecht, 1958). 
1. Post Main Ores: Ti/V = 0.34 (n=20) 
2. Main Ores: Ti/V = 0.60 (n=26) 
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Cr and Ti. The Ti-, V-, Ni-, Cr-, and Mn-magnetite deposits usually 
form stratified layers and are found in association with pyroxenites, 
gabbros, nori tes and anorthosi tes. They are generally named as intra
magmatic deposits and their origin is usually related to an unmixing 
in the liquid state (liquid immiscibilty) and settling of the liquid 
fractions by gravity (Bauman, 1976). 
Although the designation of the Kiruna ores as products of magmatic 
differentiation is widely accepted -*1-, only very little is published 
on the details of ore generation and its emplacement mechanism. 
For the Kiruna ores, Stutzer (1907) envisaged an ore generation 
mechanism similar to that of the early titaniferous magnetite ores. 
He explained the low content of Ti in the Kiruna ores by reference to 
the different character of the associated (acid and intermediate) 
igneous rocks. He proposed that the Kiruna ores were produced by liquid 
segregation and then tectonically squeezed out and pressed upward into 
the country rock. 
Geijer and Odman (1974) grouped the magmatic differentiation mechanism 
under two headings; (a) those formed by liquid segregation (like Fe-Ti 

-*1-more recently Parak (1975) argued against the intrusive magmatic
 
ori gin of the Kiruna ores proposing an exhalati ve-sedimentary
 
ori gin.
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ores of the Taberg type), and (b) those formed by fractional crystal

lization. They classified the Kiruna ores to the latter and stressed
 
the importance of volatiles in the fractionation mechanism. They en

visaged a relati vely low temperatures of formation, not drastically
 
higher than temperatures of granitic pegmatites.
 
Mor e recently, petrographi c evi dence (globul es of magnetite) was pr e

sented (Lundenberg and Smellie, 1979) which suggests that the Kiruna
 
ores may have been generated as a separate ore magma by a liquid im

miscibility process. The origin of the Kiruna and Avnik ores will be
 
discussed in more det2.il in chapter 9.
 

In summary:
 
1. The transition element content of magnetites shows in average 

higher V, Ti, Mn and slightly lower Cr and Cu abundances for the main 
(volcanogenic) ores and supports the field observations that they are 
different from the magnetites of the post main (disseminated, laminated 
and vein type) ores. In both types, the Cr, Co and Zn averages do not 
differ significantly. 

2. The poor correlations among most of the transition elements in mag
neti tes is the consequence of the differences in their response to the 
metasomatic and metamorphic (greenschist) processes. Such processes 
allow the incorporation of different amounts of trace elements into the 
magneti te structure. 

3. The high V, medium Ti, Co. Ni and low Mn and Cr abundances in 
the main ore magnetites supports the idea that they crystallized from a 
moderatel y evol ved mel t. 

4. The (visual) comparison of transition element absolute abundances, 
their range of values and some of the transition element r'atios of the 
main ore magnetites to those from other parts of the world, establishes 
a similarity to the Kiruna magnetites. This may mean that the Avnik and 
Kiruna ores share a similar origin. 

5. A literature survey (see chapter 9) indicates that the Kiruna 
ores (magnetites and apatites) were probably formed by the injection 
of an immiscibly or fractionally generated ore melt into the volcanic 
host rock. 

6. The Ti/V ratios of post main ore magneti tes indi cate a similari ty 
to hydrothermal and, to a certain extent, extrusive-submarine type 
magneti tes of the world. 
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CHAPTER 8. SIGNIFICANCE OF THE DISTRIBUTION OF REEs IN THE 
AVNIK APATITES. 

8.1. INTRODUCTION: 

The amount of REEs substituted into the crystal structure of apatite is 
governed by crystallochemical, paragenetic and bulk canpositional para
meters (McConnel, 1973). The REEs replace the Ca2+ in the apatite 
structure due to similarities in ionic size. Calcium in apatite is 
linked to oxygen in two different positions; a 6 and 9 coordination 
(Beevers et al., 1946; Nagasawa, 1970). The average ionic radii of 
trivalent REEs ranges fran 1.13.8. (La) to 0.94.8. (Lu) at a 6 coordination 
(see chapter 4). The size of the Ca 2 + (1.08.8.) at the same coordination 
is within this range, therefore, sUbstitution is permissible'. Only light 
REEs (La=1.28A; Ce=1.23A; Nd=1.17A) are substituted to the 9-fold sHe 
of Ca (1.26.8.) in apatite. In both sites, the differences in the charges 
are canpensated either by coupled substitution (see below) or by a self
compensating mechanism such as replacement of the F- ion by oxygen; 
Mazelsky et al. (1968). 
The total amount of REEs (REEt) in apatites ranges fran a few tens 
of ppm to a few percent. Such a wide range is due to the fact that 
apatite is, to sane extent, a universal (accessory) mineral, present 
in almost every rock' type, originating from various geologic processes. 
In this study, 30 purified-*1- apatite samples fran various Avnik ore 
deposi ts, representing major ore types are analysed for their REE con
tents. (La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Yb and Lu) by the I.N.A.A 
method (see Appendix 2 for the analytical method). The information on 
ore type, location and state of weathering of each sample is shown in 
Table 8.1 together with the analytical data. 
Additional analyses on samples fran other places (one from UNALDI-*2-, 
from the eastern part of the Bi tlis Massif, 4 sampl es from the Kiruna 
deposits of Sweden and one APCON-*3- sample fran Avnik) are also 
included for ccxTIparison. 
The main purpose of this chapter is to examine the significance of the 
distribution of the REEs in apatites collected from the mineralized 
areas of Avnik. 
8.2. DISTRIBUTION OF REEs IN THE AVNIK APATITES: 

Absolute abundances: 

The total REE content of apatites-*4- fran the Avnik ore deposits 
varies between about 1,000 to 6,000 ppm (Table 8.1). The value of 
the test sample APCON (REEt=2592 ppm) falls the middle of this range. 

-*1- Sample purification is done by applying the heavy liquid method 
following a magnetic separation. 

-*2- The UNALDI deposit is located in the Bi tlis Massif about 200 km 
east of Avnik and assigned to a sedimentary-metamorphic origin 
by Erdogan and Dora (1983). 

-*3- APCON is an apatite concentrate prepared by the M.T.A Enstitusu 
from about one ton of Miskel ore. 



TABLE 8.1 :	 The REE, Na, Th and Si content of apatites. Additional data --.l 

from other places, ore type and sample location are also 0' 

given. Values are in ppm. 

POST t-l.AIN ORE: 
MAIN ORE: 

TbNo Sm Eu
 
La Ce Nd 8.7


DC be La Ce
Sm Eu TbOC DC 4 4 127.0 303. 4 196.7 '9.8 3.4 

HM-201 1 1 Q6? , 706.0 2H.8 65.3 
0-17 4 4 \99.0 111\ .0 389.0 102.5 8.5 21.14.6 8.6 P798W 

68.15 1 1 641.81094.0 375.9 86.1 5.5 16.3 , 2 '99. , 262.0 45.1 3.1 9. 4276.2 
Y-l 1 5 307. 7 558.3 256.9 40.5 H-33 

635.0 256.0 50.3 3.3 10.34.7 9.' 
24.60 4 1 353.0 

HM-106 1 1 467.0 823.0 480.2 89.7 
G-l 3 3 951.0 , 326.0 765.0 134.3 9.0 25.5 

Y-5 1 5 H-56 4 2 282.0 Gall.n 400.0 74.1 

5.6 10.5 

265.8 1192.2 2115.4 38.6 3.5 7.0	 8. \ 11 .11 
5.4 '4.8650.0 1106.0 465.7 91.6	 4.3 6.225BK 1 1	 G-4 2 2" 556.0 800.5 360.0 56.4

12.29'6.0 373.3 72.0 3.5	 31.035.90 1 I '85.2	 718.7 1774.0 1005.0 213.9 ~.9G-12 2 3144.5 8.9 23.81 893.3 1510.0 750.0	 8.6 37.8HM-ll 1	 681.2 1285.0 680.3 165.3
6.8 19.7KILK 1 1 812.7 1315.9 1159.5 "5.1 

AVERAGE: 
G-lgW 1 31035.01820.0 919.0 172.0 8.6 29.0 

467. , 855. 4 '79.3 99.1 6.3' 17.9 
G-13 1 3 '01 3.019611.0 8111.8 "8.6 10.0 26.7 

Oy yb Lu	 Na Th SI 
D1Z-3 1 5 646.61287.0 -- , 011.0 10.9 13.1	 

0.490.9 60.0 9.6 226.7 3\,0 
213.90 1 1 1215.01973.0 830.0 , 32.0 7.5 17.3	 

0.59.2 17.1174.7 57.9	 368.8 
H-22/1 1 2 748.0 1051.0 500.7 86.8 6.0 10.1	 

45.1 0.38. ,	 76.8 63.9 13.0 281.6 
1 1 970.6 19111.0	 900.5 129.6 '9.5HM-2	 86.0 42.5 7.8 224.7 114.5 0.6 

H-31 1 2 587.1 1041.0 '88.9 69.8 4.3 10.2	 
1.1193.0 105.0 20.5	 323.5 103.65.5 13.6H-21 I 2 652.5 1112.0 88'.0 73-3 

93.2 35.4 6.5 249.8 11.5
 
Yo' 5 0.8
1 411.6 856.1	 331.5 53.0 5.6 7.8 0.5 

62.3 48.5 9.7 33'.1 110.3 
HM- t9B 1 I 8112.3 1090.0 -1.0 96.5 5.1 7.6 

191.5 102.0 18.4	 305. , 99.2 0.5 
PH-ll 1.1 3 601.7 1020.0 724.8 128.9 10.0 12.7 

31.11 131.8 
DUT-2 1.1 5 5 41 .2 949.6 387.8 66.6 3.6 9.3 281.5 160.5 395.9 0.7
 

AVERAGE:
 
17 .9 75. , 14.0 301.1 58.2

678.8 1172.8 552.5 95. , 6.4 14.2	 0.58 

Dy Ib Lu	 N. Th 51 ADDITIONAL DATA: 
89.6 47.5 9. , 281.6 39.1 0.2	 Sm Eu Tb Yb Lu

La Ce Nd 
118.11 68.7 13.1	 2511.11 65.4 0.5 86' 15 60 11

APCON--- 542 948 471 5 
UNAL-U64.2 32.8 6.3 206.6 52.0 0.1	 65 218 315 164 15 59 112 '6 

101.3 53.1 9.3	 206.6 77.0 0.3 KIRUNA (Sweden): 
52.9 32.2 6.3 166.6 40.2 0.2	 342 827 -- 102 21 19 44 7

R: Red Ore 
128.2 55.6 9.9	 189.4 78.4 0.5 90 17 16 41 6

G: Gray Ore 184 454 -
99.7 116.0 8.1 219.11 55.8 O. ,	 190 29 20 44 7R: Nodular 10116 2210 

172.9 80.1 15.1	 300.6 125.3 0.5 198 23 23 50 7.1
L: Loussavaara 915 2038 -

136.7 70.0 12.9	 335.2 73.1 0.2 75.1 111.0 301.1 58.2 0.5817.9 
180.2 1011.1 19.8	 385.4 99.4 0.2 
173.11 98.1 14.1	 383.8 109.3 0.6 
113.5 39.7 7.5	 317.5 68.0 0·3 
128.1 50.3 35.4	 355.0 83.1 O.B _1_ apatite concentrate representing the Miskel are 
95.7 53.0 9.5 166.2 69. , 0.4 _u_ sample from Unaldl, Bitlis. TUC"key.
 

151t. 7 72.6 12.9 374.8 96. , 0.7
 
72.11 50. t 9.6 242.6 63.4 O. , OC" Ore type code: 1. Massive ore (flow type) 1.1. MassIve ore (si11
97.1 46.9 6.5 218.4 40.9 0.5	 like) 2. Redistributed vein type 3. DIssemInated 

0.2	 II. Laminated.51.7 26.5 5.3 192.2 33.5 
0.2 DC. deposit code: 1. Miskel 2. Haylan 3. Gonac II. Hamek 5. Others54.5 112.1 7.6 200.3 83.7 

142.9 62.2 10.1	 "9.7 63.3 0.' 
67.6 44.1 8.5 255.1 51.8 0.2 LN.A. analysis from I.R.I Delft. 

70.0 0.311109.3 56.0 11. 3	 262.0 

-1- Weathered samples 
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The average abundances of the REEs in apatites are considered in two 
groups according to the major ore types; (1) main ore (flow and 
inj ection types), and (2) post-main ores (laminated, disseminated 
and vein types). This distinction is based on field observations and 
transition element distribution in the Avnik magnetites. 
The average total REE content of apati tes from the vOlcanogeni c main 
or e stage (a bout 3100 ppm) is gener all y hi gher (es peci ally in the 
LREE region) than in those of the post main ore phase (about 2300 ppm) 
ore types. The vein type post main ore apatites (samples G-12 and 
G-4) are considerably richer in the HREEs but about the same 
in the LREEs compared to the apatites of flow and injection type main 
ores. One apatite sample from UNALDI (Bitlis) has an entirely dif
ferent REE abundance compared to the Avnik apatites. The former is 
char act eri sti cally hi gher in the i ntermedi ate and heavy REEs and lower 
in the light REEs. 
The REE abundances of 4 apatite samples from Kiruna (Sweden) ores 
are very similar to the main ore stage apatites of Avnik (see Table 
8.1) . 

The frequency distribution patterns of the REE data (not given here) 
show poorly-defined populations probably reflecting the effect of 
secondary modifications (processes) imprinted on primary distributions. 

The variation of total LREEs against total HREEs: 

When LREEs are plotted against HREEs, the main and post main ore 
stage samples separate somewhat from each other on both sides of a 
linear positive trend (see dashed line; fig. 8.1). Such a trend is 
the one expected for REEs as they, due to their regularly varying 
electronic properties, behave mostly coherent. However, when the 
diagram is studied more closely it becomes apparent that the samples 
from each ore deposi tare al igned among themsel ves along nearly verti cal 
to negative trends. These steep trends (shown by dotted lines in fig. 
8.1) are roughly parallel to each other. A stUdy of Fig. 8.1 suggests 
the fOllowing: 

a. while the amount of HREEs stays constant or slightly increased, 
the LREE content drops sharply in each ore deposit, due to secondary 
processes, 

b. the general parallelity among steep and negati ve trends of ore 
deposits indicates that all ore deposits have suffered from the same 
geochemical processes, i.e., they share a common geochemical history, 

c. the occurrence of two trends for the Miskel ore deposit, one 
with high LREE values and a positive trend (on the LREE vs HREE diagram) 
and another one with lower LREE values and a negative trend, may also 
indicate the influence of a secondary process, 

d. the gradual change in the slope of the trends from posi ti ve 
to negati ve, parallels a change in the ore type from main ore stage 

-*4- The sum includes all the REEs (except yttrium). The unmeasured 
REEs are estimated from the chondri te-normalized patterns by 
extrapol ation. 
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FIG. 8.1	 The distribution of light REEs against heavy REEs in the 
Avnik apatites. The dashed line separates the main ores from 
the post main ores. The dotted lines show the sharp decrease 
in LREEs from main to post main ores in each ore deposit. 
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to post main ore stage and therefore indicates a change from volcano
genic to redistributed ore types, 

e. The Hamek samples (D-17 and P798W) plot on the post-main ore 
si de representing a redistri buted ore type. 

f. The sample UNALDI classifies distinctly away from all of the 
Avnik samples indicating a clear dissimilarity. 
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Therefore, the LREE versus HREE diagram illustrates the occurrence of 
(at 1 east) two different or e types (mai nand pos t main) in the same 
ore deposit. 

Chondri te-normalized REE Patterns: 

The chondrite-normalized REE patterns of apatites from the mineralized 
zones range in shape from moderately steep, bent to nearly horizontal 
(Fi g. 8.2). All apat i tes show di sti nct negati ve Eu anom al ies . 
Weathered samples show small (-) Ce anomalies (see below). The reason 
for consistently high Lu contents relative to the other HREEs is not 
known. The main ore REE patterns of apatites are slightly more (nega
tive) steeper than those of post main ore REE patterns. 
The UNALDI apatite (one sample) has a strongly concave downward shape 
on the chondrite-normalized REE diagram which is distinctly different 
to any of the REE patterns of the Avnik apatites. Among Avnik and 
UNALDI only the (-) Eu anomaly is a common feature although the latter 
is less anomalous. 
The chondri te-normalized pattern of the test samples. APCON and four 
Kiruna apatites plot within the area (Fig. 8.3) defined by the Avnik 
apatites. The Eu anomalies of the Kiruna apatites are slightly smaller 
than those of Avnik. 
The slightly concave downward REE patterns of apatites from Ti-magne
tite deposits of Norway differ in shape (Fig. 8.~) from the Kiruna and 
Avnik ores. The Durango (Mexico) apatite has a steeper slope than the 
Avnik apatites. The apatite samples from Dashkasan (U.S.S.R) skarns 
and greisens of the Auli granite (U.S.S.R) have also distinctly dif
ferent REE patterns compared to the Avnik apatites (see Fig. 8.~). 

FIG. 8.2 : The chondri te-normalized REE patterns or apati tes from 
mineralized areas (chondrite values are fran Wakita et al., 1971). 
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(cont'd) 
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FIG. 8.3 The chondrite-normalized REE patterns of one test sample 
from Avnik (APCONj concentrate representing the average 
composition of the Avnik apatites) and four samples from 
Kiruna (Sweden). 
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FIG. 8.4	 The chondrite-normalized REE patterns of apatites of various 
origins.The chondrite values are from Wakita et al. (1971). 
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Correlations Among the REEs and Other Elements: 

The REEs correlate with each other positively at r > 99.5% level 
(Table 8.2a and b). Such strong correlations are not unusual because of 
the strong geochemical coherence among the REEs. In general, the levels 
of correlations are relati vely lower among the li ght-heavy than 
among light-light or heavy-heavy rare-earth elements. Such variations 
indicate the possible presence of more than one population in the 
sample data. The correlation of Eu to the others is also generally low. 
Among several elements investigated, Na, Th, and to an extent 
Si, are the three elements that correlate (up to r>99.5%) positively 
with the REEs in the Avnik apatites. The amount of Na, Th and Si 
in the apatites ranges between 167-369 and 11-125 ppm, and 0.07-1.05%, 
respectively. The positive correlations are due to their isomorphic 
substi tution for Ca (and sometimes for p) in order to balance the 
charge deficiencies, such as: 

2Ca 2+ Na+ + REE 3+ 
REE3+ + Si4+ = Ca2+ + p 5 + 
2Ca 2+ Th4+ and 2REE3+ 3Ca>+. 

TABLE 8.2a : 

Correlations among REEs from the Main Ore apatites. Confidence 
limit at 99.5% = 0.549. 

No. of SallPles: 21 

La Ce Pr Nd Sm Eu Gd Tb Dy Yb Lu Na Th Si 
1.00 0.9~ 0.70 0.61 0.87 0.61 0.00 0.76 0.72 0.69 0.78 0.74 0.78 0.63 

1.00 O.BO 0.68 0.88 0.69 0.00 0.84 0.79 0.74 0.73 0.8~ 0.77 0.69 

1.00 0.81 0.84 0.7~ 0.00 0.88 0.92 0.81 0.60 0.78 0.67 0.47 

1.00 0.64 0.42 0.00 0.70 0.71 0.68 0.55 0.~3 0.48 0.~6 

1.00 0.81 0.00 0.87 0.91 0.86 0.64 0.78 0.8~ 0.44 

1.00 0.00 0.66 0.76 0.58 0.37 0.67 0.63 0.33 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1.00 0.93 0.93 0.~7 0.81 0.79 0.44 

1.00 0.90 O.~~ 0.76 0.78 0.49 

1.00 0.46 0.72 0.78 0.3~ 

1.00 0.63 0.52 0.57 

1.00 0.61 0.42 

1.00 0.49 

1.00 
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TABLE 8.2b : 

Correlations among REEs from the Post Main Ore apatites. 
Confidence limit at 99.5% = 0.798 at 97.5% = 0.666. 

No. of SalllPles: 9 

La Ce Pr Nd Sm. Eu Gd Tb Dy Yb Lu Na Th Si 
1.00 0.91 0.66 0.8~ 0.72 O.~~ 0.00 0.6~ 0.~8 0.67 0.70 0.~6 0.8~ 0.73 

1.00 0.8~ 0.97 0.91 0.04 0.00 0.78 0.67 0.71 0.71 O.~~ 0.8~ 0.44 

1.00 0.88 0.9~ 0.69 0.00 0.89 0.81 0.69 0.04 0.~8 0.73 0.2~ 

1.00 0.96 0.78 0.00 0.8~ 0.7~ 0.70 0.68 0.~8 0.78 0.39 

1.00 0.81 0.00 0.92 0.8~ 0.77 0.72 o.~~ 0.77 0.26 

1.00 0.00 0.79 0.78 0.~3 O.~O 0.~9 O.~~ 0.38 

0.00 ~.OO 0.00 0.00 0.00 0.00 0.00 0.00 

1.00 0.98 0.90 0.86 0.67 0.83 0.32 

1.00 0.90 0.87 0.72 0.79 0.37 

1.00 0.99 0.6~ 0.9~ 0.36 

1.00 0.6~ 0.95 0.39 

1.00 0.~1 0.43 

1.00 0.~8 

1.00 

8.3. DISCUSSION -- FACTORS CONTROLLING THE REE ABUNDANCES IN APATITES: 

Variations wi thin the REE content of apati tes are due to many reasons. 
Such variations may be primary (i.e., as a result of equili bration un
der magmatic conditions) or imposed later, either during hydrothermal 
alteration or surface weathering. 

a. Magmatic Processes: 

For most rock-forming minerals K~EE is less than 1, so that the concen
tration of REEs increases gradually in the successive melts during 
fractional crystallization, until at a certain stage accessory apatite, 
sphene, allanite, zircon, monazite (etc) start crystallizing (the lat
ter minerals have REE distribution coefficients higher than unity). 
Because of relati ve enri chment of the early magmati c rocks in dark mine
rals for which KdLREE is considerably lower than KdHREE , the LREEs tend 
to accumulate in the differentiated series more than the HREEs. Hence, 
fractional crystallization of melts wi th ini tially high LREE concentra
tions may result in early oversaturation of the LREEs so that accessory 
LREE-rich minerals (e.g., monazite) may appear. If an early LREE oversa
turation has not been realized, then usually apatites, having moderately 
high light/heavy REE ratios, will crystallize. Further fractional crys
tallization of a LREE-depleted melt leads to a HREEs enriched melt frem 
which apatites with high HREE abundances may crystallize (e.g., apatites 
from pegmati te veins). 
The place of apatite in the paragenetic sequence is also important; 
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e.g., if apatite was crystallizing later than another REE-retaining 
mineral, it will contain (mostly) a lesser amount of REEt (total REE). 
If two REE-retaining minerals were crystallizing at the same time, the 
partitioning will be ruled mainly by the crystallochemical properties 
of each mineral. In Avnik, the apatite is the major REE-retaining 
phase in the volcanogenic ores, which dictates the REE pattern of 
the main ores. The REE contents of associated calcic-amphiboles do not 
exceed a few tens of ppm in total (e.g., in ACT-1 REEt=35 ppm). The 
formation of negati ve Eu anomalies may have involved main and post main 
(hydrothermal) stages. To explain the present (-) Eu anomalies of 
the volcanogenic apatites, a reducing environment and crystallization 
of a Eu-retaining mineral phase (plagioclase) prior to apatite are 
required (Nagasawa, 1970). In Avnik, there is no coexisting plagioclase 
(other than subordinate amounts of epidote which is recrsytallized 
probably after plagioclase) in the main ore assemblages to cause the 
depletion of Eu in apatites probably indicating that plagioclase was 
removed from the melt either before the magmatic crystallization 
of apatite or leached later, during the hydrothermal stage. 
There are indications (see chapter 9) that the volcanogenic ores of 
Avnik were formed by liquid immiscibility. If the operative conditions 
of the liquid immiscibility were reducing, most of the Eu would be 
in EU 2 + state and fractionate into plagioclase rather than into apa
tite because of its large ionic size (1.25A at 6 coordination). 
The REE abundances of the Avnik and Kiruna apatites are generally 
similar to each other with the exception of Eu. The Eu anomalies of 
the Avnik apatites are deeper than those from the Kiruna apatites. It 
is known that the latter has not suffered from a younger albi tization 
process which may account for the difference in the intensity of the 
Eu anomalies. It is possible that (in Avnik) low pressure crystalliza
tion of plagioclase prior to apatite from the hydrothermal solutions 
(see below) or the preferential uptake of Eu by other mineral phases 
cr ys tall i zi ng more or 1 ess simul taneousl y along wi th apati te may further 
deepen the negative Eu anomalies. 

b. Hydrothermal Redistribution Processes: 

If primarily crystallized apatite is leached, transported and repre
cipitated, the REE distribution pattern of secondary apatite will be 
different from the original ore. This is mainly because of the 
interaction of the dissolved material with the country rock and the 
formation of a new set of minerals among which some may have a 
stronger affinity to the REEs than the apatite. The migrating 
REEs can be fixed in any Ca-bearing mineral and if such a mineral is 
earlier than apati te in the parageneti c sequence it will concentrate 
high amounts of REEs. For that reason, apatite is not the major REE
retaining mineral in the hydrothermal veins, if for example., monazite 
is present as an early phase (Puchelt and Emmerman, 1976). In the 
absence of apatite the major REE containing minerals are epidote 
(REEt=1750 ppm in S-183), sphene, and, to a lesser extent, amphi boles. 
In general, the REE content of quartz, feldspar, magnetite and hema
tite is negligable in the hydrothermally redistributed ores. 
The REEs in pre-existing apatites can be leached by various solutions 
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at different temperatures and acidity. Balashov and Grin (1969) have
 
shown that HCI (2%) extracts the REEs dispersed in apatite (and car

bonates) and the exchangeable REE complexes adsorbed on clay minerals.
 
Only the REEs bonded in the structure of silicate minerals (clay,
 
zircon, feldspar, sphene, etc.) remain insoluble.
 
The leaching experiments (Sinkova and Turanskaya, 1968) on hydroxy

apatite using Na,C0 3 and K,C0 3 solutions (at a temperature range of 
150 to 450°C, 500 kg/cm', 7-8 hour runs) show that the mobility of
 
the REEs depends essentially on temperature, pH and the nature of the
 
alkali metal ion in the solution. In K-rich solutions, the concen

tration of HREEs (in the solution) decreases whereas the concentra

tion of LREEs slightly increase. On the other hand, the HREEs were
 
leached more succesfully wi th Na-ri ch solutions.
 
Sinkova and Turanskaya (1968) also supply data which shows that apa

tites rich in HREEs are fran albite metasanatosed areas whereas those
 
which show extensive potash metasomatism are rich in light rare-earth
 
elements. These results are in accordance wi th the results obtained
 
fran the thesis area; e.g., Na correlates positively and more sig

nificantly wi th the HREEs compared to the LREEs in samples fran the
 
Na-metasanatosed areas (Table 8. 2b). The presence of sub-parallel and
 
cross-cutting chondrite-normalized REE patterns among the Avnik
 
apatites may indicate a preferential leaching of part of the REEs.
 

c. Regional metamorphism and the abundance of REEs in apatite: 

In the absence of unmetamorphosed apati te data to compare wi th, the 
effect of the regional metamorphism on the REE distri bution of apatites 
is not known. However, in the liter at ur e, it is gener all y accept ed 
that (dry) regional metamorphism does not greatly affect the original 
composition of REEs in apatite (Rehtijarvi, 1983) if no mobile alkali 
phases are involved. For example, it has been shown (Rehtijarvi, 1983) 
that the chondrite normalized patterns of apatites fran Proterozic phos
phati c metasediments from Finland resemble the patterns of the apatites 
fran the Tertiary Flori da (unmetamorphosed) phospate rocks. 
Parfenovet al. (1979) have shown that phosphorus becomes mobile under 
epidote-amphibolite and greenschist facies conditions only, if meta
somatic solutions containing phosphorus, carbon and alkali metals 
are involved during regional metamorphism. Phosphorus was proven (op. 
cit.) to be highly immobile for high temperature metamorphism (amphi
bolite facies) even if Mg-Ca-rich solutions were involved. 

d. Surface Alteration of Apatite and REE Distribution: 

In Avnik, a few apatites (e.g., G-12;H-22;HM-1;HM-20 in Fig. 8.2) show 
(-) Ce anomalies. Such anomalies correlate with the physical appearance 
of the sample; soft, friable samples (apparently suffering fran sur
face weathering) produce (-) Ce anomalies on the chondrite-normalized 
REE diagrams especially when accompanied wi th marti tized magnetite. The 
weathered nature of such apatites and their association with secondarily 
oxidized magnetites indicates that the (-) Ce anomalies are related to 
the preferential removal of Ce*+ by hydrolyzate minerals during (sub) 
aerial "eathering. 
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It is known, (Fleischer and Altschuler, 1969) that when Ce3+ is oxidized 
to Ce 4 + it is preferentially held (adsorbed) by Fe- (and Mn-) oxide 
hydrates and clay minerals. The ocurrence of such a process in Avnik is 
further supported by unusually high CelLa ratios (Ce/La=16.4 in HSCH) 
of martitized magnetites. In general, the CelLa ratio is close to unity 
(e.g., 1.32 in HM-7 and 2.12 in KM-67/35.90) in considerably fresh mag
netites. It is possible that Tb may also have been depleted in weather
ed apatites as trivalent Tb can also oxidize to a quadrivalent state. 
However, the assessment of this statement is not possible in the ab
sence of measured Gd values and due to the (slight) differences in the 
behavior of heavy and light REEs in the aqueous systems. 

In conclusion it can be said that: 
1. The genetic resemblance between Avnik and Kiruna deposits that 

was shown in chapter 7 based on the similarities in the transition 
element distribution in magnetites is further supported by the simi
larities in the REE abundances of apatites. 

2. The REE abundances of the Avnik apatites are characteristically 
different from the apatites of sediment ar y-met amorphi c ori gin 
(Unal di -Bi tl is), met as om at i c r epl acement (Dur ango, Mexi co) ori gin, 
pegmatitic and skarn origin ores of the U.S.S.R, and liquid magma 
segragation type origin (associated with anorthosite and norite 
Fe-Ti or es of Norway and Adirondacks). 

3. The high light/heavy REE ratios of volcanogenic apatites have 
been modified to lower light/heavy REE ratios in each deposit. The 
moderately steep negati ve slopes of the volcanogeni c ores on the chond
rite-normalized REE diagrams are locally flattened, so that a range 
of cross-cutting patterns is introduced. Such variations parallel 
a change from volcanogenic (main) to redistributed (post-main) ore 
types and correlates positively with the variation of Na (in apatite). 
Field evidence (see chapter 6) suggests that the redistri buted ores 
are of hydrothermal origin and closely involved with alkali solutions. 
The experiment al dat a from the 1 iter at ure also show that Na-ri ch 
solutions may be responsible for the levelling of high light/heavy 
REE ratios to low light/heavy (or high heavyllight) REE ratios. 

4. The regional metamorphism presumably played no major role on 
the distribution of the REEs in apatite. 

5. The negative Eu anomalies may essentially be related to the im
misci ble separation (see chapter 9) of plagioclase during the volcano
genic stage. The Eu anomalies may further be deepened during the Na-rich 
hydrothermal stage which may be indicated by the large-scale albite 
cr ys tall i zation. 

6. Local depletion of Ce in apatites is related to surface weathering 
during which quadrivalent Ce was incorporated into martitizing mag
neti teo 
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CHAPTER 9. ORE GENESIS 

9.1. INTRODUCTION: 

In Avnik, a simple (one stage) OrigIn can not satisfy the various as
pects of mineralization. Any model to explain the origin of the Avnik 
ores should take the following facts into account: 
a. the layered nature of the major ore horizons; 
b. the restriction of the ore to originally volcanic (felsic and in

termediate) rocks; 
c. the i nvasi on of the coarse grani te into the or e- beari ng met avol

canics; absence of mineralization in coarse granite; 
d. the absence of mineralization in the mica schists (epimetamorphics); 
e. the presence of non-skarn dolomitic marbles outside the main ore 

zone; 
f. differences in the mineralogic assemblage of different ore types; 
g. field, petrographic and geochemical evidence for partial or com

plete leaching of the early ore layers; 
h. the presence of two maj or ore phases wi th distinctl y different maj or 

and trace element contents; 
i. the oxygen isotope temperature measurements indicating considerable 

homogeni zation; 
j. the variations in'the slope of the chondrite-normalized REE pat

terns of apatites concentrated from the mineralized zones; 
k. the absence of basal conglomerate and any other recognizable sedi

mentary layer within the host rock series; 
1. the sharp, reaction rimmed and diffuse boundaries between the ore 

and the host rock; 
m. the presence of various internal ore structures (trachyoidal flow 

textures and pinching and swelling veins); the variations in the crys
tal size and the mode of occurrence of magnetite; 
n. the broad (open) folding (-E-W) of the ore before NW-SE overturning 

of the area in Cretaceous; and 
o. the widespread mechanical deformation (faulting and shearing) of 

the ore and the host rock; 

In this chapter, the orIgIn and conditions of formation of the Avnik 
ores will be discussed. The origin of similar ore deposits from other 
parts of the world are also brought into discussion. 

9.2. A REVIEW ON THE ORIGIN OF SIMILAR DEPOSITS: 

Kiruna (Sweden) Apatite Bearing Iron Ores: 

In the 1 i terat ur e, massi ve bodi es of magneti te that are cl osel y asso
ciated with volcanic rocks of acid to intermediate composition and 
that contain conspicuous amounts of apatite and actinolite, are called 
"Kiruna type" (Freitsch 1978). The Kiruna apatite ores -*1- consist of 
magnetite and less commonly hematite. Fluor-apatite is a characteris
tic gangue mineral. Other gangue minerals are mainly actinolite and 
occasionally diopside or calcite. The Ti (present as sphene or ilme
nite), Mn and S contents are typically low. The ore is roughly con
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cordant to the bedding of the country rocks, which are generally rh
yolite, trachyte and andesite; i.e., K-rich calc-alkaline rocks. 
The Kiruna type ores also occur in other parts of the world, in volcanic 
rocks of var yi ng ages (Precambri an to Recent). I n northern and central 
Sweden, the host rocks are of Precambrian age (1,605 to 1,635 and 1,900 
Ma, respecti vely; Welin, 1970). The volcanic rocks in Southeastern Mis
souri have an age of 1,300 to 1,500 Ma (Snyder, 1969; Bickford, 1976). A 
lower Cambrian age is attri buted to ores in the Chogart Massif in Iran 
(Forster and Knittel, 1979). Similar deposits that occur in Mexico, 
Chile and Peru are assi gned to younger ages ranging from Meso2oi c to 
Recent (Geijer, 1931). A Cambrian age (454± 13 Ma) is assigned to the 
volcanic host rock of the Avnik ores by Helvaci and Griffin (1983a) 
and a Precambrian age by Erdogan and Dora (1983). 
Based on mode of occurrence, host rock affinities, mineralogic composi
tion and similarities in the trace element distributions, a resemblance 
between the ores of Avnik and Kiruna may is evident. Such a similarity 
has already been mentioned in chapters 7 and 8 and has been confirmed 
by Erdogan and Dora (1983) and Helvaci (1984) who worked in the same 
area. 
There are two main hypotheses on the origin of the Kiruna type iron ores 
(Frietsch, 1978): 

1. the magmatic model proposed mainly by Stutzer (1907), Geijer (1931), 
Geijer and Odman (1974), Frietsch (1973.1978), Lundenberg and Smellie 
(1979), and Smellie (1980), and 
2. the exhalative-sedimentary model advocated mainly by Parak (1975, 

1985) . 
Stutzer (1907) suggested that the Kiruna ores were produced by liquid 
segregation and injection (see chapter 7). Frietsch (1978) adopted the 
(late) magmatic fractionation model of Geijer (1931) and Geijer and 
Odman (1974) and summarized the main reasons for defending the magmatic 
model as follows: 
a. the ores occur in volcanic terrains in which sedimentary processes 

have not been active or only on a small scale, 
b. the ores intrude the host rock indicating a mobility of the iron as 

some kind of magma, and 
c. the simple composition of the ore (magnetite-(hematite)-apatite, 

and actinolite). which could be obtained probably only after a magma
tic "purification" process. 
According to Frietsch (op.cit.), a deep-seated source of the Fe ores is 
a prerequisite, and whether this was due to fractional crystallization 
of magma or remelting of Fe-rich subcrustal material is not known. The 
latter is defended by Smellie (1980) who tentatively suggested that as
similation of Fe-ri ch greenstones at great depths has resulted in an 
unusually Fe-rich alkaline primary magma (magnetite trachyte). Extreme 
differentiation of this magma gave rise to sporadic accumulations of a 
residual silica melt relatively rich in iron and phosphorus; at a cer

-*1- In the Kiruna region (Sweden), there are several other apatite
bearing ore types, e.g. the hematite-bearing Hauiki ores, the 
sulfide-rich Malmberget ores, and more in general skarn ores. 
Such ores are not known from the Avnik area. 
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tain stage of maximum iron enrichment the segregation of an immiscible 
liquid rich in magnetite, apatite and volatiles took place. It is pos
sible that these immiscible fractions were predominantly crystalline 
when they reached their present higher levels. Final emplacement was 
probably facilitated by volatile-streaming and fluidization. The oc
currence of magnetite concentrations (n the form of spherical and glo
bular shapes (as well as fracture fillings) are shown as textural evi
dence for the existence of an immiscible liquid (Lundenberg and Smellie, 
1979). Loberg and Horndahl (1983) also considered the source of iron to 
to skarn iron ores in the greenstones -*1-. 
However, the idea of the greenstone as a source for the ore was 
rejected by Frietsch (1984), mainly due to the high sulfur and low 
apatite content of iron ores found in these rocks. 
In the exhalative-sedimentary model which is strongly advocated by 
Parak (1975), unconformities and weathering phenomena play an important 
role. Parak (op.cit.) claimed that the ore is older than quartz kera
tophyre, therefore a magmatic ore injection into the volcanics is not 
possible. The textures identified as magmatic flow surfaces and rhyth
mic layering by Geijer (1931) are interpreted by Parak as sedimentary 
structures (banding, laminae, cross-bedding etc.). The latter claims 
that thousands of closely spaced laminae in a single ore layer cannot be 
explained by a mechanism of late intrusion. Parak denied the magmatic 
origin of the ore breccia and, instead, considered them to have been 
formed by mobilization of sedimentary ore material which was forced 
into a fracture system. In addition, Parak claimed that the main ore 
and ore breccia have a different composition (Flietsch, 1978). 
In his early pUblications, Parak defended that the source of iron is 
the volcanic emanations and that the phosphorus is derived from or
ganic remains. However, in a more recent publication, he suggests that 
greenstone was the potential source of iron and phosphorus; the Fe and 
P having been derived from basaltic lavas of the greenstone by hot 
spring or hot seawater leaching (Parak, 1985). 

EI Laco (Northern Chile) Magnetite Flows: 

The EI Laco ores of Quaternary age consist of magnetite lava flows 
or near surface magnetite intrusions which, because of their uniqueness, 
have provoked a great deal of interest. The ores consist mainly of mag
netite and minor hematite (Park 1961). Small amounts of apatite and 
actinolite are the principal gangue minerals (Frutos and Oyarzun, 
1975). Their reserves are estimated as one billion tons (50% Fe; Frutos 
and Oyar zun, 1975). 

-*1- The greenstones of the Kiruna district are a stratigraphically low
er group (compared with the volcanics) and rest on a granitic base
ment via a calcareous conglomerate (Frietsch, 1978). They include 
tuffs and lavas of ultrabasic and basaltic (often pillow) composi
tion with frequent intercalations of meta-argillite, graphite-rich 
epiclastic sediments, limestone, chert and iron ores. A regional 
metamorphism of generally amphibolite facies has transformed most 
of the sediments Into schists and skarns (op. cit.). 
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The occurrence of vesicles and hollow gas tubes which are sometimes 
lined with well-formed magnetite crystals (up to 5 em across) and the 
extremely porous and spongy walls of these tUbes are the evidence for 
their origin as flows (Park, 1961). They are considered to have soli
dified from a magma composed almost entirely of iron oxides and abundant 
gas. 
The El Laco volcanic complex consists of andesites, pyroclastic sedi
ments, ignimbrites, and magnetite lava flows around an ancient caldera 
with a core of rhyodacite (Frutos and Oyarzun, 1975). They are under
lain by Pliocene rhyolitic flows, Cretaceous-Tertiary flows and Lower 
Paleozoic ferruginous schists. The metasedimentary iron strata in the 
schists form itabirite type iron deposits in nearby Argentina (op. cit.) 
The large amounts of gas (F, H2 0, Cl) and the presence of P (apatite) 
and other highly mobile elements, appear to lower the crystallization 
temperature of magnetite (from 1,500 degrees C to about 1,000 to 800 
degrees C), making it possible for such a magma to exist in a volcanic 
environment (op. cit.). Park (1972) concluded that the ore was intruded 
as a magnetite-apatite-actinolite melt, a variety of pegmatite which 
was very rich in highly mobile fluids. 
As the V-Cr-Ti distributions of the magnetite from the ore are dis
tinctly different from those of the andesitic host rock, and a marked 
trace element similarity exists between the ore magnetites and the 
underlying magnetites from ferruginous SChists, Frutos and Oyarzun 
(1975) proposed that the old (pre-Mesozoic) marine platform, ferruginous 
sedimentary rocks were the source of iron and phosphorus. According to 
them the iron-rich basement was partially melted at great depth and 
through differentiation, produced a magnetite magma. This is supported 
by the findings (Thomas, 1970) of incompletely digested fragments of 
itabirite in the magnetite lava flows at El Laco. There are numerous 
other magnetite-apatite deposits along the Coastal Ranges of Southern 
Peru and Northern Chile in association with intermediate-acidic volcanic 
rocks (Park, 1972). 

Chogart Massif (Iran) and Southeastern Missouri (U.S.A) deposits: 

A short account on the geologic setting of the apatite-bearing iron ores 
from Bafq, the Chogart Massif was given in Chapter 6. These ores are 
also classified as magnetite lavas (Loberg and Horndahl, 1983) as they 
possess fluidal textures, apatite-schlieren, and contain magnetite 
bombs (Forster and Borumandi, 1971). The latter are embedded in rhyo
lites rich in disseminated magnetite (Forster et al., 1973). 
Additionally, the apatite-bearing magnetite-hematite deposits of South~ 

eastern Missouri (U.S.A.) should also be shortly mentioned. Numerous 
major and minor iron deposits of magmatic origin occur in the Precam
brian volcanic rocks (mainly rhyolite and andesite flows, subordinate
ly quartz-latites, dacites, pyroclastics and some sub-volcanic masses) 
of the Southeast Missouri Iron Metallogenic Province (Kisvarsanyi and 
Proctor, 1967). Most of these deposits are comparable in many aspects 
with the Kiruna ores. Detailed information on these deposits can be 
obtained from Kisvarsanyi and Proctor (1967). 
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9.3. PREVIOUS IDEAS ON THE ORIGIN OF THE AVNIK ORES: 

The exploration work, which has been carried out intermittently since 
1938, led to a variety of ideas to explain the origin of the Avnik ores. 
The most important ones are shortly discussed here. 
Obuz et al. (1975) defended a sedimentary-metamorphic orIgIn and late 
mobilization of such ores during the emplacement of intrusive rocks. 
According to them, initially, the ore was chemically (and biochemically) 
precipitated, and compacted by diagenesis and recrystallized by several 
pulses of metamorphism. They envisaged relatively high temperatures for 
some stages (not specified) of the metamorphism,so that ore layers, con
cordant with amphibolites, were formed by the melting of the sedimentary 
hematite-goethite layers. They proposed a replacement of feldspars and 
mafic minerals by iron ores at lower temperature zones. The criss-cross
ing veins cutting the bedding were assigned to a remobilization process, 
although no further explanation on such a process was given. Onder et 
al. (1977) proposed an exhalative-sedimentary origin for the formation 
of the layered ores as the host rock gneisses had a volcanic origin. He 
also presumed that the banded ores were partly digested at crustal depth 
by acid magmas and later emplaced to higher levels as vein type ores. He 
allocated the volcanism (and sedimentation of ore) to Hercynian oro
genesis. The emplacement of intrusive rocks was related to the formation 
of deep seated faults which were activated during an Early Alpine 
period. In this study, most of the prepositions remained without the 
support of required chemical data. 
The origin envisaged by Dora et al. (1980) and Erdogan and Dora (1983) 
is not much different from that of Onder. Similar to Onder the former 
have also adopted an eXhalative-sedimentary origin for the initial mas
sive magnetite ores although they assigned a Precambrian age to their 
deposition. In the second stage, the massive ore layers were cut and 
partially assimilated by younger palingenic granites, Avnik Granitoids). 
At the border zone of the "Avnik Grani toid" the assimilated ores were 
locally mobilized into veins forming coarsely crystalline stockwerk 
ores. The initial banded textures were erased during such remobiliza
tion. Additionally, they recognized the prevalence of several stages of 
regional metamorphism before and after the deposition of pelitic and 
calcareous sediments (Ordovician to Permian) and a series of low angle 
thrust faults. In these papers, the effect of the metamorphism on the 
mineralization is not discussed. The petrogenetic viability of the melt
ing is not brought into the discussions. The mechanism of short distance 
mobilization of the early ores is not explained. The concept of melting 
and remobilization seems to be in conflict with their statement (Erdogan 
and Dora, 1983; p, 139): " •• due to the refractory nature, in some 
places, the ore layers remained as chain-like exposures within the "Av
nik Granitoid". If partial melting had taken place one would not find 
massi ve ore layers at the deeper parts of the so-called"Avni k Grani t
oid". In Erdogan and Dora's study, no geochemical data is presented. 
Helvaci (1984) rejected the sedimentary origin of Erdogan and Dora 
(1983) and presented a set of REE data. He showed that the chondrite
normalized REE patterns of the metamorphosed sedimentary Precambrian 
banded ores are different from those of the Avnik ores. The difference 
was evidenced by the high total rare-earth element contents, the pre-
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sence of a negative Eu anomaly and the absence of negative Ce ano

malies in the Avnik ores. Instead he proposed a volcanic (nonmarine)
 
environment of deposition. He claimed that the magnetite-apatite depo

sits formed from immiscible liquids that separated during the fraction

al crystallization of the magmas which produced the Avnik volcanic
 
rocks.
 
In the second stage, similar to Erdogan and Dora (1983), the apatite~
 

rich coarsely crystalline stockwork ores were formed by remobiliza

tion of the earlier ores when the "Avnik Granite" intruded the vol"
 
canic host rocks. The similarity (1) between 87Sr/ 86 Sr values of
 
the stockwork deposi ts and "A vni k Granite" is shown as an evidence
 
for the remobilization-*l- by Helvaci (1984). He claimed that the
 
stockwork iron ore deposits were equilibrated with an isotopically
 
homogeneous fluid phase derived from the" grani te".
 
Helvaci's work, although it is the most detailed one so far, does not
 
give any further information on the remobilization mechanism and its
 
petrochemical viability.
 
The field and laboratory evidences reported in earlier chapters lead
 
to the conclusion that the Avnik apatite-bearing magnetite ores evolved
 
in at least 3 separate stages. From oldest to youngest, these are:
 

A. Volcanogenic or Main Ore Stage: 
The ores of the volcanogenic stage were probably primary magmatic in 
origin and related to the aerial/subaerial volcanism during the Cambrian 
or Precambrian. 

B. Redistributed Ore Stage: 
The redistributed ores represent ores that are leached from the lower 
parts of the stratigraphic section and redeposited in a larger area as 
disseminations, laminations, and hydrothermal veins. 
The vein type ores are economically insignificant (mostly barren). The 
disseminated and laminated ores are lower in grade compared to the main 
ores, especially in phosphorus. The redistributed ores are related to 
the migration of connate and meteoric waters activated by the heat of 
intrusion of the coarse granite. 

C. Metamorphic Recrystallization Stages: 
Several (at least two) episodes of regional metamorphism (M1 and M2) 
are identified as secondary processes imposed on the earlier ores. 
Probably insignificant amounts of magnetite are generated as a result 
of breakdown of mafic minerals. 
Additionally, a mechanical deformation which took place during Pliocene
Upper Miocene periods crushed and pulverized the ore in many places. 
The processes involved in these stages are discussed in the following 
sections. 

-*1- such a similarity is groundless as the "Avnik Granitoid" gives 
only a scatter of data from which an initial 87Sr/ 86 Sr ratio is not 
obtainable. The initial ratio (IR=0.7217± 80) of the Yayla Granite is 
distinctly different from the average 87Sr/ 86 Sr value (0.71152± 12) 
of the stockwork ore deposits. The latter is in better agreement with 
the initial ratio (I.R=0.7105) of the metavolcanic rocks. All data 
from Helvaci and Griffin (1983). 
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9.4. THE VOLCANOGENIC ORIGIN OF THE AVNIK ORES: 

The word "volcanogenic" by itself implies a penecontemporaneous rela
tionship between the volcanism and ore emplacement. Sharp ore-host 
rock contacts with or without reaction rims, simple ore mineralogy 
(basically magnetite, apatite, actinolite), unusually high amounts (up 
to 7-8 vol.%) of dust-like magnetite in the felsic rocks outside the 
metasomatic alteration zone and the trace element characteristics of 
magnetite and apatite ores are all in support of a volcanogenic origin. 
The coarsely crystalline apatite-rich ore associates closely with 
the massive ore and has a volcanogenic origin. Among the two, there is 
no convincing evidence that one preceded the other. Their contacts are 
transitional and they grade laterally and vertically into each other 
while they both remain approximately concordant with the stratification 
of the host rock. The trace element contents of magnetites from the 
massive ores and magnetites from the apatite-rich ores are quite 
similar. 
In this study, the exhalative-sedimentary origin is not favored 
as an origin for the layered ores because of the above and the fol
lowing reasons: 

a. Mineralogical Paradox: The mineralogic assemblage of the massive 
magnetite and apatite-rich magnetite ores is simple and more diffIcult 
to explain with an exhalative-sedimentary origin. The mineralogic as
semblage indicates the prevalence of unique mechanism during which 
practically all felsic mineral constituents were eliminated. 
One certainly would expect to see quartz and feldspar in the mineral as
semblage if the ore was precipitated parallel with the sedimentation of 
volcanic material on a sea-bottom, as such material would contain con
siderable amounts of felsic minerals. On the other hand, if the ore was 
discharged on the sea-bottom through vents and fractures one would 
expect to see (as a result of breaks in the exhalations) intercalation 
of ore layers with sedimentary layers such as graywackes, carbonates, 
shales and sandstones. PurificatIon of ore from such material by dia
genesis or regional metamorphism is not a likely process. 

b. Geochemical Evidence: The general absence of negative Ce anomalies 
in the Avnik ores (Helvaci, 1984) suggests that the Avnik ores, in 
general, did not equilibrate with seawater. 

Any origin related to the intrusion of coarse granite is also not com
patible with the available evidence. For example, the coarse granite 
(Meta-granite) does not contain any mineralization and there is field 
evidence (Incebelduzu) showing that the main ore is older than the gran
ite. The felsic volcanic rocks that are host to the vOlcanogenic mine
ralization are cut by Yayla Granite in Neban wi thout any dispute. The 
Fe and P content of the granite remains within reasonable limits-*1

P

-*1- The Fe20 3t and P20 S content of Meta-granite (one sample; S-150) 
is measured as 2.36 and 0.08, respectively. These values are close 
to the average values given for alkali granites (Fe20 3t =2.03 and 
P20 S 0.14; NOCholds, 1954) and common granites (Fe203t=3.03 and 

2 0 S = 0.12; Cox et aI., 1979). 
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and does not show an outstanding depletion or enrichment in these 
elements. 
The volcanogenic emplacement model tentatively envisages an aerial 
deposition of the ore during the eruption of the volcanic lavas (as 
in EI Laco) and tuffs, and the sill-like injection of the ore veins 
at near-surface levels. The aerial deposition is indicated by: 

a. The occurrence of tuff and occasional agglomerate interbedded 
with the ore, the presence of lava flows containing vesicles and the 
absence of pillow lavas, chert and carbonate layers, are in support of 
an aerial deposition rather than marine. 

b. An intimate field relationship between ore layers (Fig. 9.1) and 
the wall rock suggests a mutual flow. This is supported by the fol
lowing observations: 

- The occurrence of pinched and swelled ore lenses restricted 
entirely to a single lava flow and without having any access to a 
feeder channel. 

- The interfingering of the ore and the lava layers (one of the 
most common features of the Avnik area). 

- Bent contacts wi th felsic rocks as a result of mutual flow. 
- The presence of elongated and curled ore fragments in the 

felsic rock close to the contact with the ore. 
- The absence of baking at the contacts of single ore-lava flow 

layers indicating that both were at about the same temperature during 
the extrusion. 
The occurrence of sill-like veins with sharp ore-host rock boundaries 
marked with thin (up to 1 em) reaction rims may indicate that the ore 
was emplaced, in part, by injection into a slightly cooled host rock. 
The close spatial association of the injected and the flow-type ores 
in the field suggest a subsurface emplacement of the injected ores. 
The similarity of their chemical and mineralogic composition may 
indicate a common origin. 

The Process of Ore Generation: 

The process(es) involved in the generation of the magmatic ore is 
not straightforward. However, the following two possibilities are 
examined: 

a. A simple magmatic differentiation model: 

Simple fractional crystallization of a basaltic melt is not compatible 
with field and trace element evidence. For example: 

1. If the ore was generated as a residual liquid via fractional 
crystallization, one would rather expect to have some felsic gangue 
minerals associated with the ore. 

2. If the ore-bearing fluids were issued directly from a crystal
lizing basic magma such an ore would be seen constantly associated in 
the field with the basic rocks. In general, this is not the case in 
Avnik where the bulk of the ore is associated with the felsic rocks. 
The absence of a direct genet i c r elat ionshi p among the r elati vely 
"fresh" basic metavolcanics and the ore minerals from the mineralized 
zones in Avnik can be shown from the application of distribution coef
ficient equation, Kd = C/C o , where Kd~ mineral/liquid partition coef
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FIG. 9.1 A.	 Vol canogeni core 1 ayers and pockets conformabl e wi th 
felsic metavolcanic flow units. 

B.	 A close up of a magnetite-apatite-actinolite ore layers 
restricted to a single lava unit. Note the sharp bent 
contact among the ore and the host rock. Location: North 
of Gonac T. 

A. 

B. 
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ficient, C=trace element concentration in the mineral phase, and Co= 
trace element concentration in the melt (liquid). 
In case of a genetic relationship, for example, the REE abundances 
of apatites crystallized from a basic melt would be (roughly) similar 
to the REE abundances of apatites from actual ore deposits. 
This hypothesis is tested by assuming that the relatively "fresh" 
basic metavolcanic rocks (S-127A, S-199, T-2) represent in each case 
a hypothetical basic magma composition and apatite is crystallizing 
(in complete equilibrium) from such melts according to the above given 
relationship--using the Kd(apatite/basaltic liquid) values of Watson 
and Green (1981). The calculations and the KdREE values are shown in 
Table 9.1. The plot of chondrite-normalized REE patterns of such cal
culated apatites together with those from actual ore deposits (Fig. 
9.2) indicates a distinct dissimilarity. 
Based on experimental evidence, there are suggestions (e.g., Watson 
and Capobianco, 1981) that fractional crystallization of intermediate 
(andesitic) magmas towards felsic (rhyolitic) results in saturation 
in apatite. Such a possibility is also checked by applying similar 
calculations on a meta-andesite sample (S-119A) from Avnik and using 
the Kd values for the andesitic rocks given by Watson and Green (1981). 
This test also proved that the apatite ores do not show resemblance 
in their REE abundances and chondrite-normalized REE patterns (Fig. 9.2) 
to those that would fractionally crystallize from a melt having the 
composition of sample S-119A. 

TABLE 9.1:	 Calculation of REE concentrations in apatite crystallized 
from a hypothetical basic melt having a REE composition 
similar to those of samples T-2, S-199 or S-127A. The 
chondrite-normalized values are illustrated in Fig. 9.1. 

Basic Rock Apatite REE cone. Chand. norm. 
Co -*1- REE Kd in "pati te value 

(ppm) (Co * Kd) -*2

T-2 
La 85.5~ 2.9 2~8.0 752 
Sm 11.9 5.07 60.3 302 
Dy 8.1 3.9 31.6 105 
Lu 0.~9 1.8 0.88 26 

S-199 
La 131.0 2.9 379.9 1151 
Sm 20.5 5.07 103.9 520 
Dy 13.1 3.9 52.1 170 
Lu 0.8 1.8 1. ~~ ~2 

S-127A 
La 7.9 2.9 22.9 69 
Sm ~. 1 5.07 20.78 1O~ 

Dy 6.07 3.9 23.7 79 
Lu 0.5 1.8 0.9 27 

-*1- initial hypothetical basic melt composition. 
-*2- chondrite values are from Wakita et a1., 1971 . 
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FIG. 9.2	 Test of fractional crystallization and liquid immiscibi
lity models (see text). The dotted area represents the 
chondrite-normalized field of the apatites from the Avnik 
ore deposits. 
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b. The liquid immiscibility model: 

The liquid immiscibility model is essentially based on Watson's (1976) 
suggestion that the REEs, P, and many others are partitioned strongly 
to the immiscible basic liquid fraction with respect to the coexisting 
felsic liquid fraction. Phosphorus is most strongly enriched in the 
basic melt (by a factor of 10), followed by REEs (by a factor of 7.13 
to 3.7), Ta, Ca, Cr, Ti, Mn, Zr, Mg, Sr, and Ba. Barium is enriched 
by a factor of 1.5. Of the elements studied, only Cs is enriched in 
the felsic melt. Such a partitioning is defined by two-liquid dis
tribution coefficients and denoted by the symbol DB/A). 
Knowing the abundances of trace elements in a rock, their DB/A and 
Kd values, one can calculate the abundance of these elements in the im
miscibly coexisting ore (basic) melt fraction or in any mineral fraction 
crystallizing from such a melt. As in the field felsic metavolcanics and 
the ore are in close association, this hypothesis is tested on the rela
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tively "fresh" felsic metavolcanic rock samples (S-119A, s-84, s-67 and 
S-102). In such an application, extra care should be paid to the selec
tion of trace elements since all available samples from Avnik have 
suffered from regional metamorphism(s) to varying degrees. Fortunate
ly, the REEs are generally assumed to be resistant to regional meta
morphism (see chapter 5), therefore, their abundances may be treated 
as representative of the original rocks. 
The calculations (Table 9.2) assuming immisci ble separation of apati te 
are illustrated as chondrite-normalized REE patterns in Fig. 9.2, to
gether with the REE patterns of apatites from actual ore deposits. 
The parallelity among the calculated and actual ore REE patterns of 
apatites plus the restriction of the former to the field of the rat 
ter (dotted area; Fig. 9.2) support the view that ore and felsic meta-

TABLE 9.2:	 Calculation of REE concentrations in apatite crystallized 
from a felsic melt having a REE composition similar to 
those of samples s-67, S-84, S-102 or S-117A. The chon
drite normalized values are plotted in Fig. 9.1. 

Felsic Two liqui d Hypothe- Apatite REE cone. chondrite 
Rock partition tical ore REE Kd in apatite normaliz
(ppm) coeffs. melt ( *1) (Co * Kd) ed value 

(DB/A) (C 0 )	 (*2) 

S-119A 
La 22.85 4.0 91, 4 2.9 265 803 
Sm 2.45 4.0 9.8 5.07 49.7 248 
Dy 3.3 4.0(*3) 13.2 3.9 51,5 172 
Lu 0.29 5. 7( *4) 1, 65 1,8 3.0 88 
(.U 0.29 7. 13( *5) 2.07 1.8 3.7 110 

s-67 
La 73.3 4.0 293.2 2.9 850.3 2577 
Sm 9.45 4.0 37.8 5.07 192 958 
Dy 9.0(*6) 4.0 36.0 3.9 140.4 468 
Lu 1, 19 5.7 6.8 1,8 12.2 359 
Lu 1, 19 7.13 8.5 1,8 15.3 449 

S-84 
La 34.8 4.0 139.2 2.9 403.7 1223 
Sm 5.5 4.0 22.0 5.07 111.5 558 
Dy 7.8(*6) 4.0 31, 2 3.9 121.7 406 
Lu 0.89 5.7 5.1 1.8 9.1 269 
Lu 0.89 7.13 6.3 1.8 11.4 336 

S-102 
La 211 4.0 844 2.9 2448 7199 
Sm 23.6 4.0 94.4 5.07 479 2454 
Dy 19.5(*6) 4.0 78 3.9 304 1014 
Lu 2.15 5.7 , 2. 3 1,8 22.1 649 
Lu 2.15 7.13 15.3 1,8 27.6 812 

(*1) from Watson and Green (1981): at T=1080degrees C and P=7.5 Kbar 
(*2) chondrite values: La-0.34; Sm-0.195; Dy-0.3; Lu-0.034 (from Wakita et al. 

( 1971)
 
(*3) assumed value
 
(*4) averaged value
 
(*5) highest value
 
(*6) cal cuI ated by extrapol ation
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TABLE 9.3:	 Calculation of trace element concentrations in apatite 
and magnetite crystallized from the hypothetical felsic 
melt (see Table 9.2). In the last column the values 
measured from actual ore minerals are also shown for 
the com par i son. 

initial Kd DB/A -*1 calcula- measured 
(ppm) apat. magn. two-liq. ted in ore 

dis. coeff. (ppm) (ppm) 

S-119A 
Zr 225 0.01-*2- 2.4 5.5 LDL«72ppm) 
Sr 275 1.3 -*3- 1.5 536 200-600 
Cr 139 1-340-*2 3.5 >487 0-45 

S-84 and S-67 
Zr 405-555 0.01-*2 2.4 10-13 LDL«72ppm) 
Sr 8-15 1.3-*3 1.5 16-29 200-600 
Cr 88-124 1-340-*2 3.5 >308-437 0-45 

-*1- source: Watson 1.1976) 
-*2- source: Huij smans (1985) 
-*3~ source: Watson and Green (1981) 

volcanic rocks in Avnik are genetically related to each other by a 
process of liquid immiscibility. 
The viability of the immiscibility model is further tested on other 
trace elements (Zr, Sr and Cr) whose DB/A and Kd values are available. 
The same samples are considered (Table 9.3). All the two-liquid dis
tribution coefficients (averaged values) are taken from Watson (1976). 
The KdZr (apatite/liquid) and Kir (magnetite/liquid) values are taken 
from HUijsmans (1985). The distribution coefficient of Sr (Kdaplliq) 
is from the experimental work of Watson and Green, 1981. 
The abundance of Zr calculated from the liquid immiscibility model 
(see Table 9.3) is in close accordance wi th the measured values of the 
actual ore apatites. Such a result is expected since Zr is known to be 
a strongly immobile element. However, Cr (calculated in magneti tel is 
several times higher than the Cr in the Avnik ore magnetites. 
Strontium, on the other hand, is considerably lower in the model cal
culations. The latter may be explained by the metamorphic recrystal
lization of the ore during which Cr, released from the magneti te 
structure, was fixed in the coexisting amphiboles, and Sr, released 
from the wall-rock feldspars, was fixed in apatite. This is supported 
by the Cr content of amphiboles (e.g., 21 times more than the associated 
magnetite in sample S-183) and low Sr content of albite (Sr less than 
detection limit--I.N.A.A in S-132). 
The presence of only trace amounts of phosphorus in Meta-rhyolites 
(0.02-0.05 wt.% P20S) may have been the result of strong affinity of 
phosphorus for the immiscible basic melt as indicated by high DB/A 
value of 8 to 13 (Watson, 1976). 

As a result of several episodes of metamorphism and mechanical (tee
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tonic) disruptions, it is now extremely difficult, if not impossible, to 
find petrographic evidence for the liquid immiscibility. The presence of 
droplet-like apatite in a magnetite-actinolite matriX (e.g. in sample 
Y-5) may indicate an immiscibility, but such a feature is seldom found 
and often recrystallized. However, there are field observations (see 
chapter 9.4) that the immiscible ore was, in part, batched together 
with the felsic lava flows. 
The immiscibility in the generation of apatite-rich Fe ores is a process 
commonly refered to in literature (e.g. Lundenberg and Smellie, 1979; 
Badham and Morton, 1976; Kogarko et.al., 1974; Bergstol, 1972; Philpotts 
1967; As kl und, 1949; etc.) and it is founded on the experimental wor k of 
Oelson and Wiemer (1942), Fischer (1950) and Philpotts (1967). 
Oelsen and Wiemer were the first who paid attention to the fact that 
even a small amount of P20 S may develop an extensive field of liquid 
immiscibility in the system Fe-oxide-Na20-P 20s-Si02. Fischer (1950) 
and later Philpotts (1967) demonstrated experimentally that magnetite 
plus apatite were immiscible in a silicate melt at about 1400 degrees 
centigrade and higher. They also showed that under certain conditions 
mel ts were immisci ble in the iron-oxide melt, so that eventually 
three liquids (silicate, apatite and magnetite) may coexist. The 
experiments of Phil potts were carried out in air at constant oxygen 
fugacity (PO = 0.21 atm) using synthetic magnetite and apatite, and2
diorite rock from Ivry, Quebec. A schematic 1420 degree C section of 
Philpotts' experimental work is shown in Fig.9.3. He first investigated 
the magnetite-fluor-apatite system. Runs carried out in this system in 
the compositional range of 20 to 50 wt. % apatite indicate an eutectic 
at approximately 25 ± 3 wt. % apatite and at a temperature af 1410± 10 
degree C. A quenched liquid consisted of an octahedral pattern of mag
netites enclosing smaller euhedral grains of apatite. 
One of the problems of the liquid immiscibility is the temperature of 

FIG. 9.3	 The two and three liqUid fields of immiscibility (after 
Philpotts, 1967) in magnetite-apatite-diorite system at 
1420 C. 

DIORITE 
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equili bration whi ch is much higher than those to be expected in nature. 
However, this may be due to the loss of F and Cl as the experiments 
were not carried out in sealed containers under pressure. If the F and 
Cl lost during the experiments could be retained under pressure they 
would affect a lowering of the melting points (op. cit.). In nature 
such a vapor must coexist with magnetite-apatite melts, otherwise 
apatite would decompose to Ca-phosphate or oxyapatite (Philpotts, 1967). 
Similar suggestions are also made by others, e.g. Bergstol, 1972 and 
Irvine (1975). The latter suggested that high concentrations of PzOs 
(and TiO~) may contribute significantly to the silica immiscibility 
effe ct, es peci all yin the al kal i basal ti crock seri es. Rumbl e III 
(1976) suggested that the liquidus of magnetite could be depressed 
from 1600°C to 1200 0 C by phosphate fluxing. 
In order to show the immiscibility temperature of formation of Ivry 
diorite-magnetite-apatite, Philpotts (1967) analysed coexisting mag
neti tes and ilmeni tes and obtained temperatures as low as 850 0 to 
1 ,000 °C. 
In Avnik, the estimation of temperature of formation and fO z conditions 
of the ore deposition using a Ti concentration in Fe-Ti oxides is not 
possi bl e, as the i Imeno fracti on is recr ys tall i zed to sphene and rut i 1 e 
during regional and thermal metamorphic episodes. An attempt to estimate 
T and f Oz from coexisting ilmenite and Ti-magnetite in felsic rocks 
using S-102 was successful too as it indicated only the metamorphic 
re-equilibration conditions (T=490°C and logfOz=-21.3 bar)-*1- rather 
than pre-eruptive temperature and oxygen fugacity conditions. 

In conclusion, the liquid immiscibility model is favored over fractional 
crystallization based on geochemical and field evidence. The two and 
three liquid immiscibility between silicate, magnetite and apatite 
melts appears to be the best mechanism to explain the highly purified 
(from felsic minerals) magnetite-apatite, magnetite and apatite ores 
of Avnik. 
Helvaci (1984, p. 340) tentatively suggested that the Avnik ores were 
formed from an iron-rich calc-alkaline magma from which magnetite
apatite ores have been formed by immiscible separation. This is sup
ported also in this thesis from the REE data of the relati vely "fresh" 
f elsi c met avol cani cs whi ch cl assify on the La-Ca- Yb* di agr am into the 
field of (high K) calc-alkaline rocks (see chapter 5). 

9.5. ORIGIN OF THE REDISTRIBUTED ORES: 

The redistri buted ores are genetically different from the main ore 
layers as indicated by the following general characteristics (see chap
ter 6): 

a. The redistributed ores consist of vein, disseminated and laminated 

-*1- Analyses of coexisting ilmeni te and ti tanomagneti te were re
calculated according to the method of Carmichael (1967). The 
T-logfoz conditions for each coexisting pair were estimated 
from the determinati ve curves of Spencer and Lindsley (1981). 
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FIG. 9.4	 Redistribution in the main ore layers. The redistribution is 
indicated by partly modified ore-host rock contacts (note the 
dark-colored diffuse halo around forked magneti te-apati te
actinolite ore layer), magnetite disseminations in the cross
cutting joints and by the occurrence of quartz -feldspar
epidote veins (top left corner) traversing the main ore 
lavers. 

type ores; the distribution is exhibited partly by modified ore-host 
rock contacts and partly by magnetite disseminations in the cross
cutting joints and fractures (Fig. 9.4). 

b. They have mineral assemblages distinctly different fran the main 
ores; quartz, feldspar, epidote are canmon minerals that may occur with 
more sodic actinolite, hematite, magnetite, apatite, sphene and less 
canmonly with barite and tourmaline in the redistributed ores. 

c. They are not necessarily concordant with the wall rock; criss
crossing, stockwork type veins are canmon. 

d. They are not restricted entirely to the Main Ore Zone; they also 
occur in the outer zone. 

d. The trace element abundances in magnetite or in apatite are 
somewhat different from those of the main ore magnetites and apatites. 

e. Some of the veins occur in the form of open space fillings, there
fore, they are typically of hydrothermal origin. Such veins have sharp 
contacts wi th the wall rock. Sane of the veins are characterized by 
diffuse contacts and found in close association wi th the alkali meta
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somatised portions of the country rock. 

In this study, the hydrothermal redistribution stage is recognized as 
the continuation of alkali-rich volatile metasomatic stage (see chapter 
3). Coarse granite (Meta-granite) is accepted as the required heat 
"pump". The source of the redistributed material is assumed to be the 
country rock (see chapter 3). 
The stUdy of natural hydrothermal systems (Barnes, 1967) and experi
mental hot-water rock interactions (Khitarov, 1957; Ellis and Mahon, 
1964) indicate that many of the major and trace elements can be ex
tracted from the country rock by slightly acidic to slightly alkaline 
solutions without requiring a contribution from a "magmatic" fluid. 
These studies show that the concentrations of elements that are leach
ed out-or held in solution, are determined mainly by parameters such 
as temperature, pressure, the acidity and composition of the solution 
(gaseous, liqUid, mixed) and the mineral composition of the surrounding 
rocks. The duration of the leaching process also seems to be a limi t
ing factor for some elements. 
Mat eri al adsorbed on cl ay miner als and vol cani cash is easi 1 y extract ed 
into solution. Leaching of devitrified glass of volcanic rocks supplies 
a great deal of the major and trace elements. 
A literature survey indicates that most of the major elements (prob
ably other than Ti, P, Fe and AI) are readily available in the 
natural hot water systems although the quantities change sharply 
from place to place. For example, up to 5.4% Na, 2.38% K, 0.01% Mg, 
4.0% Ca and 18.4% Cl are measured (T=340 degree C and pH=5.5) in water 
samples from a drillhole (1,600 m depth) in Salton Sea, California 
(Barnes,1967). The phosphorus content is usually not given in such 
analyses probably due to its lower concentration and to the boosting ef
fect (unreliable analytical method) of vanadium (Stauffer and Thompson 
1978). In Wairakei hot springs (New Zealand) about 2 microgram per 
litre total phosphate is measured (op. cit.). In Yellowstone National 
Park this figure ranges between 1 and 73 microgram per litre (Stauffer, 
1982) where the higher phosphate concentrations are associated with 
dilute chloride, low Cl:total C0 3 waters with sub-boiling temperatures 
(about 90 degree C). The very low total phosphate concentrations are 
associated wi th the alkaline, high-chloride. undiluted waters surging 
up from depth. 

Solubility of Magnetite in Hydrothermal Waters: 

Holser and Schneer (1961) emphasized that anything less than 1 ppm 
iron in solution is not significant in the formation of hydro
thermal iron-ore deposits, prOVided all other conditions are met. 
Magnetite is nearly insoluble in supercritical steam and pure hot 
water (op. cit.). It has also been shown (op. cit.) that magnetite 
is not soluble) in a NaOH (0.0008 M) solution in the range 330 
degrees to 550 degrees celsius at about 1 kb b) in sodium borate 
and sodium bicarbonate solutions at T=500 degrees C and P=1 kb, and 
c) in NaCl (0.20 M) solution at about T=500 degrees C and P=0.5 kb. 
However, magneti te becomes soluble in the presence of even small 
amounts of HCl. At room temperature and pressure magneti te dis
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solves in concentrated HCl at a rapid rate. At geologically sig
nificant conditions, e.g. at 2 kb pressure and between 4500 and 650°C 
(Eugster and Chou, 1979), a considerable amount of magnetite is dis
solved in chloride solutions of varying concentrations (Fig. 9.5). 
The analyses of sol utions (Holser and Schneer, 1961) in the range of 
380-400°C' about 0.5 kb, and about 0.0002 M HCl showed 250-300 ppm 
total iron (mostly ferrous). 
Both experiments showed an increase of iron wi th increasing acid 
concentration at constant temperature. The most important result of 
these experiments was that all the iron in solution at high tempera
tures and pressures is ferrous iron. 

Holser and Schneer also demonstrated the inadequacy of the mobility of 
iron as a gas in molecular canbination wi th chlorine. A HCI concen
tration of 2.7 M would be needed to volatilize 1 ppm of iron as 
FeCl z gas under the condi tions of temperature and water pressure 
of the experiments. This suggests that during the early gaseous 
alkali transfer stage (see chapter 3) virtually no iron was mobilized 
from the main ore layers. 

FIG. 9.5	 Solubility of magnetite in chloride solutions, at 2 kt 
pressure and varying temperatures. Buffer HM. (After 
Eugster and Chou, 1979). 
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Solubility	 of Apatite in Hydrothermal Waters: 

There is only very limited information in the literature on the solu
bility of fluor-apatite in hydrothermal systems. The available informa
tion on this subject matter is solely based on the experimental work and 
thermodynamical calculations of Valyashko et al. (1968). Their work in
dicates that at constant pressure and pH, the solubility product of F
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apatite decreases from -60.43 to -93.9 -*1- with increasing temperature 
(25 to 350 degree n, i.e., like magnetite, apatite also becomes more 
stable as temperature rises. The dependence of solubility of F-apatite 
(and hydroxyl- and chlor-apatite) on temperature is shown in Fig. 9.6 
after Valyashko et.al. It appears that fluor-apatite is the least 
soluble among the apatites as its solubility product is much lower. 
Analysis of the effect of acidity (pH) on the hydrothermal solutions 
of the system F-apati te-OH-apati te -*2- showed that (Valyashko et al. 
1968) at low pH, the equilibrium concentrations of fluorine are very 
low and practically independent of the changes in the acidity of the 
sol ution (Fig. 9.7). The region of the minimum concentrations of F, 
unaffected by changes in the pH, broadens considerably wi th increase 
in temperature. In the weakly acid to alkaline solutions the mini
mum concentrations of F required for the crystallization of fluor
apatite Rre higher. 

FIG. 9.6	 Dependence of activity products of apatites on 
temperature. (After Valyashko et al., 1968). 
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A general literature survey and a short review on the solubility of 
magnetite and apatite allows to make the following interpretations: 

a. The early magnetite-apatite ores appear to be the potential source 
for the Fe and P that occur in the younger redistributed ores. Ferrous 
iron (in the form of FeC1 2) is the major species mobilized under high 
temperature and pressure condi tions in chloride-rich waters of varying 

-*1- the solubility products are calculated from the following reaction: 
Ca5(P04)3F2=== 5Ca 2+ + 3P043- + F

-*2- the F-apatite-OH-apatite system involves the following equilibrium 
reaction: 

Ca IO (P0 4)6(OH)2+ 2F- === CaIO(P04)6F2+ 20H
Such a reaction is justified from the isomorphous seri es of apati te 
where OH and F are the end members. 
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FIG. 9.7	 Stability fields of F- and OH-apatites. 
(After Valyashko et al., 1968). 
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pH. This is compatible with the field observations in Avnik where the 
remobilized material contains considerable quanti ties of ferrous 
iron-,bearing minerals such as amphiboles, chlorite, biotite, etc. 

b. Both magneti te and apati te are soluble in dil ute hydrochloric 
acid at various temperatures. The solubility products of magnetite and 
apatite plotted on a 10gK versus Temperature diagram (Fig. 9.8) indi
cates the difference in their solubilities. Qualitatively-*1-, magnetite 
is more easily mobilized than apatite. This may provide an explanation 
for the general incompati bili ty of these two minerals in the same vein 
in Avnik. 

c. The capacity of the hydrothermal solutions to extract and trans
port Ca, P, F, and Fe diminishes at higher temperatures (probably over 
400-500 0 C). This may explain the presence of relict main ore layers 
in the inner zone. 

d. In the absence of wi despread carbonate rocks in Avni k, a pressure 
drop appears to be the controll i ng mechani sm of deposi tion. 

e. The occurrence of hemati te (more frequently than magneti tel in the 
veins indicates attainment of high oxygen fugacities or a change in 
the acidity of the solutions towards more alkaline conditions. In 
alkaline solutions the oxidation of Fe'+ to Fe 3 + takes place readily 
even in the absence of free oxygen (Korzhinskij, 1965). 

f. Sulfur was generally not an important component of the altering 
solutions, otherwise pyrite would probably have been deposited. 

Finally, the above interpretation must be viewed wi th caution because 

-*1- In.the absence of data on first and second dissociation constants 
of PO, such a comparison remains qualitative and the comparison 
of the solubility products of manetite and apatite in Fig. 9.8 
is tentative. 
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FIG. 9.8	 Difference in the solubilities of magnetite and apatite 
within a temperature range of 25-400 C. (Data from Eugster 
and Chou, 1979; and Valyashko et al., 1968). 
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of the large number of variables affecting the solubili ty, transport 
and deposition of iron and phosphorous. 

9.6. METAMORPHIC RECRYSTALLIZATION STAGE: 

At least two episodes of regional metamorphism (M1 and M2) are iden
tified as secondary processes imposed on the earlier ores and the host 
rock. The existence of a pre-greenschist (Mo) metamorphism is suspected 
but no concl usi ve evi dence is found for i t--see chapt er 2. Duri ng M1 
regional metamorphism insignificant amounts of 'new' magnetite were ge
nerated as a result of the breakdown of some mafic minerals. However, it 
is not clear whether any r new' apatite was formed during the greenschist 
metamorphism. The M1 metamorphism is the most important regional meta
morphism and imposes penetrative textures, widespread isotopic (0 and Sr 
see chapter 3) re-equili bration of the pre-existing ores and strong 
modification of some trace element abundances. In general, the green
schist M1 metamorphism retrogrades the high-temperature main ore assem
blages, and recrystallizes the redistri buted (hydrothermal) material, 
in some cases to a higher grade. The influence of the M2 metamorphism 
is probably much less important and does not bring about any addi tion
al magnetite (or apatite). 
The following reactions may have taken place in the formation of meta
morphic (M1) magnetites: 

1. Magnetite formation in the main ore zone by retrogradation: 
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Formation of Ti-poor magnetites from Ti-bearing main ore magnetites 
in the presence of Ca-ri ch pyroxenes: 

Ti-bearing magnetite + Salite + O2 = Magnetite + Sphene 

2. Magnetite formation fran redistributed and/or existing mafic 
minerals in the country rock: 

- Recrystallization of redistri buted ferrous iron (see section 
9.5) at rei ati vel y low t em per at ur es. For exampl e: 

3Fe(OH)2 = Fe 3 0, +2H 20 + H2 
- Hemati te and quartz formation fran hydrous silica-ferrous iron 

gel at low temperatures and high f0 2 (or at high pH or low fH2) con-
di tions. Quartz-hemati te-feldspar assemblages commonly occur in the 
area as segregation veins (and pods and lenses) concordant wi th the 
M1 foliation in various rocks including Mica Schists. 

- Metamorphic breakdown of biotite: 
The occurrence of subordinate amounts of disseminated magneti te 
(up to 20 wt.%) in some schists and Gneisses may be related to the 
metamorphic breakdown of biotite. It is known that when the oxygen 
fugacity exceeds the stability conditions of an Fe-containing biotite, 
it becomes unstable and releases iron which may crystallize as mag
netite, chlorite and'silica. Such magnetite is canmonly seen in Dede
bag, Haylan and Gonac associated with Mafic Schists. 

- At higher greenschist temperatures actinolite+chlorite+epidote 
may combine together to form magneti te+hornblende, for example, in 
Sivri Tepe. The reaction involves both the addition of Al to acti
nolite and combination of chlorite and epidote to yield hornblende with 
magnetite and water as additional products. The following partial 
reactions (Rumble III, 1976) may have been involved: 

1. Chlorite + Epidote + Si0 2 = Hornblende + Al + Fe H + H20 
ii. Actinolite + Al = Hornblende + Si + (Mg2+, Fe 2+) 

The released ferric and ferrous iron may then crystallize to magnetite 
or hematite. 

Apatite that was dissolved during hydrothermal leaching was probably 
transported as canplex phosphate ions and later stabili zed by being 
adsorbed on hydrous iron gel. Apati te may have crystallized fran 
such material in the presence of Ca and F. The occurrence of apati te 
in contact with biotite (which may provide the required fluorine) and 
magnetite along trails parallel to the M1 foliation indicates a meta
morphic origin for such apatite. 
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THE GEOLOGIC HISTORY OF THE AVNIK AREA 

The distinction among the geologic events in the study area has been a
 
very difficult task and many aspects ~t.ill need further detailed in

vestigations.
 
The geologic history of the area is summarized as follows:
 

1. A Cambrian-Precambrian deposition of a sequence of volcanic and 
sedimentary series (up to 3-4 km thickness) over an unexposed Old 
Basement. The volcanic-sedimentary series makes up the present basement 
rocks of the study area. 

2. The lack of marine sedimentary rocks and the occasional occur
rence of agglomerates (Erdogan and Dora, 1983) in the lower parts of 
the Basement Series indicates an aerial depositional environment during 
the early phase of vol cani sm. 
The occurrence of Dolomitic Marble, Quartzite and Phyllite interbedded 
wi th volcanic lavas and tuffs in the middle parts of the basement 
rocks indicates a change in the depositional environment from aerial 
to a marine. 

3. The Basement Series of Avnik is metamorphosed up to an epidote
amphibolite facies (Mo). It is, however, not clear whether this 
metamorphism is a lower grade equi valent of the am phi boli te facies of 
Old Basement which has been reported by Yilmaz (1971) for the Cacas 
area or if it is a contact metamorphism related to the intrusion of 
coarsely crystalline granite. In the presence of weak field and 
laboratory evidence, in this study the latter opinion is tentati vely 
supported. The emplacement age of the granite (Carboniferous-Devonian) 
is taken as the age of contact metamorphism. 

4. The region was lifted up and then suffered from a deep erosion. 
5. In late Paleozoic times the study area was again covered by the 

sea. Argillic sediments (mainly at the bottom of the sequence) and 
extensive limestones (mostly at the top of the sequence) were deposited 
(wi th some tectonic breaks) during a period from Permian to Jurassi c 
on the eroded surface of the basement and granitic rocks. 

6. During Cretaceous times the basement rocks, and the younger 
calcareous and pelitic sediments were overturned (f1) and regionally 
metamorphosed (M1). Strong penetrati ve textures were imposed. Wide
spread recrystallization, and chemical and isotopic re-equilibration 
took place. The petrographi c work and the regional evidence suggest 
greenschist facies (biotite grade) conditions for the M1 metamorphism. 

7. The widespread alteration of M1 biotite, plagioclase and actino
lite to chlorite, calcite, epidote, quartz and albite, both in the Base
ment and Epimet amor phi c Seri es, indi cat es the occurr ence of a younger 
(chlori te grade) retrograde metamorphi c phase (M2). 
The radiometric data of Helvaci and Griffin (1983a) and Yilmaz (1971) 
suggest an Eocene-Oligocene age for this metamorphism. The M2 meta
morphism was probably associated with NE-SW trending folding (f2). The 
relationship between the two metamorphic phases is seen best in the 
Hamek region where the M1 biotites of the Mafic Schists were extensive
ly retrograded to chlorite. 

8. Miocene-Pliocene times were a period of major continental col
Ii sion in the Eastern Ta urus Fol d belt (Boray. 1973) and are charac
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terized by widespread imbrication and dynamic metamorphism. The thrust 
sheets of the study area are related to this episode of deformation. 

9. At the last stage, probably starting in late Pliocene times the 
area was upl ifted. Since this uplift, the region has under gone ext en
si ve erosion. 

One of the main features of the study area is the occurrence of 
apatite-bearing iron ores. The results of this investigation show 
that the main mineralization is primary volcanogenic in origin and 
related to the Cambrian-Precambrian volcanism. 
The post volcanic events (metasomatism/hydrothermal alteration, various 
stages of metamorphisms) greatly modified the occurrence and chemistry 
of the primary ores. The ore layers and the mafic minerals were 
leached and redeposited during the hydrothermal stage of alteration. 
The primary and redistri buted ores were later recrystallized during 
the regional M1 and M2 metamorphisms. The M1 metamorphism of the 
mineralized zones is characterized by weak to moderate penetrative 
textures. 
In the final stage, during dynamic deformation of the area, the ore 
layers were mechanically crushed, slickensided and locally pulverized. 
The dynamic deformation apparently did not impose recrystallization 
on the major ore minerals. 
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APPENDIX 2 

LABORATORY WORK AND ANALYTICAL METHODS 

The laboratory work included microscopic identifications, chemical 
analyses of rock and mineral specimens and oxygen isotope analyses 
of some coexisting mineral phases from the mineralized areas. 
More than 15 thin sections were made from the rocks and examined with 
transmitted light microscopy. The modal composition of 21 representative 
rock samples was determined by point counting (see Appendix 3B). 
Mineral compositions were also determined by x-ray diffraction 
and electron microprobe methods. The data obtained from the dif
fractograms and films were fed into the author's own computer program 
(see Appendix 5) to identify the mineral names quickly and more ac
curately. 
Twentyfive polished sections were examined with reflected light mic
roscopy to establish the occurrence and characteristics of the ore 
minerals. The information obtained for the ore minerals was fed into 
the author's own computerized version (see Appendix 6) of the "DELFT 
SYSTEM" of mineral identification. 
The routine sampl e preparation and anal yti cal proced ur es of the 
VENING-MEINESZ Laboratories were applied. 
The following analytical techniques are used: 

1. X-ray fluorescence (X.R.n for major elements in glass beads 
and Rb, Sr, Ba, Zr and Y in pressed powder pellets. 
The major and trace element analyses were done by using a Philips 
PW 1400 spectrometer. 
The lowest detection limit for the major elements is about 0.01% 
(. P. Anten; pers. comm.). The detection limits (ppm) for the trace 
elements (op. cit.) are: 

Rb=3.8 Sr=2.5 Ba=1.0
 
Zr=2.2 Y=2.0
 

2. Instrumental neutron activation analysis (I.N.A.A) for the elements 
La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Yb, Lu, Hf, Th, U, Cl, Sc, V, Cr, Co, 
Ni, Cu and Zn. 
Fiftytwo rock- and 49 mineral samples were analysed by the I.N.A.A 
method using established techniques (de Bruin, 1981). 
Lowest detection limits (ppm) of the I.N.A.A method (de Bruin; pers. 
comm.) for various elements (analyses done in I.R.I, Delft) are as 
follows: 

La=1.0 Ce=1.0 Nd=15.0 Sm=0.2 Eu=0.5 
Tb=0.1 Dy=8.0 Yb=0.3 Lu=0.3 
Hf=2.0 Th=0.5 U=0.8 Cl=200 Sc=0.05 
V=10 Cr= 25 Co=0.8 Ni=300 Cu=250 
Zn=40. 

3. Atomic-absorption spectrometry (A.A.S) for Ti, V, Cr, Mn, Co, 
Ni, Cu, Zn analyses. 
Analyses were carried out after dissolution in HCl (for magnetite and 
apati te) or in a mixture of HF, HC10~ and HN0 3 (for silicate minerals) 
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in teflon vessels. The PERKIN-ELMER 2380 and 460 AA Spectrometers are 
used during these analyses. 
The lowest detection limits (in sample), interfering elements and 
the reagents used to suppress them are listed below. The lowest 
detection limits of the I.C.P method are also shown in the last 
column. The values are in ppm. 

A.A.S Method A.A.S Suppressor I.C .P 
Model:	 2380 AA 460 AA Interfer. reagent method 

-*- -**- elements -***

Ti 200 Fe, Al 0.2% KCl 30.0 
V 120 Ti, Al 30.0 
Mn 8.0 1.0 
Cr 8.0 Fe, Ni 2% NH,Cl 8.0 
Co 8.0 8.0 
Ni 8 15.0 
Cu 2.0 4.0 
Zn 2.0 2.0 

-*- using acethylene gas
 
-**- using acethylene plus NO, gas.
 

-***- values are not corrected for chemical and spectral effects;
 
Fe strongly interferes with most of the transition elements.
 
However, the on-line data reduction included corrections for
 
various interferences.
 

4. An ARL-34000 inductively coupled plasma emission spectrometry 
(I.C.P) is applied for the transition element analyis in HCl dissolved 
magnetite samples (from the stock solution used in the A.A.S analyses); 
spectral, chemical and ionization interferences are automatically 
corrected by the ARLES program loaded on a DEC-PDP 1104 computer. 

5. A T.P.D microprobe, fitted with a Tracor Northern energy-disper
si ve detector is used for the major element analyses of various 
minerals from 18 polished thin sections. Rock and ore phases are inves
tigated. The operating conditions of 15 kV accelerating voltage and 
about 3-4 nA sample current are applied. On-line data reduction 
included standard ZAF (atomic number, absorption and fluorescence) 
corr ect ions. 
The lowest detection limit of the microprobe analyses is about 0.1% 
for the major elements (M. J. van Bergen; personal communication). 

6. A VG Micromass 60, ratio mass spectrometer is used in oxygen 
isotope determinations. Oxygen was quantitatively extracted with 
BrF s and converted to CO, as explained in Clayton and Mayeda (1963). 
The oxygen isotope determinations (6 samples) were done on coexisting 
mineral pairs of quartz, magnetite, amphibole and hematite. 

- Except for INAA the laboratory facilities of the VENING-MEINESZ 
Laboratories were used. I.N.A.A analyses were done at the Interuniver



------- -------

------- --------

-------

227 

sitair Reactor Institute (IRI) in Delft. 

The reproducibility of the analysis was monitored by analyzing (-*1-) 
international standards and comparing these values to the proposed 
values (Gladney and Goode, 1981) in the literature. A reasonably 
good agreement among the two is shown below. The values are ppm unless 
otherwise stated. 

MAG--l MAG-l BHVO BHVO
 
INAA Li terat. XRF Literat.
 

Na% 3.04 2.9 Rb 12 10 
Sc 18.02 17.0 Sr 424 440 
Cr 106.8 105.0 Ba 309 145 
Fe% 4.92 4.89 Zr 189 180 
Co 22.8 20. Y 26 28 
Zn 134.6 135.0 
Rb 155.0 150.0 
Th 11.9 12.5 AAS Li terat. 

Hf 3.6 3.6 Ti% 1.59 1. 61 
La 49.9 41. 0 V 337 320 
Ce 90.5 86.0 Cr 288 300 
Sm 7.9 9.1 Co 43 45 
Eu 1.6 1.5 Ni 117 120 
Tb 1. 04 1.0 Cu 141 140 
Yb 2.62 2.6 Zn 103 105 
Lu 0.49 n.g 

MAN MAN 
ICP Li terat. 

Ti 57 60 
V LDL-*2 4.6 

Mn 312 310 

-*1- number of samples in each case is four. 
-*2- less than 28.8 ppm. 
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APPENDIX 3: Major and Trace element data 
,---------------------------------------

GROUP I: Relati vely , fresh' rocks. (1-2=Metarhyolite, 

3=metatrachyte, 4=metaandesite, 5=metabasalt ) 

1 2 3 4 5 
Samp. No: s-67 S-84 S-102 S-119A S-127A 
Si0 2 : 70.66 75.46 67.04 57.08 50.01 
Ti0 2 : 0.25 0.19 0.40 0.76 1. 28 

A1 2 O 
t 
: 

Fe 2 0 3 : 

13.25 
4.31 

12.08 
3.16 

13.87 
5.94 

14.01 
8.79 

14.81 
11.66 

MnO: 0.02 0.09 0.02 0.13 0.09 
MgO: 0.07 0.10 0.78 3.96 7.68 
CaO: 0.20 0.33 0.35 7.64 5.83 

Na 2 O: 4.03 4.53 0.30 2.62 4.00 
K2 O: 5.99 3.94 11.28 1. 44 0.30 

P2°5: 0.02 0.03 0.05 0.12 0.24 
L.O.I: 0.75 0.71 0.77 3.95 3.04 
Total: 99.55 100.62 100.80 100.50 98.94 

Rb: 115.00 75.00 265.00 45.00 7.00 
Sr: 8.00 15.00 3.00 275.00 80.00 
Ba: 280.00 170.00 255.00 335.00 90.00 
Zr: 555.00 405.00 1275.00 125.00 200.00 

Y: 65.00 45.00 135.00 17.00 25.00 
La: 77.31 34.78 211.00 22.85 7.98 
Ce: 139.90 61.35 357.60 36.11 17.95 
Sm: 10.90 5.50 23.64 2.45 4.10 
Eu: 1.05 0.66 1. 90 0.61 1. 46 
Tb: 1. 50 0.99 3.17 0.61 1.05 
Yb: 6.92 4.98 13.20 1. 58 2.93 
Lu: 1. 19 0.89 2.16 0.30 0.54 

REEt: 238.77 109.15 612.67 64.51 36.01 
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GROUP II , Altered metavolcanic3: 

Mct«800Ii:ltici:llly altt:rt:d b<lsic metavolcanlcs and Hafic Schists. 

1 2 3 5 6 7 8 9 10 11-0 - 12 13 
NO; 12 PUnAN " W-21 A 15 58,85 7/110.05 13 '"Samp. 5-120 5-1115 5-161 5-199 AG-l S-89 T-2 

SlO~ : 51.91 5il.IjO 56.06 il7.90 60.47 48.7!l 116.56 50.98 50.511 5).89 53.76 55. llIl 5<,.65 ~il • .'t' 
no.: 1.52 1,03 0.7\ 0.53 1.53 1.118 1.57 2.'(';) 1.49 2.113 2,02 1,62 1.(,CJ 1.9'; 

1\1,0, : Ill.;,>! 19.70 1l,,51J 10.01 111.30 16.52 17.22 12.111 17.211 111,27 lil.B3 15.03 14,1)6 11.82 
F"'aO, t, 16.39 12.00 7.62 19.1l1 7.50 11.85 11.25 9.13 11.88 9.31 '1.88 9.60 1a.15 19.57 

Mn(l: 0.07 0.10 0.18 0.20 0.10 0.111 0.011 0.16 0.06 0,07 0.05 0.09 0.03 0.08 
HgO: 5.33 2.20 11,37 6.25 1.78 6.114 9.77 6.08 6.18 11.65 11.90 11.74 0.511 2.38 
CaO: 1.69 0.90 9.21l a.61l 5.75 6.21l 1.41l 12.111 1.79 11.52 2.30 1.88 1.93 2.35 

NU.O: 2.83 2.60 3.99 3.8il 5.81 3.91 5.81 3.62 7.05 7.52 6.110 3.79 5.67 il.62 
K.O: 2.18 3.20 0.6il 0.12 0.53 0.36 0.31 0.25 0.09 0.57 0.65 11.02 2.32 0.77 

p.O s : 0.il8 0.15. 0.79 0.6\ 0.il6 0.38 0.26 0.02 0.3il 0.58 0.68 0.57 0.62 0.75 
L.O.l:	 3.2il 1.30 1.66 2.55 1.70 3.57 5.70 2.711 2.89 2.02 2.90 3.02 1,80 1.30 
Total: 99.85 97.58 99.80 100.06 99.93 99.63 99.93 100.01 99.55 99.83 100.37 99.8il 100.27 99.81 

K.0/Na 1 O: 0.77 1.23 0.\6 0.03 0.09 0.09 0.05 0.07 0.01 0.08 0.10 1.06 0.111 0.17 

Rb: 50.00 25.00 20.00 13.00 9.00 3.00 20.00 7.00 5.00 10.00 25.00 105.00 115.00 20.00 
Sr: 30.00 88.00 2il5.00 170.00 285.00 110.00 30.00 350.00 65.00 30.00 80.00 20.00 10.00 20.00 
Ba: 260.00 699.00 130.00 ilO.OO 190.00 95.00 150.00 160.00 100.00 220.00 280.00 550.00 280.00 165.00 
Zr: 335.00 170.00 115.00 125.00 1135.00 190.00 175.00 130.00 220.00 270.00 2ilO.00 615.00 il50.00 260.00 

y, ·60.00 -1.00 ilO.OO 30.00 55.00 25.00 45.00 30.00 30.00 40.00 30.00 75.00 il5.00 35.00 
La: 129.80 20.10 25.22 7.32 21.30 131.00 10.00 13.00 20.58 19.21 211.08 il7.03 68.57 85.51j 
Ce: 226.60 56.40 62.89 21.60 57.40 258.00 20.50 25.00 il8.95 38.07 il4.78 91.90 126.80 149.00 
Sm: 16.40 9.02 7.9il il.88 11.00 20.50 5.711 4.61 7.06 5.62 5.25 11.27 10.02 11.85 
Eu: 3.60 2.ilO 1.'/1 0.83 2.14 3.40 1.06 1.23 2.06 1.35 1.111 2.46 2.55 4.14 
Tb: 1.90 1.90 1.82 1.il2 1.86 1.67 1.117 1.33 0.96 1.30 1.13 1.87 1.18 1.35 
'ib: 5.00 9.30 3.55 2.90 6.10 il.OO 5.6il 3.il2 3.26 3.95 4.01 6.58 il.78 3.22 
Lu: 0.85 1.60 0.77 0.il9 1.11 0.80 1.05 0.6\ 0.52 0.81 0.73 1.1il 0.87 0.49 

REEt: 38il.15 100.72 103.90 39.il4 100.91 419.37 il5.il6 il9.20 83.39 70.3\ 81.12 162.25 21il.77 255.59 

->- bore hole H-7 (Haylan ) 

GROUP lIb: Extremely bleached (Na-meta.scmati zed) metavol cani C5. 

,Samp. No: S-49 S-129 s-166 MR-l D-16 711 il. 9"155.20+ S-l60 1 2 3 5 6 8 
S10.: 78.il7 77.23 69.66 70.76 72.80 7il.Oil 65.72 75.011 Rb: 1.00 1.00 2.00 il.OO 1.00 20.00 4.00 6.00
 
TiO.: 0.08 0.32 0.66 0.il6 0.29 0.52 0.22 0.05 Sr: 14.00 25.00 1 il.OO 115.00 11.00 35.00 50.00 300.00
 

12.02 '3.19 13.il/l 14.29 13.23 111.32 13.09 16.04 Ba: 15.00 1/l.00 il5.00 il5.00 14.00 110.00 20.00 11.00
F:~O~{:	 0.52 0.36 6.il3 2.76 3.83 0.82 5.92 0.19 Zr: 190.00 225.00 315.00 195.00 il15.00 345.00 170.00 220.00 

y,MnO: 0.0\ 0.01 0.01 0.03 0.01 0.02 0.07 0.00 10.00 12.00 50.00 30.00 50.00 65.00 20.00 15.00 
MgO: 0.21 0.13 0.10 0.55 0.11 0.59 0.73 0.16 La: il.91 1.20 15.52 25.06 16.60 30.10 16.ilO 8.20 
CaO: 0.111 0.24 0.71 1.26 0.35 O.ilil 5.71 0.13 Ce: lil.30 il.58 28.75 59.02 30.00 87.00 33.09 15.60 

Na.O: 6.82 7.85 7.80 8.21 7.76 7.illl 6.85 8.13 Sm: 1.76 2.00 3.39 6.98 il.57 11.58 3.4"( 1.65 

K.O: 0.13 0.\0 0.21 0.2\ 0.28 0.59 0.19 0.04 Eu: 0.26 0.25 0.59 0.98 0.62 1.3il 0.56 0.48 
p.o.: 0.01 0.01 0.19 0.14 0.03 0.01 0.11 0.01 Tb: 0.26 0.3il 1.07 1.07 1.22 1.76 0.43 0.411 
L.O.l: 0.80 O.ilO 0.78 0.66 0. 1-17 1.67 1.06 0.25 'ib: 0.9il 1.66 5.39 3.39 5.35 6.84 2.21 2.52 
Total: 99.21 99.84 100.03 99.33 99.16 100.46 99.67 100.oil Lu: 0.19 0.31 1.37 0.56 0.88 1.05 0.42 0.68 

REEt: 22.62 10.34 56.08 97.06 59.24139.67 50.58 29.57 
K,O/Na.O:	 0.02 0.01 0.03 0.03 O.Oil 0.08 0.03 0.00 

-+- bore hole KM-16 (Miskel) ->- bore hole H-7 (Haylan ) 

GHOUP Hc: Meta.:;anatically altered (elsic metavolcanic5. 

1 2 3 0 4 5 6 7 8 9 10 11 12 13 14 15 16 
Samp. NO: S-96 HR-l 3/ilil.2 215.25+ H-2il 2111.10+ S-62 s-65 S-66 T-l 3/92.3 H-22 BG-I HM-28 HH-ll1 MAAL 

S1O.: 75.9il 70.7663.6257.3268.9868.15118.05 60.97 60.42 67.97 71.60 70.2il 70.05 70.20 71.03 60.39 
TiO,: 0.22 0.il6 1.14 1.22 0.66 0.45 0.63 0.98 1.25 0.32 0.53 0.50 0.68 0.42 O.ilO 0.6(, 

12.14 lil.29 15.16 12.48 13.1l2 1il.19 H.il2 15.2B lil.90 11.89	 lil.29 1].% 14.0B 14.0IJ 14.1'f 13.':>3
F~~O~ t: 2.88 2.76 5.il4 10.13 5.37 il.02 5.09 7.37 3.69 8.il8 2.22 3.88 2.00 4.~8 1.20 11.36 

MilO: 0.01 0.0] 0.05 0.09 0.05 O.Oil 0.05 0.03 0.13 0.01 0.03 0.04 a.Oil 0.01 0.04 0.10 
MgO: 0.13 0.55 1.87 3.0il 0.88 1.51 0.08 0.12 1.08 0.07 0.69 l.il6 1.11 0.76 1.31 1;.76 
cao: 0.17 1.26 2.43 5.59 1.30 0.70 0.70 1.18 5.62 0.28 0.96 0.39 4.72 0.il5 1.39 6.70 

N".O: 7.26 8.21 8.6il 7. 37 il.30 il.53 0.30 1.33 1.35 0.2il 6.07 6.38 5.79 5.00 7.8\ 6.25 
K.O: O.Oil 0.21 0.09 0.17 11.76 1I.2il 10.62 11.96 10.69 10.60 1.73 0.118 0.75 2.61 0.5'l 0.62 

P,Os: 0.01 0.14 0.40 0.07 0.16, 0.13 0.20 0.38 0.38 0.011 0.01 0.03 0.35 0.12 0.03 0.01 
L.o. I: 1,15 0.66 1.31 2.68 0.53 2.25 0.il6 0.34 0.il3 0.16 1.90 2.20 1.58 1.81 2.68 2.51 
Total: 99.95 99.33100.15100.16 \00.81 100.21 78.60 99.94 99.94 100.06 100.03 99.56 10l.15 99.7il 100.63 99.89 

K.O/Na.O; 0.01 0.03 0.01 0.02 loll 0.94 35.110 8.99 7.92 114.17 0.29 0.08 0.13 0.52 0.07 0.10 

Rb: 1.00 4.00 2.00 il.OO 100.00 1110.00202.00155.00 \60.00185.00 115.00 10.00 15.00 60.00 11.00 15.00 
Sr: 9.00 45.00 20.00 90.00 55.00 25.0027ilO.00 16.00 95.00 2.00 ilO.OO 20.00225.00 16.00 25.00150.00 
Ba; 20.00 il5.00 65.00 70.00490.001175.00 111.261035.00 720.00165.00 3ilO.00 300.00 180.00 285.00 125.00 145.00 
Zr: 360.00195.00545.00290.00415.00205.00564.00680.00 ilOO.OO 715.00 255.00 290.00 400.00 195.00 185.00 380.00 
y, 25.00 30.00 50.00 \25.00 65.00 115.00 55.00 105.00 55.00 95.00 50.00 60.00 65.00 25.00 30.00 75.00 
La: 99.93 25.10 69.30 57.00 56.60 39.60 50.40 26.3il 36.00 92.ilO 30.51 il4.il6 35.50 17.62 26.29 80.00 
Ce: 172.00 59.00123.20159.20111.10 75.00 74.50 56.86 67.32 161.50 86.99 94.66 101.10 il7.69 69.87 162.00 
Srn: 11.44 7.00 11.34 23.9il 9.il5 7.50 5.08 17.25 7.13 10.60 10.00 10.00 13.10 2.21 7.29 17.60 
Eu: 0.91 1.00 2.55 2.60 2.00 0.9il 1.23 3.97 1.94 1.71 1. 34 1.09 1.90 0.66 1.17 3.00 
Tb; 0.93 1.06 1.63 4.27 1. 34 1.20 1.05 3.ill 1.17 1.04 1.59 1.44 1.94 0.30 0.87 <'.40 
'ib: 3.90 3.ilO 5.10 14.81 6.32 5.28 3.98 6.97 3.82 3.60 5.13 6.92 6.75 l./lil 3.76 8.30 
Lu: 0.76 0.55 1.05 2.il2 1.07 0.91 0.68 1.22 0.77 0.89 0.93 1.16 1.10 0.35 0.66 1.311 

REEt, 289.87 97.11 21 il. 17 26il.2il 187.88 130.43 136.92 116.02 \18.15271.74 136.il9 159.73 161.39 70.67109.91 274.£.il 

-0- bore hole H-3 (Haylan) -+- bore hole KM-16 (Miskel) 
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H1Cg SchistsMajor and trace element content of Metagranite::! 

, 2 3 ~ 5 6 
Samp. No: S-'50 H-25 DIZ-' S-17 5-'8 YG-1 Yayla 5-8 '6/58.50 -. 
510,,: 72.56 69.68 73.72 71. 71 72.9' 72.01 6'.97 62.95 
TiO,,: 0.25 O. '3 0.63 o ••6 0.'2 0.27 1.65 0.90 

13.•9 13.59 13 .•0 '3.65 13.03 12.86 13.53 '5.75
F:~O~£~ 2.70 2.9' 3.67 2.27 2.82 2.39 7.88 6.61 

HnO: 0.05 0.0' 0.02 0.01 0.02 0.03 0.11 0.05 
MgO: 0.33 0.55 0.56 0_78 o .•8 0.36 2.93 3.08 
CaD: 1, 31 1. 31 o.•6 1.06 1.05 1. 10 1. .8 0.93 

Na.a 0 : 3.29 3.37 6.3' 5.3 5.71 2.98 3.10 3. "' 
K2 O: 5.28 5. ,. 0.82 1. 76 1..6 5.6. 1. 22 2.17 

0.08 0.11 0.01 0.12 0.03 0.17 0.25 0.23P.a 0 .: 
1.110 0.98 0.78 1.02 1.63 3.01 '.30 

Total: 100.7' 100.20 100.61 98.85 100.03 99.'5 100.13 100.38 
L.O.l: 3.0' 

1.60 • 0.13 0.25 1.9 0.39 0.6.K"OlNa"O: 1.53 0.33 

Rb, 180.00 , 20.00 '8.00 '5.00 37.00152.00 '5.00 75.00 
Sr: 65.00 55.00 '0.00 50.00 50.00 60.00 95.00 105.00 
Ba: 380.00 805.00 185.00 311.002118.00 1170.00 320. 00 ",5.00 

Zr: 195.00 2110.00 385.00 290.00 27 •• 00 210.00 '35.00 190.00 
y, '5.00 50.00 .0.00 50.00 '0.00 35.00 
La: 61. 76 5' .52 30.7' 65.00 50.00 31.30 
ee: 111.60 9' •• 8 85.37 111.10 100.00 65.20 
Sm: 6.17 6.11 11.00 6•• 8.95 6.60 
Eu: 0.7' 0.72 O••, 1.0' 1.7' 1. '5 
Tb, 0.76 0.75 0.60 O. 8~ 1.10 0.93 
n, 2.22 1.93 1.112 2.27 !I.OO 3.06 
Lu~ 0.38 0.3~ 0.31 0.38 0.73 0.59 

REEL: 183.63 152.85 122.85 192.99 166.52 109.13-.- bore hole KM-16 (Miskell 

Major and trace element analyses of various metasedimentary rocks: 

1 2 3 ~ 5 6 7 8 9 10 
Samp. No: S-,69 S-190 S-16~ S-186 S-70 S-109 S-193 15-A C-10 HH-6A 
510.1: 60.06 68.97 77 .08 73.75 58.62 70.53 75.2~ 76. ~7 7~. ~179. "' 
TiO I : 0.78 0.81 0.211 0.18 0.22 1.61 0.70 0.31 0.29 0.29 

18.22 '2.92 12.63 11.28 13.25 18.52 16.19 ,. •• 6 13.59 12.10
f:~O~(' 5.72 6.38 1.22 1.56 2.07 7,'0 1.85 1.02 0.86 3.08 

MnO: 0.01 0.01 0.00 0.00 0.01 O. 00 0.00 0.01 0.00 0.00 
HgO, I. 92 0.~5 0.29 0.36 0.50 0.75 0.3' 0.35 0.35 0.6. 
CaD: 0.80 0.87 0.18 0.15 0.17 1.9~ 0.87 0.23 0.23 0.23 

Ha,lO: 1.69 0.09 0.30 0.21 0.06 0.39 0.63 0.33 0.20 1.62
 
K1 O: 7 .~o 5.18 3.65 3.37 '.51 6.78 ~.86 li.aW 3.87 3.69
 

PJOs: 0.19 0.23 0.01 0.02 0.01 0.62 0.29 0.01 0.02 0.02
 
L.O.I, 1l.Dl •• 0. 3.56 5.60 3••0 ~ .10 3.69 ~.87 3. 7~~.'"
Total: 100.80 99.95 99.8~ 100.11 100.' 5 100.03100.36100.05100.75 99.82 

K:aOlNaaO: '.38 57.56 12.17 16.05 75.17 17, 38 7.71 13.33 19.35 2.28 

Rb, 335.00205.00 132.00 122.00 198.00 1~7.00 "5.00 150.00 
Sr: 5.00 5.00 5.00 11.00 2.00 50.00 6.00 9.00 
Ba: ~35.00 195.00 15.00 151.00 16li.OO 1811.00105.00 l1l1.00 
Zr: 280.00 580.00 ~52.00 171.00 65~.00 5~5.00 5'5.00 519.00 

1-2 Phyllite: 3-11 Quartzite; 5-10 Leuocrat1c Hl.lScov1te Sch1.st. 

and trace e 1~ent analyses or two Basic Dike samples.Major 

Samp. No: S-63 S-9O
 
510 2 : 51.89 50.~9
 

TlO a: 1. 79 1. 56
 
AlaO. : 16.89 16.36 

8.88 8.65 C.l-P.W Norm.s:
 
Mr{): 0.111 0.08
 

reaD. : 

S-90"gO, 3.~5 6.66 S-63
 
CaO: 5.48 7.06
 

Na2 O: 5.11 3.58 Q
 

3.13 2.83 C1<2°: 
0.62 0.68 OR 18.72 16.53
 

L.O.I, 1. '3 3.20 AB 35.65

P.1. 0 ': 28.88
 

Total: 98.81 101.15 AN 1'.07
 19.98 
NE ~.39 0.58
 

K.a0/Na:zO: 0.61 0.79 Dl 7.77 8.35
 
MY 

Rb 65.00 50.00 OL 11.10 '6.16 

Sr 1125.00 535. 00 "T 1. 95 1.86
 

Ba 620.00 355.00 lL 3. 3~
 2.30
 

Zr 2110.00 '65.00 AP
 1.~9 1.59 



Major and trace element analyses of scme mineralized samples. Major and trace element data of mineralized gneiss. 

Samp. No: 
3iO z : 
TiO z: 

AI'Of: 
Fe Z 0 3 : 

MnO: 
MgO: 
CaD: 

NazO: 
KzO: 

PzOs: 
L.O. I: 
Total: 

1 
S-IC 

57.38 
0.24 
9.82 

10.73 
0.15 
5.62 
8.72 
4.6D 
D.55 
0.11 
2.00 

99.92 

2 3 
S-lA S-11 

5D.62 20.58 
0.72 0.23 
7.92 0.62 

16.51 62.65 
0.13 D.09 
6.56 5.07 

1D. 15 7.90 
2.14 D.21 
0.42 D.02 
1. 39 2.19 
2.10 1. 02 

98.66100.58 

4 5 
S-121 S-133 
43.97 59.20 

2.07 0.60 
1D. 38 12.19 
10.37 5.04 
0.20 0.10 
5.70 4.90 

17.8D 6.32 
1.55 6.93 
D.66 D.17 
3.69 0.02 
3.50 " .55 

99.89100.02 

6 
5-189 
47.91 

0.31 
7.53 

10.08 
0.10 
6.87 

14.91 
1.11 
0.19 
4.79 
5.70 

99.50 

7 8 
DUT-l DUT-3 
37.39 52.51 

0.08 0.38 
6.75 8.91 

12.52 16.79 
0.09 0.17 
7.5D 6.32 

21.37 7.72 
0.91 3.78 
D.15 D.27 
8.48 1. 01 
3.14 2.50 

98.38100.36 

Samp. No: 
Si0 2 : 

TID, : 
AI,O f : 

Fe Z 0 3 : 

MnO: 
MgD: 
CaD: 

NazO: 
KzO: 

PzOs: 
L. O. I: 
Total: 

1 
S-132 
53.54 

0.63 
6.62 
8.84 
D.25 

1D.22 
11. 98 

2.14 
0.90 
2.17 
3.50 

100.79 

2 
S-148 
39·35 

0.57 
9.99 

20.43 
D.15 
6.17 

13.82 
2.49 
0.28 
4.77 
2.42 

100.44 

3 
11 

20.58 
0.23 
0.62 

62.65 
D. D9 
5.D7 
7.90 
0.21 
0.02 
2.' 9 
1. 02 

100.58 

4 
D-31 
28.11 
0.58 

16.99 
20.29 

D.09 
20.45 

2.37 
D. D3 
0.02 
1.45 
9.56 

99.94 

KzO/NazO: 0.12 0.20 0.10 0.43 0.02 0.17 0.16 0.07 
KzO/Na 2 O: 0.42 0.11 0.10 D.67 

Rb: 
Sr: 
Sa: 
Zr: 

Samp, No: 
SiD, : 
TiD,: 

AI'Of: 
Fe Z 0 3 : 

MnO: 
MgO: 
CaO: 

NazO: 
K,O: 

PzOs: 
L.O. I: 
Total: 

17.00 1.00 20.00 15.00 5.00 1. 00 2.00 4.00 
180.00 145.00 40.00 400.00 40.00307.00280 •.00115.00 
lD5.00 105.00 50.00260.00 60.00 1. 00 1.00 50.00 
15D.00 130.00 3.00145.00265.00184.00 75.00 295.00 

9 10 11 12 13 14 15 16 
DUT-3C 90.70 98.00104.75107:00119.70114.35122.80 

49.38 47.55 44.21 62.88 57.50 54.72 47.45 47.57 
0.23 2.38 D.14 0.37 1. 98 0.22 0.22 0.34 
7.41 14.61 11. 85 13.21 13.92 13.75 12.94 12.24 

16.82 13.82 27.44 10.48 9.13 18.63 26.47 23.65 
0.14 0.12 0.15 0.04 0.21 O. D5 0.08 0.13 
6.80 5.89 5.68 1. 25 2.90 2.67 3.67 5.94 

10.26 3.30 7.40 1. 46 3.D6 2.32 4.23 5.16 
2.90 5.25 3.20 5.82 5.01 4.79 3.91 3.34 
0.19 0.94 0.69 1. 14 1.56 1.19 0.81 0.99 
2.94 0.51 0.27 0.13 0.38 D.13 0.48 0.02 
2.92 6.18 1. 18 3.02 4.89 1.50 0.61 2.40 

99.99100.55102.21 99.801DO.54 99.97100.87101.78 

Rb: 
Sr: 
Sa: 
Zr: 

Y: 
La: 
Ceo 
3m: 
Eu: 
Tb: 
Yb: 
Lu: 

REEt: 

17.00 
70.00 

250.00 
180.00 

55.0D 
32.9D 
91.70 
11.00 
1. 40 
1. 50 
4.82 
0.90 

144.22 

6.00 
110.00 
35.00 
75. DO 

205.00 
83.00 

208.00 
38.10 

3.20 
6.20 

17.70 
2.77 

358.97 

20.00 
4D.00 
50.00 

3.00 
195.00 
243.00 
461. 00 

21.60 
1.72 
3.96 

20.84 
5.27 

757.39 

8.00 
35.00 
35.00 

260.0D 
85.00 
9.90 

19.40 
19.15 

3. "3 
4.42 
7.52 
1. 21 

65.03 

KzO/NazO: 0.07 0.18 0.22 0.20 0.31 0.25 0.21 0.30 

Rb: 
Sr: 
Sa: 
Zr: 

3.00 18.00 8.00 ,".00 35.0D 17.00 8.00 41. 00 
120.00 80.00130.00 53.00 60.00 77.00 79.00161.00 
16.00390.00130.00 246.0D 425.00 248.00 232.00159.00 

"45.00230.00140.00189.00270.00160.00149.00160.00 

(samples 10 to 16 from KM-16 bore hole) 
N 
I.AJ 
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APPENDIX 3A: Mineral constitution of sane of the Avnik rocks; based 

on point counting; values are in percentages. 

1 2 3 4 5 6 7 
Samp. No: S-150 H-25 DIZ-4 S-49 S-129 s-67 S-84 
Apatite: O. 00 0.00 0.00 0.00 0.00 0.00 0.00 
Sphene: 0.50 1. 00 1. 00 0.00 0.00 0.50 O. 00 
Amphi bole 4.00 2. 00 O. 00 0.00 0.00 0.00 1. 00 
Epidote: O. 00 1. 00 o. 00 o. 00 0.00 0.00 1. 00 
Bio. IChl. : 3.00 5. 00 2. 00 1. 00 0.00 0.50 O. 00 
Albite: 27. 00 28. 00 55. 00 57. 00 67.00 34.00 37. 00 
K"'Jfeldsp. 30.00 30. 00 0.00 4. 00 o. 00 38. 00 25. 00 
HU5CQvi te 5. 00 5. 00 7.00 O. 00 0.00 0.00 0.00 
Quartz: 30. 00 27 .00 33. 00 38.00 32.00 24.00 34. 00 
Magnet! te 0.50 1. 00 2. 00 o. 00 0.00 3.00 2.00 
Others 1.00-*1 -

Groundmass 25 20 30 25 

8 9 10 11 12 13 14 
Samp. No: S-102 S-127 A S-117A S-89 S-199 H-24 S-180 
Apatite: 0.00 0.50 0.50 1. 50 1. 00 0.50 0.00 
Sphene: 0.50 2.50 1. 00 3. 00 3.00 1. 00 1. 00 
Amphi bole 1. 00 \ 3. 00 1.00 0.00 8. 00 0.00 13. 00 
Epidote: 0.50 2.50 1. 00 O. 00 1. 50 2. 00 3. 00 
Bio .IChl.: 1. 50 20. 00 6. 00 40. 00 20. 00 3.50 O. 00 
Al bl teo 3. 00 56.00 55.50 32.00 58. 00 37.00 53. 00 
K-feldsp. 66.50 0.00 0.00 0.00 0.00 10. 00 0.00 
MUSCQVi te 7. 00 0.00 9.00 20.00 3. 00 14. 00 5. 00 
Quartz: 18. 00 2.50 22.00 2.00 0.00 30. 00 25. 00 
Magneti te 2.00 3. 00 3.00 1.50 5.50 2. 00 O. 00 
Others 1.00-*2 -

Groundmass 52 15 25 10 10 

15 16 17 18 19 20 21 
Samp. No: HH-28 HM-l11 KK-l MR-l DUT-1 S-148 16/98 
Apatite: 0.30 0.00 0.00 0.50 24. 00 13. 00 0.80 
Sphene: 0.70 1. 00 1. 00 1. 00 O. 00 1. 00 0.20 
Amphi bole O. 00 5.00 0.00 3. 00 52. 00 37. 00 36. 00 
Epidote: o. 00 1. 00 O. 00 1. 00 10.00 7.00 7. 00 
Bio./Chl. : 3.00 2.00 3.00 1.00 7.50 9. 00 8. 00 
Albite: 43. 00 65.00 13.00 70.50 5.50 22. 00 30. 00 
K-feldsp. 14. 00 4.00 44.00 3. 00 O. 00 0.00 4. 00 
Muscovl te 7.00 3.00 0.00 0.00 0.00 3. 00 0.00 
Quartz: 30. 00 18.00 37.00 19. 00 0.00 1. 00 2. 00 
Magneti te 2.00 0.00 2.00 1. 00 1. 00 7. 00 12.00 
Others 1.00-*3 -

Groundmass 15 20 35 30 15 

-*1- few epidote.chlorite and little magnetite; -:112- sane zircon 
and tourmaline: -*3- calc! te. 

SAMPLE IDENTIFICATION: (1-3) Hetagrani te, (4-5) Bleached meta
volcanics; (6-10) relatively 'fresh' metavolcanicsi (11-12) 
Mafic Schist, (13-18) Gneiss (various), (19-20) mineralized 
Gneiss. 
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APPENDIX 4'
 

MICROPROBE DATA
 

PYROXENE, 5PHENE, 
Oxygen basis: 6 

5amp. No, 5-50 5-50 5-50 5-50 5-50 5-50 5-50 5-50 5amp. No, 5-181 5-181 5-111 5-122 5-50 5-50 5-66 
SiO z : 53.44 53.71 53.87 53.88 51, 1. 99 1.99 2.00 1. 99 SiO z : 10.58 30.85 31. 33 25.47 30.30 11.65 31.55 
A120~ : 0.48 0.48 0.42 0.31 AI, 0.02 0.02 0.02 0.01 A120~ : 0.35 1.11 I. 42 0.66 0.92 3.03 0.76 
Cr Z 0 3 : 0.11 0.36 0.00 0.00 Cr: 0.00 0.01 0.00 0.00 Cr Z 0 3 : 0.11 0.00 0.00 0.00 0.00 0.36 0.16 
TiD'] : 0.12 0.26 0.14 0.00 Tl : 0.00 0.01 0.00 0.00 Tl0, ' 79.29 38.95 37.42 50.16 38.68 14.44 37.07 
,eO: 8.99 9.1 I 8.74 8.28 ,eo 0.28 0.28 0.27 0.26 ,eO: 0.54 0.65 1. 47 0.65 2.65 58.30 2.25 
MnO: 0.00 0.19 0.00 0.34 Mn: 0.00 0.01 0.00 0.01 MnO: 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO: 13.26 13.15 13.33 13.82 Mg, 0.74 0.73 0.74 0.76 MgO, 0.08 0.00 0.08 0.00 0.00 0.51 0.84 
Cao, 23.51 23. 14 23.35 24.08 Ca, 0.99 0.92 0.93 0.95 CaO: 9.25 28.53 27.99 23.02 27.98 10.83 27.32 
NazO: 0.67 0.63 0.40 0.30 Na, 0.05 0.05 0.03 0.02 Total, 100.20100.09 99.71 99.96100.54 99.12 99.95 
Total, 100.58 101.03 100.25101.01 4.07 4.01 4.00 4.01 

Oxygen basis: 5 
BIOTITE, 

Oxygen basis: 22 51, 0.35 1. 01 1. 03 0.83 0.99 2.39 I. 03 
5amp. No: 5-1025-117A 5-66 5-16 5-102 5-117A 5-66 5-16 AI, 0.01 0.04 0.06 0.02 0.04 0.74 0.03 
SiO z : 38.98 39.02 46.05 38.58 51 : 5.75 5.81 6.56 5.87 Cr, 0.00 0.00 0.00 0.00 0.00 0.06 0.00 
AI z 0 3 : 13.80 14.21 13.83 13.46 AI: 2.40 2.49 2.32 2.42 Ii, 1. 97 0.96 0.92 1. 23 0.95 2.23 0.91 

TiO z : 2.08 2.30 2.93 1.87 Tl: 0.23 0.26 0.32 0.21 ,eo 0.02 0.02 0.04 0.02 0.07 10.01 0.06 
,eO: 16.04 19.42 11.77 21.01 Fe, 1. 98 2.42 1. 40 2.67 Mn: 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

MnO, 7.70 0.00 0.20 0.34 Mn: 0.96 0.00 0.03 0.05 Mg: 0.00 0.00 0.00 0.00 0.00 0.16 0.04 
MgO, 12.15 12.15 10.85 11.11 Mg: 2.67 2.70 2.31 2.52 Ca, 0.33 1.00 0.98 0.81 0.98 2.38 0.96 
CaO: O. 00 0.28 0.00 0.00 Ca, 0.00 0.05 0.00 0.00 Total, 2.68 3.02 3. 03 2.91 3.04 17.98 3.04 
NazO: 0.00 0.00 0.00 0.00 Na: 0.00 0.00 0.00 0.00 

KzO: 8.71 10.27 I I .31 9.97 K: 1.64 1. 95 2.06 1. 94 EPIDOTE, 
Total, 99.46 97.65 96.94 96.34 15.64 15.66 14.99 15.68 

5amp. No: 5-117 5-52 5-66 5-181 5-111 5-16 5-122 
GARNET: 510, : 37.67 38.88 38.63 38.42 38.05 38.32 38.46 

Oxygen basis: 12 AlzO;s : 21.86 22.19 21.95 23.17 25.12 22.11 20.89 
5amp. No: 5-8 GT-l 5-117 5-8 GT-l 5-117 Sr Z 0 3 : 0.00 0.88 0.00 0.00 0.08 0.00 0.00 
SiO z : 38.32 36.15 37.18 51 : 3.07 2.93 3.03 TiO z : 0.00 0.47 0.00 0.15 O. I 4 0.00 0.00 
A1203, 19.97 20.33 19.59 AI, 1. 88 1. 94 1.88 FeO: 13.74 10.77 12.86 12.80 10.41 14.66 14.99 
,eO: 31.71 38.80 28.18 Fe: 2. I 2 2.63 1. 92 MnO: 0.00 0.36 0.00 0.00 0.18 0.18 0.27 
MnO, 0.50 0.00 2.79 Mn, 0.03 0.00 0.19 MgO, 0.00 0.17 0.00 0.20 0.22 0.00 0.00 
MgO: 0.86 3.65 1.68 Mg, O. I 0 0.44 0.20 CaD: 22.81 23. 13 24.36 23.47 22.90 23.22 23.77 
CaO: 9. I I 1. 48 8.89 Cat 0.78 o. I 3 0.78 Total, 96.08 96.85 97.80 98.21 97.10 98.49 98.38 
Total: 100.47100.41 98.31 7.99 8.07 8.00 

Oxygen basis: 25 
ALLANITE, 

Oxygen basis, 25 51 : 6.28 6.35 6.32 6.23 6. 15 6.26 6.05 
5amp. No, 5-163 5-181 5-163 5-181 AI, 4.30 4.27 4.23 4.43 4.79 4.26 3.88 
SiO z : 30.06 30.66 51, 6.85 6.65 Cr, 0.00 O. I 2 0.00 0.00 0.01 0.00 0.00 
Al z 0 3 : 11.85 15.59 AI: 3.18 3.99 Tl: 0.00 0.06 0.00 0.02 0.02 0.00 0.00 
TiO, : O. 00 0.00 Tl : 0.00 0.00 Fe: 1. 92 1. 47 1. 76 1. 74 1. 41 2. 00 1. 97 
FeO: 18.30 14.36 Fe: 3.48 2.61 Mn: 0.00 0.05 0.00 0.00 0.03 0.03 0.04 
MnO, 
MgO: 
CaO: 

0.00 
0.65 

10.93 

0.00 
0.42 

12.79 

Mn: 
Mg, 
Ca: 

0.22 
0.22 
2.68 

0.00 
0.14 
2.97 

Mg: 
Ca: 

Tot aI, 

0.00 
4.07 

16.57 

0.05 
4.05 

16.40 

0.00 
4.27 

16.57 

0.05 
4.08 

16.54 

0.05 
3.97 

16.43 

0.00 
4.07 

16.61 

0.00 
4.01 

15.95 

N 
W 
W 

Total, 71.78 73.82 16.63 16.36 



AMPHIBOLE, f\) 

w 
3arnp. No, 3-52 3-52 3-181 3-181 3-181 3-50 3-11 3amp. No: 3-16 3-122 3-122 3-122 3-122 3-163 3-163 

-l= 

SiO z : 54.71 55.44 50.89 46.41 52.52 56.18 55.54 3iO, : 53.21 47.00 47.18 50.74 55.95 57.05 56.84 
Al z 0 3 : 3.37 1. 81 4.92 10.29 3.86 0.33 1. 02 AIzO 3: 2.78 8.21 7.56 5.32 1. 19 0.18 0.35 
TiO z : 0.20 0.00 0.08 0.00 0.00 0.00 0.19 TiO z : 0.00 0.35 0.52 0.00 0.26 0.00 0.00 
FeO: 13.62 10.48 14.81 14.99 13.95 1'.35 10.12 FeD: 13.72 17.97 17.87 15.70 9.39 10.08 11.92 
MnO: 0.00 0.30 0.36 0.44 0.44 0.00 0.00 MnO: 0.39 0.45 0.44 0.67 0.15 0.00 0.13 
MgQ: 14.13 17.24 13.75 9.37 14.73 17.12 18.25 MgQ: 14.65 10.35 10.74 12.91 17.99 18.41 , 6. 97 
CaO: 9.43 11. 06 10.90 14.81 11.44 11.81 11.70 CaO: 11. 58 10.30 10.11 10.79 12.15 10.87 9.96 
NazO: 2.08 1. 10 1. 49 0.69 1. 57 0.79 0.83 NazO: 1. 25 2.37 2.21 1. 58 0.74 0.97 1. 23 

KzO: 0.26 0.17 0.39 0.38 0.36 0.04 0.08 K2 O: 0.31 0.86 0.97 0.62 0.47 0.00 0.00 
Total, 97. 79 97.60 97.59 97.38 98.87 97.62 97.73 Total: 97.89 97 .86 97.60 98.33 98.29 97.56 97.40 

Oxygen ba.s i oS: Oxygen basis: 

Si: 7.84 7.88 7. 45 6.90 7.56 8.00 7.87 31 : 7.71 7.03 7.07 7.42 7.88 8.06 8.09 
AI, 0.57 0.30 0.85 1. 81 0.66 0.06 0.17 AI: 0.48 1. 45 1. 34 0.92 0.20 0.03 0.06 
Ti: 0.02 0.00 0.01 0.00 0.00 0.00 0.02 Ti: 0.00 0.04 0.06 0.00 0.03 0.00 0.00 
Fe: 1. 63 1. 25 1. 81 1. 86 1. 68 1. 35 1. 20 Fe: 1. 66 2.25 2.24 1.92 1.11 1. 19 1. 42 
Mn: 0.00 0.04 0.05 0.06 0.06 0.00 0.00 Mn: 0.05 0.06 0.06 0.08 0.02 0.00 0.02 
Mg: 3.02 3.65 3.00 2.08 3.16 3.64 3.86 Mg: 3.16 2.30 2.40 2.81 3.78 3.87 3.60 
Ca, 1.45 1. 69 1. 71 2.36 , .76 1. 80 1. 78 Ca: 1. 80 1. 65 1. 63 1.69 1. 84 1. 66 1. 52 
Na: 0.58 0.30 0.43 0.20 0.44 0.22 0.23 Na: 0.35 0.68 0.65 0.45 0.20 0.27 0.34 
K: 0.05 0.03 0.07 0.08 0.07 0.01 0.01 K2: 0.06 0.16 0.19 0.11 0.09 0.00 0.00 
Total: 15.17 15.14 15.37 15.34 15.37 15.08 15.14 Total: 15.26 15.62 15.64 15.40 15.15 15.08 , 5.05 

3arnp. No, 3-50 3-50 3-11 , 3-111 3-16 3-148 3-148 CHLORITE: 
SiO z : 55.77 56.43 50.33 51.85 54.77 44.64 43.14 
AIZO) : 0.91 0.00 7.20 4.02 1. 74 9.90 10.45 3amp. No, 3-8 HM-7 HM-25 GT-l 3-117 
TiO z : 0.00 0.00 0.00 0.14 0.08 0.43 0.36 310, : 26.07 51. 23 26.94 26.76 26.08 
FeO: 9.73 9.89 15.17 15.15 13.72 19.77 20.53 AlzO) : 19.19 1.16 18.05 20.51 20.42 
MnO: O. , 4 0.14 0.49 0·31 0.21 0.26 0.00 TiD, : 0.00 0.30 0.00 0.00 0.00 
MgQ: 18.23 18.37 12.27 12.05 15.15 9.21 9.28 FeQ: 26.68 12.59 20.74 25.84 22.58 
CaO, 12.00 12.18 9.66 10.96 11.88 9.82 9.33 MnO: 0.00 0.27 0.21 0.00 0.00 
NazO: 0.96 0.00 1. 96 1. 44 1.04 2.61 2.92 MgQ: 14.63 21.55 18.78 15.67 16.82 

KzD: 0.12 0.06 0.30 0.25 0.18 0.32 0.32 CaO: 0.00 0.31 0.14 0.13 0.24 
Tot al: 97.86 97.07 97.38 96.17 98.77 96.96 96.33 NazO: 0.00 0.00 0.35 0.00 0.33 

K,O: 0.00 0.09 0.06 0.00 0.00 
Oxygen basis: Total: 86.57 87.50 85.27 88.91 86.47 

Si: 7.89 8.03 7.36 7.58 7.83 6.79 6.64 Oxygen basis: 12 
AI: 0.15 0.00 1. 24 0.69 0.29 1.78 1. 90 
Ti: 0.00 0.00 0.00 0.02 0.01 0.05 0.04 3i: 2.40 4.14 2.45 2.38 2.36 
Fe: 1. 15 1. 18 1.86 1.85 1.64 2.52 2.64 AI: 2.08 O. I 1 1. 94 2.15 2.18 
Mn: 0.02 0.02 0.06 0.04 0.03 0.03 0.00 Ti: 0.00 0.02 0.00 0.00 0.00 
Mg: 3.85 3.98 2.68 2.94 3.23 2.08 2.13 Fe: 2.05 0.85 1.58 1. 92 1. 71 
Ca: 1.82 1. 86 1. 52 1. 72 1. 82 1. 60 1.54 Mn: 0.00 0.02 0.02 0.00 0.00 
Na, 0.27 0.00 0.56 0.41 0.29 0.77 0.87 Mg: 2.01 2.60 2.55 2.08 2.27 
K: 0.02 0.01 0.06 0.05 0.03 0.06 0.06 Ca: 0.00 0.03 0.02 0.01 0.02 
Total: 15.17 , 5.08 15.33 15.29 15.17 15.68 15.82 Na: 0.00 0.00 0.06 0.00 0.06 

K: 0.00 0.01 0.01 0.00 0.00 
Total: 8.54 7.78 8.61 8.54 8.59 



235 

PLAGIOCLASE: 

Samp. No: S-66 S-181 S-lll s-16 s-65 
Si0 2 : 68.26 69.21 67.67 68.05 69.74 
A1 2 0 3 ; 18.60 19.25 19.66 19.69 19.20 
Fe 2 0 3 : 0.34 0.00 0.00 0.28 0.23 
MgO: 0.00 0.00 0.00 0.00 0.00 
CaO: 0.14 0.16 0.32 0.24 0.07 
NaaO: 10.77 11, 61 10.96 11.65 11, 89 
K2 O: 0.75 0.20 0.11 0.00 0.14 
Total: 98.86 100.43 98.72 99.91 101.27 

Si: 3.02 3.01 2.99 2.98 3.01 
AI: 0.97 0.99 1. 02 1. 02 0.98 
Fe: 0.01 0.00 0.00 0.01 0.01 
Mg: 0.00 0.00 0.00 0.00 0.00 
Ca: 0.01 0.01 0.02 0.01 0.00 
Na: 0.92 0.98 0.94 0.99 0.99 
K: 0.04 0.01 0.01 0.00 0.01 
Total: 4.97 4.99 4.97 5.00 5.00 Oxygen basis: 8 

K-FELDSPAR: 

Samp. No: S-66 S-16 S-102 S-102 S-65 
SiO, : 61.24 64.34 65.79 65.44 64.98 
Ala,O) : 18.86 18.40 17.90 18.20 17.61 
Fe 2 0 3 : 2.00 0.38 0.00 0.00 0.00 
MgO: 0.91 0.00 0.00 0.00 0.00 
CaO: 0.72 0.00 0.18 0.00 0.37 
NaaO: 0.93 0.29 0.00 0.46 0.34 
K,O: 13·77 16.74 16.23 16.28 16.44 
Total: 98.43 100.15 100.10 100.38 100.08 

Si: 2.88 2.98 3.01 3.01 3.01 
AI: 1.05 1. 01 0.97 0.99 0.96 
Fe: 0.07 0.01 0.00 0.00 0.00 
Mg: 0.07 0.00 0.00 0.00 0.00 
Ca: 0.04 0.00 0.01 0.00 0.02 
Na: 0.09 0.03 0.00 0.04 0.03 
K:	 0.83 0.99 0.95 0.96 0.97 
Total: 5.02 5.02 4.94 5.00 5.00 Oxygen basi s: 8 

COMPLEX COPPER MINERAL (name unidentified):
 
(Si x readings along a traverse fran sample 8-52)
 

Si0:l: 1, 33 7.73 12.26 13.50 15.57 16.80
 
A1 2 0" : 0 1, 53 3.29 1, 64 1. 86 1, 96
 
FeD: 88.96 66.41 27.35 27.58 18.88 18.12
 
MgO: 0 0.33 0.49 0.58 0.61 0.48
 
CaO: 0 0.21 0.72 0.70 0.33 0.43
 
CuO: 0.40 7.16 18.47 20.21 28.05 21.29
 
SO): 0 0 2.10 1.09 1, 56 1, 79
 
Cl: 0.17 0 0.37 0·31 0.23 0.21
 
Total: 90.88 83.39 65.09 65.64 67.13 61.11
 

Oxygen basis: 36 

SI: 0.62 3.49 6.01 6.72 7.36 8.23 
AI: 0 0.82 1, 90 0.97 1.04 1. 14 
Fe: 34.61 25.03 11.22 11.48 7.46 7.42 
Mg: 0 0.23 0.36 0.44 0.44 0.35 
Ca: 0 0.10 0.38 0.38 0.17 0.23 
eu: 0.14 2.44 6.84 7.60 10.00 7.87 
S: 0 0 0.77 0.41 0.55 0.66 
Cl:	 0.14 0 0.31 0.27 0.19 0.18 
Total: 35.51 32.11 27.80 28.25 27.21 26.07 
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APPENDIX 5 

A SEARCH/MATCH COMPUTER PROGRAM FOR THE IDENTIFICATION OF MINERAL
 
COMPONENTS OF MULTI-MINERAL X-RAY POWDER DIFFRACTOMETER PATTERNS.
 

(Written in BASIC language for TEKTRONIX 4051 and 4054 computers). 

Introduction: 

The x-ray powder diffraction method is one of the most widely used 
methods for the identification of minerals. The basic principle 
underlying the method is that each crystalline substance has its 
own peculiar atomic structur'e which diffracts x-rays in a charac
teristic pattern. 
A visual search through the J.C.P.D.S Manuals (or A.S.T.M cards) 
establishes the name of the diffracting substance. However, when 
more than one mineral phase is involved in a sample pattern, the 
visual identification becomes difficult, time-consuming and error
prone. 
Available computer programs in the market are expensi ve and their 
handling requires a considerable amount of computer knowledge. The 
program presented here is however a simplistic one. 
The program is written in BASIC language compatible for TEKTRONIX 
(4051 and 4054 models) computers but can easily be modified into 
other extensions of BASIC. 

The present system of mineral identification consists of 5 files 
recorded on a magnetic tape. The major search/match program is 
recorded in file 1. The other four files contain the d-values of the 
reference mineral data. To load and run the program, the magnetic 
tape should be placed into the Tektronix and the AUTO LOAD key be 
pressed. The stvdents of the University of Utrecht can borrow the 
magnetic tape from Drs. J. M. A. R. Wevers. 

Data Base: 

In the data base, d-values of reference mineral patterns (taken from 
the A.S.T.M card files) are stored. Each entry of the data base 
consists of eight d-values (ordered in decreasing relative intensities), 
the name of the mineral and the A.S.T.M reference pattern number (Fig. 
1). In general, eight data items are found sufficient for a good 
match. In the case of common major minerals, lower intensities are 
also introduced as a new entry. In such cases the match is based 
on up to 16 data items. The low intensity peaks are designated with a 
(LOW-INT.) sign next to the mineral name in the data base and placed 
immediately after the major entry (see Fig. 1). When two equally strong 
peaks are present in the reference mineral, the one with higher d-
value is entered first. The creation of a data base in an orderly manner 
(i.e., decreasing 1/10 intensity) is a major feature of this search/ 
match system. The entry of relative intensities from a sample pattern 
is not required as an input data as a result of the use of such a 
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FIG . Part of the data base used in the search/match program. 

•••• 3.13 •••• 2.71 •••• 8.46 •••• 4.49 •••• 2.51 •••• !5. 08 •••• :;>.17 •••• 2.96 ***** ECI\ERHANNI T£23-663 

•••• 3.12 •••• 8.43 •••• 3.27 •••• 9.01 •••• 4.5 •••. 3.38 •••• 2.7 •••• 2.8 ****t. E[lENITE 23-1405 

•••• 3.15 •••• 2.7 •••• 3.28 •••• 9 .••• 8.47 .•.• 4.5 •••• 3.38 ••• ,2.7 ,**** EI'ENITE 23-664 

•••• 3.1 •••• 2.71 •••• 3.4 •••• 8.35 •••• 3.25 •••• 4.49 •••• J. 84 •••• :;>.96 ***** ECKERMANNI T(20-386 

•••• 3.13 •••• 8.41 •••• ,:3.27 •••• 9. , •• 2.8 •••• 2.94 .•.• 2.7 •••• 2.53 **t.** F-EDENITE 10-431 

•••• 3.18 •••• 2.8S •• , .2.54 •••• 6.33 •••• 2.95 •••• 2.5 •••• 2.48 •••• 1.49 tt,** ENSTATITE 22-714 

•••• 2.87 •••• 3.17 •••• 3.15 •••• 6.33 .••• 4.41 •••• 3.3 •••. 2.53 •••• 2.47 ***** ENSTATITE 19-768 

•••• J.1~ •••• 2.87 •••• :2.49 •••• 4.39 •••• 3.:30 ••• 2.93 •••• ::'.53 •••• 2.7 ***** EHSTATI TE (EIr'onzi te) 19-605 

•••• 2.82 •••• 2.46 •••• 4.01 •••• 2.11 •••• 2.05 •••• 1.98 •••• l. 9'5 •••• 1.73 ***** ENSTAT 1 TE (LOW-INT.) 

•••• 2.9 •••• 2.68 •••• 2.69 •••• 8.04 •••• 4.02 •••• :.6 •••• 2.46 •••• 3.4 ****.-. EF'IIIOTE 17-514 

•••• 2.82 •••• 2.41 •••• 5.05 •••• 3.49 •••• 2.92 •••• 2.66 •••• 2.53 •••• .2.16 ***** EF"IIIOTE (LOU-INT.) 

•••• 8.23 •••• 3.04 •••• 3.22 •••• 8.95 •••• 4.,63 •••• 2.68 •••• 2.58 •••• 2.51 ****t FERROGEllRITE 11-2'53 

•••• 8.'5 •••• 3.15 •••• 2.72 •••• 2.61 •••• 2,57 •••• 3,4 •• , .3.3 •••• 2.36 ***** FERROF'ARGASITE 19-467 

•••• 8.26 •••• 3.06 •••• 2.69 •••• 8.9 •••• 4.45 •••• 4.85 •••• 3.38 •••• ;;;.94 ***** GLAUCOF'HANEZO-453 

•••• 3,22 •••• 2. '52 •••• 2.29 •••• 2.1'5 •••• 2.06 •••• 1.63 •••• 2.75 •••• 3.84 ***** GLAUCOF'HANE (LOW-I NT .) 

•••• 8.23 •••• 2.69 •••• 3.05 ••• ,4.45 •••• 3.84, ••• 4.85 •••• 3.38 •••• 2.57 ***** GLAUCOF"HANE20-616 

., •• 2.71 •••• 3.12 •••• 2.5 •••• 9 •••• B.3B •••• 4.48 •••• 3.41 •••• 3.26 ***** GLAUCOF'HrtNE 1~-58 

•••• 2.98 •••• 3.88 •••• 2.91 •••• 2.58 •••• 2.17 •••• ::.26 •• ,,:.79. " ,:;.68 *,,*** GLAUCOPHANE(LOW-INT.; 15-58 

•••• 8.33 •••• 2.77 •••• 3.07 •••• 9.21 •••• 2.64 •••• 2.51 •••• 3.88 •••• 3.47 ***** GRU~ERITE 17-72~ 

•••• 3,28 •••• 3 •••• 4.16 •••• 4.58 •••• 2.02,., .2.22 •••• 4,84 •• , .4.68 ***** GRUHERITE(LOW-INT.) 

•••• 8.33 •••• 3.06 •••• 2.76 •••• 2.19 •••• 4.13 •••• 3.26 •••• 2.63 •••• 2.5 ***** CUI'1MIHGTONITEI7-74'5 

•••• 13.43 •••• 3.13 •••• 2.71 ••.• 9 •••• 4.5 •••• 3.39 •••• 2.59 •••• 2.95 ***** HASTINGSITE 20-469 

•••• 2.97 •••• 2.53 •••• 2.56 •••• 6.45 •••• 3.24., •• 2.22 •••• 2.13 •••• 1.76 ***** HEDENI:ERGITE 16-7v1 

•••• 8.11 •••• 3 •••• 4.43 •••• 8.8 •••• 3.4 •••• 3.6 •••• 2.54 •••• 2.8 ***** HOLMQUISTITE 13-401 

•••• 2.7.! •• 3.09 •••• 3.38 •••• 9.03 •••• 8.45 •••• 3.29 •••• 2.94 •••• 2.59 ***** HORNBLENDE 9-434 

•••• 2.57 •••• 2.35 •••• 2.82 •••• 2.16 •••• 2.06, ••• 2.76 •••• 2. 3 •••• 1.65 ***** HORNlILENDE(LOW-TNT.) 

•••• 8.4 •••• 3.1 •••• 3.26 •••• B.96 •••• 2.7 •••• 4.5 •••• 3.39 •••• 2.79 ***** HORNlILENDE 20-481 

•••• 3.14 •••• 8.51 •••• 2.72,. , .9.15 •••• 3.29 •••• 2. B2 •••• 2.17 •••• 2.95 ***** HORNBLEN[IE21-149 

.... 3.18 .... 2.9B •••• 2.56 .... 6.38 .... 4.57 .... 4.03 .... '3.33 •••• 2.96 ***** Fe-HYPERSTHENE 19-606 

•••• 2.83 •••• 2.72 •••• 2.55 •••• 2.51, ••• 2.48 •••• ::' .12 •••• 1.97 •••• 2, 19 ****.. Fl;!-HYF'ERSTHENE(LOloJ~INT.) 

•••• 2.7 •••• 1.43 •••• 3.14 •••• 2.54 •••• ].3: •••• 2.15 •••• 2.01 •••• 1.64 ***** ACTINOLITE 

•••• 4.62 •••• ~.r,>1 •••• 6.48 •••• 3.24 •••• 3.34., •• 2.99, •• ,2.75 •••• 2.6 ,,***" ORTHDFERROSILITE 17~547 
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pre-organized data base. In this way the search/match time is reduced. 
The data base (files 2 to 5) enclosed with the main program includes 
300 major reference minerals which were sufficient for the nature of 
the problem of the present author. Additional files can be created 
as there is enough space for over 2500 reference mineral patterns 
on a Tektronix magnetic tape. 
In general, it is advisable to organize the files into separate files 
according to their mineral groups such as oXides, sulphides, etc. 
Such an organization would reduce the search/match time. The present 
data base is arranged in following manner: 

File 2 f el ds pars 
File 3 amphiboles and pyroxenes 
File 4 micas, chlorites, clay minerals 
File 5 quartz, common metamorphic, accessory and opaque minerals-*1 

A correct data base is essential in order to obtain reliable results. 

Input Data: 

The input data consists of the following items: 
a. Total number of peaks to be entered: The number of peaks on the 

sample pattern has to be counted and entered. 
b. The d- or 2-theta or 4-theta value of each peak: Unlimited 

number of data (peaks) can be entered into the program. Every 
single peak including those whose relative intensities are as low 
as 4 or 5 (out of 100) should be accounted for and entered into the 
program. This allows for the detection of minerals that may be present 
in small amounts. However, it shoul d be real ized that the 1 arger 
amount of ent ri es prolongs the sear ch/m at ch time. 

c. The d- or 2-theta or 4-theta value of major peaks whose rela
tive intensities are greater than 50: Such major peaks are asked to 
compare with the first two major peaks of the reference minerals. 

d. The total number of files to be searched and their file numbers: 
This program parameter aims to reduce the search/match time if the 
user has some idea about the mineral contents of his sample. 
If the program user cannot make a guess about the possible mineral 
phases of his sample, he has to enter all the files of the data base. 

e. Some optional data such as maximum and minimum error percent
ages-*2- to compensate for poor chart/film readings and possible 
peak shifts. The program uses these values to define an "error window" 
around each peak. 

The major input data, accuracy of which has a vi tal effect on mineral 
identification (items band c above), is placed to the end of the prog
ram (as program statements) so that it can be inspected easily. Other 
wrong entries may be corrected by re-running the program and re
entering the correct data. 

-*1- after this section was written another file (file 6) was created. 
This new file includes the reference lines of (some of) the x-ray 
film archi ves of the Vening-Meinesz Laboratories. 
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Output.:
 

The computer identification of minerals from a sample pattern is
 
done by comparing each peak of the data base to those of the sample.
 
Such a process requires a small memory space and does not lead to
 
the creation of large size matrices.
 
After one complete run, an array with 8 d-values and corresponding
 
name and reference pattern number appears for each mineral in the
 
output.
 
The computers response "0" at the output indicates unmatched peaks.
 
In the output, "flag" statements are printed when one of the major
 
peaks is in agreement with one of the major peaks of the sample pat

tern. The "flags" aim to attract the user's attention in the final
 
selection.
 
In Fig. 2 an output of an (actual) test sample pattern is shown.
 

Final Selection:
 

Final selection is done by considering the following:
 
- By comparing the relative intensities of the sample pattern (chart 

or film) to those appearing in the mineral list (output). Since the d
values of the mineral appearing in the output is listed in a decreasing 
order of intensities it will be possible to discard many minerals from 
the output list when the major peaks are not matched. 

- The (LOW-INT.) minerals may immediately be discarded, if the 
name of the mineral which contains the first major eight peaks does 
not appear in the output list. Such minerals should be considered 
as "nonsense combinations". 

- The (LOW-INT.) minerals together with their main mineral patterns 
are evidently more qualified to be in the final selection since in 
such a case the match is based on up to 16 peaks. 

- The number of "nonsense combinations" is directly proportional 
to the size of the "window", to the total number of peaks entered 
into the program, and to the number of files examined. It is usually 
advisable to run the sample program twice (or more) with varying 
error percentages. The assignment of lower error percentages leads 
to a lesser number of minerals listed in the output. 

- If the user has some additional information about his sample, 
for instance sample chemistry, mineralogic association, metallogenic 
assemblage (etc.), he may eliminate some of the minerals listed in 
the output. . 

- The minerals whose first and second major peaks are in agreement 
with those of the reference patterns (as indicated by "flags") should 
have a higher chance to appear in the final selection. 

-*2- It is known that the divisions of the d-scale are not uniformly 
spaced. Along this scale, higher values are more closely spaced and 
thus more liable to poor readings, therefore in the program, d
values greater than 6 are assigned to maximum error and those less 
than 6 to minimum error. The choice of the value 6 is based on 
personal experience. 
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Fig. 2 List of minerals identified (OUTPUT) 
as result of run of the test data . 
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RuN linE, I .;~1•• wit" TEKTRONIX 4ee...
 

- Minerals \-lith a higher number of matching peaks, are logically more 
likely to be selected, however utmost care should be taken in such 
selection as in a multi-phase pattern the minerals of low amounts may 
show up only with their major peaks. 

- In many cases it will be seen that some of the peaks of the 
sample pattern may have not been accounted for in the output. The 
reason for such unaccounted peaks may be due to the restriction of 
the reference minerals in the data base to eight peaks (in most cases) 
instead of the complete spectrum. In such cases, a complete reference 
mineral pattern (the ASTM card) of the "found" minerals must be con
sulted. Errors made in recording, reading, entering the sample patterns 
and incomplete data files may be the other reasons for such unidentified 
peaks. 

Finally, the advantages and disadvantages of the present program 
are as follows: 

a. Mineral components of rock and composite ore patterns can be 
identified. 
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b. The relative intensities (1/10) are not required as an input data. 
c. The program provides the user wi th the option of assi gning 

error estimates to compensate for poor chart/film readings and peak
shifts as an outcome of human and instrumental errors. 

d. Input in the form of interplanar spacings (d-values), 2 or 4 
theta val ues are accepted. 

e. Search/match on the desk-top computers is a relatively slow 
process. A complete run of a sample pattern consisting of 40 peaks 
(or lines) through a data base of 1500 minerals each with 8 reference 
peaks takes about 30 minutes with a Tektronix 4054 computer. This may 
be overcome by modifying the program to faster computers. 

f. Although the number of possibilities are reduced to a minimum 
by means of several program parameters. the program output does 
not provide a final mineral content but a list of possibilities 
from which the user has to make the final selection. 

g. Preparation of the data base is time consuming and cumbersome. 
However, once it is prepared many students could share the benefit 
of it. 
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100 PAGE 
110 PRINT" APPENDIX 5 " 
120 INIT 
130 PRINT 
140 PRINT "U SEARCHIMATCH PROGRAM FOR MINERAL IDENTIFICATION USING U" 

150 PRINT "***** X-RAY DIFFRACTION DATA ******" 
160 PRINT "******* on TEKTRONIX 4051 and 4054 computers ********" 
170 PRINT 
180 PRINT" This program accepts the data from the values entered to" 
190 PRINT "the end of the program by the user. Therefore, starting from" 
200 PRINT "line number 1740 ENTER your own d-spacings or theta values." 
210 PRINT 
220 PRINT "Besides d or theta values, this program also requires the d" 
230 PRINT "or theta values of the major (ONLY major) lines. Therefore," 
240 PRINT "ENTER d-space or theta values of the highest intensities." 
250 PRINT" Note that relative intensities (1/10) are not needed." 
260 PRINT 
270 PRINT "To RUN this program a DATA BASE is needed. This program uses" 
280 PRINT "a general purpose data base given in files 2,3,4,5 which" 
290 PRINT "contain 300 common minerals. If you are interested in a spe-" 
300 PRINT "cifi c cl ass of minerals, then pl ease make your own data base." 
310 PRINT 
320 DELETE A,B 
330 PRINT "Enter SAMPLE No: "; 
340 INPUT 0$ 
350 PRINT "How many peaks do you have? "; 
360 INPUT M 
370 DIM A(M) ,D(8) 
380 PRINT "Are your values d-values or theta (2-theta or 4-theta)" 
390 PRINT "ENTER D or T: "; 
400 INPUT M$ 
410 IF M$·"D" AND M$."d" THEN 450 
420 IF M$·"T" AND M$·"t" THEN 450 
430 PRINT "WRONG ENTRY! !" 
440 GO TO 380 
450 SET DEGREES 
460 PRINT "At this point the program will STOP. Now PLEASE ENTER your" 
470 PRINT "own data to the end of the program in place of the present" 
480 PRINT "TEST DATA. When this is done then type RUN 520 and press the" 
490 PRINT "RETURN key." 
500 PRINT "If you like to RUN the TEST DATA, then, enter RUN 530" 
510 PRINT "and press the RETURN key." 
520 STOP 
530 PAGE 
540 READ A 
550 PRINT "How many MAJOR peaks (I1Io > 50) do you have?: "; 
560 INPUT K1 
570 PRINT 
580 DIM B(K 1) 
590 READ B 
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600 PRINT "INPUT DATA:" 
610 PRINT A 
620 PRINT "MAJOR PEAK DATA:" 
630 PRINT B 
640 PRINT 
6so M$=SEG(M$,1,1) 
660 IF M$-"T" AND M$="t" THEN 700 
670 IF M$-"d" AND M$="D" THEN 1030 
680 PRINT "WRONG ENTRY! RUN the program again!!!" 
690 END 
700 PRINT "Are THETA values 2-THETA or 4-THETA? ENTER 2 or 4 :"; 
710 INPUT T7 
720 IF T7=2 THEN 890 
730 IF T7=4 THEN 7S0 
740 GO TO 700 
7S0 PRINT "List of d-values calculated from 4-THETA values:" 
760 PRINT "INPUT DATA: 4-theta values:" 
770 FOR 1=1 TO M 
780 H1=l.S40S/(2*SIN(A(I)/4» 
790 A(I)=H1 
800 PRINT I;":";A(I) 
810 NEXT I 
820 PRINT "List of Major Peaks Calculated from 4-THETA values:" 
830 FOR 1=1 TO K1 
840 H2=1.S40S/(2*SIN(B(I)/4» 
8S0 B(I)=H2 
860 PRINT B(I) 
870 NEXT I 
880 GO TO 1040 
890 PRINT "List of d-values calculated from 2-theta values:" 
900 PRINT "INPUT DATA: 2-theta values:" 
910 FOR 1=1 TO M 
920 H3=1.S40S/(2*SIN(A(I)/2» 
930 A(I)=H3 
940 PRINT I;":";A(I) 
9S0 NEXT I 
960 PRINT "List of Major Peaks Calculated from 2-THETA values:" 
970 FOR 1=1 TO K1 
980 H4=1.S40S/(2*SIN(B(I)/2» 
990 B(I)=H4 
1000 PRINT B(I) 
1010 NEXT I 
1020 GO TO 1040 
1030 PRINT "INPUT DATA: d-values:" 
1040 DELETE F. F1 
10S0 PRINT "Do you prefer to SEARCH your own (made) file (YESINO)? "; 
1060 INPUT S$ 
1070 IF S$="NO" AND S$="no" THEN 1160 
1080 PRINT "HOW MANY FILES DO YOU WANT TO SEARCH? "; 
1090 INPUT F1 
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1100 DIM F(F1) 
1110 FOR 1=1 TO 
1120 PRINT "WHAT 
1130 INPUT F(I) 
1140 NEXT I 
1150 GO TO 1190 
1160 F1 =4 
1170 DIM F( F1 ) 
1180 READ F 

F1
 
ARE THEIR FILE NUMBERS? ";
 

1190 PRINT "ENTER your MAXIMUM reading+instrumental error d-value; " 
1200 PRINT "NOTE that a value between 0.015-0.02 is usually sufficient." 
1210 INPUT Z1 
1220 PRINT "ENTER your MINIMUM reading+instrumental error d-value; " 
1230 PRINT "NOTE that a value between 0.005-0.01 is usually sufficient." 
1240 INPUT Z2 
1250 PAGE 
1260 PRINT "******** List of Minerals Identified in: ";0$;" ********" 
1270 PRINT "Max. Error window: ";Z1;" Min. Error window: ";Z2;"" 
1280 FOR 12=1 TO F1 
1290 FIND F( 12) 
1300 J=O 
1310 J=J+1 
1320 IF J>8 THEN 1570 
1330 ON EOF (0) THEN 1710 
1340 IF J>1 THEN 1360 
1350 INPUT @33:N$ 
1360 INPUT @33:C 
1370 D(J)=O 
1380 FOR 1=1 TO M 
1390 Z=(A(I)=>6)*Z1*A(I)+(A(I)<6)*A(I)*Z2 
1400 IF ABS(A(I)-C»Z THEN 1420 
1410 D(J)=C 
1420 NEXT I 
1430 GO TO J OF 1450,1470,1490,1510,1440,1440,1440,1440 
1440 GO TO 1310 
1450 IF D(1)=0 THEN 1530 
1460 GO TO 1310 
1470 IF D(2)=0 THEN 1530 
1480 GO TO 1310 
1490 IF D(3)=0 THEN 1530 
1500 GO TO 1310 
1510 IF D(4)=0 THEN 1530 
1520 GO TO 1310 
1530 FOR 1=1 TO 8-J 
1540 INPUT @33:C 
1550 NEXT I 
1560 GO TO 1300 
1570 FOR J=1 TO 8 
1580 PRINT D(J); 
1590 IF J<>8 THEN 1610 
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1600 PRINT N$ 
1610 NEXT J 
1620 FOR 1=1 TO K1 
1630 Y=(B(I)=>6)*Z1*B(I)+(B(I)<6)*Z2*B(I) 
1640 IF ABS(B(I)-D(1))>Y THEN 1660 
1650 PRINT ,,(**** Major line "iD(1)i" agree with "iB(1)i")" 
1660 IF ABS(B(I)-D(2))>Y THEN 1680 
1670 PRINT" (**** Major line ";D(2)i" agree with "iB(1)i")" 
1680 NEXT I 
1690 PRINT "" 
1700 GO TO 1300 
1710 NEXT 12 
1720 PRINT ,,***************** END ****************************" 
1730 REM *** This is a TEST DATA; number of lines = 46 **************** 
1740 DATA 14.1,8.37,8.05,7.05,6.38,5.02,4.72,4.6,4.2,4.02,3.76 
1750 DATA 3.67,3.52,3.48,3.39,3.27,3.22,3.18,3.11,3.06,2.95 
1760 DATA 2.9,2.92,2.82,2.71,2.68,2.6,2.53,2.45,2.4,2.3 
1770 DATA 2.16,2.1,2.07,2.04,2.02 
1780 DATA 2,1.88,1.77,1.63,1.58,1.54 
1790 DATA 1.46,1.44,1.41,1.39 
1800 REM ** MAJOR PEAK VALUES of the TEST DATA 5 lines *************** 
1810 DATA 7.05,3.52,4.72,14.1,3.18 
1820 REM ** AVAILABLE SEARCH/MATCH FILE NUMBERS *********************** 
1830 DATA 2,3,4,5 
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APPENDIX 6 

THE COMPUTERIZED 'DELFT' SYSTEM FOR THE IDENTIFICATION OF
 
ORE MINERALS
 

Geoscientists have been trying to improve mineral identification 
methods in the form of conventional tables, punched cards etc. since 
the early 1930's. Among these, one of the most elaborate systems of 
ore mineral identification is the 'Delft' System (Kuhnel et al., 1980) 
of punched cards--the original version of which is computerized here 
to make it available for the TEKTRONIX (4051 and 4054 models) users. 

The' Delft' System is ori ginally made up of a set cards covering 37 
microscopic and 34 chemical properties representing 256 ore minerals. 
On each card the mineral positions are designated as circles (Fig. 1). 
The position of each circle is read from the sides in a coded form 
such as A04, P14 etc. On these cards, positions that agree with that 
particular property are punched out. Based on the results of laboratory 
investigations, suitable cards are chosen and placed on top of each 
other expecting to be able to needle through at least one hole. 
Having deciphered the code(s), reference is made to an index to 
obtain the mineral's name, formula and reference book. 

The present computer program does somewhat the same; the MAIN PROGRAM 
stored in file 1 of a magnetic tape plots the reqUired files (lay-outs) 
on top of each other on the screen of the computer. In the lay-outs, 
the minerals which do not bear that partiCUlar property are crossed 
out. At the end of a run some uncrossed boxes may remain. These boxes 
are the same as the needled through holes of the 'Delft' System. 

Together wi th the computer program a coding sheet (Fig. 2) is pre
sented. The user is expected to cross appropriate boxes and enter the 
numbers in front of these boxes into the program as an input data. 
If the user wants to find out the name and the formula he should answer 
the question "Do you like to see NAMES & FORMULAS?" wi th YES. This 
will load the program in file 39 and ask the entry of the mineral 
code which is read from the sides of the lay-out on the screen (Fig. 3). 
The mineral names of a test run (Fig. 3), obtained in this manner, 
are shown in Fig. 4. 

The computerized version is equally fast and provides an easy access 
to use the 'Delft' System by Tektronix owners. 
The instructions for the use of the computer program are included 
at the end of the coding sheet (see Fig. 1). The listing of the main 
programs (files 1 and 39) and the content of one of the property files 
are given below. The students of the University of Utrecht may borrow 
the magnetic tape from Dr. H. de Boorder. 
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Fig. 1 :	 A punched card of orlglflal 'Delft' System. 
(Black circles are the punched holes). 

Mineral shows collof'orm textures 

IThe 'Delft' System For Mineral Ind~r:tification : 1. Opaque Minerals I 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

AOOOOOOOoooOOOeOOA 
800000eoooo0000008 
Cooooooeooeoooooec 
DOOeOOOooeoOOeOOOD 
EeeOOOOooOOOOOOOOE 
FOOOOOOoooeOOOOeOF 
OOOOOooooooeoooeOO 
HOeOOOOOoooeOOOOOH 
1000000000eOOOOOOI 
KOOOOOeooooOOOOeOK 
LOOOOOeooooOOOOOOL 
MOOOOOOooeoeOOOOOM 
NeOOOOOoOOOOOOOOON 
Oooeoooo.OOOOOOOOO 
POOooooooeoooooeop 
QOOOOOOOOOOOOOOOOQ 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
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Fig. 2	 Coding sheet and instructions to use the computerized 'Delft' 
System program. 

THE FILE CODES 
for 

(The Computerized "Delft System" 

No Ie: Croll prop. r bo x e I (file codes) bes.d 0. are microscopic observltions. 

Color Reflectance(%)~ 

0 Isotropic 0 Not Distinct (Gray,White) 120 >60 

0 Ext.Anisotrop. 0 Distinct (Yellow,Cream,Orange) 130 50-60 

40 Str·.An;sotrop. 0 Distinct (Beige,Bror.ze Brown) 140 40-50 

0 Oist.Anisotrop. 10 0 Distinct (Pink,Red,Purple,Violet) 150 30-40 

0 Weakly Anisolrop. 11 0 Distinct (Blue.Greenj 160 20-30 

170 <20 

Microhardness Bireflectance % Crystal Form 

180 >1000 220 300-400 260 <4 290 Isometric 320 Dendritic 

190 800-1000230 '200-300 270 4-8 300 Bladed 330 Colloform 

200 600-800 240 100-200 280 >8 310 Elongated 

210 400-600 250 <100 

340 Internal Renection 350 Cleavaee 360 Zoning 370 Twinning 380 Tarnish 

3'0 Pro~ram to NAME the Hineral Codes • 

• a-os[] 'Sub-files for Program at 39. Each file contains mineral namelil and fOnllulu. 

Cheminl Files:
 

"0 A B ·'0 BI ..0 Cu 710 K "0 Hi 5b "0 U
"'D
 
"0 AI nO Bi .,0 Fe 720 Mg 770 0 120 5i .. 0 V
 
180 AI nO CI liD G. 7J 0 M. 710 Pb "'D 5. liD W
 

"0 Au .. 0 C. ••0 740 NI 700 Pt-MI, ..O TI 100 2.Hg
 
100 B ..0 C, ,00H,0/OH" ONb+ TI 100 5 1.0 Ti
 

INSTRIJCTIONS to RVN the DELFT SYSTEM on TEKTRONIX CoC',;:'uten: 

I.POWER on. Wait about 15 seconds and pnu MOKE/PAGE key. 

2. Insert HaKf\etic Tape properly. 

3.Press AlITO LOAD key which will run the main proE:ram stored at file I. Respond to questions 

entering total number of file code. and their code number•• Press RETURN key after each 

entry. 
4.Study the final layout on the screen carefully. Take note of posaible mineral codes simply 

reading their location from sides. Enter YES if you like to get NA.'-!E add FORHiJLA of the 

mineral codes and the reference book•• 
NOn: : 
t:'"""'Never use BREAK key when it is plotting. In such case AUTO LOAD again. 
2.	 Mineral codes should be entered in 3-digit9;e. g. enter AIl5 instead of AS. 

I 3.	 If you like to run file 39 separately, then enter FIND 39 OLD RUN
 
Press RETURN key aft.er each ent.ry.
 

4. Avoid to	 load ( OLD) files from 40 to 55. otherwise you may destroy them. 
5.	 Please prest REWIND key before plug out the magnetic tape. 
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Fig. 3	 Hard copy from TEKTRONIX screen. The uncro~ed boxes (read 
as K03 and HOB from the sides) represent the minerals 
identified in a test run. 
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Fig. 4	 Names and Formulas of the minerals (K03 and HOB) identified 
in the test run. 

THE COMPUTERIZED DELFT GVSTfK FOR MINErAL IOEMTIFICATJOM. 
(110 I. I. Orc Min~~q Is.) 

u',...n'ut"UUtt1t1lU!y;l',nt'tUttU.Ul<Ul'ttttY'TttUn',ut 
rHTr~ ~our "intrel code reodin•• (N~t. that the ~ntrie~ 
thQuJd be in 3 dltll'l C9 •• 11kC A91,Be1,KI6,P83 etc., H,8 
JQcobsltc .•• ("",Fe,"g)(Fe.Hn) 0 34$lJI,41

2 • 

Do ~oa lik~ to try Gnother (00.1 (Y or M) : ye,
ENTrIl new IIl!n~rQI cod«: 1<'3 

~ACNETJTC .•• Fcfe 0 16e.. IH,tl
2 4 

~o wOG like to trv another cOdc! (V or N) no 
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************* M A I N PRO G RAM ************* 

89 PAGE 
90 INIT 
91 PRINT " The Canputeri zed DELFT SYSTEM for MINERAL IDENTIFICATION." 
92 PRINT" (Vol.I. Ore Minerals) " 
93 REM 
94 PRINT "***********************************************************" 
96 PRINT ,,*** WATCH OUT! There is NO file code number=l. ***" 
97 PRINT" TEST RUN: Total Files: 5; File Codes: 2,6,9,21,67" 
98 PRINT "***********************************************************" 
100 PRINT "ENTER TOTAL NUMBER of File Codes: "; 
110 INPUT N 
120 DIM T(N) 
137 PRINT "ENTER THE FILE CODE NUMBERS: "; 
140 INPUT T 
150 PAGE 
160 FOR 1=1 TO N 
170 FIND TO) 
171 MOVE 0,100 
172 PRINT "Your MINERAL CODES: ", T; 
180 APPEND 190 
190 REM 
390 PRINT "",A$,"",B$,"",C$,"",D$,"",E$,F$,"",G$,"",H$,"",I$ 
400 PRINT K$,L$,"",M$ 
410 PRINT N$,"",O$,"",P$,"",Q$ 
420 PRINT " 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16" 
430 HOME 
440 DELETE 200,380 
450 IF I=N THEN 470 
460 NEXT I 
470 VIEWPORT 20,100,6.3,86.3 
480 WINDOW 0,16,0,16 
490 FOR 1=0 TO 16 STEP 1 
500 AXIS 0,0,1,1 
510 NEXT I 
520 INIT 
530 HOME 
535 DELETE N 
540 PRINT "********" 
550 PRINT " STUDY " 
560 PRINT" THE" 
570 PRINT" LAYOUT" 
590 PRINT "**TAKE**" 
600 PRINT "*NOTE of" 
630 PRINT "MINERAL" 
640 PRINT " CODES" 
650 PRINT "*******,, 
670 PRINT "Do you" 
680 PRINT "like to see" 
690 PRINT "NAMES &" 
700 PRINT "FORMULAS?" 
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705 PRINT "then ENTER"
 
710 PRINT "YES/NO :"
 
715 DIM Z$( 1)
 
720 INPUT Z$
 
730 IF Z$-"Y" THEN 750
 
740 GO TO 780
 
750 FIND 39
 
760 OLD
 
770 RUN
 
780 END
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**** PRO G RAM T 0 IDE N T I F Y THE MIN ERA L **** 
***************************** N A M E S ***************************** 

100 INIT
 
105 PAGE
 
110 PRINT" THE COMPUTERIZED DELFT SYSTEM FOR MINERAL IDENTIFICATION."
 
120 PRINT " (Vol.1. Ore Minerals.) "
 
220 PRI ,,*************************************************************"
 
230 N=32
 
240 PRINT "ENTER your mineral code reading. (Note that the entries"
 
250 PRINT "should be in 3 digits; eg .. like A01,B07,K16,P03 etc.) ";
 
260 DIM A$( 3) , B$( 3)
 
270 INPUT B$
 
280 C$=SEG(B$,1,1)
 
290 IF C$="A" THEN 450
 
300 IF C$="B" THEN 470
 
310 IF C$="C" THEN 490
 
320 IF C$="D" THEN 510
 
330 IF C$="E" THEN 530
 
340 IF C$="F" THEN 550
 
350 IF C$="G" THEN 570
 
360 IF C$="H" THEN 590
 
370 IF C$="I" THEN 610
 
380 IF C$="K" THEN 630
 
390 IF C$="L" THEN 650
 
400 IF C$="M" THEN 670
 
410 IF C$="N" THEN 690
 
420 IF C$="O" THEN 710
 
430 IF C$="P" THEN 730
 
440 IF C$="Q" THEN 750
 
450 FIND 40
 
460 GO TO 760
 
470 FIND 41
 
480 GO TO 760
 
490 FIND 42
 
500 GO TO 760
 
510 FIND 43
 
520 GO TO 760
 
530 FIND 44
 
540 GO TO 760
 
550 FIND 45
 
560 GO TO 760
 
570 FIND 46
 
580 GO TO 760
 
590 FIND 47
 
600 GO TO 760
 
610 FIND 48
 
620 GO TO 760
 
630 FIND 49
 
640 GO TO 760
 
650 FIND 50
 
660 GO TO 760
 
670 FIND 51
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680 GO TO 760 
690 FIND 52 
700 GO TO 760 
710 FIND 53 
720 GO TO 760 
730 FIND 54 
740 GO TO 760 
750 FIND 55 
760 FOR 1=1 TO N 
770 INPUT @33:A$ 
780 IF A$=B$ THEN 820 
790 NEXT I 
800 PRINT "Such a mineral code not listed! RUN the program again. " 
810 GO TO 950 
820 DELETE A$.B$ 
830 INPUT @33:A$ 
840 PRINT 
850 PRINT A$ 
860 PRINT 
870 PRINT 
880 PRINT "Do you like to try another code? (Y or N) : "; 
890 DIM Z$( 1) 
900 INPUT Z$ 
910 IF Z$="N" THEN 950 
920 PRINT "ENTER new mineral code: "; 
930 DELETE A$ 
940 GO TO 260 
950 REM 
960 FIND 1 

**** ONE OF THE CODED FILES OF THE COMPUTERIZED 'DELFT' SYSTEM ****** 

190 REM 
200 A$=" A X X X X X X X X X X X X X X X X A" 
210 B$=" B X X X X X X X X X X X X X X X B" 
220 C$=" C X X X X X X X X X X X X X X X C" 
230 D$=" D X X X X X X X X X X X X X X D" 
240 E$=" E X X X X X X X X X X X X X X X X E" 
250 F$=" F X X X X X X X X X X X F" 
260 G$=" G X X X X X X X X X X X X X X X X G" 
270 H$=" H X X X X X X X X X X X X X X X X H" 
280 1$=" I X X X X X X X X X X X X X X X I" 
290 K$=" K X X X X X X X X X X X X X X X X K" 
300 L$=" L X X X X X X X X X X X X X X X X L" 
310 M$=" M X X X X X X X X X X X X X X X M" 
320 N$=" N X X X X X X X X X X X X X X N" 
330 0$=" 0 X X X X X X X X X X X X X X X 0" 
340 p$=" P X X X X X X X X X X X X X X X P 32" 
350 Q$=" Q X X X X X X X X X X X X X X X Q" 
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